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Preface

The original draft of this textbook was prepared by the late Professor Papanastasiou.
Following his unfortunate death in 1994, we assumed the responsibility of completing
and publishing the manuscript. In editing and completing the final text, we made
every effort to retain the original approach of Professor Papanastasiou. However,
parts of the book have been revised and rewritten so that the material is consistent
with the intent of the book. The book is intended for upper-level undergraduate
and graduate courses.

The educational purpose of the book is two-fold: (a) to develop and rationalize
the mathematics of viscous fluid flow using basic principles, such as mass, momen-
tum conservation, and constitutive equations; and (b) to exhibit the systematic
application of these principles to flows occurring in fluid processing and other ap-
plications.

The mass conservation or continuity equation is the mathematical expression of
the statement that “mass cannot be produced nor can it be destructed to zero.” The
equation of momentum conservation is the mathematical expression of Newton’s
law of motion that “action of forces results in change of momentum and therefore
acceleration.” The constitutive equation is inherent to the molecular structure of the
continuous medium and describes the state of the material under stress: in static
equilibrium, this state is fully described by pressure; in flow, it is fully described by
deformation and pressure.

This book examines in detail flows of Newtonian fluids, i.e., of fluids that follow
Newton’s law of wviscosity: “viscous stress is proportional to the velocity gradient,”
the constant of proportionality being the viscosity. Some aspects of non-Newtonian
flow are discussed briefly in Chapters 2 and 4.

Chapter 1, on “Vector and Tensor Calculus,” builds the mathematical prereq-
uisites required for studying Fluid Mechanics, particularly the theory of vectors and
tensors and their operations. In this chapter, we introduce important vectors and
tensors encountered in Fluid Mechanics, such as the position, velocity, acceleration,
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momentum and vorticity vectors, and the stress, velocity gradient, rate of strain
and vorticity tensors. We also discuss the integral theorems of vector and tensor
calculus, i.e., the Gauss, the Stokes and the Reynolds transport theorems. These
theorems are used in subsequent chapters to derive the conservation equations. It
takes six to seven hourly lectures to cover the material of Chapter 1.

Chapter 2, on “Introduction to the Continuum Fluid,” introduces the approxi-
mation of a fluid as a continuum, rather than as a discontinuous molecular medium.
Properties associated with the continuum character, such as density, mass, vol-
ume, linear and angular momentum, viscosity, kinematic viscosity, body and contact
forces, mechanical pressure, and surface tension are introduced and discussed. The
control volume concept is introduced and combined with the integral theorems and
the differential operators of Chapter 1 to derive both macroscopic and microscopic
conservation equations. The motion of fluid particles is described by using both
Lagrangian and Eulerian descriptions. The chapter concludes with the local kine-
matics around a fluid particle that are responsible for stress, strain, and rate of strain
development and propagation. The decomposition of the instantaneous velocity of
a fluid particle into four elementary motions, i.e., rigid-body translation, rigid-body
rotation, isotropic expansion and pure straining motion without change of volume,
is also demonstrated. It takes two to three hourly lectures to cover Chapter 2.

Chapter 3, on “Conservation Laws,” utilizes differential operators of Chapter 1
and conservation and control volume principles of Chapter 2, to develop the general
integral conservation equation. This equation is first turned into differential form,
by means of the Gauss theorem, and is then specialized to express mass, momentum,
energy, and heat conservation equation. The conservation of momentum equations
are expressed, in terms of the stresses, which implies that they hold for any fluid.
(The specialization of these equations to incompressible Newtonian fluids, the pri-
mary target of this book, is done in Chapter 5.) It takes two to three hourly lectures
to cover Chapter 3.

Chapter 4, on “Static Equilibrium of Fluids and Interfaces,” deals with the
application of conservation principles, in the absence of relative flow. The general
hydrostatics equation under rigid-body translation and rigid-body rotation for a
single fluid in gravity and centrifugal fields is derived. It is then applied to barotropic
and other fluids yielding Bernoulli-like equations, and the Archimedes principle of
buoyancy in fluids and across interfaces. The second part of the chapter deals with
immiscible liquids across interfaces at static equilibrium. Normal and shear stress
interface boundary conditions are derived in terms of bulk properties of fluids and
the interface tension and curvature. The Young-Laplace equation is used to compute
interface configurations at static equilibrium. It takes four to five lectures to cover
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Chapter 4.

Chapter 5, on “The Navier-Stokes Equations,” starts with the concept of con-
stitutive equations based on continuum mechanics. We then focus on Newtonian
fluids, by reducing the general Stokes constitutive equation for compressible New-
tonian fluid to Newton’s law of viscosity for incompressible Newtonian fluid. Al-
ternative forms of the Navier-Stokes equations are also discussed. The dynamics of
generation, intensification, convection and diffusion of vorticity, which are directly
related to the physics of flow, are projected and discussed along with the concepts
of irrotationality, potentiality, local rigid-body rotation, circulation that may be
formulated and related by means of Bernoulli’s and Euler’s inviscid flow equations,
the Stokes circulation theorem, and Kelvin’s circulation conservation. Initial and
boundary conditions necessary to solve the Navier-Stokes and related equations are
also discussed. Chapter 5 concludes the first part of the book that develops and
discusses basic principles. It takes three to four lectures to cover Chapter 5.

The application part of the book starts with Chapter 6, on “Unidirectional
Flows,” where steady-state and transient unidirectional lows amenable to analytical
solution are studied. We first analyze five classes of steady unidirectional incom-
pressible Newtonian flow in which the unknown velocity component is a function of
just one spatial dependent variable: (a) Steady, one-dimensional rectilinear flows;
(b) Steady, axisymmetric rectilinear flows; (c) Steady, axisymmetric torsional flows;
(d) Steady, axisymmetric radial flows; and (e) Steady, spherically symmetric radial
flows. In all the above classes, the flow problem is reduced to an ordinary differential
equation (ODE) subject to appropriate boundary conditions. This ODE results from
the conservation of momentum (in the first three classes) or from the conservation of
mass (in the last two classes). Next, we study two classes of unidirectional flow, in
which the unknown velocity component is a function of two independent variables:
(a) Transient one-dimensional unidirectional flows; and (b) Steady two-dimensional
rectilinear flows. In these two classes, conservation of momentum results in a par-
tial differential equation (PDE) which must be solved together with appropriate
boundary and initial conditions. For this purpose, techniques like the separation
of variables and the similarity method are employed. Representative examples are
provided throughout the chapter: steady and transient Poiseuille and Couette flows,
film flow down an inclined plane or a vertical cylinder, flow between rotating cylin-
ders, bubble growth, flow near a plate suddenly set in motion, steady Poiseuille flows
in tubes of elliptical, rectangular and triangular cross sections, and others. It takes
six to seven lectures to cover Chapter 6.

Chapter 7, on “Approximate Methods,” introduces dimensional and order of
magnitude analyses. It then focuses on the use of regular and singular perturbation

u
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methods in approximately solving flow problems in extreme limits of key parameters,
such as the Reynolds, Stokes and capillary numbers, inclination and geometrical
aspect ratios. The chapter concludes with a brief discussion of the most important
applications of perturbation methods in fluid mechanics, which are the subject of
the subsequent chapters. It takes three to four hourly lectures to cover Chapter 7.

In Chapter 8, on “Laminar Boundary Layer Flows,” we examine laminar, high-
Reynolds-number flows in irregular geometries and over submerged bodies. Flows
are characterized as potential flows, away from solid boundaries, and as boundary-
layer flows, in the vicinity of solid boundaries. Following the development of the
boundary-layer equations by means of the stream function, exact solutions are ex-
amined by means of the Blasius’ and Sakiades’ analyses, and approximate, yet ac-
curate enough, solutions are constructed along the lines of von Karman’s analysis.
The stagnation-point and rotating boundary-layer flows are also covered. It takes
three to four hourly lectures to cover Chapter 8.

Chapter 9, on “Nearly Unidirectional Flows,” addresses lubrication and thin-
film flows. Typical lubrication-flow applications considered are piston-cylinder and
piston-ring lubrication of engines, journal-bearing system lubrication, and flows in
nearly rectilinear channel or pipe. Flows of thin films under the combined action
of viscosity, gravity and surface tension, are also analyzed. The integral mass and
momentum equations lead to the celebrated Reynold’s lubrication equation that
relates the conduit width or film thickness to the pressure distribution, in terms of
the capillary and Stokes numbers and aspect ratios. The solution of the Reynolds
equation in confined flows yields the pressure and shear stress distributions, which
are directly responsible for load capacity, friction and wear. The solution of the
Reynolds equation in film flows, where the pressure gradient is related to the external
pressure, the surface tension and the surface curvature, yields the configuration of
the free surface and the final film thickness. Stretching flows, such as spinning of
fibers, casting of sheets and blowing of films, are also analyzed by means of the thin-
beam approximation, to yield the free surface profile and the final film thickness or
fiber diameter, and the required tensions to achieve target fiber diameter and film
thickness, depending on the spinnability of the involved liquid. It takes three to
four hourly lectures to cover Chapter 9.

Chapter 10, on “Creeping Bidirectional Flows,” examines slow flows dominated
by viscous forces, or, equivalently, small Reynolds number flows. In the limit of
zero Reynolds number, the equations of flow are simplified to the so-called Stokes
equations. Stokes flow is conveniently studied with the introduction of the stream
function, by means of which the system of the governing conservation equations is
reduced to a much-easier-to-handle single fourth-order PDE. Representative creep-

U
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ing flow examples, such as the flow near a corner and the flow past a sphere, are
discussed in detail. It takes two to three hourly lectures to cover Chapter 10.

All chapters are accompanied by problems, which are often open-ended. The
student is expected to spend time understanding the physical problem, developing
the mathematical formulation, identifying assumptions and approximations, solving
the problem, and evaluating the results by comparison to intuition, data, and other
analyses.

We would like to express our gratitude to our colleagues and friends who read
early drafts of chapters and provided useful suggestions: Dr. N. Adoniades (Greek
Telecommunications Organization), Prof. A. Boudouvis, (NTU, Athens), Dr. M.
Fyrillas (University of California, San Diego), Prof. A. Karageorghis (University
of Cyprus), Dr. P. Papanastasiou (Schlumberger Cambridge Research), Dr. A.
Poullikkas (Electricity Authority of Cyprus), Dr. M. Syrimis (University of Cyprus),
and Prof. J. Tsamopoulos (University of Patras). We thank them all.

GG and AA
Worcester
July, 1999

Below is the original acknowledgements text written by the late Professor Tasos
Papanastasiou.

Several environments and individuals contributed directly or indirectly to the
realization of this book, whom I would like to greatly acknowledge: my primary school
teacher, George Maratheftis; my high school physics teacher, Andreas Stylianidis; my
undergraduate fluid mechanics professor, Nikolaos Koumoutsos; and my graduate
fluid mechanics professors, Prof. L.E. Scriven and C.W. Macosko of Minnesota.
From the University of Michigan, my first school as assistant professor, I would like
to thank the 1987-89 graduate fluid mechanics students and my research students;
Prof. Andreas Alexandrou of Worcester Polytechnic Institute; Prof. Rose Wesson of
LSU; Dr. Zhao Chen of Eastern Michigan University; Mr. Joe Greene of General
Motors; Dr. Nick Malamataris from Greece; Dr. Kevin Ellwood of Ford Motor
Company; Dr. N. Anturkar of Ford Motor Company; and Dr. Mehdi Alaie from
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List of Symbols

The most frequently used symbols are listed below. Note that some of them are
used in multiple contexts. Symbols not listed here are defined at their first place of

use.
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Distance between parallel plates; dimension
Acceleration vector; vector

Width; dimension

Vector potential; Finger strain tensor

Integration constant; height; dimension; concentration
Arbitrary constant
Curve

Cauchy strain tensor
Capillary number, Ca =
Drag coeflicient

specific heat at constant pressure
specific heat at constant volume
Diameter; distance

Differential arc length

Differential surface

Directed differential surface, dS = ndS
Differential length

Differential volume

Diameter

Rate-of-strain tensor, D = % [Vu + (Vu)T]

Substantial derivative operator

S,

Unit vector in the z;-direction
energy



-

Rate of energy conversion
Stokes stream function operator

Stokes stream function operator, E* = E?(E?)
2 Ap
pV?

ST TS
S AR

Euler number, Fu =

Traction force
Force
Drag force

._,,
'Sj"ld

V2
Froude number, F'r = X+
gL

!
3

Gravitational acceleration

Gravitational acceleration vector

Green strain tensor

Height; elevation

Distance between parallel plates; thermal energy; enthalpy
rate of production of thermal energy
Imaginary unit, i = /—1; index
Cartesian unit vector in the z-direction
First invariant of a tensor

Unit tensor

Second invariant of a tensor

I Third invariant of a tensor

Cartesian unit vector in the y-direction
nth-order Bessel function of the first kind
Linear momentum, J = mu

Rate of momentum convection

Angular momentum, Jg =r x J

Thermal conductivity; diffusion coefficient; Boltzman constant; index
Cartesian unit vector in the z-direction
Length; characteristic length

Mass; meter (unit of length)

Mass flow rate

Molecular weight

Moment

Unit normal vector

Newton (unit of force)

Order of

Pressure

Reference pressure
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Poo Pressure at infinity

P Equilibrium pressure

Q Volumetric flow rate

r Radial coordinate; radial distance
r Position vector

R Radius; ideal gas constant

Re Reynolds number, Re = L_gg

Re Real part of

s Length; second (time unit)

S Surface; surface area

S Vorticity tensor, S = % [Vu — (Vu)T]
St Stokes number, St = L}q]éf

t Time

t Unit tangent vector

T Absolute temperature

Ty Reference temperature

T Total stress tensor

T;j ij-component of the total stress tensor
u Vector; velocity vector

U Mean velocity

Uy Radial velocity component
Uy Slip velocity (at a wall)
Uy x-velocity component
Uy y-velocity component
Uy z-velocity component
Ug azimuthal velocity component
Ugp ¢-velocity component
U Velocity (magnitude of); internal energy per unit mass, dU = C,dT
U, Terminal velocity
v Vector
V Volume; velocity (magnitude of); characteristic velocity
1% Specific volume
Vi Molecular volume
w Width; work; weight
1474 Rate of production of work
W _ pV2L
e Weber number, We = ~5—
x Cartesian coordinate
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x; Cartesian coordinate

y  Cartesian coordinate

Y,, nth-order Bessel function of the second kind

z  Cartesian or cylindrical or spherical coordinate

Greek letters

« Inclination; angle; dimension; coefficient of thermal expansion
15} Isothermal compressibility; slip coefficient

r Circulation

19 Film thickness; boundary layer thickness

0ij Kronecker’s delta

A Difference; local rate of expansion

Ap Pressure drop

Ap/AL  Constant pressure gradient

Ar Separation vector

€ Aspect ratio, e.g., € = %; perturbation parameter
€ijk Permutation symbol

Viscosity; similarity variable

Bulk viscosity

Cylindrical or spherical coordinate; angle
Second viscosity coefficient

Kinematic viscosity, v = lpZ
Dimensionless number

Stretching coordinate; similarity variable
Density

Surface tension

Tensor

ij ij-component of o

Viscous stress tensor; tensor

1j viscous stress component

Wall shear stress

Spherical coordinate; angle; scalar function
Stream function

Vorticity; angular frequency

Vorticity vector

Angular velocity

Angular velocity vector
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Other symbols

v Nabla operator

Vir Nabla operator in natural coordinates (t, n), Vi = % t+ % n
Vu Velocity gradient tensor

\Y&i Laplace operator

v Biharmonic operator, V* = V?(V?)
. Dot product
Double dot product

X Cross product
Superscripts

T Transpose (of a matrix or a tensor)

-1 Inverse (of a matrix or a tensor)

* Dimensionless variable
Abbreviations

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

CFD Computational Fluid Dynamics

ODE(s)  Ordinary differential equation(s)
PDE(s)  Partial differential equation(s)
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Chapter 1

VECTOR AND TENSOR
CALCULUS

The physical quantities encountered in fluid mechanics can be classified into three
classes: (a) scalars, such as pressure, density, viscosity, temperature, length, mass,
volume and time; (b) wvectors, such as velocity, acceleration, displacement, linear
momentum and force, and (c) tensors, such as stress, rate of strain and vorticity
tensors.

Scalars are completely described by their magnitude or absolute value, and they
do not require direction in space for their specification. In most cases, we shall
denote scalars by lower case lightface italic type, such as p for pressure and p for
density. Operations with scalars, i.e., addition and multiplication, follow the rules of
elementary algebra. A scalar field is a real-valued function that associates a scalar
(i.e., a real number) with each point of a given region in space. Let us consider,
for example, the right-handed Cartesian coordinate system of Fig. 1.1 and a closed
three-dimensional region V' occupied by a certain amount of a moving fluid at a
given time instance t. The density p of the fluid at any point (z,y, z) of V defines a
scalar field denoted by p(z,y, z). If the density is, in addition, time-dependent, one
may write p=p(z,y, 2, t).

Vectors are specified by their magnitude and their direction with respect to a
given frame of reference. They are often denoted by lower case boldface type, such
as u for the velocity vector. A wvector field is a vector-valued function that associates
a vector with each point of a given region in space. For example, the velocity of
the fluid in the region V of Fig. 1.1 defines a vector field denoted by u(z,y, z,t). A
vector field which is independent of time is called a steady-state or stationary vector
field. The magnitude of a vector u is designated by |u| or simply by wu.

Vectors can be represented geometrically as arrows; the direction of the arrow
specifies the direction of the vector and the length of the arrow, compared to some
chosen scale, describes its magnitude. Vectors having the same length and the same
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Figure 1.1. Cartesian system of coordinates.

direction, regardless of the position of their initial points, are said to be equal. A
vector having the same length but the opposite direction to that of the vector u is
denoted by —u and is called the negative of u.

The sum (or the resultant) u+v of two vectors u and v can be found using the
parallelogram law for vector addition, as shown in Fig. 1.2a. Extensions to sums
of more than two vectors are immediate. The difference u-v is defined as the sum
u+(—v); its geometrical construction is shown in Fig. 1.2b.

Figure 1.2. Addition and subtraction of vectors.

The vector of length zero is called the zero vector and is denoted by 0. Obviously,
there is no natural direction for the zero vector. However, depending on the problem,
a direction can be assigned for convenience. For any vector u,

u+0=0+u=mu

and
u+ (—u) =0.
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Vector addition obeys the commutative and associative laws. If u, v and w are
vectors, then

u+v=v+u Commutative law
(u+v)+w=u+ (v+w) Associative law

If u is a nonzero vector and m is a nonzero scalar, then the product mu is defined
as the vector whose length is |m| times the length of u and whose direction is the
same as that of u if m > 0, and opposite to that of u if m < 0. If m=0 or u=0,
then mu=0. If u and v are vectors and m and n are scalars, then

mu = um Commutative law
m(nu) = (mn)u Associative law
(m+n)u = mu + nu Distributive law
m(u+v) = mu + mv Distributive law

Note also that (—1)u is just the negative of u,

A unit vector is a vector having unit magnitude. The three vectors i, j and
k which have the directions of the positive z, y and z axes, respectively, in the
Cartesian coordinate system of Fig. 1.1 are unit vectors.

v

u
Figure 1.3. Angle between vectors u and v.

Let u and v be two nonzero vectors in a two- or three-dimensional space posi-
tioned so that their initial points coincide (Fig. 1.3). The angle 6 between u and v
is the angle determined by u and v that satisfies 0 < 6 < w. The dot product (or
scalar product) of u and v is a scalar quantity defined by

u-v = uv cosf. (1.1)

If u, v and w are vectors and m is a scalar, then

u-v=v-u Commutative law
u-(Vv+w) =u-v+4+uw Distributive law
m(u-v) = (mu)-v = u-(mv)
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Moreover, the dot product of a vector with itself is a positive number that is equal
to the square of the length of the vector:

u-u=1u> <= u=+ u-u. (1.2)

If u and v are nonzero vectors and

then u and v are orthogonal or perpendicular to each other.
A vector set {uj,us, -, u,} is said to be an orthogonal set or orthogonal system
if every distinct pair of the set is orthogonal, i.e.,

ui-uj:(), Z;’é]

If, in addition, all its members are unit vectors, then the set {uj,ug, -, u,} is said
to be orthonormal. In such a case,

u; - Uj = 6ij 5 (13)

where 0;; is the Kronecker delta, defined as

o) Li=g
8 = { o in (1.4)

The three unit vectors i, j and k defining the Cartesian coordinate system of Fig. 1.1
form an orthonormal set:

(1.5)
ij=jk=ki=0

The cross product (or vector product or outer product) of two vectors u and v is
a vector defined as
uxv = uvsinfn, (1.6)

where n is the unit vector normal to the plane of u and v such that u, v and n
form a right-handed orthogonal system, as illustrated in Fig. 1.4. The magnitude of
u X v is the same as that of the area of a parallelogram with sides u and v. If u
and v are parallel, then sin §=0 and u x v=0. For instance, u x u=0.

If u, v and w are vectors and m is a scalar, then
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Figure 1.4. The cross product u X v.

uxXv =-—-vxu Not commutative
X(V+w) =uxv+uxw Distributive law
(u><v) = (mu)xv = ux (mv) = (uxv)m

For the three unit vectors i, j and k one gets:

ixi=jxj=kxk =0,
ixj=k, jxk=1i, kxi=]j,
jxi= -k, kxj=-i, ixk=-j.

Note that the cyclic order (i, j, k, 1, j, - ), in which the cross product of any neighbor-
ing pair in order is the next vector, is consistent with the right-handed orientation
of the axes as shown in Fig. 1.1.

The product u- (v x w) is called the scalar triple product of u, v and w, and is
a scalar representing the volume of a parallelepiped with u, v and w as the edges.
The product u x (v x w) is a vector called the vector triple product. The following
laws are valid:

(u-v)w # u(v w) Not associative
ux(vxw) # (u X V) X Not associative
ux (vxw) = (u )vf(u-v)w

(uxv)xw = (u-w)v — (v-w)u
u-(vxw)=v-(wxu) =w-(uxv)

Thus far, we have presented vectors and vector operations from a geometrical view-
point. These are treated analytically in Section 1.2.

Tensors may be viewed as generalized vectors being characterized by their magni-
tude and more than one ordered directions with respect to a given frame of reference.
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Tensors encountered in fluid mechanics are of second order, i.e., they are charac-
terized by an ordered pair of coordinate directions. Tensors are often denoted by
uppercase boldface type or lower case boldface Greek letters, such as 7 for the stress
tensor. A tensor field is a tensor-valued function that associates a tensor with each
point of a given region in space. Tensor addition and multiplication of a tensor by
a scalar are commutative and associative. If R, S and T are tensors of the same
type, and m and n are scalars, then

R+S=S+R Commutative law
R+S)+T=S+(R+T) Associative law
mR = Rm Commutative law
m(nR) = (mn)R Associative law
(m+n)R = mR + nR Distributive law
m(R+S) = mR + mS Distributive law

Tensors and tensor operations are discussed in more detail in Section 1.3.

1.1 Systems of Coordinates

A coordinate system in the three-dimensional space is defined by choosing a set of
three linearly independent vectors, B={ej, e2, e3}, representing the three fundamen-
tal directions of the space. The set B is a basis of the three-dimensional space, i.e.,
each vector v of this space is uniquely written as a linear combination of e, e2 and
€e3:

Vv =v1e + v2ez + vzes. (1.8)

The scalars vy, v9 and vs are the components of v and represent the magnitudes of
the projections of v onto each of the fundamental directions. The vector v is often
denoted by v(v1,v2,v3) or simply by (v, ve,v3).

In most cases, the vectors e, es and e3 are unit vectors. In the three coordinate
systems that are of interest in this book, i.e., Cartesian, cylindrical and spherical
coordinates, the three vectors are, in addition, orthogonal. Hence, in all these
systems, the basis B={e1, €3, e3} is orthonormal:

€ -e; = 6ij . (19)
(In some cases, nonorthogonal systems are used for convenience; see, for example,
[1].) For the cross products of e1, es and es, one gets:

3

e xXe; = Z €ijk €k , (1.10)
k=1
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where €, is the permutation symbol, defined as

1, ifijk=123, 231, or 312 (i.e, an even permutation of 123)
€ijk = —1, ifijk=321, 132, or 213 (i.e, an odd permutation of 123)  (1.11)
0, if any two indices are equal

A useful relation involving the permutation symbol is the following;:

ay az as 3 3
bi by by | = D e aibjck (1.12)
c1 ¢ c3 i=1j=1k=1
z z
4, """ K L]
/v k A
1/ ’I :
(-’B,y,z) A o
[l | '
: v/
1 1 '
i .
kl /. # : o
J : :'”yJ:
' ™y
Yy : L Y
1 T L/ b
yUzl ¥
Yy
T T

Figure 1.5. Cartesian coordinates (x,y,z) with —oo < x < 00, —00 < y < 00 and
-0 < 2z < 00.

The Cartesian (or rectangular) system of coordinates (z,y, z), with
—o<r<oo, —-owo<y<oco and —o0<z<o00,

has already been introduced, in previous examples. Its basis is often denoted by
{i,j,k} or {e;,ey,e.}. The decomposition of a vector v into its three components
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Figure 1.6. Cylindrical polar coordinates (r,0,z) with r > 0, 0 < 6 < 27w and
—00 < z < 00, and the position vector r.

(r,0,2) — (2,9, 2) (,y,2) — (1,0,2)
Coordinates
x =rcost r=x2 4+ 942
{ arctan ¥, x>0, y>0
y =rsinf =4 m+arctan?, <0
2r +arctan 2, x>0, y <0
2=z z2=z

Unit vectors
i=cosfe.—sinfey | e, =cosfi+sinbj
j=sinfe. +cosbey | eg = —sinfi+ coshj
k=e, e, =k

Table 1.1. Relations between Cartesian and cylindrical polar coordinates.
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€y e,

J Xa

i T

Figure 1.7. Plane polar coordinates (r,0).

Figure 1.8. Spherical polar coordinates (r,0,¢) withr >0,0<60 <7 and 0 < ¢ <
27, and the position vector r.
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(r797¢) - (J’;?y?z) (x?y7 Z) - (T7 07 Qs)

Coordinates

x = rsinfcos ¢ r =22+ 2 + 22
2 2

arctaan”Ly, z>0

y = rsinfsin ¢ 0=4 3, z=0
2 2

T 4+ arctan z;y, z <0

arctan ¥, x>0, y>0
2z =rcosf ¢ =4 mHarctanZ, <0

2m +arctan 2, x>0, y <0

Unit vectors
i=sinfcospe, +coslcospeyg —singpey | e =sinfcosgpi+sinfsingj+ cost k
j=sinfsing e, +cosfsingpeg+cospey | €9 = cosfcospi+ cosfsingj—sinf k
k =cosfe. —sinf ey e; = —singi+cosdj

Table 1.2. Relations between Cartesian and spherical polar coordinates.

(vg, vy, v;) is depicted in Fig. 1.5. It should be noted that, throughout this book,
we use right-handed coordinate systems.

The cylindrical and spherical polar coordinates are the two most important or-
thogonal curvilinear coordinate systems. The cylindrical polar coordinates (r, 0, z),
with

r>0, 0<60<2r and —oc0<z<o00,

are shown in Fig. 1.6 together with the Cartesian coordinates sharing the same
origin. The basis of the cylindrical coordinate system consists of three orthonormal
vectors: the radial vector e,, the azimuthal vector ey, and the axial vector e,. Note
that the azimuthal angle 6 revolves around the z axis. Any vector v is decomposed
into, and is fully defined by its components v (v, vy, v,) with respect to the cylindri-
cal system. By invoking simple trigonometric relations, any vector, including those
of the bases, can be transformed from one system to another. Table 1.1 lists the for-
mulas for making coordinate conversions from cylindrical to Cartesian coordinates
and vice versa.

On the zy plane, i.e., if the z coordinate is ignored, the cylindrical polar coordi-
nates are reduced to the familiar plane polar coordinates (r,0) shown in Fig. 1.7.
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The spherical polar coordinates (r, 6, ¢), with
r>0, 0<6<7m and 0<¢<2m,

together with the Cartesian coordinates with the same origin, are shown in Fig. 1.8.
It should be emphasized that r and # in cylindrical and spherical coordinates are not
the same. The basis of the spherical coordinate system consists of three orthonormal
vectors: the radial vector e,, the meridional vector ey, and the azimuthal vector
es. Any vector v can be decomposed into the three components, v(v,,vg,vs),
which are the scalar projections of v onto the three fundamental directions. The
transformation of a vector from spherical to Cartesian coordinates (sharing the same
origin) and vice-versa obeys the relations of Table 1.2.

The choice of the appropriate coordinate system, when studying a fluid mechan-
ics problem, depends on the geometry and symmetry of the flow. Flow between
parallel plates is conveniently described by Cartesian coordinates. Axisymmetric
(i.e., axially symmetric) flows, such as flow in an annulus, are naturally described
using cylindrical coordinates, and flow around a sphere is expressed in spherical
coordinates. In some cases, nonorthogonal systems might be employed too. More
details on other coordinate systems and transformations can be found elsewhere [1].

Example 1.1.1. Basis of the cylindrical system
Show that the basis B={e,, ey, e, } of the cylindrical system is orthonormal.

Solution:
Sincei-i=j-j=k-k=landi-j=j -k=k-i=0, we obtain:

e -e, = (cosfi+sindj)-(cosfi+sinhj) = cos?f+sin?60 =1
ep-eg = (—sinfi+cosfj)-(—sinfi+cosfj) = sin?0+cos?d =1
e,-e;, = k-k=1

e e = (cosfi+sinfj) -(—sinfi+cosfj) =0

e -e;, = (cosfi+sinfj)-k =0

e-e, = (—sinfi+cosfj)-k =0

O
Example 1.1.2. The position vector
The position vector r defines the position of a point in space, with respect to a
coordinate system. In Cartesian coordinates,

r=xi+yj+ zk, (1.13)
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r=zit+yj+zk

J !

Figure 1.9. The position vector, r, in Cartesian coordinates.

and thus X
r| = (r-r)2 = (/22 +y2+22. (1.14)

The decomposition of r into its three components (x,y, z) is illustrated in Fig. 1.9.
In cylindrical coordinates, the position vector is given by

r =re. + ze, with [r|] = Vr2+4+22. (1.15)

Note that the magnitude |r| of the position vector is not the same as the radial
cylindrical coordinate r. Finally, in spherical coordinates,

r =re, with |r|=r, (1.16)

that is, |r| is the radial spherical coordinate r. Even though expressions (1.15) and

(1.16) for the position vector are obvious (see Figs. 1.6 and 1.8, respectively), we will

derive both of them, starting from Eq. (1.13) and using coordinate transformations.
In cylindrical coordinates,

r = zi+yj+ zk
= rcosf (cosfe, —sinfey) + rsinf (sinfe, +cosfey) + ze,
= 7 (cos’0 +sin’6) e, + r(—sinfcosh +sinfcosh) ey + ze,

= re, + ze,.
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In spherical coordinates,

r = zi+yj+ zk
= rsinfcos¢ (sinfcos ¢ e, + coscosp ey —singey)
+ rsinfsin ¢ (sinfsin ¢ e, + cosfsin ¢ ey + cos ¢ ey)
+ rcosf (cosf e, —sinf ep)
= 7 [sin? 6 (cos® ¢ +sin® ¢) cos? 0] e,
+ rsin 6 cos § [(cos? ¢ + sin? ¢) — 1] ey
+ rsin 6 (—sin ¢ cos ¢ + sin ¢ cos ¢) e,

= re,.

O
Example 1.1.3. Derivatives of the basis vectors
The basis vectors i, j and k of the Cartesian coordinates are fixed and do not change
with position. This is not true for the basis vectors in curvilinear coordinate systems.
From Table 1.1, we observe that, in cylindrical coordinates,

e.=cosfli+sinfj and ey=—sinfi+cosbj;

therefore, e, and ey change with 6. Taking the derivatives with respect to 6, we
obtain:

%eer = —sinfi + cosfj = e
and
% = —cosfi—sinfj = —e,.

All the other spatial derivatives of e,, ey and e, are zero. Hence,

der _ deg _ de, __

or 0 or 0 or 0

der __ dep __ oe, __

26 — € 55 = e 55 =0 (1.17)
der _ Oeg _ de, __

0z 0 0z 0 0z 0
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Similarly, for the spatial derivatives of the unit vectors in spherical coordinates,
we obtain:

der _ deq _ 9y _

or 0 or 0 or 0

der _ oeg _ _ o6y _

o0 — ©0 o0 — a = 0 (1.18)
e, __ _: ey __ dey _ _

o0 = sinfe, 5 = cosfe, 3 = —sinfe, — cosfey

Equations (1.17) and (1.18) are very useful in converting differential operators from
Cartesian to orthogonal curvilinear coordinates.
O

1.2 Vectors

In this section, vector operations are considered from an analytical point of view.
Let B={ej,ea,e3} be an orthonormal basis of the three-dimensional space, which
implies that

e -e; = 6ij y (119)

and
3

e, Xe; = Z €ijk €k - (1.20)
k=1

Any vector v can be expanded in terms of its components (v, va, v3):
3
V:v1e1+v2e2+v3e322viei. (1.21)

i=1
Any operation between two or more vectors is easily performed, by first decom-
posing each vector into its components and then invoking the basis relations (1.19)
and (1.20). If u and v are vectors, then

3
utv = (uptvi)er + (uatve)es + (ugtuvs)es = Z(ui:l:z}i) e, (1.22)
i=1

i.e., addition (or subtraction) of two vectors corresponds to adding (or subtracting)
their corresponding components. If m is a scalar, then

3 3
mv = m (Z v ei> = Z muv; € , (1.23)
i=1 i=1
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i.e., multiplication of a vector by a scalar corresponds to multiplying each of its
components by the scalar.
For the dot product of u and v, we obtain:

wv (Z )(; ) —

3
u-v = uv; + ugve + ugvsy = Z UV; . (1.24)
i=1

The magnitude of v is thus given by
v = (v-v)% = v+ +0d. (1.25)

Finally, for the cross product of u and v, we get

3 3 3 3
u><V:<Zuiei>>< Zvjej :ZZuivjeixej —
i=1 j=1 i=1j=1
3 3 3
uxv = Z Z Z €ijk UiV €x (1.26)
i=1j=1k=1
or
e] ey e3
uxv=|u; uy us |= (ugvz—usve)e;—(ujvs—ugvi)es+(ujve—ugvi)es. (1.27)
V1 Uy U3

Example 1.2.1. The scalar triple product
For the scalar triple product (u x v) - w, we have:

3 3 3 3
(uxv) w = Z Z €ijk UiVj €K (Z wkek> =
i=1j=1k=1 k=1
3 3 3
(uxv) - w = Z Z Z €ijk UiVj W (1.28)
i=1j=1k=1
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or
up U2 Uz
(uxv)-w=|v vy wv3 |. (1.29)
w1, W2 ws

Using basic properties of determinants, one can easily show the following identity:
(uxv)-w=(wxu)-v=(vxw) u. (1.30)

O

In the following subsections, we will make use of the vector differential operator
nabla (or del), V. In Cartesian coordinates, V is defined by

0 0 0
= —i —j — k. 1.31
v Oz t 8y'] + 0z ( )
The gradient of a scalar field f(z,y,z) is a vector field defined by
0 0 0
Vf——fi+—fj+—fk. (1.32)

- Ox y 0z
The divergence of a vector field v(z,y, z) is a scalar field defined by

_ Oug Ovy Ov,
VoVE e Ty T e

More details about V and its forms in curvilinear coordinates are given in Section 1.4.

1.2.1 Vectors in Fluid Mechanics

As already mentioned, the position vector, r, defines the position of a point with
respect to a coordinate system. The separation or displacement vector between two
points A and B (see Figure 1.10) is commonly denoted by Ar, and is defined as

(1.33)

Aryg =r4q—rpg. (1.34)
The velocity vector, u, is defined as the total time derivative of the position vector:
dr
dt
Geometrically, the velocity vector is tangent to the curve C defined by the motion of

the position vector r (Fig. 1.11). The relative velocity of a particle A, with respect
to another particle B, is defined accordingly by

u (1.35)

dAT 4B dry drp
= = — - —— = — . 1.36
uaB dt e ar | AT U (1.36)
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Figure 1.10. Position and separation vectors.
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Figure 1.11. Position and velocity vectors.
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The acceleration vector, a, is defined by

du d’r
a=— = —. 1.37
dt dt? ( )
The acceleration of gravity, g, is a vector directed towards the center of earth. In
problems where gravity is important, it is convenient to choose one of the axes,

usually the z axis, to be collinear with g. In such a case, g=—ge, or ge,.

Example 1.2.2. Velocity components
In Cartesian coordinates, the basis vectors are fixed and thus time independent. So,

d dx dy dz
_ d . . K) = % ay . az .
u dt(;v1+y,]+z) dtl+ dt‘]+ 7

Hence, the velocity components (uy, Uy, u,) are given by:

dzx _d_y _dz

L= W, =% 1.38
Y a’ T w T W (1.38)

In cylindrical coordinates, the position vector is given by r=r er+z ez, where ey is
time dependent:

:i( T )_@ +de7«+% —ﬁ +de,~@+% —
W= g\ e R = e T T w T wS T g a T ar ™
u—ﬁe + rQle +%e
- dt r 0 dt )

where 2 = df/dt is the angular velocity. The velocity components (u,,ug, u,) are

given by:
dr do dz
ur = oo ue:r%:rﬁ, Uz = -
In spherical coordinates, all the basis vectors are time dependent. The velocity
components (u,ug, ug) are easily found to be:

(1.39)

dr do . do
up = s Ug =T, U = rsm@a. (1.40)
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Example 1.2.3. Circular motion
Consider plane polar coordinates and suppose that a small solid sphere rotates at a

Figure 1.12. Velocity and acceleration vectors in circular motion.

constant distance, R, with constant angular velocity, €2, around the origin (uniform
rotation). The position vector of the sphere is r=R e, and, therefore,

dr d de de, do
= — = — T e r == " i—— = Q M
us= g = glfte) =R =Ry o = u= Re

The acceleration of the sphere is:

du d deg df 9
_ W dpge,) = po e @ — —RQ%e,.
as= = gfte) =Ry —  a=-Rle
This is the familiar centripetal acceleration RQ? directed towards the axis of rotation.
a The force vector, F, is combined with other vectors to yield:
Work: W =F -rap ; (1.41)
aw drap

P : P=—=F- ; 1.42
ower o prl (1.42)
Moment : M=r x F . (1.43)

In the first two expressions, the force vector, F, is considered constant.

Example 1.2.4. Linear and angular momentum
The linear momentum, J, of a body of mass m moving with velocity u is definedby
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J = mu. The net force F acting on the body is given by Newton’s law of motion,

dJ d
If m is constant, then
F— - (1.45)
=m— = ma, )

where a is the linear acceleration of the body. The angular momentum (or moment
of momentum) is defined as

Jog=rxJ. (1.46)
Therefore,
%:%(rxJ):%xJ—{—rx%:ux(mu)—l—er:O—i—er =
%:er:M7 (1.47)
where the identity u x u=0 has been used. a

1.2.2 Unit Tangent and Normal Vectors

Consider a smooth surface S, i.e., a surface at each point of which a tangent plane
can be defined. At each point of S, one can then define an orthonormal set consisting
of two unit tangent vectors, t1 and ts, lying on the tangent plane, and a unit normal
vector, n, which is perpendicular to the tangent plane:

n-n:tl'tlztg-tgzl and n-tlztl-tgztg-n:O.

Obviously, there are two choices for n; the first is the vector

t1 X to
‘tl Xt2| ’

and the second one is just its opposite. Once one of these two vectors is chosen as
the unit normal vector n, the surface is said to be oriented; n is then called the
orientation of the surface. In general, if the surface is the boundary of a control
volume, we assume that n is positive when it points away from the system bounded
by the surface.
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Figure 1.13. Unit normal and tangent vectors to a surface defined by z=h(z,y).

The unit normal to a surface represented by

is given by
Vf
i 149
Oh: _ Oh
—5-i— 5j+k
n = Oz %y . (1.50)

1/2

2

oh)\? Oh
L+ (Gr) + (@) 1
Obviously, n is defined only if the gradient V f is defined and |V f| # 0. Note that,
from Eq. (1.50), it follows that the unit normal vector is considered positive when
it is upward, i.e., when its z component is positive, as in Fig. 1.13. One can easily

choose two orthogonal unit tangent vectors, t; and ta, so that the set {n,tq,ts} is
orthonormal. Any vector field u can then be expanded as follows,

u = upn + upty + upts (1.51)

where u,, is the normal component, and u;; and us are the tangential components
of u. The dot product n - u represents the normal component of u, since

n-u=n-(un + unty + upts) = u,.
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T

Figure 1.14. The unit tangent vector to a curve.

The integral of the normal component of u over the surface 5,

QE/Sn-udS, (1.52)

is the flux integral or flow rate of u across S. In fluid mechanics, if u is the velocity
vector, @) represents the volumetric flow rate across S. Setting ndS=dS, Eq. (1.52)
takes the form

Q= /Su~dS. (1.53)

A curve C in the three dimensional space can be defined as the graph of the
position vector r(t), as depicted in Fig. 1.14. The motion of r(¢) with parameter ¢
indicates which one of the two possible directions has been chosen as the positive
direction to trace C. We already know that the derivative dr/dt is tangent to the
curve C'. Therefore, the unit tangent vector to the curve C' is given by

dr

_ _dt
t = 2, (1.54)

dt

and is defined only at those points where the derivative dr/dt exists and is not zero.
As an example, consider the plane curve of Fig. 1.15, defined by

y = h(z), (1.55)
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y=h(z)

i x

Figure 1.15. Normal and tangent unit vectors to a plane curve defined by y=h(zx).

or, equivalently, by r(¢)=zi+h(x)j. The unit tangent vector at a point of C' is given
by

dr . oh -
¢ — db _ 0rd (1.56)

i
dt

By invoking the conditions n - t=0 and n - n=1, we find for the unit normal vector
n:

~Ghi 4

@y

Choosing n to have positive y-component, as in Fig. 1.15, we get

_Ohy
n = gr " (1.57)

Note that the last expression for n can also be obtained from Eq. (1.50), as a
degenerate case.

Let C be an arbitrary closed curve in the space, with the unit tangent vector t
oriented in a specified direction, and u be a vector field. The integral

rzft-ude, (1.58)
C
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where ¢ is the arc length around C, is called the circulation of u along C'. If r is the
position vector, then td¢=dr, and Equation (1.58) is written as follows

I = 7{Cu-dr. (1.59)

1.3 Tensors

Let {e1, ez, e3} be an orthonormal basis of the three dimensional space. This means
that any vector v of this space can be uniquely expressed as a linear combination
of the three coordinate directions e, es and es,

3
vV = Zvi e; , (160)
=1

where the scalars v; are the components of v.

In the previous sections, two kinds of products that can be formed with any two
unit basis vectors were defined, i.e. the dot product, e; - ej, and the cross product,
e; x ej. A third kind of product is the dyadic product, e;e;, also referred to as a
unit dyad. The unit dyad e;e; represents an ordered pair of coordinate directions,
and thus e;e; # eje; unless i=j. The nine possible unit dyads,

{e1e1, e1e2, eje3, ezeq, ezey, eses, ezeq, esey, eses},

form the basis of the space of second-order tensors. A second-order tensor, T, can
thus be written as a linear combination of the unit dyads:

3
T = Z Z Tij €i€y5 , (1.61)

i=1 j=1

where the scalars 7;; are referred to as the components of the tensor 7. Similarly, a
third-order tensor can be defined as the linear combination of all possible unit triads
e;ejey, etc. Scalars can be viewed as zero-order tensors, and vectors as first-order
tensors.

A tensor, 7, can be represented by means of a square matrix as

T11 T12 713 €1
T =(e1,ez,€3) | T21 T2 To3 e (1.62)
T3l Ts2 T3 e;
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and often simply by the matrix of its components,

Tl Ti2 T3
T = | Ta1 T2 T23 | . (1.63)
T31 T32 T33

Note that the equality sign “=" is loosely used, since 7 is a tensor and not a matrix.

For a complete description of a tensor by means of Eq. (1.63), the basis {e1, es,e3}
should be provided.
The unit (or identity) tensor, I, is defined by

3 3

I= ZZ‘SM eje; = eje; + egey + egey. (1.64)
i=1j=1

Fach diagonal component of the matrix form of I is unity and the nondiagonal
components are zero:

1
I=10 (1.65)
0

S = O
—_ o O

The sum of two tensors, o and 7, is the tensor whose components are the sums
of the corresponding components of the two tensors:

3 3 3 3 3 3
o +T =) > oyee;+y Y Tmjee; =y > (0+7;) ee;. (1.66)

i=1 j=1 i=1 j=1 i=1 j=1
The product of a tensor, 7, and a scalar, m, is the tensor whose components are
equal to the components of 7 multiplied by m:

mT =m Z

=17

3 3
Oij eiej = Z Z (TrLTZ’j) eiej . (1.67)

3
=1 i=1 j=1

The transpose, T ©, of a tensor T is defined by

3 3
TT = Z Z Tji €€;5 . (168)
i=1 j=1

The matrix form of 77 is obtained by interchanging the rows and columns of the
matrix form of 7 :

Tl T21 T31
T
TO= | Ti2 T2 T32 | - (1.69)

713 T23 733
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If 7T=7 ie. if T is equal to its transpose, the tensor 7 is said to be symmetric. If

7T=—1, the tensor T is said to be antisymmetric (or skew symmetric). Any tensor

T can be expressed as the sum of a symmetric, S, and an antisymmetric tensor, U,

T =S+ U, (1.70)
where
1
S =5+ Ty, (1.71)
and
1
U=;( - 7y, (1.72)

The dyadic product of two vectors a and b can easily be constructed as follows:

i=1j=1

3 3 3 3
ab = (ZlaZ ei> (Zl bj e]') = ZZaibj €;e; . (173)

Obviously, ab is a tensor, referred to as dyad or dyadic tensor. Its matrix form is

al b1 al bg al bg
ab = agln azbg agbg . (1.74)
azby agby asbs

Note that ab # ba unless ab is symmetric. Given that (ab)”=ba, the dyadic
product of a vector by itself, aa, is symmetric.

The unit dyads e;e; are dyadic tensors, the matrix form of which has only one
unitary nonzero entry at the (i, j) position. For example,

o

[\

ol

w

\
oo o
o oo
S = O

The most important operations involving unit dyads are the following;:

(i) The single-dot product (or tensor product) of two unit dyads is a tensor defined
by
(eie)) - (exe;) = e;(ej-ep) e = ;i eje. (1.75)

This operation is not commutative.
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(ii) The double-dot product (or scalar product or inner product) of two unit dyads
is a scalar defined by

(eiej) : (ekel) = (ei . el) (ej . ek) = 6i16jk . (1.76)
It is easily seen that this operation is commutative.
(iii) The dot product of a unit dyad and a unit vector is a vector defined by
(eiej) e = € (ej . ek) = 6jk e;, (1.77)

or
e - (ejer) = (ei-ej)ep = dijex. (1.78)

Obviously, this operation is not commutative.
Operations involving tensors are easily performed by expanding the tensors into
components with respect to a given basis and using the elementary unit dyad op-

erations defined in Egs. (1.75)-(1.78). The most important operations involving
tensors are summarized below.

The single-dot product of two tensors
If o and T are tensors, then

3 3 3 3
o = (S e (L X o)
) k=1

=1

3
= 2 Z > D i (eiej) - (erer)

3 3 3

= 2D > D OijThi by eien
i=1 j=1 k=1 I=1
3 3 3

= Z Z Z 0 Tjl €i€] —
i=1 j=1 (=1

3 3

3
o T = Z Z Z O45Tjl e;e; . (1.79)

i=1 =1 \j=1

The operation is not commutative. It is easily verified that

c - I=10 =o0o. (1.80)
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A tensor T is said to be invertible if there exists a tensor 7 —! such that

ror =717 =1 (1.81)

-1

If 7is invertible, then 7 =" is unique and is called the inverse of 7.

The double-dot product of two tensors

3
=YY oiyTjiee;. (1.82)

i=1 j=1

The dot product of a tensor and a vector
This is a very useful operation in fluid mechanics. If a is a vector, we have:

3
Oij eiej) . <Z ag ek>
k=1

Oijak (eiej) c €L

M)

—_

q
V]
I
M-

—_
<

I
Moo
KM“
Mc.o

@
Il
—
<
Il
fa
B
Il
—

0550k (Sjk e;

Il
Mw
AMw
Moo

@
Il
—_
B
Il
—
£
Il
—

0;jQj 5jj €; -

3 3
g -a = 0555 e; . (1.83)
i=1 \j=1

3
(Z inaj> e; . (1.84)
i=1 \j=1

(2

I
-M“
[M] e

@
I
—
<.
I
—_

Similarly, we find that

<Y

qQ

Il
Mw

The vectors o -a and a- o are not, in general, equal.
The following identities, in which a, b, ¢ and d are vectors, o and 7 are tensors,
and I is the unit tensor, are easy to prove:

(ab)-(cd) = (b-c)ad, (1.85)
(ab) : (cd) = (cd) : (ab) = (a-d) (b-c), (1.86)
(ab)-c = (b-c)a (1.87)
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c-(ab) = (c-a)b, (1.88)
a-I=1Ia=a, (1.89)
o :ab = (o -a)-b, (1.90)
ab:oc =a-(b-o) (1.91)

Figure 1.16. The action of a tensor T on the normal vector n.

The vectors forming an orthonormal basis of the three-dimensional space are
normal to three mutually perpendicular plane surfaces. If {nj,ngz,ns} is such a
basis and v is a vector, then

vV = njv1 + Novy + N3v3, (1.92)

where v1, vy and v are the components of v in the coordinate system defined by
{ni,n2,n3}. Note that a vector associates a scalar with each coordinate direction.
Since {nj,ny, n3} is orthonormal,

v1 = n1-v, vy =ng-v and ov3 = ng-v. (1.93)

The component v;=n,; - v might be viewed as the result or flux produced by v through
the surface with unit normal n;, since the contributions of the other two components
are tangent to that surface. Hence, the vector v is fully defined at a point by the
fluzes it produces through three mutually perpendicular infinitesimal surfaces. We
also note that a vector can be defined as an operator which produces a scalar flux
when acting on an orientation vector.

Along these lines, a tensor can be conveniently defined as an operator of higher
order that operates on an orientation vector and produces a vector fluxr. The action
of a tensor 7 on the unit normal to a surface, n, is illustrated in Fig. 1.16. The dot
product f=n- 7is a vector that differs from n in both length and direction. If the
vectors

f1:n1-7', f2:n2‘7— and f3:n3-7', (194)
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Figure 1.17. Actions of a tensor T on three mutually perpendicular infinitesimal
plane surfaces.
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are the actions of a tensor 7 on the unit normals nj, ns and ng of three mutually
perpendicular infinitesimal plane surfaces, as illustrated in Fig. 1.17, then 7is given
by

T = nif; + nofy + nsfs. (195)
The tensor T is thus represented by the sum of three dyadic products. Note that a

second-order tensor associates a vector with each coordinate direction. The vectors
f1, f5 and f3 can be further expanded into measurable scalar components,

fi = 7ung + Teng + 7303,
fa = ming 4 mony + 303, (1.96)
fs = 731071 + 73902 + T33n03 .

The scalars that appear in Eq. (1.96) are obviously the components of 7 with respect
to the system of coordinates defined by {ni,ny, ns}:

Tl Ti2 T3
T = | T21 T22 T23 | - (1.97)
T31 T32 T33

The diagonal elements are the components of the normal on each of the three mu-
tually perpendicular surfaces; the nondiagonal elements are the magnitudes of the
two tangential or shear actions or fluxes on each of the three surfaces.

The most common tensor in fluid mechanics is the stress tensor, T, which, when
acting on a surface of unit normal n, produces surface stress or traction,

f=n-T. (1.98)

The traction f is the force per unit area exerted on an infinitesimal surface element.
It can be decomposed into a normal component fy that points in the direction of
n, and a tangential or shearing component fp:

f=fy+ fr. (1.99)
The normal traction, £y, is given by
fvn=m-fin=n-n-T)n = (nn: T)n, (1.100)
and, therefore, for the tangetial traction we obtain:

fr =f—fy =n-T — (nn:T)n. (1.101)
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It is left to the reader to show that the above equation is equivalent to
fr =nx(fxn) =f-(I-nn), (1.102)
where I is the unit tensor.

Example 1.3.1. Vector-tensor operations!

Consider the Cartesian system of coordinates and the point r = v/3j m. Mea-
surements of force per unit area on a small test surface give the following time-
independent results:

Direction in which Measured traction on
the test surface faces the test surface (force/area)
i 2i4]
j i+4j+k
k j+6k

(a) What is the state of stress at the point r = /3 j?

(b) What is the traction on the test surface when it is oriented to face in the
direction n = (1/v/3)(i +j+k)?

(c) What is the moment of the traction found in Part (b)?

Solution:
(a) Let
nl:ia n2:ja n3:k7

fi=2i+j, fo=i+4j+k and f3=j+6k.
The stress tensor, T, is given by

T

nif; + nofy + naf
= i(2i4+j)+ji+4j+ k) + k(j + 6k)
= 2ii+ij + O0ik + ji + 4jj + jk + Oki + kj + 6kk

The matrix representation of T with respect to the basis (i, j, k) is

T =

S =N
S = O

1
4
1

!Taken from Ref. [2].
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Notice that T is symmetric.
(b) The traction f on the surface n is given by

1 1
f=n-T=—(G(+j+k) - (2ii+1ij+ji+4jj+jk+kj+6kk) = %

3i+ 6j+ 7K) .
7 ( J )

(c) The moment of the traction at the point r = /3 j is a vector given by

M=rxf= =T7i—-3k.

S o
S S
Show

Example 1.3.2. Normal and tangential tractions
Consider the state of stress given in Example 1.3.1. The normal and tangential
components of the traction f; are:

le:(nl-fl)nl:i-(2i—|—j)i:2i

and
fir=f-—fin=02i+j) —2i=j,

respectively. Similarly, for the tractions on the other two surfaces, we get:
fon=4j, fr=i+k;

fsy =6k, f3r=j.

Note that the normal tractions on the three surfaces are exactly the diagonal ele-
ments of the component matrix

=

Il
O = DN
— R =
S = O

The nondiagonal elements of each line are the components of the corresponding
tangential traction.
O
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1.3.1 Principal Directions and Invariants

Let {e1,e2,e3} be an orthonormal basis of the three dimensional space and T be a
second-order tensor,

Tij €i€5 , (1.103)

3 3
=1

rey

=1 j
or, in matrix notation,
711 T12 T13
T = | T21 T2 T23 | . (1.104)
T31 T32 T33

If certain conditions are satisfied, it is possible to identify an orthonormal basis
{ni,ny,n3} such that

T = Ainn; + Ao nsgny + A3 nsng, (1105)

which means that the matrix form of 7in the coordinate system defined by the new
basis is diagonal:

A 00
=10 X 0. (1.106)
0 0 X

The orthogonal vectors nj, ns and n3 that diagonalize T are called the principal
directions, and A1, Ay and A3 are called the principal values of 7. From Eq. (1.105),
one observes that the vector fluxes through the surface of unit normal n;, i=1,2,3,
satisfy the relation

fi:ni~7' :‘T-IIZ':AZ‘DZ‘, i:1,2,3. (1107)

What the above equation says is that the vector flux through the surface with unit
normal n; is collinear with n;, i.e., n;- 7is normal to that surface and its tangential
component is zero. From Eq. (1.107) one gets:

(T —=X\I)-n; =0, (1.108)

where I is the unit tensor.

In mathematical terminology, Eq. (1.108) defines an eigenvalue problem. The
principal directions and values of T are thus also called the eigenvectors and eigenval-
ues of T, respectively. The eigenvalues are determined by solving the characteristic
equation,

det(r —AI) = 0 (1.109)
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or

T — A T12 T13
721 7’22—)\ 723 = 0, (1.110)
T31 T32 733 — A

which guarantees nonzero solutions to the homogeneous system (1.108). The char-
acteristic equation is a cubic equation and, therefore, it has three roots, \;, i=1,2,3.
After determining an eigenvalue J);, one can determine the eigenvectors, n;, asso-
ciated with \; by solving the characteristic system (1.108). When the tensor (or
matrix) 7 is symmetric, all eigenvalues and the associated eigenvectors are real.
This is the case with most tensors arising in fluid mechanics.

Example 1.3.3. Principal values and directions

(a) Find the principal values of the tensor

x 0 =z
T=1]0 2y O
z 0 =z

(b) Determine the principal directions nj, ng, n3 at the point (0,1,1).

(c) Verify that the vector flux through a surface normal to a principal direction n;
is collinear with n;.

(d) What is the matrix form of the tensor 7 in the coordinate system defined by
{n1,n2,n3}?

Solution:
(a) The characteristic equation of 7 is

T — A 0 z
0 = det(T7 — M) = 0 2y—Xx 0 = (2y—2N\)
z 0 T — A

T— A z
T — A

‘

Ry—-AN(x—A—2z)(z—A+2) = 0.

The eigenvalues of Tare Ay=2y, \o=x — z and 3=z + z.
(b) At the point (0,1,1),

= ik + 2jj + ki,

o NN O
o O =
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and A\1=2, Ao=—1 and A3=1. The associated eigenvectors are determined by solving
the corresponding characteristic system:

(T—)\iI)-ni:0, i:1,2,3.

For A1=2, one gets

0—2 0 1 Nyl 0 —2ng1+n,1 =0
0 2—-2 0 Ny1 =10 — 0=20 -
1 0 0—2 N1 0 Nyl — 2nz1 =0

Negl = Nyl = 0.

Therefore, the eigenvectors associated with A; are of the form (0,a,0), where a is
an arbitrary nonzero constant. For a=1, the eigenvector is normalized, i.e. it is of
unit magnitude. We set

n; = (0,1,0) = j.

Similarly, solving the characteristic systems

[0+1 0 1 N2 0
0 2+1 0 ng | = |0
1 0 041 N2 0
of Ag=—1, and
[0-1 0 1 ][ nas | [0 ]
0 2—-1 0 ng | = |0
1 0 0-1 Nss 0

of A3=1, we find the normalized eigenvectors

1 .
np, = E(I,O,—l) = ﬁ(l_k)
and ] 1
ng = — (1,0,1) = — (i+k).

V2 V2

We observe that the three eigenvectors, n; ny and ns3 are orthogonal:?

n-no —no-n3 = nN3-n; — 0.

2 A well known result of linear algebra is that the eigenvectors associated with distinct eigenvalues
of a symmetric matrix are orthogonal. If two eigenvalues are the same, then the two linearly
independent eigenvectors determined by solving the corresponding characteristic system may not
be orthogonal. From these two eigenvectors, however, a pair of orthogonal eigenvectors can be
obtained using the Gram-Schmidt orthogonalization process; see, for example, [3].
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(¢) The vector fluxes through the three surfaces normal to n; ny and ns are:

n -t = j-(ik + 2jj + ki) = 2j = 2n,
1 1

np-T = %(i_k)'(ik+2jj+ki):E(k_i):_n%
1 1

n3-7 = ——(i+k) - (ik + 2jj + ki) = — (k+1i) = n3.

>

V2

(d) The matrix form of 7 in the coordinate system defined by {nj,ns,ns} is

2 0 0

T =2nn; —nong +ngng = | 0 -1 0

0 01

O
The trace, trt , of a tensor 7 is defined by
3
trm = ZTii = T11 + To2 + T33. (1.111)

i=1

An interesting observation for the tensor 7 of Example 1.3.3 is that its trace is the
same (equal to 2) in both coordinate systems defined by {i,j,k} and {n;,ns, ns}.
Actually, it can be shown that the trace of a tensor is independent of the coordinate
system to which its components are referred. Such quantities are called invariants
of a tensor.? There are three independent invariants of a second-order tensor T :

3
I=trr =) 7, (1.112)
i=1
3 3
I = tT’T2 = ZZTZ‘jTji, (1.113)
i=1j=1
3 3 3
o = trr® = > 3N 7w (1.114)
i=1j=1k=1
where 72=7 -7 and 73=7 -7 2. Other invariants can be formed by simply taking

combinations of I, Il and III. Another common set of independent invariants is the

3From a vector v, only one independent invariant can be constructed. This is the magnitude
v=4/V - v of v.
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following;:

L =1 =trr (1.115)
1 1

I, = 5 (I?—1I) = 3 [(trT )2 —trT ], (1.116)
1

Iy = 2 (I =31 I + 2IIT) = detT . (1.117)

Iy, Is and I3 are called basic invariants of 7. The characteristic equation of 7 can
be written as?

M- LN+ LA — 13 =0. (1.118)

If A1, A2 and A3 are the eigenvalues of 7, the following identities hold:

I = M+ X+ A3 = tr7 (1.119)
1

I = Mo + X3 + A3\ = § [(t?‘T )2 —trT 2}, (1.120)

Ig = )\1)\2)\3 = detT . (1121)

The theorem of Cayley-Hamilton states that a square matrix (or a tensor) is a root
of its characteristic equation, i.e.,

3 - L7? 4+ Lt — I=0. (1.122)

Note that in the last equation, the boldface quantities I and O are the unit and zero
tensors, respectively. As implied by its name, the zero tensor is the tensor whose all
components are zero.

Example 1.3.4. The first invariant
Consider the tensor

0
T =10 = ik + 2jj + ki,
1

SN O
S O =

encountered in Example 1.3.3. Its first invariant is

I =trr =04+24+0= 2.

4The component matrices of a tensor in two different coordinate systems are similar. An im-
portant property of similar matrices is that they have the same characteristic polynomial; hence,
the coefficients I1, I2 and Is and the eigenvalues A1, A2 and A3 are invariant under a change of
coordinate system.
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Verify that the value of I is the same in cylindrical coordinates.

Solution:
Using the relations of Table 1.1, we have
T = ik + 2jj + ki
= (cosfe, —sinfep)e, + 2(sinfe, +cosbey) (sinf e, + cosb eg)
+e, (cosfe, —sinf ep)
= 2sin’fee, + 2 sinf cosfe,ey + coshe e, +
2 sinf cosfege, + 2 cos’Oepep — sinf ege, +

cosfle,e, — sinfe,eg + Oe,e, .
Therefore, the component matrix of 7 in cylindrical coordinates {e,, ey, e,} is

2 sin%# 2 sinf cos6 cosf
T = 2 sinf cos6 2 cos?f —siné
cosf —sin @ 0

Notice that 7 remains symmetric. Its first invariant is
I =trr =2 (sin20+cos20) +0=2,

as it should be. O

1.3.2 Index Notation and Summation
Convention

So far, we have used three different ways for representing tensors and vectors:
(a) the compact symbolic notation, e.g., u for a vector and 7 for a tensor;
(b) the so-called Gibbs’ notation, e.g.,

3 3 3
Z U; €; and Z Z Tij eiej
i=1 i=1j=1
for u and 7, respectively; and

(c) the matriz notation, e.g.,

T11 T12 713
T = | T21 T22 723
31 T32 733
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for 7.

Very frequently, in the literature, use is made of the indezx notation and the so-
called FEinstein’s summation convention, in order to simplify expressions involving
vector and tensor operations by omitting the summation symbols.

In index notation, a vector v is represented as

3
v; = Zvi e = V. (1.123)

A tensor T is represented as

Tij

3 3
ZZ Tijeiej = T . (1.124)
1=17=1

The nabla operator, for example, is represented as

a 0 0
8% Zax, i+ 8—J + Ek =V, (1.125)

where z; is the general Cartesian coordinate taking on the values of x, y and z. The
unit tensor I is represented by Kronecker’s delta:

3 3
= ZZ(S” € e; = I. (1126)

i=1j=1

It is evident that an explicit statement must be made when the tensor 7;; is to be
distinguished from its (4, j) element.

With Einstein’s summation convention, if an index appears twice in an expres-
sion, then summation is implied with respect to the repeated index, over the range
of that index. The number of the free indices, i.e., the indices that appear only
once, is the number of directions associated with an expression; it thus determines
whether an expression is a scalar, a vector or a tensor. In the following expressions,
there are no free indices, and thus these are scalars:

3
Uv; = Zuivi =u-v, (1.127)
i=1
3
Ti = T = trT (1.128)
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ou; 8uZ _ Oug n % n ou,
83:, 83:, ox y 0z

O o —fzzi_—-i-—-i-—_va (1.130)
Ox;0x; ox? — ox? 02 O0y? 922 T

=V-u, (1.129)

where V? is the Laplacian operator to be discussed in more detail in Section 1.4. In
the following expression, there are two sets of double indices, and summation must
be performed over both sets:

3 3
0ijTji = Z Z 0ijTj;, = O T . (1.131)
i=1j=1
The following expressions, with one free index, are vectors:
3

3 3
vy = O[3 ejpuv; | ep = uxv, (1.132)

k=1 \i=1j=1

of _ - of of.  of.  of,
= 4 —_— —_— = 5 11
DI Ll L R S (1.133)
3 3
TijV5 = Z ZTijUj e =T - V. (1.134)
i=1 \j=1

Finally, the following quantities, having two free indices, are tensors:

3 3
Ui’Uj = ZZuivj eiej = uv, (1135)
i—lj—l
OikTkj = ZZ (Z Uszkj> ee;, = o0 T, (1136)
= lj 1
ou; 0
o = ZZ . “eiej = Vu. (1.137)
Li i=1j= 1

Note that Vu in the last equation is a dyadic tensor.?

®Some authors use even simpler expressions for the nabla operator. For example, V - u is also
represented as 0;u; or u; ;, with a comma to indicate the derivative, and the dyadic Vu is represented
as Oijuj Or Ujj.
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1.3.3 Tensors in Fluid Mechanics

Flows in the physical world are three dimensional, and so are the tensors involved
in the governing equations. Many flow problems, however, are often approximated
as two- or even one-dimensional, in which cases, the involved tensors and vectors
degenerate to two- or one-dimensional forms. In this subsection, we give only a brief
description of the most important tensors in fluid mechanics. More details are given
in following chapters.

The stress tensor, T, represents the state of the stress in a fluid. When operating
on a surface, T produces a traction f=n-T, where n is the unit normal to the surface.
In static equilibrium, the stress tensor is identical to the hydrostatic pressure tensor,

TF = —py 1, (1.138)

where pg is the scalar hydrostatic pressure. The traction on any submerged surface
is given by
5 = n. T = n.(—pyI) = —pgn, (1.139)

and is normal to the surface; its magnitude is identical to the hydrostatic pressure:

£5F| = | —pun| = pu.
Since the resulting traction is independent of the orientation of the surface, the
pressure tensor is isotropic, i.e., its components are unchanged by rotation of the
frame of reference.

In flowing incompressible media, the stress tensor consists of an isotropic or
pressure part, which is, in general, different from the hydrostatic pressure tensor,

and an anisotropic or viscous part, which resists relative motion:®
T = -l + T
I ) Ani ) 1.14
Total sotropic mfsotropzc (1.140)
Stress = Pressure + Viscous
Stress Stress

The viscous stress tensor 7 is, of course, zero in static equilibrium. It is, in general,
anisotropic, i.e., the viscous traction on a surface depends on its orientation: it

In some books (e.g., in [4] and [9]), a different sign convention is adopted for the total stress
tensor T, so that
T =pl — 7.

An interesting discussion about the two sign conventions can be found in [9].
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can be normal, shear (i.e., tangential) or mixture of the two. In matrix notation,
Eq. (1.140) becomes

T T2 Tis -p 0 0 Tl Ti2 Ti3
Tor The To3 | = 0 —p O |+ | ™ T2 T3 |, (1.141)
T3 T30 133 0 0 —p T31 T32 T33

and, in index notation,
Tij = —p bij + 7ij - (1.142)

The diagonal components, T;;, of T are normal stresses, and the nondiagonal ones
are shear stresses.

Equation (1.140) is the standard decomposition of the stress tensor, inasmuch
as the measurable quantities are, in general, the total stress components 7;; and not
p or 7;;. For educational purposes, the following decomposition appears to be more
illustrative:

T = —pul —pel —l—TN +TSH
(1.143)
Total Hydrostatic Extra Viscous Viscous
{ g to @ :| = Pressure -+ | Pressure | + | Normal | -+ Shear 1
ress Stress Stress Stress Stress
or, in matrix form,
T Tip Tis [ —pn 0 0 —PE 0 0
To1 Toy Tog = 0 —pu 0]+ 0 —pE 0
Ts1 Tzp Ti3 .0 0 —pu 0 0 —pE
[ T11 0 0 0 T12 T13
+ 0 7 O + | 1 0 o3 (1.144)
L 0 0 733 731 732 0

The hydrostatic pressure stress, —pgl, is the only nonzero stress component in
static equilibrium; it is due to the weight of the fluid and is a function of the position
or elevation z, i.e.,

pr(z) = po—pg (z—20), (1.145)

where pg is the reference pressure at z = 2, p is the density of the fluid, and g is
the gravitational acceleration.

The extra pressure stress, —pgl, arises in flowing media due to the perpendic-
ular motion of the particles towards a material surface, and is proportional to the
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convective momentum carried by the moving molecules. In inviscid motions, where
either the viscosity of the medium is vanishingly small or the velocity gradients are
negligible, the hydrostatic and extra pressure stresses are the only nonzero stress
components.

The viscous normal stress, TV, is due to accelerating or decelerating perpendic-
ular motions towards material surfaces and is proportional to the viscosity of the
medium and the velocity gradient along the streamlines.

Finally, the viscous shear stress, T ™ is due to shearing motions of adjacent
material layers next to material surfaces. It is proportional to the viscosity of the
medium and to the velocity gradient in directions perpendicular to the streamlines.
In stretching or extensional flows, where there are no velocity gradients in the di-
rections perpendicular to the streamlines, the viscous shear stress is zero and thus
7V is the only nonzero viscous stress component. In shear flows, such as flows in
rectilinear channels and pipes, 7~ vanishes.

In summary, the stress (or force per unit area) is the result of the momentum
carried by N molecules across the surface according to Newton’s law of motion:

F 1 d
T —f— & 2 ma 1.14
n AS Zd miu;) (1.146)

Any flow is a superposition of the above mentioned motions, and, therefore, the
appropriate stress expression is that of Eqgs. (1.140) and (1.143). Each of the stress
components is expressed in terms of physical characteristics of the medium (i.e.,
viscosity, density, and elasticity which are functions of temperature in nonisothermal
situations) and the velocity field by means of the constitutive equation which is
highlighted in Chapter 5.

The strain tensor, C, represents the state of strain in a medium and is commonly
called the Cauchy strain tensor. Its inverse, B=C~!, is known as the Finger strain
tensor. Both tensors are of primary use in non-Newtonian fluid mechanics. Dotted
with the unit normal to a surface, the Cauchy strain tensor (or the Finger strain
tensor) yields the strain of the surface due to shearing and stretching. The compo-
nents of the two tensors are the spatial derivatives of the coordinates with respect
to the coordinates at an earlier (Cauchy) or later (Finger) time of the moving fluid
particle [9].

The velocity gradient tensor, Vu, measures the rate of change of the separation
vector, r 4, between neighboring fluid particles at A and B, according to

dI‘AB

Vu=V TR

(1.147)
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Shear flow: channel flow Eztensional flow: opposing jets

—
—\V—

Figure 1.18. Rotational (weak) and irrotational (strong) deformation of material
lines in shear and extensional flows, respectively.

t=0 t1>0 ta>t

— 1\ N\
=

and represents the rate of change of the magnitude (stretching or compression) and
the orientation (rotation) of the material vector r4p. Vu is the dyadic tensor of the
generalized derivative vector V and the velocity vector u, as explained in Section 1.4.
Like any tensor, Vu can be decomposed into a symmetric, D, and an antisymmetric
part, S:7

Vu =D + Q. (1.148)

The symmetric tensor

D = %[Vqu (Vu)T] (1.149)

is the rate of strain (or rate of deformation) tensor, and represents the state of the
intensity or rate of strain. The antisymmetric tensor

S — %[Vu—(Vu)T] (1.150)

is the vorticity tensor.® If n is the unit normal to a surface, then the dot product
n - D yields the rate of change of the distances in three mutually perpendicular
directions. The dot product n - S gives the rate of change of orientation along these
directions.

"Some authors define the rate-of-strain and vorticity tensors as
D = Vu+ (Vu)" and S = Vu-(Vu)”,
so that
2Vu =D + Q.

80ther symbols used for the rate-of-strain and the vorticity tensors are d, ¥ and E for D, and
Q, w and E for S.
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Tensor Orientation Operation | Result or Vector — Flux

Stress, T unit normal, n n-T Traction
Rate of strain, D | unit normal, n n-D Rate of stretching
unit tangent, t t-D Rate of rotation

Viscous Stress, T | velocity gradient, Vu | 7 : Vu Scalar viscous dissipation

Table 1.3. Vector-tensor operations producing measurable result or flux.

In purely shear flows the only strain is rotational. The distance between two
particles on the same streamline does not change, whereas the distance between
particles on different streamlines changes linearly with traveling time. Thus there
is both stretching (or compression) and rotation of material lines (or material vec-
tors), and the flow is characterized as rotational or weak flow. In extensional flows,
the separation vectors among particles on the same streamline change their length
exponentially, whereas the separation vectors among particles on different stream-
lines do not change their orientation. These flows are irrotational or strong flows.
Figure 1.18 illustrates the deformation of material lines, defined as one-dimensional
collections of fluid particles that can be shortened, elongated and rotated, in rota-
tional shear flows and in irrotational extensional flows.

The rate of strain tensor represents the strain state and is zero in rigid-body
motion (translation and rotation), since this induces no strain (deformation). The
vorticity tensor represents the state of rotation, and is zero in strong irrotational
flows. Based on these remarks, we can say that strong flows are those in which
the vorticity tensor is zero; the directions of maximum strain do not rotate to
directions of less strain, and, therefore, the maximum (strong) strain does not have
the opportunity to relax. Weak flows are those of nonzero vorticity; in this case, the
directions of maximum strain rotate, and the strain relaxes. Table 1.3 lists some
examples of tensor action arising in Mechanics.

Example 1.3.5. Strong and weak flows
In steady channel flow (see Fig. 1.18), the velocity components are given by

uy = a(l—y*), u, =0 and wu, =0.

Let (x0, Y0, 20) and (x,y, z) be the positions of a particle at times t=0 and ¢, respec-
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tively. By integrating the velocity components with respect to time, one gets:
dx

I
v dt
uy =0 = y=uyo;

=a(l-y?) = ax=ux0+a(l-y)t;

u, = 0 - zZ = 2p.

The fluid particle at (z, yo, z0) is separated linearly with time from that at (zo, yo, 20),
and, thus, the resulting strain is small. The matrix form of the velocity gradient
tensor in Cartesian coordinates is

Ouy Ouy  Ou,
= du, Oly Uz
Vu = oy oy Oy , (1.151)
Ou, Ouy Qu,
0z 0z 0z
and, therefore,

0 0 0 0 —ay O 0 ay O
Vu=| -2ay 0 0|; D=] —ay 0 0f; S=1|—-ay 0 0
0 00 0 0 0 0 00

The vorticity tensor is nonzero and thus the flow is weak.

Let us now consider the extensional flow of Fig. 1.18. The velocity components
are given by

Uy = €x, Uy = —ey and wu; = 0;
therefore,
dx ot
Uy = E = ex E T = Tge ;
dy —et

u, = 0 — zZ = 20.

Since the fluid particle at (z,y, 2¢) is separated exponentially with time from that
at (zo, Yo, 20), the resulting strain (stretching) is large. The velocity-gradient, rate
of strain, and vorticity tensors are:

e 00 e 00 0 00
Vao=|0 — 0|; D=0 —-< 0]; S=1]000
0 00 0 00 0 00
Since the vorticity tensor is zero, the flow is strong. a
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1.4 Differential Operators

The nabla operator V, already encountered in previous sections, is a differential op-
erator. In a Cartesian system of coordinates (z1, z2, z3), defined by the orthonormal
basis (e1, ez, e3),

d d d 5.9
= — — — = i , 1.152
v el 8%1 T e 83?2 + 3 81‘3 ;e 8xi ( )
or, in index notation,
0
= . 1.153
V=g - ( )

The nabla operator is a vector operator which acts on scalar, vector, or tensor fields.
The result of its action is another field the order of which depends on the type of
the operation. In the following, we will first define the various operations of V in
Cartesian coordinates, and then discuss their forms in curvilinear coordinates.

The gradient of a differentiable scalar field f, denoted by V f or gradf, is a vector
field:

3 3

0 of of of af

Vi = ;— = ;i —— = — —— —. 1.154

f (; e 8:@) f ;el 61’1 1 6:51 + 2 aibg + 3 61’3 ( )

The gradient V f can be viewed as a generalized derivative in three dimensions; it

measures the spatial change of f occurring within a distance dr(dz, dzo, dxs).
The gradient of a differentiable vector field u is a dyadic tensor field:

3 3
Vu = (Z e 8%) (Z uje;) Z Z Buj eiej . (1.155)
=1 ¢ 7=1 i=1j= 1
As explained in Section 1.3.3, if u is the velocity, then Vu is called the velocity-
gradient tensor.
The divergence of a differentiable vector field u, denoted by V - u or divu, is a
scalar field

3 3
0 8ul Bu 8u ou
7 ]:1

=1

V - u measures changes in magnitude, or flux through a point. If u is the velocity,
then V - u measures the rate of volume expansion per unit volume; hence, it is zero
for incompressible fluids. The following identity is easy to prove:

V-(fu) = Vf-u+ fV-u. (1.157)
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The curl or rotation of a differentiable vector field u, denoted by V x u or curlu
or rotu, is a vector field:

3 b 3
Vxu = (Za—> < we) = | o o (1.158)

=1

or

Vxu= (%—%> e +

8u1 8U3 8U2 8’U«1
D o (D) (O DY gy

Ox3  Oxq 0xr1  Oxs

The field V x u is often called the vorticity (or chirality) of u.
The divergence of a differentiable tensor field T is a vector field:”

i=1j=1

3 o 3 3 3 3 O
YT (Z a—> | (ZZT”GZ'G") Sl (0

Example 1.4.1. The divergence and the curl of the position vector
Consider the position vector in Cartesian coordinates,

r=xi+yj+ zk. (1.161)

For its divergence and curl, we obtain:

or Oy Oz
Ver =3, (1.162)
and
i j k
_ |9 9 9
VX = 5; oy 0z =
r Yy oz
Vxr=0 (1.163)
Equations (1.162) and (1.163) hold in all coordinate systems. O

9The divergence of a tensor T is sometimes denoted by divT .
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Other useful operators involving the nabla operator are the Laplace operator V>
and the operator u -V, where u is a vector field. The Laplacian of a scalar f with
continuous second partial derivatives is defined as the divergence of the gradient:

82 f 0? o°f 0? f
2, _
= V. 1.164
ie.,
0? 0? 0?
VZi=V.V = — . 1.165
02 " o3 " o (1.165)
A function whose Laplacian is identically zero is called harmonic.
If u=uqe1+uses+tuges is a vector field, then
V?u = Viujer + Vuses + Viuses . (1.166)

For the operator u -V, we obtain:

0 0 b
u.V:(u1e1+u2e2+u393). e, — + e + ey — —

8 T 8 T2 81‘3
0 0 0
: — —_—. 1.1
u-V =1y By + u 25 o 381:3 (1.167)

The above expressions are valid only for Cartesian coordinate systems. In curvi-
linear coordinate systems, the basis vectors are not constant and the forms of V are
quite different, as explained in Example 1.4.3. Notice that gradient always raises the
order by one (the gradient of a scalar is a vector, the gradient of a vector is a tensor
and so on), while divergence reduces the order of a quantity by one. A summary of
useful operations in Cartesian coordinates (z,y, z) is given in Table 1.4.

For any scalar function f with continuous second partial derivatives, the curl of
the gradient is zero,

Vx(Vf) =0. (1.168)

For any vector function u with continuous second partial derivatives, the divergence
of the curl is zero,
V-(Vxu) =0. (1.169)

Equations (1.168) and (1.169) are valid independently of the coordinate system.
Their proofs are left as exercises to the reader (Problem 1.11). Other identities
involving the nabla operator are given in Table 1.5.
In fluid mechanics, the vorticity w of the velocity vector u is defined as the curl
of u,
w =Vxu. (1.170)

© 2000 by CRC Press LLC



Vp—6—1+g£,]+ggk
Ouy, ou ou,
Viu =58+ )+ 5

~ (Ou, Ouy) , Ouz Ouy) - ou Oug
VX“—(T ®—y> + (G- GE) +<®%—®7>k

8 i

Ouy .. Ou, . 3U:c 8uy Buz

u-Vu = uw%%+“y%%+uz%h)i+ <U$T+ y%_—Fuz%ui)j

ou ou, ou.,
ux8x+ y8y+ Z8z>k

x oy z

0Ty 8Tyz 0T
gr T oy t az>k

+ X

OTyz . 0Ty 0 or,
V'T — <agxx+ Ty +8gzx>l+ (gxy+ ggy/y_’_ 87-y>~]

Table 1.4. Summary of differential operators in Cartesian coordinates (z,y,z); p,
u and T are scalar, vector and tensor fields, respectively.
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Vu-v) = (W-V)v + (v-V)u + ux (Vxv) + vx(Vxu)
V-(fu) = fV-u+u-Vf

V. (uxv) = v-(Vxu) — u-(Vxv)

V. (Vxu) =0

Vx(fu) = fVxu+ Vfxu

Vx(uxv) =uV-v - vV-u+ (v-V)u — (u-V)v
Vx(Vxu) =V(V-u) — Vu

Vx (V) =0

V(u-u) = 2(u-V)u + 2ux (Vx u)

V3(fg) = V%9 + gV*f + 2Vf-Vyg

V- (VfxVg) =0

V-(fVg—gVf) = Vg — gVf

Table 1.5. Useful identities involving the nabla operator; f and g are scalar fields,

and u and v are vector fields. It is assumed that all the partial derivatives involved
are continuous.
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2 _ 10 (.0 1 0% 9>
V= 05 (rir)  ehg t b
— 0 UQ(? 0
u-Vo= g+ g tovagz
_ Op 10p Ip
VP = grer T rgg T g e

w V= [ oy (3 ) 0 O] o,
T, G0 gy (1004 U 4y, 0]
[y Qe gL O 0y, O]

Vor = [12 (r) + 190 + O — Tit]e,

Table 1.6. Summary of differential operators in cylindrical polar coordinates

(r,0,2); p, w and T are scalar, vector and tensor fields, respectively.
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_ o 0 10 1 0
V=eg terpg +e¢’rsin96_¢

_ dp 10p R/
VP = Grer + 7569 t rsinaog €
_ 190 2 1 0 ; 1 Oug
V'u - pm(r uT) + rsin6_9<u081n0) + TSiHGW
0 ou,
Vxu = [Tsiln0 89(u¢,5m9) o rs%n@%}er + [7"5111193% o %%(rudﬁ)]%
+[1 D (rug) — 1 Qrley
Vu = %UT ere, + %%eree—i- Iy €res T (%%% - UT) €oer
18 r 1 a T u
+ (758 + ) eveo+ 1% eoeo + (5ing B _7¢) R
u U U

10u, u 1 Ou, U
u-Vu = [urg" + ug (7 8u9 —79)—1—1% (rsin@ Glfb _T(b)]eT
0 0 - 0 U
+[Ur®%+u9 (%—%4—%)—%% (Tsilne—a%—%’cow)]eg
ou ou
+ [u, 6;5 +u0%ff+u¢ <rs%n0%+%+%00t9>]e¢

. OTgr  Too + T,
VT = {%%(TZTTT)+rsilnﬁ%(TQTSIHG)+rsiln9 82 - r ¢¢]e

T

= 5= L O : OTep . Tor — Tro — Teg COL O

+ [7’13 gr (ri7r0) + rsilnﬁ g@ (709 sin.0) + rsilné? 88;; + — 9]99
1 1 . 1 T, Tor — Trd — Tpg COL

+ [_7”‘3 gar (T37—7‘¢)) + —’I” Sind ?89 (7'9¢> sin 0) + P 82¢ + ¢ 9 - [ ]e¢

Table 1.7. Summary of differential operators in spherical polar coordinates (r, 0, ¢);
p, u and T are scalar, vector and tensor fields, respectively.
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Other symbols used for the vorticity, in the fluid mechanics literature, are ¢ , & and
Q. If, in a flow, the vorticity vector is zero everywhere, then the flow is said to be
irrotational. Otherwise, i.e., if the vorticity is not zero, at least in some regions of
the flow, then the flow is said to be rotational. For example, if the velocity field can
be expressed as the gradient of a scalar function, i.e., if u=V f, then according to
Eq. (1.168),

w =Vxu=Vx((Vf) =0,

and, thus, the flow is irrotational.
A vector field u is said to be solenoidal if its divergence is everywhere zero, i.e.,
if
V-u=0. (1.171)

From Eq. (1.169), we deduce that the vorticity vector is solenoidal, since

Viw =V (Vxu) =0.

Example 1.4.2. Physical significance of differential operators
Consider an infinitesimal volume AV bounded by a surface AS. The gradient of a
scalar field f can be defined as

Vi= lim Jasn/dS

1.172
AV —0 AV ’ ( 7 )

where n is the unit vector normal to the surface AS. The gradient here represents
the net vector flux of the scalar quantity f at a point where the volume AV of
surface AS collapses in the limit. At that point, the above equation reduces to
Eq. (1.154).

The divergence of the velocity vector u can be defined as

u)d
Vou= Al&gow, (1.173)

and represents the scalar flux of the vector u at a point, which is equivalent to the
local rate of expansion (see Example 1.5.3).
Finally, the vorticity of u may be defined as

ds
V xu= AnvxgofAS(r‘A—?/“) , (1.174)

and represents the vector net flux of the scalar angular component at a point, which
tends to rotate the fluid particle at the point where AV collapses.
O
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Example 1.4.3. The nabla operator in cylindrical polar coordinates

(a) Express the nabla operator

2+k2

tig, e (1.175)

in cylindrical polar coordinates.

(b) Determine Ve and V - u, where ¢ is a scalar and u is a vector.
(c) Derive the operator u -V and the dyadic product Vu in cylindrical polar coor-

dinates.

Solution:
(a) From Table 1.1, we have:

i =

j =

k

cosf e, —sinf ey
sinf e, + cosf ey

€.

Therefore, we just need to convert the derivatives with respect to x, y and z into
derivatives with respect to r, § and z. Starting with the expressions of Table 1.1
and using the chain rule, we get:

9 _ ordo 9,0 _sind 0
or  Owor  ozo0 < ar v o0
O g0 0
oy or r 00
9 _ 9
0z 0z
Substituting now into Eq. (1.175) gives
. 0 sin@ 0O
V = (cosfe, —sinfey) (COSQE— . %>

) . 0 cosf 9 0

+ (sinf e, + cosf eg) (811195 + " %> + eza

After some simplifications and using the trigonometric identity sin? @ + sin? =1, we
get

9
* 0z

0
V—er§+eo

10
o, T €

— 1.1
r 00 (1.176)

© 2000 by CRC Press LLC



(b) The gradient of the scalar c is given by

Oc 19c Oc
Ve = era —|—e9;% +eza. (1177)
For the divergence of the vector u, we have
V-ou = <e 2+e 1g+e g) (urer + ugep + ue;)
- T@r 07"89 zaz rCr 0€o 2©€z) -
Noting that the only nonzero spatial derivatives of the unit vectors are
e, — nd @ - _
g — 0 M g T T
(see Eq. 1.17), we obtain
V-u = Duy + e l (u%—i-%e +u %) + Ous
R R VI ) 9z
— aur+1%+ 1( _ )_|_auz
 Or r 00 0 r UrGo = Uoer 0z
_8ur+1%+ﬂ_’_8uz
or r 00 r 0z
10 10ug Ou,
(c)
uV—(ue—i—ue—l—ue)(eg—Felg—keg) ==
- rCr 0€o zCz rar 07“69 zaz
0 ug 0 0
'V = up— - —. 1.1
u-V u8r+r89+uzaz (1.179)
Finally, for the dyadic product Vu we have
Vu = (e g+e 1que g) (urer + ugep + ue;)
- T@r 97"80 zaz rCr 0€o 2Cz
= ee%+ee%+eeauz
TTaT’ rear rza
rroe T mos T a0 T 0 T T o
+eea +ee8u0+e %
zra zeaz zzaz
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T 0
Vu erer? + GTQHW + e'rezﬁ
oot (2 ) ¢ averd (2010 + oot
eoer 00 o egegr 00 tr egezr 00
0 Ouyg ou,,
ZTr z zvz 1.1
+eea + egaz—keeaz (1.180)
O

Any other differential operation in curvilinear coordinates is evaluated following
the procedures of Example 1.4.3. In Tables 1.6 and 1.7, we provide the most impor-
tant differential operations in cylindrical and spherical coordinates, respectively.

1.4.1 The Substantial Derivative

The time derivative represents the rate of change of a physical quantity experienced
by an observer who can be either stationary or moving. In the case of fluid flow,
a nonstationary observer may be moving exactly as a fluid particle or not. Hence,
at least three different time derivatives can be defined in fluid mechanics and in
transport phenomena. The classical example of fish concentration in a lake, provided
in [4], is illustrative of the similarities and differences between these time derivatives.
Let ¢(z,y,t) be the fish concentration in a lake. For a stationary observer, say
standing on a bridge and looking just at a spot of the lake beneath him, the time
derivative is determined by the amount of fish arriving and leaving the spot of
observation, i.e., the total change in concentration and thus the total time derivative,
is identical to the partial derivative,

de Oc
— = = 1.181
dt (&t)x,y ’ (1.181)

and is only a function of the local change of concentration. Imagine now the observer
riding a boat which can move with relative velocity uf® with respect to that of the
water. Hence, if uPo? and uVe" are the velocities of the boat and the water,
respectively, then

uRel —_ uBoat+uWater ) (1182)

The concentration now is a function not only of the time ¢, but also of the position
of the boat r(x,y) too. The position of the boat is a function of time, and, in fact,

dr Rel
— = € 1.183
il ( )
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and so

dx Rel dy Rel
o = U and pr T (1.184)

Thus, in this case, the total time derivative or the change experienced by the moving

observer is,
(5,0 (5), 5 (2), %
o) ey \Ox/)y,dt  \dy/),,dt
80 Rel (ac) Rel <ac>
= (= — 1.185
(at)x,y T Ox /¢y T Y/ 14 ( )

Imagine now the observer turning off the engine of the boat so that u?°* = 0 and

uRel — uWater. Then,
(), (), % (),
Ot) zy 0x /), di Y/ 14 dt

_ @ Water <%) Water (@)
B <8t>:p,y * e Ox ty - uy ay t,x

= %—ku Ve

d
“elt,w.y)

d
Sle(t.,y)

This derivative is called the substantial derivative and is denoted by D/Dt:
— = —+u-Vec. (1.186)

(The terms substantive, material or convective are sometimes used for the substantial
derivative.) The substantial derivative expresses the total time change of a quantity,
experienced by an observer following the motion of the liquid. It consists of a local
change, Oc/0t, which vanishes under steady conditions (i.e., same number of fish
arrive and leave the spot of observation), and of a traveling change, u- Ve, which of
course is zero for a stagnant liquid or uniform concentration. Thus, for a steady-state
process,

Dc Oc Jc dc
— = Ve = 1.187
T, u-Ve u18 +u282+u36:z3 ( )
For stagnant liquid or uniform concentration,
D 0 d
De _ <_C> _ de. (1.188)
Dt )y, dt

© 2000 by CRC Press LLC



Example 1.4.4. Substantial derivative!”

Let T'(z,y) be the surface temperature of a stationary lake. Assume that you attach
a thermometer to a boat and take a path through the lake defined by z = a(t) and
y = b(t). Find an expression for the rate of change of the thermometer temperature
in terms of the lake temperature.

dT'(z,y) or orT dx or dy
T () (), ()2
dt ot )4y 0x )4y dt Oy ), dt

= or () do () 2
N ox ), di oy ), dt’

If T(z,y)=c, then Ccll_z; =0.

Solution:

Limiting cases:

_ dI' _ dT'da _ df da
It T(z,y)=f(x), then ‘7 = 7-F .

If T(z,y)=g(y), then dI' _ dT'db _ dgdb )

d

The forms of the substantial derivative operator in the three coordinate systems
of interest are tabulated in Table 1.8.

1.5 Integral Theorems

The Gauss or divergence theorem

The Gauss theorem is one of the most important integral theorems of vector calculus.
It can be viewed as a generalization of the fundamental theorem of calculus which
states that

/ab ;l—ida: — $(b) — é(a) (1.189)

where ¢(z) is a scalar one-dimensional function which obviously must be differen-
tiable. Equation (1.189) can also be written as follows:

[ (52) e = i160) - o] = o, (1.190)

9Taken from Ref. [6].
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Coordinate system % = % +u-Vv
(2,9, 2) of T tagy + uy% + U gz
(r.6,2) @ +ud + U 0l
(r.6,9) A N M

Table 1.8. The substantial derivative operator in various coordinate systems.

1
-

n=-—1i
-

n=i
.

)

Figure 1.19.

@
7]

®
b

The fundamental theorem of calculus.

where n is the unit vector pointing outwards from the one-dimensional interval of
integration, a < x < b, as shown in Fig. 1.19.

Equation (1.190) can be extended to two dimensions as follows.

Consider the

square S defined by a < x < b and ¢ <y < d and a function ¢(z,y) with continuous

first partial derivatives. Then

/Sws ds

C
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/V-udV:/n-udS
\%4 S

Surface S
<7

T

Figure 1.20. The Gauss or divergence theorem.

/Sw) s — /Cngbdf, (1.191)

where n is the outward unit normal to the boundary C' of S, and £ is the arc length
around C. Note that Eq. (1.191) is valid for any surface S on the plane bounded
by a curve C. Similarly, if V' is an arbitrary closed region bounded by a surface S,
and ¢(x,y, z) is a scalar function with continuous first partial derivatives, one gets:

/dev - /anﬁdS, (1.192)

where n is the unit normal pointing outward from the surface S, as depicted in
Fig. 1.20. Equation (1.192) is known as the Gauss or divergence theorem. The
Gauss theorem holds not only for tensor fields of zeroth order (i.e., scalar fields),
but also for tensors of higher order (i.e., vector and second-order tensor fields).
If u and 7 are vector and tensor fields, respectively, with continuous first partial
derivatives, the Gauss theorem takes the following forms:

/V-udV = /n-udS, (1.193)
Vv S
and
/V-T dV:/n-T as . (1.194)
\4 S

In words, the Gauss theorem states that the volume integral of the divergence of a
vector or tensor field over an arbitrary control volume V is equal to the flow rate of
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/n-(qu)dS’:j{t-udﬁ
S C

n

x

Figure 1.21. The Stokes theorem.

the field across the surface S bounding the domain V. If a vector field u happens
to be solenoidal, V - u=0 and, hence, the flow rate of u across S is zero:

/ n-udS = 0.
S
The Stokes theorem

Consider a surface .S bounded by a closed curve C' and designate one of its sides,
as the outside. At any point of the outside, we define the unit normal n to point
outwards; thus, n does not cross the surface S. Let us also assume that the unit
tangent t to the boundary C is directed in such a way that the surface S is always
on the left (Fig. 1.21). In this case, the surface S is said to be oriented according
to the right-handed convention. The Stokes theorem states that the flow rate of the
vorticity, V x u, of a differentiable vector field u through S is equal to the circulation
of u along the boundary C' of S:

/n-(vXu)dszft-ude. (1.195)
S C
Another form of the Stokes theorem is

/S(qu)-dS:jéu-dr, (1.196)
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where dS=ndS, dr=td{, and r is the position vector.

One notices that the Gauss theorem expresses the volume integral of a differen-
tiated quantity in terms of a surface integral which does not involve differentiation.
Similarly, the Stokes theorem transforms a surface integral to a line integral eli-
minating the differential operator. The analogy with the fundamental theorem of
calculus in Eq. (1.189) is obvious.

In the special case V x u=0, Eq. (1.196) indicates that the circulation of u is
Zero:

j{ u-dr = 0. (1.197)
C

If u represents a force field which acts on one object, Eq. (1.197) implies that the
work done in moving the object from one point to another is independent of the
path joining the two points. Such a force field is called conservative. The necessary
and sufficient condition for a force field to be conservative is V x u=0.

Example 1.5.1. Green’s identities
Consider the vector field ¢V, where ¢ and v are scalar functions with continuous
second partial derivatives. Applying the Gauss theorem, we get

/Vv-(qsw)dv - /S(qﬁvw)-ndS.

Using the identity
V- (9VY) = oV + V-V,

we derive Green’s first identity:

/V (V%0 + V- V) dv = /S(séW)-nds. (1.198)

Interchanging ¢ with ¢ and subtracting the resulting new relation from the above
equation yield Green’s second identity:

/V (690 — 4¥2) dv = /S (OV) — ¥V ) -ndS . (1.199)

O

The Reynolds transport theorem

Consider a function f(z,t) involving a parameter ¢. The derivative of the definite
integral of f(z,t) from x=a(t) to x=b(t) with respect to t is given by Leibnitz’s
formula:

x=b(t) b(t) 8f db da
= = — — —. 1.
/ L S / o B Ie0G — fen g (1.200)

Sl
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In many cases, the parameter ¢ can be viewed as the time. In such a case, the
limits of integration a and b are functions of time moving with velocities ‘Ciﬁ‘ and ‘Cillt’,
respectively. Therefore, another way to write Eq. (1.200) is

L d ebo) . Mof o)
1%/“@ fla,t) de = l/a(t) e+ - (fwllf) (1.201)
where n is the unit vector pointing outwards from the one-dimensional interval of
integration, and u denotes the velocity of the endpoints.

The generalization of Eq. (1.201) in the three dimensional space is provided
by the Reynolds Transport Theorem. If V (t) is a closed three-dimensional region
bounded by a surface S(t) moving with velocity u, r is the position vector, and
f(r,t) is a scalar function, then

4 B of |
7 /V(t) f(r,t)dV = /V(t) 5 WV /S(t)n (fu)dS . (1.202)

The theorem is valid for vectorial and tensorial fields as well. If the boundary is
fixed, u=0, and the surface integral of Eq. (1.202) is zero. In this case, the theorem
simply says that one can interchange the order of differentiation and integration.

Example 1.5.2. Conservation of mass
Assume that a balloon, containing a certain amount of a gas, moves in the air and
is deformed as it moves. The mass m of the gas is then given by

m = / pdV
V(t)

where V(t) is the region occupied by the balloon at time ¢, and p is the density of
the gas. Since the mass of the gas contained in the balloon is constant,

dm d
dt dt /v(t) pdV 0

From Reynolds transport theorem, we get:

/ apalV—i— n-(pu)dS =0,
vy ot S(®)

where u is the velocity of the gas, and S(t) is the surface of the balloon. The surface
integral is transformed to a volume one by means of the Gauss theorem to give:

/v<t)8tdv+/ (pw)dV =0  —
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V(t2)

FLOW
t=t; t=ty

Figure 1.22. A control volume V (t) moving with the fluid.

/ {@ 4 V-(pu)} Qv =0,
V() LOt

Since the above result is true for any arbitrary volume V' (),

dp B
a5 + V- (pu) = 0. (1.203)

This is the well known continuity equation resulting from the conservation of mass
of the gas. This equation is valid for both compressible and incompressible fluids. If
the fluid is incompressible, then p=const., and Eq. (1.203) is reduced to

V-ou=0. (1.204)

O

Example 1.5.3. Local rate of expansion

Consider an imaginary three-dimensional region V'(t) containing a certain amount
of fluid and moving together with the fluid, as illustrated in Fig. 1.22. Such a region
is called a moving control volume (see Chapter 2). As the balloon in the previous
example, the size and the shape of the control volume may change depending on
the flow. We shall show that the local rate of expansion (or contraction) of the fluid
per unit volume is equal to the divergence of the velocity field.

Applying the Reynolds transport theorem with f=1, we find

d
SLoav—o0+ [ nouds —
dt Jv ) ()
av(t
avit) _ / n-uds. (1.205)
dt S(t)
By means of the Gauss theorem, Eq. (1.205) becomes
WV _ [ g.ouav. (1.206)
dt V(t)
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Using now the mean-value theorem for integrals, we obtain

1 oav() 1
e @& - v V-ul. , (1.207)

where r* is a point within V' (¢). Taking the limit as V' (t) — 0, i.e., allowing V() to
shrink to a specific point, we find that

lim —2 = V-u, (1.208)

where V - u is evaluated at the point in question. This result provides a physical
interpretation for the divergence of the velocity vector as the local rate of expansion
or rate of dilatation of the fluid. This rate is, of course, zero for incompressible
fluids. O

1.6 Problems

1.1. The vector v has the representation v = (22 4+ y?) i + 2y j + k in Cartesian
coordinates. Find the representation of v in cylindrical coordinates that share the
same origin.

1.2. Sketch the vector u = 31+ 6 j with respect to the Cartesian system. Find
the dot products of u with the two basis vectors i and j and compare them with
its components. Then, show the operation which projects a two-dimensional vector
on a basis vector and the one projecting a three-dimensional vector on each of the
mutually perpendicular planes of the Cartesian system.

1.3. Prove the following identity for the vector triple product
ax (bxc) =Db(a-c)—c(a-b), (1.209)

spelled mnemonically “abc equals back minus cab”.

1.4. Find the representation of u = w, i + u, j with respect to a new Cartesian
system that shares the same origin but at angle 6 with respect to the original one.
This rotation can be represented by

u =A u, (1.210)
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where u’ is the new vector representation. What is the form of the matrix A?
Repeat for a new Cartesian system translated at a distance L from the original
system. What is the matrix A in this case?

Show that the motions of rigid-body rotation and translation described above
do not change the magnitude of a vector. Does vector orientation change with these
motions?

1.5. Convert the following velocity profiles from Cartesian to cylindrical coordinates

sharing the same origin, or vice versa, accordingly:
(a) Flow in a channel of half-width H: u = c(y?> — H?)i;

(b)  Stagnation flow: u=cri—crj;

(¢c) Plug flow: u=ci;

(d) Flow in a pipe of radius R: u=c(r’-R?e,;
(e) Sink flow: u="e;;

(f)  Swirling flow: u=crey;

(g) Spiral flow: u=f(z)e, +wrey

Note that ¢ and w are constants.
Hint: first, sketch the geometry of the flow and set the common origin of the two
coordinate systems.

1.6. A small test membrane in a moving fluid is oriented in three directions in
succession, and the tractions are measured and tabulated as follows (7 is a constant):

Direction in which Measured traction on
the test surface faces  the test surface (force/area)
e1 = (i+j)/V2 2(n—1) (i+))
o2 = (i—)/v2 2=y +1) (i j)
€3 = k —\/§ k

(a) Establish whether the three orientations of the test surface are mutually per-
pendicular.

(b) Could this fluid be in a state of mechanical equilibrium? State the reason for
yOUur answer.

(c) What is the state of fluid stress at the point of measurement?

(d) Are there any shear stresses at the point of measurement? Indicate your rea-
soning.

(e) What is the stress tensor with respect to the basis {e1, e, e3}?

1.7. Measurements of force per unit area were made on three mutually perpendi-
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cular test surfaces at point P with the following results:

Direction in which Measured traction on
the test surface faces the test surface (force/area)
i i
Jj 3j—k
k —j+3k

(a) What is the state of stress at P?
(b) What is the traction acting on the surface with normal n =1+ j?
(c) What is the normal stress acting on this surface?

c
1.8. If 7 =ii+ 3jj — jk — kj + 3kk, or, in matrix notation,

1 0 0
T =10 3 -1 ,
0 -1 3

determine the invariants, and the magnitudes and directions of the principal stresses
of 7. Check the values of the invariants using the principal stress magnitudes.

1.9. In an extensional (stretching or compressing) flow, the state of stress is fully
determined by the diagonal tensor

T = aeje; +aezey —2a ezes,

where a is a constant.
(a) Show that there are three mutually perpendicular directions along which the
resulting stresses are normal.
(b) What are the values of these stresses?
(c) How do these directions and corresponding stress values relate to the principal
ones?

Consider now a shear flow, in which the stress tensor is given by T = —pl 4+ 7,
where p is the pressure, and 7 is an off-diagonal tensor:

T = ejes + 2eje3 + 3eqe3 + ese] + 2eze; + 3ezes .

(d) What are the resulting stresses on the surfaces of orientations e, ey and es?
(e) Are these orientations principal directions? If not, which are the principal di-
rections?

(f) What are the principal values?

1.10. Consider a point at which the state of stress is given by the dyadic ab + ba,
where the vectors a and b are not collinear. Let i be in the direction of a and j be
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perpendicular to i in the plane of a and b. Let also e, = icosw + jsinw stand for
an arbitrary direction in the plane of a and b.!!

(a) Show that t(w) = isinw — jcosw is perpendicular to e,,.

(b) Find expressions for the normal and shear stresses on an area element facing in
the +e,, direction, in terms of w and the x- and y-components of a and b.

(c) By differentiation with respect to w, find the directions and magnitudes of maxi-
mum and minimum normal stress. Show that these directions are perpendicular.
(d) Show that the results in (c) are the same as the eigenvectors and eigenvalues of
the dyadic ab + ba in two dimensions.

(e) Find the directions and magnitudes of maximum and minimum shear stresses.
Show that the two directions are perpendicular.

1.11. If f is a scalar field and u is a vector field, both with continuous second

partial derivatives, prove the following identities in Cartesian coordinates:
(a) V xVf = 0 (the curl of the gradient of f is zero);
(b) V-(V xu) = 0 (the divergence of the curl of u is zero).

1.12. Calculate the following quantities in Cartesian coordinates:
(a) The divergence V - I of the unit tensor I.
(b) The Newtonian stress tensor

T = n[(Vu) + (Vu)'], (1.211)

where 7 is the viscosity, and u is the velocity vector.
(c) The divergence V - 7 of the Newtonian stress tensor.

1.13. Prove the following identity in Cartesian coordinates:
VxVxu=V(V-u)-Vu. (1.212)

1.14. If p is a scalar and u is a vector field,
(a) find the form of V x u in cylindrical coordinates;
(b) find Vp and V - u in spherical coordinates.

1.15 Calculate the velocity-gradient and the vorticity tensors for the following two-
dimensional flows and comment on their forms:

(a) Shear flow: up = 1—y, uy=u,=0;

(b) Eztensional flow: u, = ax, wu, = —ay, u,=0.
Also find the principal directions and values of both tensors. Are these related?
1.16. Derive the appropriate expression for the rate of change in fish concentration,
recorded by a marine biologist on a submarine traveling with velocity u®U? with

" Taken from Ref. [2]
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respect to the water. What is the corresponding expression when the submarine
travels consistently at z=h below sea level?

1.17. The concentration ¢ of fish away from a feeding point in a lake is given by
c(z,y) = 1/(z% + y?). Find the total change of fish concentration detected by an
observer riding a boat traveling with speed u=10 m/sec straight away from the
feeding point. What is the corresponding change detected by a stationary observer?

1.18. Calculate the velocity and the acceleration for the one-dimensional, linear
motion of the position vector described by

with respect to an observer who

(a) is stationary at x=x;

(b) is moving with the velocity of the motion;

(c) is moving with velocity V' in the same direction;

(d) is moving with velocity V in the opposite direction.

Hint: you may use the kinematic relation, de=u(t)dt, to simplify things.

1.19. A parachutist falls initially with speed 300 km/h; once his parachute opens,
his speed is reduced to 20 km/h. Determine the temperature change experienced by
the parachutist in these two stages, if the atmospheric temperature decreases with
elevation z according to

T(z)=T,—az,

where Tj is the sea-level temperature, and a=0.01°C/m.

1.20. The flow of an incompressible Newtonian fluid is governed by the continuity
and the momentum equations,

V-u=0, (1.213)

and

0 D
p(a—ltl—ku-Vu) Epfltl = —Vp+nViu+pg, (1.214)

where p is the density, and g is the gravitational acceleration. Simplify the mo-
mentum equation for irrotational flows (V x u=0). You may need to invoke both
the continuity equation and vector identities to simplify the terms u - Vu and
VZu=V-(Vu).

1.21. By means of the Stokes theorem, examine the existence of vorticity in the
following flows:
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(a)  Plug flow: u=ci;
(b)  Radial flow: u="Ce,;
(¢) Torsional flow: u=creg;

(d) Shear flow: u=f(y)i;
(e) Extensional flow: u= f(x)(i—j).
Hint: you may use any convenient closed curve in the flow field.

~—

1.22. Use the divergence theorem to show that

1
V:—/n-rdS, (1.215)
3Js

where S is the surface enclosing the region V', n is the unit normal pointing outward
from S, and r is the position vector. Then, use Eq. (1.215) to find the volume of
(i) a rectangular parallelepiped with sides a, b and ¢;

(ii) a right circular cone with height H and base radius R;

(iii) a sphere of radius R.

Use Eq. (1.215) to derive Archimedes principle of buoyancy from the hydrostatic
pressure on a submerged body.

1.23. Show by direct calculation that the divergence theorem does not hold for
the vector field u(r, 0, z) = e, /r in a cylinder of radius R and height H. Why does
the theorem fail? Show that the theorem does hold for any annulus of radii Ry and
R, where 0< Ry < R. What restrictions must be placed on a surface so that the
divergence theorem applies to a vector-valued function v(r, 6, z).

1.24. Show that Stokes theorem does not hold for u = (y i — zj)/(z? + %?), on
a circle of radius R centered at the origin of the zy-plane. Why does the theorem
fail? Show that the theorem does hold for the circular ring of radii Ry and R, where
0< Ry < R. In general, what restrictions must be placed on a closed curve so that
Stokes’ theorem will hold for any differentiable vector-valued function v(z,y)?
1.25. Let C be a closed curve lying in the xy-plane and enclosing an area A, and
t be the unit tangent to C'. What condition must the differentiable vector field u
satisfy such that

fu-tdz:A? (1.216)
C

Give some examples of vector fields having this property. Then use line integrals to
find formulas for the area of rectangles, right triangles and circles. Show that the
area enclosed by the plane curve C is

A:%fc(rxt)-kde (1.217)

where r is the position vector, and k is the unit vector in the z-direction.
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Chapter 2

INTRODUCTION TO THE
CONTINUUM FLUID

2.1 Properties of the Continuum Fluid

A flow can be of statistical (i.e., molecular) or of continuum nature, depending on
the involved length and time scales. Fluid mechanics is normally concerned with the
macroscopic behavior of fluids on length scales significantly larger than the mean
distance between molecules and on time scales significantly larger than those asso-
ciated with molecular vibrations. In such a case, a fluid can be approximated as a
continuum, i.e., as a hypothetical infinitely divisible substance, and can be treated
strictly by macroscopic methods. As a consequence of the continuum hypothesis,
a fluid property is assumed to have a definite value at every point in space. This
unique value is defined as the average over a very large number of molecules sur-
rounding a given point within a small distance, which is still large compared with
the mean intermolecular distance. Such a collection of molecules occupying a very
small volume is called fluid particle. Hence, the velocity of a particle is considered
equal to the mean velocity of the molecules it contains. The velocity so defined can
also be considered to be the velocity of the fluid at the center of mass of the fluid
particle. The continuum assumption implies that the values of the various fluid
properties are continuous functions of position and of time. This assumption breaks
down in rarefied gas flow, where the mean free path of the molecules may be of
the same order of magnitude as the physical dimensions of the flow. In this case, a
microscopic or statistical approach must be used.

Properties are macroscopic, observable quantities that characterize a state. They
are called extensive, if they depend on the amount of fluid; otherwise, they are
called intensive. Therefore, mass, weight, volume and internal energy are extensive
properties, whereas temperature, pressure, and density are intensive properties. The
temperature, T, is a measure of thermal energy, and may vary with position and time.
The pressure, p, is also a function of position and time, defined as the limit of the
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ratio of the normal force, AF;,, acting on a surface, to the area AA of the surface,
as AA — 0,
_ AF,
P= A% AA
Hence, the pressure is a kind of normal stress. Similarly, the shear stressis defined as
the limit of the tangential component of the force, AF;, divided by AA, as AA — 0.
Shear and normal stresses are considered in detail in Chapter 5.

Under equilibrium conditions, i.e., in a static situation, pressure results from
random molecular collisions with the surface and is called equilibrium or thermo-
dynamic pressure. Under flow conditions, i.e., in a dynamic situation, the pressure
resulting from the directed molecular collisions with the surface is different from the
thermodynamic pressure and is called mechanical pressure. The thermodynamic
pressure can be determined from equations of state, such as the ideal gas law for
gases and the van der Waals equation for liquids. The mechanical pressure can be
determined only by means of energy-like conservation equations than take into ac-
count not just the potential and the thermal energy associated with equilibrium, but
also the kinetic energy associated with flow and deformation. The general relation-
ship between thermodynamic and mechanical pressures is considered in Chapter 5.

(2.1)

The density
A fundamental property of continuum is the mass density. The density of a fluid

at a point is defined as
Am
= 1 — 2.2
p= i (57) 22)

where Am is the mass of a very small volume AV surrounding the point, and L is a
very small characteristic length which, however, is significantly larger than the mean
distance between molecules. Density can be inverted to give the specific volume

N 1

V =-—, 2.3

; (2.3)
or the molecular volume X
%4

where M is the molecular weight.
The density of a homogeneous fluid is a function of temperature 7', pressure p,
and molecular weight:

p = p(T,p,M). (2.5)
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Equation (2.5) is an equation of state at equilibrium. An example of such an equation
is the ideal gas law,
_ pM
p = RT’

where R is the ideal gas constant which is equal to 8314 Nm/(Kg mole K).

The density of an incompressible fluid is independent of the pressure. The density
of a compressible fluid depends on the pressure, and may vary in time and space, even
under isothermal conditions. A measure of the changes in volume and, therefore,
in density, of a certain mass of fluid subjected to pressure or normal forces, under
constant temperature, is provided by the isothermal compressibility of the fluid,
defined by

(2.6)

p= L) (e o
P/ T o Jr
The compressibility of steel is around 5 x 10712 m? /N, that of water is 5 x 10719
m?/N, and that of air is identical to the inverse of its pressure (around 1073 m?/N
at atmospheric pressure). Under isothermal conditions, solids, liquids and gases
are virtually incompressible at low pressures. Gases are compressible at moderate
pressures, and their density is a strong function of pressure. Under nonisothermal
conditions, all materials behave like compressible ones, unless their coefficient of

thermal expansion,
oV
= (2 2.
o= 8T)p , (2.8)

Example 2.1.1. Air-density variations
The basic pressure-elevation relation of fluid statics is given by

is negligible.

dp
dZ pg Y ( 9)

where ¢ is the gravitational acceleration, and z is the elevation. Assuming that air
is an ideal gas, we can calculate the air density distribution as follows. Substituting
Eq. (2.6) into Eq. (2.9), we get

dp pMg dp Mg
N ek & Ty,
dz RT RT

If pg and pg denote the pressure and the density, respectively, at z=0, then

P(2) dp Mg [* Mgz
>z I - _
/po ) RT/O z = P poeXp( RT>,
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and

()
= ex — .
p Po eXp RT

In reality, the temperature changes with elevation according to
T(z) = Ty —az

where a is called the atmospheric lapse rate [1]. If the temperature variation is taken
into account,

/p(Z)@ B _@/z dz
Do P R Jo Ty—az
which yields
Mg
p(2) _ (TO —CLZ> aR
Do To

and, therefore,

Mg
p(2) _ p(2) To _ (To - CLZ> aR
P0 po T'(2) Ty '

Thus, the density changes with elevation according to
Mg
it~ (n) (G 1) (7)™
podz Ty aR T '

The viscosity

A fluid in static equilibrium is under normal stress, which is the hydrostatic or
thermodynamic pressure given by Eq. (2.1). As explained in Chapter 1, the total
stress tensor, T, consists of an isotropic pressure stress component, —pl, and of an
anisotropic viscous stress component,T ,

T=-pl+ 1. (2.10)

The stress tensorT comes from the relative motion of fluid particles and is zero in
static equilibrium. When there is relative motion of fluid particles, the wvelocity-
gradient tensor, Vu, and the rate-of-strain tensor,

D = %[Vu—l—(Vu)T], (2.11)
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Figure 2.1. Behavior of various non-Newtonian fluids.

are not zero. Incompressible Newtonian fluids follow Newton’s law of viscosity (dis-
cussed in detail in Chapter 5) which states that the viscous stress tensorr is pro-
portional to the rate-of-strain tensor,

T = 27D = n[Vu+ (Vu)?] (2.12)
or, equivalently,
[Vu + (Vu)7] = % (2.13)

The proportionality constant, 7, which is a coefficient of momentum transfer in
Eq. (2.12) and resistance in Eq. (2.13), is called dynamic viscosity or, simply, vis-
cosity. The dynamic viscosity divided by density is called kinematic viscosity and is

usually denoted by v:
n
v=-— (2.14)
p
A fluid is called ideal or inviscid if its viscosity is zero; fluids of nonzero viscosity
are called viscous. Viscous fluids not obeying Newton’s law are generally called non-

Newtonian fluids. These are classified into generalized Newtonian and wviscoelastic
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fluids. Note that the same qualifiers are used to describe the corresponding flow,
e.g., ideal flow, Newtonian flow, viscoelastic flow etc.

Generalized Newtonian fluids are viscous inelastic fluids that still follow Eq. (2.12),
but the viscosity itself is a function of the rate of strain tensor D; more precisely,
the viscosity is a function of the second invariant of D, n=n(IIp). A fluid is said
to be shear thinning, if its viscosity is a decreasing function of IITy; when the op-
posite is true, the fluid is said to be shear thickening. Bingham plastic fluids are
generalized Newtonian fluids that exhibit yield stress. The material flows only when
the applied shear stress exceeds the finite yield stress. A Herschel-Bulkley fluid is a
generalization of the Bingham fluid, where, upon deformation, the viscosity is either
shear thinning or shear thickening. The dependence of the shear stress on Il is
illustrated in Fig. 2.1, for various non-Newtonian fluids.

Fluids that have both viscous and elastic properties are called viscoelastic fluids.
Many fluids of industrial importance, such as polymeric liquids, solutions, melts
or suspensions fall into this category. Fluids exhibiting elastic properties are often
referred to as memory fluids.

The field of Fluid Mechanics that studies the relation between stress and defor-
mation, called the constitutive equation, is called Rheology from the Greek words
“rheo” (to flow) and “logos” (science or logic), and is the subject of many textbooks
[2,3].

The surface tension

Surface tension, o, is a thermodynamic property which measures the anisotropy
of the interactions between molecules on the interface of two immiscible fluids A
and B. At equilibrium, the capillary pressure (i.e., the effective pressure due to
surface tension) on a curved interface is balanced by the difference between the
pressures in the fluids across the interface. The jump in the fluid pressure is given
by the celebrated Young-Laplace equation of capillarity [4],

11
Ap — _ — T 2.15
p=pp—pAa =20 <R1 - R2) , (2.15)

where Ry and Ry are the principal radii of curvature, i.e., the radii of the two mu-
tually perpendicular maximum circles which are tangent to the (two-dimensional)
surface at the point of contact. In Chapter 4, these important principles are ex-
panded to include liquids in relative motion.

Example 2.1.2. Capillary pressure

A spherical liquid droplet is in static equilibrium in stationary air at low pressure
pe. How does the pressure p inside the droplet change for droplets of different radii
R, for infinite, finite and zero surface tension?
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Solution:
In the case of spherical droplets, R1=Rs=R, and the Young-Laplace equation is

reduced to
20

p—PG = E

The above formula says that the pressure within the droplet is higher than the
pressure of the air. The liquid pressure increases with the surface tension and
decreases with the size of the droplet. As the surface tension increases, the pressure
difference can be supported by bigger liquid droplets. As the pressure difference
increases, smaller droplets are formed under constant surface tension. O

Measurement of fluid properties
The density, the viscosity and the surface tension of pure, incompressible, New-
tonian liquids are functions of temperature and, to a much lesser extent, functions
of pressure. These properties, blended with processing conditions, define a set of
dimensionless numbers which fully characterize the behavior of the fluid under flow
and processing. Three of the most important dimensionless numbers of fluid me-
chanics are briefly discussed below.
The Reynolds number expresses the relative magnitude of inertia forces to viscous
forces, and is defined by
Re = Lup , (2.16)
n
where L is a characteristic length of the flow geometry (i.e., the diameter of a tube),
and @ is a characteristic velocity of the flow (e.g., the mean velocity of the fluid).
The Stokes number represents the relative magnitude of gravity forces to viscous
forces, and is defined by ,
st = P97 (2.17)
nu
The capillary number expresses the relative magnitude of viscous forces to surface
tension forces, and is defined by

p— n_
Ca=—. (2.18)

The first two dimensionless numbers, Re and St, arise naturally in the dimensionless
conservation of momentum equation; the third, Ca, appears in the dimensionless
stress condition on a free surface. The procedure of nondimensionalizing these equa-
tions is described in Chapter 7, along with the asymptotic analysis which is used
to construct approximate solutions for limiting values of the dimensionless numbers
[5]. The governing equations of motion under these limiting conditions are simplified
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p=0.1 atm p=1 atm p=10 atm

Property Fluid | 4°C 20°C 4°C 20°C 40°C 20°C 40°C

Density (Kg/m®)  Air 0.129 0.120 1.29 1.20 1.13 12 11.3
Water | 1000 998 1000 998 992 998 992

Viscosity (cP) Air 0.0158 0.0175 | 0.0165 0.0181 0.0195 | 0.0184 0.0198

Water | 1.792 1.001 1.792 1.002 0.656 1.002 0.657
Surface tension Air - - - - - - -
with air (dyn/cm) Water | 75.6 73 75.6 73 69.6 73 69.6

Table 2.1. Density, viscosity and surface tension of air and water at several process
conditions.

by eliminating terms that are multiplied or divided by the limiting dimensionless
numbers, accordingly.

Flows of highly viscous liquids are characterized by a vanishingly small Reynolds
number and are called Stokes or creeping flows. Most flows of polymers are creeping
flows [6]. The Reynolds number also serves to distinguish between laminar and
turbulent flow. Laminar flows are characterized by the parallel sliding motion of
adjacent fluid layers without intermixing, and persist for Reynolds numbers below a
critical value that depends on the flow. For example, for flow in a pipe, this critical
value is 2,100. Beyond that value, eddies start to develop within the fluid layers
that cause intermixing and chaotic, oscillatory fluid motion, which characterizes
turbulent flow. Laminar flows at Reynolds numbers sufficiently high that viscous
effects are negligible are called potential or Euler flows. The Stokes number is zero
in strictly horizontal flows and high in vertical flows of heavy liquids. The capillary
number appears in flows with free surfaces and interfaces [7]. The surface tension,
and thus the capillary number, can be altered by the addition of surfactants to the
flowing liquids.

The knowledge of the dimensionless numbers and the prediction of the flow
behavior demand an a priori measurement of density, viscosity and surface tension
of the liquid under consideration. Density is measured by means of pycnometers,
the function of which is primarily based on the Archimedes principle of buoyancy.
Viscosity is measured by means of viscometers or rheometers in small-scale flows;
the torque necessary to drive the flow and the resulting deformation are related
according to Newton’s law of viscosity. Surface tension is measured by tensiometers.
These are sensitive devices that record the force which is necessary to overcome the
surface tension force, in order to form droplets and bubbles or to break thin films.
More sophisticated methods, usually based on optical techniques, are employed when
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accuracy is vital [8]. The principles of operation of pycnometers, viscometers and
tensiometers are highlighted in several chapters starting with Chapter 4. Densities,
viscosities and surface tension of air and water at several process conditions are
tabulated in Table 2.1.

2.2 Macroscopic and Microscopic Balances

The control volume is an arbitrary synthetic cut in space which can be either fixed or
moving. It is appropriately chosen within or around the system under consideration,
in order to apply the laws that describe its behavior. In flow systems, these laws
are the equations of conservation (or change) of mass, momentum, and energy. To
obtain information on average or boundary quantities (e.g., of the velocity and the
temperature fields inside the flow system), without a detailed analysis of the flow, the
control volume is usually taken to contain or to coincide with the real flow system.
The application of the principles of conservation to this finite system produces the
macroscopic conservation equations.

However, in order to derive the equations that yield detailed distributions of
fields of interest, the control volume must be of infinitesimal dimensions that can
shrink to zero, yielding a point-volume. This approach reduces the quantities to
point-variables. The application of the conservation principles to this infinitesimal
system produces the microscopic or differential conservation equations. In this case,
there is generally no contact between the imaginary boundaries of the control volume
and the real boundaries of the system. It is always convenient to choose the shape of
the infinitesimal control volume to be similar to that of the geometry of the actual
system; a cube for a rectangular geometry, an annulus for a cylindrical geometry
and a spherical shell for a spherical geometry.

Conservation of mass

Consider an arbitrary, fixed control volume V', bounded by a surface S, as shown
in Fig. 2.2. According to the law of conservation of mass, the rate of increase of
the mass of the fluid within the control volume V is equal to the net influx of fluid
across the surface S:

Rate of change | Rate of addition (2.19)
of mass within V.| ~ | of mass across S | ° '
The mass m of the fluid contained in V' is given by
m = / pdV, (2.20)
1%
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Surrounding fluid

Surface element dS

Control volume V

Surface S

Figure 2.2. Control volume in a flow field.

and, hence, the rate of change in mass is

dm d
an _ 4 av . 9.91
dt ot /v P (2.21)

Since the control volume V is fixed, the time derivative can be brought inside the

integral:
/ 9 gy (2.22)

As for the mass rate across S, this is given by

—/Sn‘(pu)dS,

where n is the outwardly directed unit vector normal to the surface S, and pu is the
mass flux (i.e., mass per unit area per unit time). The minus sign accounts for the
fact that the mass of the fluid contained in the control volume decreases, when the
flow is outward, i.e., when n - (pu) is positive. By substituting the last expression
and Eq. (2.22) in Eq. (2.19), we obtain the following form of the equation of mass
conservation for a fixed control volume:

/ 9 gy = —/S n- (pu) ds . (2.23)

Example 2.2.1. Macroscopic balances
A reactant in water flows down the wall of a cylindrical tank in the form of thin
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Figure 2.3. Macroscopic and microscopic balances on a source-sink system.

film at flow rate (). The sink at the center of the bottom, of diameter d, discharges
water at average velocity u = 2kh, where k is a constant. Initially, the sink and the
source are closed and the level of the water is hg. What will be the level h(t) after
time ¢?

Solution:
We consider a control volume containing the flow system, as illustrated in Fig. 2.3.
The rate of change in mass within the control volume is

dm d d d (nD? nD? dh

dt dt/vp V=gtV pdt( 4 > 4 dl
We assume that water is incompressible. The net influx of mass across the surface
S of the control volume is

2 2
—/n'(pU)dS = p(Q—Qout) = p (Q—%Q =p (Q—%kh> :
S
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where @ and Q.+ are the volumetric flow rates at the inlet and the outlet, respec-
tively, of the flow system (see Fig. 2.3). Therefore, the conservation of mass within
the control volume gives:

78 0T . (2.24)

The solution to this equation, subjected to the initial condition

h(t =0) = ho,
is )
2kd
_2Q 2Q —( 2 )t
h(t) = a7 <7rd2k: h()) e . (2.25)
The steady-state elevation is
: 2Q

Since, Eq. (2.24) is a macroscopic equation, its solution, given by Eq. (2.25),
provides no information on the velocity from the wall to the sink, nor on the pressure
distribution within the liquid. These questions are addressed in Example 2.2.2. O

Example 2.2.2. Microscopic balances

Assume now that the system of Example 2.2.1 is a kind of chemical reactor. Find an
estimate of the residence time of a reactant particle (moving with the liquid) from
the wall to the sink.

Solution:

The reactant flows down the vertical wall and enters the radial reacting flow at
r=D/2 directed towards the cylindrical sink at r=d/2 (r is the distance from the
center of the sink). If u(r) is the pointwise radial velocity of the fluid, then

’LL(?“) = %7

and, therefore, the residence time of the fluid in the reaction field is given by
/2 dr

p/2 u(r)

(2.27)

Obviously, we need to calculate u(r) as a function of r. The average velocity u
found in Example 2.2.1 is of no use here. The velocity u(r) can be found only by
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performing a microscopic balance. A convenient microscopic control volume is an
annulus of radii r and r 4 dr, and of height dz, shown in Fig. 2.3. For this control
volume, the conservation of mass states that

%(p%rr dr dz) = [2nrpu(r)dz],yar — [27rpu(r)dz], . (2.28)

Assume, for the sake of simplicity, that the reactor operates at steady state, which
means that d/dt=0 and h=hss. From Eq. (2.28), we get:
[ru(r)lr+ar — [ru(r)], = 0.

Dividing the above equation by dr, making the volume to shrink to zero by taking
the limit as dr — 0, and invoking the definition of the total derivative, we get a
simple, ordinary differential equation:

d e ru()]egar = [ru(r)le
gy ru() = Jim T==Se =0, (229)

The solution of the above equation is
u(r) = —, (2.30)

where c¢ is a constant to be determined. The boundary condition at steady state
demands that

d 2c Q
= =27 — hss r = - dhfss - = - .
Q 5 hsst a2 m 7 = c Srhes

The wvelocity profile is, therefore, given by
Q 1

B 2mhgs r’

u(r) = (2.31)

We can now substitute Eq. (2.31) in Eq. (2.27) and calculate the residence time:

d/2 9nh, wh
t = — Brdr = =22 (D?* - d?) . 2.32
/D/2 Q 4Q ( ) (2:32)

The pressure distribution can be calculated using Bernoulli’s equation, developed
in Chapter 5. Along the radial streamline,

pr) | ) _ lm +m]

; 5 (2.33)

=D
2
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For d/D < 1, it is reasonable to assume that at r=D/2, u ~0 and p =0, and,
therefore,
2

P 2 PR~ 1

r) = —=u(r) = ——55 —

p(r) 2 (r) 8m2h2, r?

Equation (2.34) predicts an increasingly negative pressure towards the sink. Under

these conditions, cavitation and even boiling may occur, when the pressure p(r) is

identical to the vapor pressure of the liquid. These phenomena, which are impor-

tant in a diversity of engineering applications, cannot be predicted by macroscopic
balances. O

<0. (2.34)

Conservation of linear momentum

An isolated solid body of mass m moving with velocity u possesses momentum,
J = mu. According to Newton’s law of motion, the rate of change of momentum of
the solid body is equal to the force F exerted on the mass m:

dJ

d
—=F. = —(mu)=F. (2.35)

dt

The force F in Eq. (2.35) is a body force, i.e. an external force exerted on the mass
m. The most common body force is the gravity force,

Fo =mg, (2.36)

which is directed to the center of the Earth (g is the acceleration of gravity). FElec-
tromagnetic forces are another kind of body force. Equation (2.35) describes the
conservation of linear momentum of an isolated body or system:

Rate of change Body
of momentum = | force |- (2.37)
of an isolated system

In the case of a non-isolated flow system, i.e., a control volume V', momentum
is convected across the bounding surface S due to (a) the flow of the fluid across
S, and (b) the molecular motions and interactions at the boundary S. The law of
conservation of momentum is then stated as follows:

Rate of ] [ Rate of
Rate of inflow of inflow of
increase of momentum momentum Body
= + . (2.38)
momentum across S across S force
within V by bulk by molecular
flow ] | processes |
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The momentum J of the fluid contained within a control volume V is given by

J— / pudv (2.39)
1%
and, therefore,
dJ d

The rate of addition of momentum due to the flow across S is
—/ n-(pu)udsS = —/ n- (puu)ds,
S S

where n is the unit normal pointing outwards from the surface S. The minus sign
in the above expression accounts for the fact that the content of the control volume
increases when the velocity vector u points inwards to the control volume. The
dyadic tensor puu is the momentum flux (i.e., momentum per unit area per unit
time). The momentum flux is obviously a symmetric tensor. Its component pu;u;ij
represents the j component of the momentum convected in the i direction, per unit
area per unit time.

The additional momentum flux due to molecular motions and interactions be-
tween the fluid and its surroundings is another symmetric tensor, the total stress
tensor T, defined in Eq. (2.10). Therefore, the rate of addition of momentum across
S, due to molecular processes, is

/Sn~TdS:/Sn-(—pI+T)dS. (2.41)

As already mentioned, the anisotropic viscous stress tensor Taccounts for the relative
motion of fluid particles. In static equilibrium, the only non-zero stress contribution
to the momentum flux comes from the hydrostatic pressure p. The vector n - T
is the traction produced by T on a surface element of orientation n. The term
(2.41) is often interpreted physically as the resultant of the surface (or contact)
forces exerted by the surrounding fluid on the fluid inside the control volume V.
It is exactly the hydrodynamic force acting on the boundary S, as required by the
principle of action-reaction (Newton’s third law).

Assuming that the only body force acting on the fluid within the control volume

V is due to gravity, i.e.,
/ pgdV,
VvV

and substituting the above expressions into Eq. (2.38), we obtain the following form
of the law of conservation of momentum:

/pudV: —/n-(puu)dS+/n-(—pI+T)dS+/ pgdV . (2.42)
v S S v
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The surface integrals of Eqs. (2.23) and (2.42) can be converted to volume in-
tegrals by means of the Gauss divergence theorem. As explained in Chapter 3, this
step is necessary for obtaining the differential forms of the corresponding conserva-
tion equations.

2.3 Local Fluid Kinematics

Fluids cannot support any shear stress without deforming or flowing, and continue
to flow as long as shear stresses persist. The effect of the externally applied shear
stress is dissipated away from the boundary due to the viscosity. This gives rise
to a relative motion between different fluid particles. The relative motion forces
fluid material lines that join two different fluid particles to stretch (or compress)
and to rotate as the two fluid particles move with different velocities. In general,
the induced deformation gives rise to normal and shear stresses, similar to internal
stresses developed in a stretched or twisted rubber cylinder. The difference between
the two cases is that, when the externally applied forces are removed, the rubber
cylinder returns to its original undeformed and unstressed state, whereas the fluid
remains in its deformed state. In the field of rheology, it is said that rubber exhibits
perfect memory of its rest or undeformed state, whereas viscous inelastic liquids,
which include the Newtonian liquids, exhibit no memory at all. Viscoelastic materi-
als exhibit fading memory and their behavior is between that of ideal elastic rubber
and that of viscous inelastic liquids. These distinct behaviors are determined by the
constitutive equation, which relates deformation to stress.

Since the conservation equations and the constitutive equation are expressed
in terms of relative kinematics, i.e., velocities, gradients of velocities, strains and
rates of strain, it is important to choose the most convenient way to quantify these
variables. The interconnection between these variables requires the investigation and
representation of the relative motion of a fluid particle with respect to its neighbors.

Flow kinematics, i.e., the relative motion of fluid particles, can be described by
using either a Lagrangian or an Fulerian description. In the Lagrangian or material
description, the motion of individual particles is tracked; the position r* of a marked
fluid particle is considered to be a function of time and of its label, such as its initial
position r{, r*=r*(rj,t). For a fixed rf;, we have

r* = r'(t), (2.43)
which is a parametric equation describing the locus of the marked particle, called a

path line. The independent variables in Lagrangian formulations are the position of
a marked fluid particle and time, ¢. This is analogous to an observer riding afluid
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particle and marking his/her position while he/she records the traveling time and
other quantities of interest. For example, the pressure p in Lagrangian variables is
given by p=p(r{,t).

In the Eulerian description, dependent variables, such as the velocity vector and
pressure, are considered to be functions of fized spatial coordinates and of time, e.g.,
u=u(r,t), p=p(r,t), etc. If all dependent variables are independent of time, the flow
is said to be steady.

Since both Lagrangian and Eulerian variables describe the same flow, there must
be a relation between the two. This relation is expressed by the substantial derivative
which in the Lagrangian description is identical to the common total derivative.
The Lagrangian acceleration, a*, is related to the Eulerian acceleration, a=0u/dt,

as follows: D 5
u u
a*= — = — + u-Vu. 2.44
Dt ot (2.44)
Note that the velocity u in the above equation is the Eulerian one. In steady flows,
the Eulerian acceleration, a=0u/0t, is zero, whereas the Lagrangian one, a*, may

not be so, if finite spatial velocity gradients exist.

o I T2 Tn

® L & *—
’ ! / / x
=0 th th t

Figure 2.4. Positions of a fluid particle in one-dimensional motion.

We will illustrate the two flow descriptions using an idealized one-dimensional
example. Consider steady motion of fluid particles along the z-axis, such that

ZL';K = ZL‘;_I +c (ti — t171)2 R (2.45)

where x} is the position of a fluid particle at time ¢; (Fig. 2.4), and ¢ is a positive
constant. The Lagrangian description of motion gives the position of the particle in
terms of its initial position, xf, and the lapsed traveling time, t',

a*(xh,t") = xh +ct’?. (2.46)
The velocity of the particle is
dz*
x/ k4N . /
u*(xp,t') = T =2ct’, (2.47)
which, in this case, is independent of x{. The corresponding acceleration is
oty = T 2 e s (2.48)
07 dt, . .
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The separation distance between two particles 1 and 2 (see Fig. 2.4),
Az* = 23— o} = c(tf —t}P), (2.49)

changes with time according to

dAx*

= 2c (th —t)) = uy —uj >0, (2.50)

and is, therefore, continuously stretched, given that uy > uj. The velocity gradient

is,
du* 1 du* 2c 1
— = ———— = — = —. (2.51)
dx* u*(t') dt! 2ct! t/
In the above expressions, the traveling time ¢’ is related to the traveling distance by
the simple kinematic argument,

do* = u(t')dt', (2.52)

and is different from the time ¢ which characterizes an unsteady flow, under the
Eulerian description.
In the Eulerian description, the primary variable is

w(z) = 2% (x — x0)V/2. (2.53)

Note that time, ¢, does not appear due to the fact that the motion is steady. Equa-
tion (2.44) is easily verified in this steady, one-dimensional flow:

% + u% =0 + 22 (m—$0)1/2%201/2 (x—xo)_1/2 = 2c = a".
x

The Eulerian description may not be convenient to describe path lines but it is
more appropriate than the Lagrangian description in calculating streamlines. These
are lines to which the velocity vector is tangent at any instant. Hence, streamlines
can be calculated by

uxdr =0, (2.54)

where r is the position vector describing the streamline. In Cartesian coordinates,
Eq. (2.54) is reduced to

d d d

awa _ 9y _ 4z (2.55)

Uy, Uy Uy
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When the flow is steady, a path line coincides with the streamline that passes
through r§. The surface formed instantaneously by all the streamlines that pass
through a given closed curve in the fluid is called streamtube.

From Eq. (2.55), the equation of a streamline in the xy-plane is given by
dy

d
& =  uydr — uzdy = 0. (2.56)
Uz Uy

A useful concept related to streamlines, in two-dimensional bidirectional flows, is the
stream function. In the case of incompressible flow,! the stream function, ¥(x, ),
is defined by?

oY

Uy = ——— and u, = —. 2.57

* dy v ox (2:57)

An important feature of the stream function is that it automatically satisfies the
continuity equation,

Ouy | Ouy
ox oy
as can easily be verified. The stream function is a useful tool in solving creeping,
two-dimensional bidirectional flows. Its definitions and use, for various classes of
incompressible flow, are examined in detail in Chapter 10.

Substituting Eqgs. (2.57) into Eq. (2.56), we get

_ % M
dp = gpdo + Gody = 0. (2.59)

=0, (2.58)

Therefore, the stream function, v, is constant along a streamline. Moreover, from
the definition of a streamline, we realize that there is no flow across a streamline. The
volume flow rate, @), per unit distance in the z direction, across a curve connecting
two streamlines (see Fig. 2.5) is the integral of di) along the curve. Since the

1For steady, compressible flow in the xy-plane, the stream function is defined by

2 o

P Uy = _8y and puy = e

In this case, the difference 12 —)1 is the mass flow rate (per unit depth) between the two streamlines.

2Note that many authors define the stream function with the opposite sign, i.e.,

- oy

Uy 3y and  uy = — I
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T

Figure 2.5. Volume flow rate per unit depth across a curve connecting two stream-
lines.

differential of 1 is exact, this integral depends only on the end points of integration,
i.e.,

2
QZ/ dy = Py — 1. (2.60)
1

Example 2.3.1. Stagnation flow

Consider the steady, two-dimensional stagnation flow against a solid wall, shown in
Fig. 2.6. Outside a thin boundary layer near the wall, the position of a particle,
located initially at r§(z{, yg), obeys the following relations:

2 t) = ape and  y(yet) = yie (2.61)

which is, of course, the Lagrangian description of the flow. The corresponding
velocity components are

dx* ’ dy* /
— = exge and  uy(yp,t') = dgi’ = —eyje .

up (g, t) = (2.62)

Eliminating the traveling time ¢’ from the above equations results in the equation
of the path line,

'yt = xhyg (2.63)

which is a hyperbola, in agreement with the physics of the flow.
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r5(25, Y5)

treamline

Figure 2.6. Stagnation flow.

In the Eulerian description, the velocity components are:
Uy = ex and uy = —€y. (2.64)
The streamlines of the flow are calculated by means of Eq. (2.55):

d d d d

Uy Uy ex —ey
Equations (2.65) and (2.63) are identical: since the flow is steady, streamlines and
path lines coincide. a

The Lagrangian description is considered a more natural choice to represent
the actual kinematics and stresses experienced by fluid particles. However, the
use of this description in solving complex flow problems is limited, due to the fact
that it requires tracking of fluid particles along a priori unknown streamlines. The
approach is particularly convenient in flows of viscoelastic liquids, i.e., of fluids with
memory, that require particle tracking and calculation of deformation and stresses
along streamlines. The Eulerian formulation is, in general, more convenient to use
because it deals only with local or present kinematics. In most cases, all variables
of interest, such as strain (deformation), rate of strain, stress, vorticity, streamlines
and others, can be calculated from the velocity field. An additional advantage of the
Eulerian description is that it involves time, as a variable, only in unsteady flows,
whereas the Lagrangian description uses traveling time even in steady-state flows.
Finally, quantities following the motion of the liquid can be reproduced easily from
the Eulerian variables by means of the substantial derivative.
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u(r,t

PI
du=u(r, t)-u(rg,t)
u(rg,t)
r dr=r-rg
z
P
To u(rg, t)

Figure 2.7. Relative motion of adjacent fluid particles.

2.4 Elementary Fluid Motions

The relative motion of fluid particles gives rise to velocity gradients that are directly
responsible for strain (deformation). Strain, in turn, creates internal shear and
extensional stresses that are quantified by the constitutive equation. Therefore, it is
important to study how relative motion between fluid particles arises and how this
relates to strain and stress.

Consider the adjacent fluid particles P and P’ of Fig. 2.7, located at points rg
and r, respectively, and assume that the distance dr=r-rq is vanishingly small. The
velocity u(r,t) of the particle P’ can be locally decomposed into four elementary
motions:

(a) rigid-body translation;

(b) rigid-body rotation;

(c) isotropic expansion; and

(d) pure straining motion without change of volume.
Actually, this decomposition is possible for any vector u in the three-dimensional
space.
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Expanding u(r,t) in a Taylor series with respect to r about rg, we get
u(r,t) = u(rg,t) + dr-Vu + O[(dr)?], (2.66)
where Vu is the velocity gradient tensor. Retaining only the linear term, we have
u(r,t) = u(rg,t) + du, (2.67)
where the velocity u(rg,t) of P represents, of course, rigid-body translation, and
du = dr-Vu (2.68)

represents the relative velocity of particle P’ with respect to P. The rigid-body
translation component, u(rg,t), does not give rise to any strain or stress, and can
be omitted by placing the frame origin or the observer on a moving particle. All the
information for the relative velocity du is contained in the velocity gradient tensor.
The relative velocity can be further decomposed into two components corresponding
to rigid-body rotation and pure straining motion, respectively. Recall that Vu can
be written as the sum of a symmetric and an antisymmetric tensor,

YVu=D+ 8, (2.69)

where

D = %[vu+ (V)] (2.70)

is the symmetric rate-of-strain tensor, and

S = - [Vu—(Vu)’] (2.71)

1
2
is the antisymmetric vorticity tensor. Substituting Eqgs. (2.69) to (2.71) in Eq. (2.68),
we get

du =dr-(D+8S) = dr- %[Vu + (V)] + dr- %[Vu — (Vu)T]. (2.72)

The first term,
a® = dr-D = dr- %[Vu—i— (Vu)7] (2.73)

represents the pure straining motion of P’ about P. The second term

u” = dr-S = dr- %[Vu — (Vu)T] (2.74)
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represents the rigid-body rotation of P’ about P. A flow in which D is zero ev-
erywhere corresponds to rigid-body motion (including translation and rotation).
Rigid-body motion does not alter the shape of fluid particles, resulting only in their
displacement. On the other hand, straining motion results in deformation of fluid
particles.

Note that the matrix forms of Vu, D and S in Cartesian coordinates are given
by

Ouy Ouy  Ju,
5 x z 5 z
- Uy OUy Uy
Vu = oy 8yy oy | (2.75)
duy  Ouy  Qu,
0z 0z 0z
20w (W +ar) (92 + %)
1 Ou, , Ou ou ou A,
D_§ (aera—:cy) 26—; <a—zy+ay> , (2.76)
(auz 4 8uz) Ouy 4 ou 9 ou,
0z ' Ox 0z ' 0y 0z
and
0 _(9uy _ Ouy (aux  Ous
ox dy 0z oz
_ 1 ou Oug ou, Ou
_(%_8’&2) 8uz_% 0
0z ox oy 0z

Any antisymmetric tensor has only three independent components and may, there-
fore, be associated with a vector, referred to as the dual vector of the antisymmetric
tensor. The dual vector of the vorticity tensor S is the vorticity vector,

w = Vxu. (2.78)

In Cartesian coordinates, it is easy to verify that, if

w = wel + wyj + wk, (2.79)
then
1 0 —Ww, Wy
S = 5 | we 0 —wg (2.80)
—Wwy Wy 0
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and .
dr‘Sziw X dr . (2.81)

The vorticity tensor in Eq. (2.74) can be replaced by its dual vorticity vector,
according to

In drrotational flows, the vorticity w is everywhere zero, and, as a result, the rigid-
body rotation component u”) is zero. If the vorticity is not everywhere zero, then
the flow is called rotational. The rigid-body rotation component u(") also obeys the
relation

u” = Qxdr, (2.83)

where Q is the angular velocity. Therefore, the vorticity vector w is twice the
angular velocity of the local rigid-body rotation. It should be emphasized that the
vorticity acts as a measure of the local rotation of fluid particles, and it is not directly
connected with the curvature of the streamlines, i.e., it is independent of any global
rotation of the fluid.

It must be always kept in mind that the pure straining motion component u(®
represents strain unaffected by rotation, i.e., strain experienced by an observer ro-
tating with the local vorticity. The straining part of the velocity gradient tensor,
which is the rate of strain tensor, can be broken into two parts: an extensional one
representing isotropic expansion, and one representing pure straining motion with-
out change of volume. In other words, the rate of strain tensor D can be written as
the sum of a properly chosen diagonal tensor and a symmetric tensor of zero trace:

D - %tr(D)I 4+ D- étr(D) 1. (2.84)

The diagonal elements of the tensor [D — 1¢r(D)I] represent normal or extensional
strains on three mutually perpendicular surfaces. The off-diagonal elements rep-
resent shear strains in two directions on each of the three mutually perpendicular
surfaces. Noting that

tr(D) = V-u, (2.85)
Eq. (2.84) takes the form:

D = %V~uI + %[Vu+(Vu)T—§(V~u) I. (2.86)
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Therefore, the strain velocity, u®)=dr - D, can be written as

u® = ul® 4+ bt (2.87)
where )
u® = dr- 5 (Vou)I (2.88)
represents isotropic expansion, and
1 2
ult = dr. 5 [Vu+ (Vu)T — 3 (V-] (2.89)

represents pure straining motion without change of volume.
In summary, the velocity of a fluid particle in the vicinity of the point rg is
decomposed as
u(r,t) = u(rg,t) + u™ + u® 4 ué) (2.90)

or, in terms of the vorticity vector, the rate of strain tensor and the divergence of
the velocity vector,

u(r,t) = u(re,t) + %w Xdr+dréV-uI—i—dr-%[Vu—i—(Vu)T—%(V-u)I]. (2.91)

Alternative expressions for all the components of the velocity are given in Table 2.2.
The isotropic expansion component u® accounts for any expansion or contrac-
tion due to compressibility. For incompressible fluids, tr(D)=V-u=0, and, therefore,
u® is zero. In Example 1.5.3, we have shown that the local rate of expansion per
unit volume is equal to the divergence of the velocity field,
A= dim —— O gy (2.92)
vi—o V(t) dt
Since D is a symmetric tensor, it has three real eigenvalues, A\, A2 and A3, and
three mutually orthogonal eigenvectors. Hence, in the system of the orthonormal
basis {e], e), e5} of its eigenvectors, D takes the diagonal form:

A 00
D=|0 X 0 (2.93)
0 0 X

If v'=(r}, rh, %) is the position vector in the system {e], e}, €4}, then

Adr’

= u® = dr' . D' (2.94)
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Velocity in the vicinity of rg

u(r,t) = u(rp,t) + du
or
u(r,t) = u(rg,t) + u® 4 u®
or
u(r,t) = u(rg,t) + u + u® 4 ul)

Rigid — body translation

u(ro, t)

Relative velocity

du = dr-Vu = u + ul®

Rigid — body rotation

u =dr-S =dr-iVu—(Vu)] = Lw xdr = Qxdr

Pure straining motion

u® = dr-D = dr- % [Vu+ (Vu)T] = u® + ul

Isotropic expansion

u® =dr-ltr(D)I =dr-1(V-u)l

Pure straining motion without change of volume

ult = dr-[D—-1trD)I] = dr- 3 [Vu+ (Vu)’ —2(V-u)I]

Table 2.2. Decomposition of the velocity u(r,t) of a fluid particle in the vicinity of
the point rg.
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This vector equation is equivalent to three linear differential equations,

Adr!
AZ@ = Ndrl, i=1,23. (2.95)

The rate of change of the unit length along the axis of €] at =0 is, therefore, equal
to A;. The vector field dr’ - D’ is merely expanding or contracting along each of
the axes €. For the rate of change of the volume V of a rectangular parallelepiped
whose sides dr], dry and drj are parallel to the three eigenvectors of D, we get

AV A Adr! Adr! Adr!
= ag s dry,drh) = —— S0 drhdry, + dr Athrg + dr’ldréA—tg =
AV
- _ ) 2.
A~ MtV (2.96)
The trace of a tensor is invariant under orthogonal transformations. Hence,
1 AV
=trD =trD = V-u. 2.
V A =AM+t =tr V-u (2.97)

This result is equivalent to Eq. (2.92).

Another way to see that u(®) accounts for the local rate of expansion is to show
that V- u(®=A. Recall that V - u is evaluated at ro, and dr is the position vector
of particle P’ with respect to a coordinate system centered at P. Hence,

V-u® = v. <dr ~(V-u) ) = %(V~u)V-(dr~I) = - (V-uV-dr —

Wl

V-u® =v.u=A. (2.98)
Moreover, it is easily shown that the velocity u(® is irrotational, i.e., it produces no

vorticity:

V xul® :VX<dr Lwow ) _ %(V-u)Vx(dr-I) _lvwvxae —

W =

Vxu® =o0. (2.99)

In deriving Egs. (2.98) and (2.99), the identities V - dr=3 and V x dr=0 were used
(see Example 1.4.1).

Due to the conditions V-u(®=A and V x u(®=0, the velocity u® can be written
as the gradient of a scalar field ¢(¢)

u = Voo, (2.100)
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which satisfies the Poisson equation:
Vel = A (2.101)
A solution to Egs. (2.100) and (2.101) is given by

@) — _ 1 N1 /
3 (r) = 47T/VA(1~) e V) (2.102)
and ) ,
ur) = /V Ar) ﬁd‘/(r’), (2.103)

where V' is the volume occupied by the fluid.
The curl of the rotational velocity u™ is, in fact, equal to the vorticity w .
Invoking the vector identity

Vx(axb) =aV:-b—-bV-a+ (b-V)a— (a-V)b,

we get
Vxu = %Vx(w X dr)

1
= 3 w V.dr —drV-w + (dr-V)w — (w -V)dr].
Since V - dr=3, V - w =0 (the vorticity is solenoidal), (dr - V)w =0 (evaluated at
ro), and (w - V)dr=w , one gets
Vxu = w . (2.104)
Given that rigid motion is volume preserving, the divergence of the rotational ve-
locity is zero,

V.ul = %V(w X dr) = %[dr(wa)—w Vxdr] = =(dr-0 —w -0) =

N —

v-u" =0, (2.105)

which can be verified by the fact that the vorticity tensor has zero trace. Equa-
tions (2.104) and (2.105) suggest a solution of the form,

u” = vx B, (2.106)

where B(") is a vector potential for u(") that satisfies Eq. (2.105) identically. From
Eq. (2.104), one gets

Vx(VxBM) =w = V((V-BM) - VvB" = w . (2.107)
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If V- B =0,
VB = —w . (2.108)

The solution to Eqs. (2.106) to (2.108) is given by

1 w
(r) - !
BY(r) i /V T dv (r") (2.109)
and ) ( )
M) = .~ [ ETT) XL 1
u'(r) in /V PE av(r’), (2.110)

which suggest that rotational velocity, at a point r, is induced by the vorticity at
neighboring points, r’.

Due to the fact that the expansion, A, and the vorticity, w , are accounted for
by the expansion and rotational velocities, respectively, the straining velocity, u(s?),
is both solenoidal and irrotational. Therefore,

2
V.oult = %v : {dr Vu+ (Vu)' — 5 (Vow I]} =0 (2.111)
and
sty _ 1 T 2
V xu :§V>< dr - [Vu+ (Vu) —g(V~u)I] =0. (2.112)
A potential function ¢ such that
ult = vl (2.113)

satisfies Eq. (2.112) and reduces Eq. (2.111) to the Laplace equation,
VZplt) = 0. (2.114)

The Laplace equation has been studied extensively, and many solutions are known [9].
The key to the solution of potential flow problems is the selection of proper solu-
tions that satisfy the boundary conditions. By means of the divergence and Stokes
theorems, we get from Egs. (2.111) and (2.112)

/ V-ult gy = /n-u(‘gt) ds =0 (2.115)
1% S
and
/n-(v x ulM) ds = /t-u(St) dl = 0. (2.116)
S C
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It is clear that the solution u*") depends entirely on boundary data.

More details on the mechanisms, concepts and closed form solutions of local
and relative kinematics are given in numerous theoretical Fluid Mechanics [10-12],
Rheology [13] and Continuum Mechanics [14] publications.

Example 2.4.1. Local kinematics of stagnation flow
Consider the two-dimensional flow of Fig. 2.6, with Eulerian velocities

uy, = ex and uy, = —ey.

For the velocity gradient tensor we get

e O " .
Vu = [0 —5] =cii—¢ejj.

Since Vu is symmetric,
D = Vu = ¢ii —€jj,

and
S =0.

Therefore, the flow is irrotational. It is also incompressible, since
tr(D) = V-u=¢—¢ =0.

For the velocities u(”, u(® and u**), we find:

u” = dr-S =0,
(@ _ 1 _
u = dr-g(V~u)I—0,
1 2
ult = dr‘i[Vuﬁ—(Vu)T—g(V-u)I}:dr-(aii—ajj).

Therefore, expansion and rotation are zero, and there is only extension of the ma-
terial vector dr. If dr is of the form,

dr = adxi + bdyj,

then
ul = qedri — bedyj.

st)

If, for instance, dr=adz i, then u*=aedz i and extension is in the z-direction. O
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Example 2.4.2. Local kinematics of rotational shear flow
We consider here shear flow in a channel of width 2H. If the x-axis lies on the plane
of symmetry and points in the direction of the flow, the Eulerian velocity profiles

are
upy = c(H* —y*) and wy, = u, =0,

where c is a positive constant. The resulting velocity gradient tensor is

0 0 ..
Vu = l _2cy 0 ‘| — _2ch17
and thus
D = l[Vu + (vu)T] = O =Cy ey G+
2 —cy 0 ’
and
S = l[vu _ovw)f = | Y Y Z ey
2 —cy O
Since

the flow is incompressible,
If dr is of the form,
dr = adxi + bdyj,

then
u) = dr-S = (adzi+ bdyj)-cy (i —ji) = cy(~bdyi+adz]),
ul® = drév-ul =0,
WD~ gp [D—%V'UI] = (adzi + bdyj) - cy (—ij — ji)
= —cy(bdyi+adzj).

Despite the fact that the fluid is not rotating globally (the streamlines are straight
lines), the flow is rotational,

dug

dy

w =Vxu= - k =2cyk+#0.

The vorticity is maximum along the wall (y=H), and zero along the centerline
(y=0). The existence of vorticity gives rise to extensional strain. This is known
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as vorticity induced extension, to avoid confusion with the strain induced extension,
represented by dul®). Unlike the latter, the vorticity induced extensional strain does
not generate any normal stresses, but it does contribute to shear stresses. O

The rate of strain tensor D results in extensional and shear strain. Consider
again the relative velocity between the particles P and P’ of Fig. 2.7,

du = dr-Vu = (Vu)l - dr. (2.117)
By definition,
~ Ddr Ddr _ T
du = D = Dr = dr-Vu = (Vu)" -dr. (2.118)

Let a be the unit vector in the direction of dr and ds=|dr|, i.e., dr=ads. Then, from
Eq. (2.118) we get:

Dads B T 1 Dds B T
Dr = ads-Vu = (Vu)' rads = a - =2 Vu = (Vu)'-a =
1D 1D 1
1 Dds
— — =a-D-a. 2.11
ds Dt ~ 0® (2.119)

Equation (2.119) describes the extension of the material length ds with time. The
term a-D -a is called extensional strain rate. The extensional strain rate of a mate-
rial vector aligned with one Cartesian axis, dr=e;ds, is equal to the corresponding
diagonal element of D:

1 Dds ou;
— —e-D-e — D.: — '
ds Dt e s © ©i " ox;

(2.120)

Similar expressions can be obtained for the shear (or angular) strain. The shear-
ing of fluid particles depends on how the angle between material vectors evolves
with time. If a and b are unit material vectors originally at right angle, i.e., a-b=0,
then the angle 6, between the two material vectors, evolves according to

Do

— = —-2a-D-b. 2.121
Dily_, = 2 (2121)
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The right-hand side of the above equation is the shear strain rate. Since D is
symmetric, the order of a and b in Eq. (2.121) is immaterial. The shear strain
rate between material vectors along two axes ; and x; of the Cartesian coordinate
system is opposite to the ij-component of the rate-of-strain tensor:

Do
Dt €i,€;

aui 8uj
= —2e;-D-ej = —2D;; = — (axj - 8%) : (2.122)

Example 2.4.3. Deformation of material lines
We revisit here the two flows studied in Examples 2.4.1 and 2.4.2.

Irrotational extensional flow
For the material vector dr=ads with

ari+asj

)
q/a%%—a%

the extensional strain rate is

1 Dds D ari+azj (e i) api+agj

_ = a- A = ———— (el —¢li))  —=

ds Dt \/a? + a3 \/a? + a3
1 Dds a? — a3

ds Dt a? + a3 y
We observe that if a;=+a9, the material length ds does not change with time. A
material vector along the z-direction (dr=ids) changes its length according to
D(Inds) 1 Dds
Dt ds Dt
Similarly, for dr=jds, we find that ds=(ds)y e~ .

The shear strain rate for a=i and b=j is
D6
Dt |35

= ds = (ds)oe™.

= 2a-D-b = -2i-(cii—¢jj)-j=0,

in agreement with the fact that shearing is not present in irrotational extensional
flows.

Rotational shear flow
We consider a material vector of arbitrary orientation,

ari+asj

/2 2
ai + aj

dr = ads = ds,
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for which

D(Inds) 1 Dds
ZUVnes) 2P oD
Dt ds Dt R
api+azj ari+tasj 2a1a9

——[ey (i +iji)]- = 55y,
\Ja? + a3 /a2 + a3 ay + a3

D(Inds) aray  Ouy

Dt a?+ad3 Oy

or

We easily deduce that a material vector parallel to the z-axis does not change length.
The shear strain rate for a=i and b=j is

Do
—| =-2a-D:-b = -2i-[-cy(ij+ji)]-j = 2cy,
Dty
or
D6 B _8um
Dt i,j_ oy -

2.5 Problems

2.1. Repeat Example 2.1.2 for cylindrical droplets of radius R and length L > R.
How does the inside pressure change with R, L and o?

2.2. The Eulerian description of a two-dimensional flow is given by
uy = ay and wu, =0,

where a is a positive constant.

(a) Calculate the Lagrangian kinematics and compare with the Eulerian ones.

(b) Calculate the velocity-gradient, the rate-of-strain and the vorticity tensors.

(c) Find the deformation of material vectors parallel to the z- and y-axes.

(d) Find the deformation of material vectors diagonal to the two axes. Explain the
physics behind your findings.

2.3. Write down the Young-Laplace equation for interfaces of the following config-
urations: spherical, cylindrical, planar, elliptical, parabolic, and hyperbolic.

2.4. The motion of a solid body on the zy-plane is described by

r(t) = iacoswt + jbsinwt,

© 2000 by CRC Press LLC



where a, b and w are constants. How far is the body from the origin at any time
t? Find the velocity and the acceleration vectors. Show that the body moves on an
elliptical path.

2.5. Derive the equation that governs the pressure distribution in the atmosphere
by means of momentum balance on an appropriate control volume. You must utilize
the integral theorems of Chapter 1.

Free surface

Figure 2.8. Contraction of a round Newtonian jet at a high Reynolds number.

2.6. Consider the high Reynolds number flow of a Newtonian jet issuing from a
capillary of diameter D, as illustrated in Fig. 2.8. Upstream the exit of the capillary,
the flow is assumed to be fully-developed, i.e., the axial velocity is parabolic,

2
w2 (D,
nD* \ 4 ’

where 7 is the viscosity of the liquid, p is its density, and @} denotes the volumet-
ric flow rate. The liquid leaves the capillary as a free round jet and, after some
rearrangement, the flow downstream becomes plug, i.e.,

u, = V.

Using appropriate conservation statements, calculate the velocity V' and the final
diameter d of the jet. Repeat the procedure for a plane jet issuing from a slit of
thickness H and width W.

2.7. Use the substantial derivative,

D(ds)  0(ds)
S = o T Vids) (2.123)

to find how material lengths, ds, change along streamlines. Consider vectors tangent
and perpendicular to streamlines. Apply your findings to the following flows:
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(a) up=cx and uy=—cy;

(b) ugz=ay and u,=0.

2.8. A material vector a enters perpendicularly a shear field given by u,=ay and
uy=0. Describe its motion and deformation as it travels in the field. Repeat for the
extensional field given by u,=cx and u,=—ey.

v

_——

Figure 2.9. Plane Couette flow.

2.9. Calculate the configuration of a material square in the plane Couette flow, the
geometry of which is depicted in Fig. 2.9. The lower wall is fixed, the upper wall is
moving with speed V', and the z-component of the velocity is given by

Y
x = = V. 2.124

Consider three entering locations: adjacent to each of the walls and at y=H /2. How
would you use this flow to measure velocity, vorticity and stress?

2.10. The velocity vector
u(t) = Qt)rep + ur(t) e, + uz e,

describes a spiral flow in cylindrical coordinates.

(a) Calculate the acceleration vector a(t) and the position vector r(t).

(b) How things change when u,=0, Q(t)=Q and u,(t)=u? Sketch a representative
streamline.
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Chapter 3

CONSERVATION LAWS

Initiation of relative fluid motion and thus development of velocity gradients occurs
under the action of external force gradients, such as those due to pressure, elevation,
shear stresses, density, electromagnetic forces, etc. For example, rain falls to earth
due to elevation differences (i.e., gravity differential), and butter spreads thin on
toast due to the shearing action of a knife. Additionally, industrial liquids are
transferred by means of piping systems, after being pushed by pumps or pulled by
vacuum, both of which generate pressure differentials. Meteorological phenomena
are primarily due to air circulation, as a result of density differences induced by
nonisothermal conditions. Finally, conducting liquids flow in non-uniform magnetic

fields.

3.1 Control Volume and Surroundings

Mass, momentum and energy within a flowing medium may be transferred by con-
vection and/or diffusion. Convection is due to bulk fluid motion, and diffusion is
due to molecular motions which can take place independently of the presence of
bulk motion. These transfer mechanisms, are illustrated in Fig. 3.1, where, without
loss of generality, we consider a stationary control volume interacting with its sur-
roundings through the bounding surface, S. Due to the velocity u, fluid entering or
leaving the stationary control volume carries by means of convection:

(a) Net mass per unit time,

mc:/sp(n-u) as, (3.1)

where n is the local outward-pointing unit normal vector, and p is the fluid
density (subscript C' denotes flux by convection).

(b) Net momentum per unit time,

jC:/gpu (n-u)ds (3.2)
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Diffusion
4 in and out

Fluid Surroundings

"t “C“ontrul

----- <\ volume
Convection
in and out

Gravity

Figure 3.1. Convection and diffusion between a control volume and its surround-
mngs.
where J = pu is the momentum per unit volume.

(c) Net mechanical energy per unit time,

) 2
EC:/p<u7+l—)+gz> n-udsS, (3.3)
s p

where the three scalar quantities in parentheses correspond to the kinetic
energy, the flow work and the potential energy per unit mass flow rate; p is
the pressure, g is the gravitational acceleration, and z is the vertical distance.

(d) Net thermal energy per unit time,

e = / pU(n-u)dS, (3.4)
S
where U is the internal energy per unit mass. This is defined as dU = C,, dT,

where C, is the specific heat at constant volume, and T is the temperature.

(e) Total energy per unit time,
2

(ET)C:EC+Hc:/Sp<%+§+gz+U> (m-w)dS.  (3.5)

While convection occurs due to bulk motion, diffusion is independent of it, and
it is entirely due to a gradient that drives to equilibrium. For instance, diffusion,
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commonly known as conduction, of heat occurs whenever there is a temperature
gradient (i.e., potential), VT # 0. Diffusion of mass occurs due to a concentration
gradient, V¢ # 0, and diffusion of momentum takes place due to velocity, or force
gradients. Table 3.1 lists common examples of diffusion.

Quantity Resistance | Result or Flux
Temperature, T' 1/k —kVT

Solute, ¢ 1/D —DVe
Potential, V R ~-Lvv
Velocity, u 1/n n[Vu+ (Vu)?]

Table 3.1. Common examples of diffusion.

Common forms of diffusion in fluid mechanics are:

(a) Heat conduction, which according to Fourier’s law is expressed as

HD:—/k(n-VT)dS,
S

(3.6)

where k is the thermal conductivity (subscript D denotes flux by diffusion).

(b) Momentum diffusion, which according to Newton’s law of viscosity is expressed

f:/n-TdS,
S

where f, T, n and Vu are, respectively, the traction force per unit area,
the local total stress tensor, the viscosity and the velocity gradient tensor.
Momentum diffusion also occurs under the action of body forces, according to
Newton’s law of gravity,

as

where f is the weight, and g is the gravitational acceleration vector.
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Production, destruction or conversion of fluid quantities may take place within
a system or a control volume, such as mechanical energy conversion expressed by

E:/[W—p(v-u)—(T:Vu)]dV;éO, (3.9)
1%
and thermal energy conversion given by

H:/(T:Vu—i—pv-u):l:HrdV;éO, (3.10)
|4

where W is the rate of production of work, and H, is production or consumption
of heat by exothermic and endothermic chemical reactions. While mechanical and
thermal energy conversion within a control volume is finite, there is no total mass,
or momentum conversion.

According to the sign convention adopted here, mechanical energy is gained by
work W done to (4) (e.g., by a pump) or by (-) the control volume (e.g., by a
turbine). In addition, mechanical energy is lost to heat due to volume expansion
(V-u), and due to viscous dissipation (T : Vu), as a result of friction between fluid
layers moving at different velocities, and between the fluid and solid boundaries.

Owverall change of fluid quantities within the control volume such as mass, mo-
mentum and energy is expressed as

d
— [ qd 11
dt/vq v (3:11)

where ¢ is the considered property per unit volume or, the density of the property.

3.2 The General Equations of Conservation

The development of the conservation equations starts with the general statement of
conservation

Rate of | Net n Net " Production/ (3.12)
change | convection diffusion Destruction |’ '
which, in mathematical terms, takes the form,

%/V( yav == [ n-wds+ [K9( )mas+ [ )av. (313

Here, V and S are respectively the volume and the bounding surface of the control
volume, n is the outward-pointing unit normal vector along S, u is the fluid velocity
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with respect to the control volume, k is a diffusion coefficient, and V( ) is the
driving gradient responsible for diffusion. By substituting the expressions of Sec-
tion 3.1 in Eq. (3.13), the integral forms of the conservation equations are obtained
as follows:

(a) Mass conservation

(b) Linear momentum conservation

i/pudV:—/pu(n-u)dS+/n-TdS+/png. (3.15)
dt Jv S S 1%

(c) Total energy conservation

%/VpETdVZ_/SPET(n'u)ds+[9(n'T)'UdS+/‘/p(u~g)dV, (3.16)

where the total energy is defined as the sum of the mechanical and internal energy,
Er = E+ U. The last two terms in Eq. (3.16) are the rate of work or power, due
to contact and body forces, respectively.

(d) Thermal energy change

d
—/ pU dV = —/pU(u-n) dS—I—/[(T :Vu) +p(V-u)]dV
dt Jv s 1%
#/mwv+/qum5, (3.17)
\% S
where 7 is the viscous stress tensor related to the total stress tensor by T=—pIl+ 1.

(e) Mechanical energy change

d

d
2 B dv
ﬁAP

E/Vp(ET_U)dV
— 7/SPE(u.n)deL/Sn.(u.T)de/V[T :Vu+pV - u] dV

_|_/Vp(u.g) dVi/VHr dV—/Sk:(VT-n) ds . (3.18)
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The energy equations are typically expressed in terms of a measurable property, such
as temperature, by means of dU = C,dT. For constant C,, U = Uy + C,(T — Tp),
where Tj is a reference temperature of known internal energy Up.

The minus sign associated with the convection terms is a consequence of the sign
convention adopted here: the unit normal vector is positive when pointing outwards.
Therefore, a normal velocity towards the control volume results in a positive increase
of a given quantity, i.e., d/dt > 0.

Example 3.2.1
Derive the conservation of mass equation by means of a control volume, moving

with the fluid velocity.

Solution:
The total change of mass within the control volume, given by

d/pdV——/p(n~uR)dS,
dt s

is zero because the relative velocity, u’, between the control volume and its sur-
roundings, is zero. Furthermore, according to Reynolds transport theorem,

d op
%/VpdV—/VEdV—i—/Sp(n-u)dS—O.

By invoking the divergence theorem, we get

/8/)dV——/S(n~pu)dS:—/VV-(pu)dV —

Op
av = 0. 3.19
|5+ ew) (319)
Since the control volume is arbitrary,
dp
= 2
5 +V-(pu) =0, (3.20)
which is the familiar form of the continuity equation. O

Example 3.2.2. Flow in an inclined pipe
Apply the integral equations of the conservation of mass, momentum and mechanical
energy, to study the steady incompressible flow in an inclined pipe (Fig. 3.2).
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Figure 3.2. Flow in an inclined pipe and stationary control volume.

Solution:
For the selected control volume shown in Fig. 3.2, the rate of change of mass for
incompressible or steady flow is

d dp
— dVv = —dV =0.
dt/vp /vat

Therefore, net convection of mass is zero, i.e.,

/ p(n-u)dS = / p(ur -ny) dSr +/ p(u, - n,) dS, + p(uc -ne) dSc =0,
S S[ So SC
where ny,n, and n¢ are, respectively, the unit normal vectors at the inlet, outlet
and cylindrical surfaces of the control volume. The velocities at the corresponding
surfaces are denoted by uy,u, and uc.

At the inlet, n;-u; = —ul = —us(r); at the outlet n, - u, = u® = u,(r); nc - uc
is the normal velocity to the cylindrical surface which is zero. Moreover,

dS; = d(mr?) = 2nrdr);,  dS, = d(nr?) = (2wrdr),, dSc =27Rdz,

and
dV = d(nr?)dz = 2rrdrdz .
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The above expressions are substituted in the appropriate terms of the conserva-
tion of mass equation, Eq. (3.14), to yield

-2 /OR[ru(T)]j dr + 2w /OR[ru(T)}o dr+0=0,

and
R
/0 ([ru(r))r — [ru(r)]o) dr =0.

Since the control volume is arbitrary, we must have

[ru(r)]r = [ru(r)]o,

which yields the well known result for steady pipe flow, u(r); = u(r), = u(r), i.e.,
the flow is characterized by a single velocity component which is parallel to the pipe
wall and depends only on r.

For the same control volume, the rate of change of linear momentum for steady

flow is
d/ udV = /—dV 0.
at )"

Convection of momentum in the flow direction (z-direction) is given by

ez-/pu(n-u) ds = pez-/ uI(n[-u])dSI—i—pez-/ u,(n, - u,) dS,
S St

o

+pe, - / uc(ne - ue) dSe
Sc
= —27rp/ ru3(r d'r+27rp/ ru2(r) dr+0=0.
The contact force (stress) contribution is

ez-/n-TdS = ez-/ n1-T1d51+eZ~/ nO-TOdSO—i-ez'/ ng - To dSe
S St

So Sc

= ez-/ nj-(—pI—l—'r)dSI—i—ez-/ n,  (—pI+71)dS,
St

So

+ez-/ ng - (—pI+7)dSc
Sc

R R
= —27r/ (=p + Top)rrdr + 271'/ (=p + Toz)ordr + 2n(Az)R T,
0 0

© 2000 by CRC Press LLC



where 7% is the shear stress at the wall. By means of macroscopic balances, the
various quantities are approximated by their average values. Therefore,

2

R
e, / n-TdS = —2%7[(—19 + 7)1 — (—p+ T22)0) + 27R Az 7
s

= 7TRY)~Ap+ A1)+ 2rRTE Az,

where Ap=p, — pr < 0.
Finally, the body force contribution in the flow direction is

R
e, - / pgdV = e, - l/ p(grer + g€, + goep)2m rdr| Az
1% 0
R R2
= —27TAZ/ pgsin g rdr = —27T7Ang sin ¢ .
0

Therefore, the overall, macroscopic momentum equation is

Ap At 2 . . B
AL AL +ETTZ pgsing =0.

Example 3.2.3. Growing bubble

A spherical gas bubble of radius R(t) grows within a liquid at a rate R=dR/dt. The
gas inside the bubble behaves as incompressible fluid. However, both the mass and
volume change due to evaporation of liquid at the interface. By choosing appropriate
control volumes show that:

(a) the gas velocity is zero;

(b) the mass flux at r < R is pgR;

(c) the mass flux at 7 > R is —(pr, — pg) R(R?/r?).

Solution:
The problem is solved by applying the mass conservation equation,

i/ pdV:—/ n-p(u—us)ds,
dt Jv () S(1)

where V' is the control volume bounded by the surface S, u is the velocity of the
fluid under consideration, and uy is the velocity of the surface bounding the control
volume. In the following, the control volume is always a sphere. Therefore, the
normal to the surface S is n=e,..
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(a) The control volume is fixed (us=0) of radius r, and contains only gas, i.e., r < R.
From Reynolds transport theorem, we have

d Opc
— dV = dV =
dt /v PG dv Vv ot V=20

Therefore, for the mass flux we get

d
—/n-pg(u—us)dS':—/ pdV =0 =
s dt Jv )
/n-pgudS:() = u=0 foral r<R.
S

(b) The control volume is moving with the bubble (us=Re,) and contains only gas
(r < R). From Reynolds transport theorem, we get

i/ pcdV = / Opc dVJr/ n-(pgus)dS = 0+ paR (4nr?) = dmpgRr?.
dt Jv () v Ot S(t)

The mass flux is given by

i png:—/ n‘pg(u—us)dS:qZITer,
V(t) S(t)

dt
where ¢ is the relative flux per unit area. Combining the above expressions, we get
q=pcR.
(¢) The control volume is fixed (us;=0) and contains the bubble (r > R). From
Reynolds transport theorem, we get

d d d
v = —/ dv + —/ v
dt/ P dt ()pG dt Jv, @) L

3/)0 /
= V+ u,) dS
/VG(t) ot (e
/ apL V+/ (prus) dS —I—/ - (prus) dS
Vi (t
= 0+/ (pcus dS+O+0—/ e, (prus) dS
S(R)

= / (pc = pr) us dS = —(pr — pc) R (47R?) .
S(R)
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For the mass flux, we have
—/pn~(u—u8)dS = q4mr?.
S

Combining the above two equations, we get

. R?
q = —(pL —PG)Rﬁ-

3.3 The Differential Forms of the
Conservation Equations

The integral forms of the conservation equations derived in Section 3.2, arise natu-
rally from the conservation statement, Eq. (3.13). However, these equations are not
convenient to use in complex flow problems. To address this issue, the conservation
equations are expressed in differential form by invoking the integral theorems of
Chapter 1.

The general form of the integral equation of change, with respect to a stationary
control volume V bounded by a surface S, may be written as

/V%( )1dV:_/Sn'< )lud5+/sn-( )2d5+/v( )3 dV . (3.21)

Here ( ); is a scalar (e.g., energy or density) or a vector (e.g., momentum),
()2 is a vector (e.g., gradient of temperature) or a tensor (e.g., stress tensor),
and ()3 is a vector (e.g., gravity) or a scalar (e.g., viscous dissipation or heat
release by reaction).

By invoking the Gauss divergence theorem, the surface integrals of Eq. (3.21)
are expressed as volume integrals:

/Sn-( )1udS:/VV-[( )iu] dV,

/Sn~( )gdS:/VV~( ) dV .

Equation (3.21) then becomes

L€ n+ve1C m=ve( = kv 0. 2
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Since the choice of the volume V is arbitrary, we deduce that

o
Equation (3.23) is the differential analogue of Eq. (3.21). It states that driv-
ing gradients V( )2, or equivalent mechanisms, ()13, compete to generate
change, 0(  )/0t. The term V- ( )2 contains the transfer or resistance coeffi-
cients according to Table 3.1. These coefficients are scalar quantities for isotropic
media, vectors for media with two-directional anisotropies, and tensors for media
with three-directional anisotropies. Typical transfer coefficients are the scalar viscos-
ity of Newtonian liquids, the vector-conductivity (and mass diffusivity) in long-fiber
composite materials, and the tensor-permeability of three-dimensional porous me-
dia. As shown below, particular conservation equations are obtained by filling the
parentheses of Eq. (3.23) with the appropriate variables.

n+V[C =V )2=( )3 =0. (3.23)

Mass conservation (continuity equation)
For any fluid, conservation of mass is expressed by the scalar equation

T+ V(o] =
% +V-(pu)=0. (3.24)

Hence, a velocity profile represents an admissible (real) flow, if and only if it satisfies
the continuity equation. For incompressible fluids, Eq. (3.24) reduces to

V-u=0. (3.25)

Momentum equation
For any fluid, the momentum equation is

0
a(ﬂu)l + V- [(pu)1u] = V- (T)2 — (pg)s =0. (3.26)
Since T=—pI+ 7, the momentum equation takes the form
ou
p(a—i—u-Vu):V-(—pI—i—‘r)—i—pg. (3.27)

Equation (3.27) is a vector equation and can be decomposed further into three scalar
components by taking the scalar product with the basis vectors of an appropriate
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orthogonal coordinate system. By setting g = —gVz, where z is the distance from
an arbitrary reference elevation in the direction of gravity, Eq. (3.27) can be also
expressed as

Du ou

pP— :p<——i—u~Vu) =V (=pl+7)+V(-pgz), (3.28)
Dt ot

where D /Dt is the substantial derivative introduced in Chapter 1. The momentum

equation then states that the acceleration of a particle following the motion is the

result of a net force, expressed by the gradient of pressure, viscous and gravity forces.

Mechanical energy equation
This takes the form

% (pl;) +u-V (p%) = p(V-u)—V-(pu)—7 : Vu
+V.- (1 -u)+pu-g). (3.29)
To derive the above equation, we used the identities
u-Vp=V-(pu)—pV-u, u-V-r=V-(r-u)—71:Vu
and the continuity equation, Eq. (3.24).

Thermal energy equation
Conservation of thermal energy is expressed by

p[%—g+u-VU} =[r :Vu+pV-u]l +V(kVT)+ H,, (3.30)

where U is the internal energy per unit mass, and H, is the heat of reaction.

Temperature equation
By invoking the definition of the internal energy, dU = C,dT, Eq. (3.30) becomes,

T .
oC, <%_t+u.VT) — T Vu4pV-u+t VEVT) £ H, . (3.31)

For heat conduction in solids, i.e., when u =0, Vu = 0, and C, = C, the resulting

equation is
pC%—:: = V(kVT)+ H, . (3.32)
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For phase change, the latent heat rate per unit volume must be added as a source
term to the energy equation.

Total energy and enthalpy equations
By adding Egs. (3.29) and (3.30) and rearranging terms, we get

0 [ u? u?
l@t( —i—U) V<7+gz+U>

By invoking the definition of enthalpy, H = U + p/p, we get

=-V-u+V-(t-u)+V-(kVT). (3.33)

1\ 1
VH = VU + V(pV) = VU + pV (;> Vb, (3.34)

Equation (3.33) then becomes

0 [ u? u?
— H
l@t( —|—U> V<2—|—gz—|— )

The term (pV - u) represents work done by expansion or compression. This term is
important for gases and compressible liquids, but vanishes for incompressible liquids.
Notice also that the viscous dissipation term disappears from the total energy and
enthalpy equations.

= —pV-u+V-(r-u)+V-(kVT) . (3.35)

The equations of motion of any incompressible fluid are tabulated in Tables 3.2
to 3.4 for the usual orthogonal coordinate systems. The above equations are special-
ized for incompressible, laminar flow of Newtonian fluids by means of the Newton’s
law of viscosity

T=—pl+71 =—pl+7|Vu+V(w|. (3.36)

In the context of this book, we mostly deal with continuity, and the three com-
ponents of the momentum equation. The first four equations under consideration
are commonly known as equations of motion.

Example 3.3.1

Repeat Example 3.2.2 by using now the differential form of the equations of Ta-
ble 3.3. First derive the appropriate differential equations by simplifying the con-
servation equations; then state appropriate assumptions based on the geometry, the
symmetry of the problem, and your intuition.

Solution:
We employ a cylindrical coordinate system with the z-axis alligned with the axis of
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Continuity equation

Ju, , Ou ou, _
9 Ty t oz =0

Momentum equation
xr—component :

p (?T Uy Ty +“zw> =

— ap 0Tz 87—3/33 0Tz
_%—i_[&x T dy Tz | TP

y—component :
0 0 0 0

Oy

o 0T, oT, 0T,
y { or t oy T 8zy} + P9y

z—component :

0 (66utz +Uac% —|—uy%“yz +uz%uzz> =

_ Op 0Ty | OTyz | O7os
—_%+[az +aZ+az]+sz

Table 3.2. The equations of motion for incompressible fluids in Cartesian coordi-
nates.

© 2000 by CRC Press LLC



Continuity equation

==

Yo
S|
o))
IS
>
+
QD
S
IS

+ (ruy,)

g
i

Momentum equation

r—component :

2

18 ]-87‘ 87’2
== gr + [rarCrme) + 2 - G e

f#—component :

Jdug Jdug
P ( ot T Urgp T

00

10p
:

z—component :

Ou., Ou, 7] Ou, ouy\ _
(TJF“TT T*“ZW) =

_ _Op

=-gE+r

107y, Brzz}
s

867(7“7—7',2) a T + pg.

Table 3.3. The equations of motion for incompressible fluids in cylindrical coordi-
nates.
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Continuity equation

1 0 2 1 0 . 1 aqu .
T—28?(r up) + ma@(ugsm@ + 50 06 —

Momentum equation

r—component :

8ur+u U, ugé)ur_i_ ug 8ur_uz+ui _ _Op
or T 7T 89 T rsind 00 or

+
m| —
S
e

3

+
—_
g

1 O7rg gy + quﬂ
T

(ro sin ) + rsinf 0¢ +Pgr

0 —component :
2
us cot
p(@u@+ T8U0+%8U0+ Ugp 8u@+urru9_ ¢r >_ %Gp

ot or T 90 " rsinf 00 00

+[#%(rzw)+ﬁ%(mgsme) TS}DQ%JFW C0ﬁ97¢¢]+pga
o— component

Table 3.4. The equations of motion for incompressible fluids in spherical coordi-
nates.
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symmetry of the pipe. It is obvious then that u,=uy=0; since the flow is axisym-
metric, du,/00=0. The continuity equation from Table 3.3 then yields du,/0z=0.

Therefore, the axial velocity is only a function of r, u,=u,(r). Using g, = —gsin ¢,
the z-component of the momentum equation becomes
8]9 10 0T,
0=——"+——=— . 3.37
0z + ror (r7r=) + 0z t g ( )

The above microscopic, differential equation has a form similar to the macroscopic
one (final result of Example 3.2.2). As discussed in Chapter 5, Eq. (3.37) can be
solved for the unknown velocity profile, u.(r), given an appropriate constitutive
equation that relates velocity to viscous stresses. O

3.4 Problems

3.1. Repeat Example 3.2.1 for the conservation of linear momentum. Assume that
the control volume travels with the fluid, i.e., it is a material volume.

3.2. Derive the equation of change of mechanical energy under the conditions of
Example 3.2.2.

3.3. Prove that the velocity in the surrounding liquid at distance r > R(t) of the
growing bubble of Example 3.2.3 is

 (mom) R oty
Up = 9
PL r2 dt

using as a control volume either

(a) a fixed sphere of radius r > R(t), or

(b) a sphere of constant mass with radius r > R(t)

that contains the growing bubble and the adjacent part of the liquid.

3.4. Starting from the macroscopic mechanical energy equation, Eq. (3.18), show
how the corresponding differential one, Eq. (3.29), is obtained. Explain the physical
significance of each of the terms in Eq. (3.29). Repeat for Eqgs. (3.17) and (3.30),
and Egs. (3.16) and (3.35).

3.5. For a three-dimensional source at the origin, the radial velocity u is given by

where k is a constant. This expression represents the Eulerian description of the
flow. Determine the Lagrangian description of this velocity field. Show that the
flow is dynamically admissible.
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u(r)

Figure 3.3. Radial flow from a porous sphere.

3.6. Analyze the purely radial flow of water through a porous sphere of radius Ry
by first identifying, and then simplifying the appropriate equations of motion.

3.7. What are the appropriate conservation equations for steady, isothermal, com-
pressible flow in a pipe?

3.8. The momentum equation for Newtonian liquid is

0
p<8—1:+u-Vu> = —Vp+nViu+pg.

Assuming that the liquid is incompressible, and by using vector-vector, vector-
tensor, and differential operations, show how to derive the following equations:

(a) Conservation of vorticity, w =V x u
(b) Kinetic energy change, E, = 1/2(u-u)p
(c¢) Conservation of angular momentum, Jg =r x J =r X pu

Explain the physical significance of the terms in each equation.

3.9. Incompressibility paradox [7]. Here is a proof that the only velocity field that
satisfies incompressibility is a zero velocity! Starting with

V-ou=0, (3.38)

where u is the velocity field, and using the divergence theorem, we find that

/n-udS:/V-udV:(). (3.39)
S \%4
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As a result of Eq. (3.38), there is a stream function, A, such that
u=VxA,
and, therefore, Eq. (3.39) implies that
/Sn-(VXA) s = 0.
Using Stokes’ theorem we get,
j[c(A-t)de . /n-(vXA) s = 0.

S

The circulation of A is path-independent and, therefore, there exists a scalar func-
tion, 1), such that
A = Vv,

and
u=VxA=VxVy =0.
What went wrong in this derivation?

3.10. Conservative force and work [8]. A conservative force, F, is such that
F = —V¢,

where ¢ is a scalar field, called potential.

(a) Show that any work done by a conservative force is path-independent.

(b) Show that the sum of the potential and the kinetic energy of a system under
only conservative force action is constant.

(c) Consider a sphere moving along an inclined surface in a uniform gravity field.
Identify the developed forces, characterize them as conservative or not, and evalu-
ate the work done by them during a translation dr. Show that the system is not
conservative. Under what conditions does the system approach a conservative one?
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Chapter 4

STATIC EQUILIBRIUM OF
FLUIDS AND INTERFACES

Fluids considered as continuum media are in static equilibrium when, independently
of any stationary or moving frame of reference, there is no relative motion between
any of their parts. Since, by definition, a fluid cannot support shear stresses without
deforming continuously, static equilibrium is characterized by the absence of shear
stresses, or any other mechanism that gives rise to relative motion. Consequently,
velocity gradients in static equilibrium do not exist. According to these definitions,
a fluid is under static equilibrium even if it is subjected to a rigid-body translation
and/or rotation, since these types of bulk motion do not involve relative motion
between parts of the fluid. In fact, for these motions there is a reference frame
moving and/or rotating with the velocity of the rigid-body motion, such that the
velocity of any part of the liquid with respect to the frame of reference is zero.
Therefore, the only velocity and acceleration that can exist under static equilibrium
are uniform, and common to all parts of the fluid.

The lack of velocity gradients in static equilibrium implies that the only stress
present is an isotropic pressure that is normal to fluid surfaces of any orientation.
The pressure develops due to body forces, such as gravity and centrifugal forces, that
counterbalance contact forces. The equilibrium between these forces is expressed by
the hydrostatic equation. In static equilibrium, the state of stress is characterized
by a diagonal stress tensor with components identical to the negative value of the
pressure. Moreover, the mechanical pressure is identical to the thermodynamic pres-
sure, due to random molecular motions and collisions. Under flow conditions, the
two are different from each other.

Consider two stratified immiscible liquids of different densities p4 and pp, with
one fluid on top of the other under the influence of gravity, or next to each other
in a centrifugal field. At the area of contact, the density changes continuously from
pA to pp over a short distance so that a discrete macroscopic interface develops [1].
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Figure 4.1 shows the microscopic and macroscopic transition from one liquid to
another.

ss2ss2sd)
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Figure 4.1. On a macroscopic scale, in nm, the sharp continuous microscopic
transition from pa to pp appears as a mathematical discontinuity.

Due to anisotropic interactions of molecules adjacent to interfaces or free surfaces
—interfaces between liquids and gases— the resulting state of stress and deformation,
are different from those of the bulk liquid. This is true for both static equilibrium
and flow conditions. In static equilibrium, the state of the stress is modeled by
the Young-Laplace equation, which relates the pressure discontinuity across the in-
terface to surface tension and the curvature of the interface. The Young-Laplace
equation combines with the hydrostatic equations of each phase to form the gen-
eralized Laplace equation for the interface configuration. The generalized Laplace
equation then allows the determination of the curvature of the interface as a function
of the associated body forces, surface tension, and the densities of the two phases.

This chapter combines both the mechanics of static equilibrium for single phases,
and the mechanics of interfaces that are common boundaries to single phases. In
most phenomena and applications, the two coexist. Typical examples are: den-
sity stratification of fluids; droplets and bubbles in equilibrium; wetting and static
contact lines and angles; capillary climbing or dipping; buoyancy across interfaces;
free surfaces of liquids trapped by solid substrate(s); thin film flows, spreading and
leveling of liquids on substrates, etc. Most of these phenomena are analyzed below
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either in examples or in problems at the end of the chapter.

4.1 Mechanics of Static Equilibrium

The most common body force on a control volume under static equilibrium is the
force due to gravity,

where F is the gravity force per unit mass, and g is the gravitational acceleration
vector. Occasionally, we may also have electromagnetic forces of the form

_

F, 2 (4.2)

where k is a material constant, @) is the charge of the source of the force, ¢ is the
charge density of the static system, r is the distance between the two, and e, is the
force direction.

The only contact force acting along the boundaries of the system is a normal
pressure force which is identical to the hydrostatic pressure, p?, according to

F.=n-T =n-(—pfl) = —pln = —pn, (4.3)

where n is the unit normal vector to the boundary, and T is the total stress tensor.
The system can be in rigid-body translation and/or rotation with acceleration a,
which is also equivalent to an inertia force per unit mass of

F, = a. (4.4)

In the absence of convective momentum, the momentum or force balance for a
system of fixed volume V', bounded by surface S, and moving with uniform velocity
u, is expressed as

d
—/pudV = /prdV—f—/chS, (4.5)
dt Jv Vv S

where, Fy=F, + F,, and F.=n - T=—pn. For a constant volume V', application of
the Gauss theorem, reduces Eq. (4.5) to

0
/ [—(pu) — pFy + Vp} av = 0. (4.6)
v LOt
For an arbitrary control volume and constant density,

1
a—Fb+;Vp:0, (4.7)
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which is the hydrostatic equation. Equation (4.7) relates the pressure distribution to
density, acceleration, and the body force, under hydrostatic conditions. As shown
below, Eq. (4.7) can be solved easily by expressing all terms in gradient form.

The gravitational force according to Newton’s law of universal gravity is

— ©r, (48)

where G = 6.67 x 10~ 8dyn - cm?/gm?, M, is Earth’s mass, and r is the distance
from Earth’s center to the center of mass of the system. Since both M, and r are
large, Eq. (4.8) can be written as

~ GM,

By = TtV ox) = mer, (19)

where r( is the local Earth’s radius, and gg is the local gravitational acceleration
(approximately 9.81 m/sec?). The gravitational body force can then be cast in the
form

F,=gV(r—rg) ~ —goVz ~ —¢gVz, (4.10)

where z measures the local vertical distance from Earth’s surface. Density is often
a dependent variable, expressed as a function of the thermodynamic pressure and
temperature. Equations of state relate density to other thermodynamic properties,
i.e., to pressure and temperature,

p=ppT) . (4.11)

Density may change with pressure, depending on the isothermal compressibility,
defined by

9(In p)
B= {—] , 4.12
op Ir ( )
and with temperature, depending on the coefficient of thermal expansion,
d(In p)
= — . 4.13
o= ") (4.13)

When changes in pressure and temperature are small, a commonly used equation of
state is

p = po[l+B(p—mpo)—a(l -Tp)], (4.14)

where pg, po, Ty are respectively reference values for density, pressure and tempera-
ture.
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Equation (4.14) includes the behavior of incompressible liquids in the limiting
case of

a=p=0. (4.15)

Real and ideal gases may also be approximated by the ideal gas law, when the
compressibility factor Z is near unity as

p = (ZiRT)p, (4.16)

where M is the molecular weight, R is the universal gas constant. (The approxi-
mation, of course, is exact for ideal gases where Z=1.) In isothermal processes, the
instantaneous density is proportional to p, while in isentropic processes is propor-
tional to p?, where v = C,,/C,, is the ratio of the specific heats at constant pressure
and volume. In general polytropic processes, density is proportional to p™, where n
is a constant.

Equations (4.14) to (4.16) express density as a function of both pressure and
temperature. Fluids for which the temperature can be neglected or eliminated so
that density is a function of the pressure alone,

p = p(p), (4.17)

are called barotropic.

A way to eliminate the temperature dependence is to express both the pressure
and temperature, in terms of a unique new variable, for instance, the elevation
in atmospheric air, or to describe the way the two vary during a process, e.g.,
by means of Eq. (4.16). In case of barotropic gases and incompressible fluids, the
density-pressure term of the hydrostatic equation can be cast in gradient form as

\Y% (]—)) , incompressible fluid

1
ZVp = P (4.18)
p c¢V(p™), barotropic gas
where, ¢ and m are appropriate constants.
The rigid-body translational acceleration can be written as
ar = V(at . I‘) . (419)

Similarly, the rigid-body rotational acceleration in uniform rotation is expressed as

1
arza(w XIr)=w Xu=w Xw xr:—§V(w xr)? . (4.20)
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Therefore, the acceleration can be cast in the form

1
a=Vo, CI):at-r—i(w xr)? . (4.21)

If a is viewed as an inertia force, ® can be interpreted as a kinetic energy, related to
the work done by the system due to changes in its position, r. In fact, for a uniform
circular motion

1 2 L oo L

P=——(w Xr)'=——w"R°"=—=1u”, 4.22

Sl xr)?=— ; (422)
which is exactly the kinetic energy per unit mass. The same is true for linear
motion where du = a dt and dr = u dt. Therefore, inertia forces can be viewed as
the gradient of the kinetic energy potential.

By casting all terms in gradient form, Eq. (4.7) is expressed as

1
V(®+gz) + ;Vp =0. (4.23)

By integrating the above equation between two arbitrary points 1 and 2, we get

2

2 dp W 2 2
> > ar (xo —x1) — —(R5 — R = 0. 4.24
/1 ( ) g( 2 1) t( 2 1) 9 ( 2 1) ( )

In Eq. (4.24), the pressure difference between any two points of a fluid in static
equilibrium is given in terms of the elevation difference (z2 — 21), the distance in the
direction of the acceleration (z9 — x1), the radii difference from the axis of rotation
(R3 — R?), the gravitational acceleration g, the uniform angular velocity w , the
translational acceleration a;, and the density distribution between the points.

The pressure term can be integrated in case of
(a) incompressible fluids to

/p2@:p2_p1. (4.25)
poP p
(b) ideal gases under isothermal conditions to
D2
l/f@_ﬁfn@; (4.26)
pr P M p

(c) isentropic or polytropic ideal gases to

P2
/ Lo - . (4.27)
p1 P
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Equation (4.24) generalizes the steady Bernoulli equation for static incompress-

ible liquids,

uj — uf

P2 —p1
, +g(z2 —21) + 5

to include the effects of rigid-body motion as well. Indeed, for the last two terms of
Eq. (4.24), we get

=0, (4.28)

w? Au? +Au? Au? ud —ud
ay(ry — 1) — ?(Rg—Rf) = —t 5 === 2 5 L (4.29)

This similarity shows that gravity forces are gradients of the potential energy, inertia
forces are gradients of the kinetic energy, and pressure forces are gradients of the
pressure or strain energy.

Under relative flow and deformation, Eqgs. (4.24) and (4.28) are generalized along

streamlines to
uj — uj

2

b2 —Pp1

2
+g(z2—21) + +/1 (Tt :Vu)ds=0. (4.30)
The last term represents loss of mechanical energy to heat by wviscous dissipation
along the streamline.

Example 4.1.1 below highlights the application of the hydrostatic equation to
an engineering problem, dealing with forces on bodies submerged in fluids. Ex-
ample 4.1.2 highlights the derivation of the well known Archimedes principle of

buoyancy [4]: “bodies in fluids are subjected to buoyancy forces equal to the weight
of the displaced fluid.”

Example 4.1.1. Force on a submerged surface

Find the resultant force vector on the hemispherical cavity with radius R shown in
Fig. 4.2. Assume that the center of the cavity is at a depth A > R, below the free
surface of a liquid of density p.

Solution:
The pressure at a point on the hemisphere is given by p=pg(h — Rsin#). The force
on an infinitesimal area d.S is then

dF = —npdS = —e,pdS = —e,p R? cosddp —

dF = —(sinfj + cosf cos¢i + cosf singk) [pg(h — Rsind)|R* cos 0dfdp . (4.31)
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Figure 4.2. Force on a submerged surface.

Due to symmetry, the total force is

—7/2 J—m/2 —m/2

F=- /”/2 /”/2 ()it ()fldodo = — <2pgR2 /,7/2 (h — Rsinf) cos® 0d9> i

w/2
- (ngRQ/ (h — Rsinf) sin 6 cos 9d9> i =
—m/2

(4.32)

2mpgR®
F = —(ngRQh)i+< P9 )j.

3

The magnitude of the force is

4 h?2
F = \[F24+F? = ﬂpgRQ\/hQ—i—gRQ = ﬂpgRBMﬁ%— ; (4.33)

for its direction, we get

O =~

F 2R
¢r = arctan Fi = arctan 3, < 0. (4.34)

Hence, the force is directed downwards and inwards. As R/h — 0 the force becomes
horizontal. O
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Example 4.1.2. Archimedes principle of buoyancy

A solid of volume V; and density ps is submerged in a stationary liquid of density
pr, (Fig. 4.3). Show that the buoyancy force on the solid is identical to the weight
of the liquid displaced by the solid.

[ Free surface
z . \

Figure 4.3. Buoyancy force.

Solution:
The contact force along the surface S is given by

F, = /(—pn) ds = —PLg/anS = —pLg/ VzdV = —pLg/ kdV =
S S v v

Fy = (—pLgVi) k. (4.35)

The last term is the buoyancy force directed upwards with magnitude equal to the
weight of the displaced liquid. The solid will equilibrate under an external force F.,
such that

F. = _/V psg AV — /S(—pn) dS = —psgVs — (-prgVs)k =

F. = sg (pL - ps) k. (4'36)

Thus, the external force is directed either upwards or downwards depending on the
density difference, (pr, — ps). In the case of pr=ps, the solid will equilibrate without
any external force applied. O
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Example 4.1.3. Archimedes principle generalized to two fluids
Repeat Example 4.1.2 for a solid in equilibrium across a planar interface of two
immiscible liquids of densities p4 and pp, with p4 > pp, as shown Fig. 4.4.

Figure 4.4. Buoyancy force on a stationary body at the interface of two immiscible

fluids.

Solution:
The buoyancy force is

F, = / —pn dS + —pn dS = —/ (Vp)dv — | (Vp)dV
Sa+SaB Sp+SaB Va \%:]
= —/ 9VipsH + pa(z — H)| dV — /V gV(ppz) dV
B

Va
_ —g/1pAVzﬂ/—g ppVzdV =
VA VB

Fy, = —g(paVa—pBVE) k. (4.37)

Therefore, the Archimedes principle applies to stratified fluids as well, where each
part of the solid is subjected to a buoyancy force equal to the weight of the displaced
liquid. For the solid to equilibrate at the interface, an external force, F., must be
applied such that

F. = -Fy—F;=9(paVa+psVe)k —psg(Va+Vp)k =

Fe = glpaVa+peVs — ps(Va+Vp)l k. (4.38)
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The force is upwards, zero or downwards depending on the value of the ratio

paVa+pBVB
R="————. 4.39
ps(Va+ VB) ( )
Notice that, in the case of a single liquid of density pa=pp=pr,
R =", (4.40)

Ps

in agreement with Eq. (4.36) of Example 4.1.2. Note also that for a planar inter-
face, there is a strictly horizontal surface tension force away from the body in all
directions, which however, does not alter the vertical forces. O

Example 4.1.4. Archimedes principle in rigid-body motions

Derive Archimedes principle of buoyancy for a solid of density ps and volume V; sub-
merged in a liquid of density p; which translates with velocity U, and acceleration
a (Fig 4.5). Assume no relative motion between solid and liquid.

Interface

1

, P
: 0
1

l -

H(x)

Figure 4.5. Buoyancy under rigid-body translation.

Solution:
The buoyancy force is given by

P = [(om)as = = [ Vodv = — [ Vit pg(ie) 9] av

dH a.,
= PLQ/ de—pLg/ —ldV:(PLng)k—PLQ/ —idV =
V. v. dx

s s

Fy = (prgVs) k — (praVs)i. (4.41)
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Thus, the magnitude of the buoyancy force is

|Fy| = prVsy/ g2 + a? , (4.42)

tanf = —7 . (4.43)

a

and its direction is given by

To hold the solid body in place, an external force, F,, is required such that

Fe:—/ psng—l—/npdS—i-/ psadV . (4.44)
Vs S Vs

which reduces to
Fo= [ (p=p)(g—a)dv. (4.45)

4.2 Mechanics of Fluid Interfaces

A force balance on the interface S of two immiscible fluids A and B (Fig. 4.6) gives

Fluid B, Py

(. Interface S

Fluid A, B,

Figure 4.6. Interface of two immiscible fluids.

n-(Tp—Ty)+Vio+n2Ho+~(F,—a)=0, (4.46)
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where n is the unit normal vector to the interface pointing from liquid B to liquid
A, o is surface tension, v is the surface density, F, is the body force per unit mass,
and a is the acceleration vector. Note that the gradient operator is defined in terms
of local coordinates (n,t), i.e.,

0 0

Vir=t—=(0()4+n—() . 4.47

n=te () +n o () (4.47)

The surface tension gradient, Viro, which is, in general, present with surfactants

at the vicinity of alternating curvature, and with non-isothermal interfaces, is re-

sponsible for shear stress discontinuities which may often initiate flow in thin films.

In the absence of surfactant and temperature gradients, surface tension gradient is
Z€ero,

Viio=0. (4.48)

Additionally, since the surface density is negligible, v = 0, the equation reduces to
the vector equation

n-(TB—TA)—l—nQHJ:O. (4.49)
The two components of the above equation are the normal stress interface condition,

n-n-(Tp—Ty) +n2Ho] = (P —p)+ (72, —7B)—2Hs =0,  (4.50)

nn

and the shear stress interface condition,

t-n-(Tp—Ta)+n2Ho] =75 -74=0, (4.51)

4 and 7!, are normal and tangential shear stresses to the interface from

the it-fluid, i.e., they are stress components with respect to a natural coordinate
system.

Equations (4.50) and (4.51) include the special case of a free surface when Ti‘;-‘:(),

where T,

and pA = Pgas- The mean curvature, 2H, of a surface is necessary in order to account
for the role of surface tension that gives rise to normal stress discontinuities.

The shape and curvature of surfaces are studied within the context of differential
geometry [6]. Elements of the theory on surfaces, combined with surface tension me-
chanics gives rise to capillary interfacial phenomena some of which are summarized
below [7].
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z 2(x) zA ‘

0o x le
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(a) (b)

Figure 4.7. Cylindrically symmetric fluid surfaces: (a) surface wave; (b) wall
wetting and climbing by fluid.

4.2.1 Interfaces in Static Equilibrium

Under no flow conditions, and therefore, zero viscous stresses, Eq. (4.49) simpli-
fies to the Young-Laplace equation of capillarity that governs the configuration of
interfaces under gravity and surface tension. Most classical and modern capillarity
theories deal with interfaces that are two-dimensional, cylindrical or azisymmetric
(Fig. 4.7). Cylindrical means translational symmetry with constant curvature along
straight lines known as the generators of the cylinder. Axisymmetric means rota-
tional symmetry where the surface is generated by rotating a rigid curve around a
fixed axis. In both cases, the position and the mean curvature of the interface are ex-
pressed in terms of a single surface coordinate and involve only ordinary derivatives.
Therefore, the Young-Laplace equation [8],

Ap = 2Ho ,

reduces to a non-linear, second—order ordinary differential equation that can be
solved either analytically or numerically. For other interface shapes, the Young—
Laplace equation remains a second-order elliptic, non-linear partial differential equa-
tion not amenable to analytical solution, and it is therefore solved numerically.
For interfaces and free surfaces with general configuration, the mean curvature

2H can be expressed as
dt
2Hn = — 4.52
o (4.52)
where t and n are the tangent and normal vectors, respectively, and s is the arc
length.
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For a cylindrically symmetric surface, e.g., the surface wave shown in Fig. 4.7,
described by

z=2z(x), (4.53)
or, equivalently, by
flx,2)=2z—z(x), (4.54)
the mean curvature is .
oOH = — 2% (4.55)

VA F 223
For a rotationally symmetric surface, e.g., liquid droplet on top of, or hanging
from a surface, as shown in Fig. 4.8, described by

z=z(r), (4.56)

or, equivalently, by
flz,r) =2—2(r), (4.57)

the axisymmetric version of Eq. (4.52) yields

Zr Zrr 1d T2y
2H = = —] . 4.58

(),

T
0

AL LS LS TS S AP A S A VA

(a) (b)

Figure 4.8. Rotationally symmetric surfaces: (a) surface of droplet or liquid spread-
ing on substrate, described by z=z(r); (b) swelling of liquid jet, described by r=r(z).

The same surface can alternatively be described by

r=r(z), (4.59)
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in which case,
1 Tys

2H = — . 4.
FA+ )2 (141232 (4.60)

The differential equation of interfacial statics is deduced easily from Eq. (4.46),

n (pa—pp)+n2Ho+Vio+~v(F;—a) =0. (4.61)

The difference (pp — pa) is the pressure jump between the two bulk fluids. Thin
films and membranes can be modeled as mathematical surfaces for which the same
equation applies.

The component of Eq. (4.61) normal to the interface is

(pa—pB)+2Ho+yn-(F—a)=0. (4.62)
Its projection onto the tangent plane to the interface is
Vio++P - (F—a) =0, (4.63)

where Py is the surface projection tensor. Equation (4.63) reveals that film tension
o in any free-hanging film cannot be uniform, since tension gradients must exist to
offset the tangential component of the force due to gravity. These equations apply
directly to soap films hanging in air, to lipid films supported in aqueous solutions,
and to other mobile films. The general problem of determining the shape of fluid
interfaces of uniform tension is relevant in a number of practical fields, including
measurement of surface tension, wetting and spreading of liquids, application of thin
films and coating, metal welding, bubbles and droplets etc. [9, 10].

If the fluids on either side of an interface are incompressible, and body forces
and accelerations are conservative, the equations of mechanical equilibrium of the
bulk phases are

Vpa+pa(@+9)] =0 and Vipp+pp(®+¥)] =0, (4.64)

where, ® and U are respectively the gravitational, and kinetic energy potentials.
Subtracting one from the other gives

Vipa—pB+ (pa—pB)(@+¥)] =0, (4.65)

which is integrated to

pa—pB+ (pa—pB)(® + V) = (pa — pB)(Pg + ¥g) = constant . (4.66)
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The reference potential, &g + ¥¢, is taken where p4 = pp, which is true at loca-
tions with planar interface. Equation (4.66) combines with Eq. (4.62) to yield the
generalized Laplace equation of capillarity, along the interface

n(pp —pa)(® — P+ V —Vg)=n2Ho + Vo+yV(P+ V). (4.67)
In the common case of V;;o=0 and =0, this equation reduces to

o — (PB—PA)((I)_(I)O‘F‘I’—‘I’O)'
o

(4.68)

If U=W(=0 (absence of acceleration) and ®=gz, then

(pB —pa)9(z —20) _ pB—pa
o o

2H =

(4.69)

This is the Young-Laplace equation for static interfaces. For planar interfaces, where
® = ®p and ¥ = ¥y, Eq. (4.69) reduces to

2H =0. (4.70)

Similar expressions can be derived for interfaces of known constant curvature, such
as spheres and cylinders for which

1 1 2
2H= —+ — = — 4.71
Ry * Ry R’ ( )
and
1 1 1
2H=—+ —=— 4.72
R1 + (0. ¢] R ’ ( )
respectively.

For interface configurations with variable curvature, the equation of capillarity
is a nonlinear differential equation, which can be solved numerically to obtain the
shape of the interface, e.g, the shapes of sessile and pendant drops and bubbles,
static menisci, and downward and upward fluid spikes on substrates.

Example 4.2.1. Measurement of surface tension

The Wilhelmy plate is a widely used method to measure surface tension [11]. A
plate of known dimensions S, L and h and density ps is being pulled from a liquid
of density pp, and surface tension ¢ in contact with air of density pa, Fig. 4.9.

(a) What is the measured force F'(o)?

(b) The datum of force, Fj, is the force when the plate is entirely submerged in
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Z_e (contact angle)

—Y P= 2(§+L)

wi>

s

Figure 4.9. The Wilhelmy plate for measuring surface tension.

phase A. An improved method is to position the plate in such a way that surface
tension can be measured without knowing the densities p4 and pp. What is the
appropriate positioning?

Solution:
The net force exerted by fluid A on the submerged part is

Fy=—pa ghaSL , (4.73)
while net force exerted by fluid B on the remaining part is
Fp=pp ghpSL . (4.74)
The surface tension force on the plate is
F, = —oPcosf . (4.75)
The weight of plate is
W = —psgV = —psg(ha + hp)SL . (4.76)
The total force balance thus gives

Fa+Fp+F,+W=0. (4.77)
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Therefore,
F = gSL[ha(ps + pa) + hp(ps — pB)| + P cosb . (4.78)

The datum of force measured with the plate entirely submerged in phase A is

Foy=gSL(ha + hg) [ps — pal - (4.79)

Therefore,
F — Fy=gSLhp(pa — pB) +cPcosb . (4.80)

To make F' — Fy=0 P cos 8, we must have hp=0, i.e., the bottom of the plate must
be lined-up with the level of the free surface. a

Example 4.2.2. Capillary rise on vertical wall
The Young-Laplace equation for a translationally symmetric meniscus in the pres-
ence of gravity reduces to

% = —gA(pz). (4.81)
From differential geometry,
1 d¢
- = — 4.82
R ds’ (4.82)

where ¢ is the local inclination, and s is the arc length (Fig. 4.10). Calculate the
shape of the resulting static meniscus.

Figure 4.10. Height of capillary climbing.

Solution:
From differential geometry we have

d d
d_z =sin¢g and d—j =cos¢ . (4.83)
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Therefore,

dp dopdz d¢ . . gAp
ds dzds dz Sin g = v - (4.84)
Integration gives
A
cos ¢ = —92—0_’022 +ec. (4.85)
If we let cos¢ =1 at z =0, then
A
cos¢ — 1 = —2sin%(¢/2) = —92—pz2 : (4.86)
o

which yields

z==124/0/gAp sin(¢/2) . (4.87)

Height of rise on a vertical plane wall
The meniscus intersects the wall at a contact angle # and a height h above the free

surface. Therefore,
o
h=2,/—— sin(n/4—-0/2). 4.88
o sin/4 =072 (488)

T T
If 0 < —, h is positive; if 6 > 5 h is negative.

Alternatively, capillary climbing is solved by utilizing the mean curvature ex-
pressions given by Eqs. (4.52) to (4.60). For this case, the curvature is given by
Eq. (4.55), with which Eq. (4.69) becomes

Zgs gAp
——— =2H =", 4.89
(s 27 : )
Integration gives
2 A
_429_/)1.4_0, (4.90)

(14 22)1/2 o

subject to the boundary condition,
zz(xr =0) = tangp = 0. (4.91)
The rest of the solution is left as an exercise for the reader. O

Example 4.2.3. Interfacial tension by sessile droplet

The Young-Laplace equation relates interfacial tension to the local mean curvature
of an interface and to the pressure jump across the interface. Consider the droplet
of liquid A shown in Fig 4.11 in contact with a solid surface and submerged in a
liquid B.
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(a) If interfacial tension over a meniscus in the presence of a known body force field
is uniform, explain how to determine the interfacial tension from measurements

of the curvature without actually measuring the pressure jump.

(b) Show that, in static equilibrium, the interfacial tension over a meniscus must

be uniform, i.e., Vijo = 0.

(¢) In a standard sessile drop method of determining interfacial tension, only
the dimensions h and d of an axisymmetric drop and the density difference,
(pp — pa) are measured. Explain how these measurements replace direct

measurement of local curvature (Fig. 4.11).

YL 777 27777777/ ]

Figure 4.11. Azisymmetric sessile drop.

Solution:

Consider the points marked as A, B, C' and D in Fig. 4.11.

(a) Across a meniscus we have
pp —pa =2Ho .
From hydrostatics,

PD —PA = pA gz

PC — PB = PB 9% =  pp—pa=—(pB—pa)gz.

bc =PbD

Combining Egs. (4.92) and (4.93), we obtain

9= ( )
g = —— — .
oH PA — PB
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(b) Under the assumption of negligible interface mass (y=0), Eq. (4.61) becomes
n(pg—pa)+n2Ho+Vyio =0. (4.95)
For the normal component of the above equation, we get
n-n(pp—pa)+n-n2Ho+n-Viyo=0 =

(pp —pa) +2Ho +n-Vio = 0. (4.96)

Since
n-Vio=0, (4.97)

Eq. (4.96) reduces to
pB—pa+2Ho=0. (4.98)

Substitution of this result into Eq. (4.95) gives
Virc = 0. (4.99)

(c) The surface of the droplet is given by z=z(z,y), as shown in Fig. 4.12. From
Eq. (4.60), we get

) —
b@)
J d -

Figure 4.12. Indirect curvature measurement by sessile droplet.

om = (14 25) — 22 2L+ . (4.100)
(14 22+ 25)3/2
The solution to this equation contains two constants which can be determined
by applying the boundary conditions,

x=y=0, 2=2Zneg or 0z/0r=0. (4.101)
The description is complete by the additional condition

d
T::|:§, Zr — 00,  Z= Zmax — N, (4.102)

which determines h. O
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4.3 Problems

4.1 A balloon is said to be in the “taut state” if the gas within is at a pressure just
above the ambient pressure and thus completely distends the bag of the balloon.
Otherwise, the balloon is said to be in a “limp state.” In the taut state, any further
increase in pressure causes gas to be released through a relief valve until the inside
and outside pressures are again equal. Therefore, the balloon remains at essentially
constant volume.

Consider a research balloon carrying a total load of M kg. The balloon is
motionless at an equilibrium state at an altitude of h meters (T = 0°C) in an
adiabatically stratified atmosphere. What will be the effect of throwing a sack of
sand of mass m overboard:

(a) if the balloon is initially in the taut state, and
(b) if the balloon is initially in the limp state?

Figure 4.13. Schematic of a pycnometer.

4.2. The pycnometer shown in Fig. 4.13 is the most commonly used device for
measuring density [12]. The heavy spherical head forces the pycnometer to submerge
to a depth h,, in water. The same pycnometer, submerged in a liquid X, of unknown
density p;, reads depth hy.

(a) Find a working equation that estimates the unknown density p,, in terms of p,,
and z=h,, — h;.

(b) The sugar concentration of a natural juice, say grape juice, alters its density
according to the expression

pz = (1 =) pw+yps

where y is the mole fraction of the dissolved sugar of density ps= 1.3 gr/cm?.
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Derive the working equation of y vs. z. (The price at which wineries buy grapes
from producers is largely based on y!)

4.3. Consider a cubic container of 2 m side that contains 0.8 m?3 of water at rest,
in contact with still air. Calculate the resulting pressure distribution, and the free
surface profile for the following rigid-body motions of the container:

(a) No motion at all.

(b) Vertical upward motion at speed u=2 m/sec.

(c) Horizontal motion at speed u=2 m/sec, parallel to itself.

(d) Horizontal motion at speed u=2 m/sec, in the direction of one of its diagonals.
(e) Diagonal motion upwards at speed u=2 m/sec and angle 45°, with the container
always parallel to itself.

(f) Rotation at 10 rpm.

4.4. Static equilibrium of a rotating meniscus. If surface-tension effects are negli-
gible, what is the equilibrium shape of the interface between equal volumes of two
liquids, A and B (pp > pa), contained in an open cylindrical vessel rotating about
its axis, oriented vertically at the earth’s surface?

What is the shape of the free surface of liquid A? Where does the free surface
intersect the wall of the container? Where does the liquid-liquid interface intersect
the wall of the container? What is the maximum volume of liquid (equal volumes of
A and B) that can be contained by the vessel rotating at a given angular velocity?

4.5. My son Charis (Papanastasiou), an elementary school fourth grade beginner,
one day came from school excited by a science experiment demonstrated in class by
his teacher. A couple of raisins and baking soda were placed in a glass in which water
and few drops of vinegar were added. This resulted in formation of gas bubbles.
Some of these bubbles ascended to the free surface and ruptured, while others were
deposited to the walls and onto the raisins. After two to five minutes the raisins
covered with attached, nearly hemispherical gas bubbles ascended from the bottom
to the free surface, then sank to the bottom and remained there for a while before
repeating the same motion.

(a) Explain in detail the physics involved in each stage of the experiment and justify
the use of raisins with the soda/vinegar liquid.

(b) To quantify the phenomenon, assume spherical raisins of radius R=0.8 ¢m and
density p=1.1 gr/em3, in a soda/vinegar foaming solution of depth H=8 c¢m, density
ps=1 gr/em? at the time of the periodic motion. The average diameter of the
deposited gas bubbles is 1 mm. Based on these, calculate the number of gas bubbles
deposited at the inception of the motion of the raisin.

(c) Study the periodic motion by assuming that (i) all gas bubbles during the ascent
remain attached while growing in size due to the diminishing external hydrostatic
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pressure; (ii) at the free surface as many bubbles are ruptured as required to sink
the raisin; (iii) during sinking, gas bubbles shrink in size due to the increasing
hydrostatic pressure; and (iv) the raisins have zero velocity at the bottom and at
the free surface.

4.6. Water density stratification [12]. The temperature of the water underneath the
frozen surface of a lake varies linearly from 0°C to 4°C at a depth of 3 m. Describe
the motion of a spherical ice piece of radius R=1 ft and density p=0.999 gr/cm3
dropped with impact velocity of u=5 m/sec at the top. Neglect any temperature
and size variations of the ice sphere. What would be the qualitative effect by taking
such variations into account? Neglect also any viscous drag forces opposing the
motion of the sphere.

4.7. Self-gravitating fluid [13]. In gaseous stars the gravitational attraction of
distant parts provides the body force on fluid volumes. The density of such self-
gravitating fluid is related to the induced gravitational potential by

V3¢ =dngp .

(a) What is the resulting equation of static equilibrium?
(b) Show that, in case of spherically symmetric density and pressure distribution,

this equation becomes
d (r?dp 9
— | ——] = -4 .
dr < p dr) e

(c¢) Under what conditions a solution to the above equation can be found? Solve the
equation for uniform density and for uniform pressure throughout.

4.8. Hydrostatics and capillarity. The long cylinder, shown in Fig. 4.14, is filled
with oil on top of water of given physical characteristics (density, viscosity, surface
tension). A perfectly spherical air bubble of uniform pressure is trapped at the
bottom. If the ambient pressure is pg, what is the pressure inside the air bubble?
Plot the pressure distribution along the axis of the cylinder.

4.9. Consider droplets of fluid A of density p4 and radius R in another fluid of
density pp and interfacial tension o4p, under conditions of static equilibrium at
rest or at rigid-body motion. Among these conditions and physical properties, what
are the most favorable for ideal spherical droplet shape? Consider gravity and/or
centrifugal fields or absence of them, for example in space. Or, consider exter-
nally applied pressure or vacuum (without droplet evaporation) and combinations
of them. Consider also the influence of vertical surface tension variation induced by
temperature gradient.
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Figure 4.15. Capillary rise.

4.10. Capillary force between parallel plates. Consider two solid surfaces parallel
to each other, separated by a small distance d. Suppose the gap is partly filled
with liquid in the form of a captive drop with perimeter P and contact area on
each surface A. Prove that the total capillary force tending to draw the two plates
together is given by

F = 0Psin9+w,
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where 6 is the contact angle, regarded as uniform along both contact lines (in which
case the captive drop should be circular).

4.11. Capillary rise. Express the height h, over the level of the pool liquid which
the liquid climbs inside a capillary of diameter d. The liquid has density p; and
surface tension o, and the contact angle is 6 (Fig. 4.15).

4.12. Hydrostatics and surface tension [12]. Consider an infinitely long horizontal
liquid container with the cross section shown in Fig. 4.16, in contact with stationary
air of pressure p=0.

P=Pyp

Figure 4.16. Free surface in slightly inclined channel.

The surface tension o of the liquid is small such that the curvature of the cylindrically
symmetric free surface is

d%h
2H ~ —
dz?’

and the contact angle, a, between the liquid and the side walls is small such that,

a~sina ~tana .

(a) Derive the equation that describes the free surface shape by combining the
Young-Laplace equation across the free surface with the hydrostatic equation
within the liquid, given that the pressure at the bottom, z=0, is uniform,

p(z = 0)=po.

(b) Non-dimensionalize the equation and identify the resulting dimensionless num-
bers.

(c) Show that in the case of 0=0, a planar free surface is obtained.
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(d) Find the shape of the free surfaces when o # 0.

(e) Show that the solution for (d) yields the result in (c) in the limit of o — 0.

Figure 4.17. Work done by surface tension forces.

4.13. Surface tension measurement. Figure 4.17 shows a method for measuring
surface tension. The method is based on a II-shaped metallic wire equipped with a
freely sliding wire where weights can be attached. The wire is introduced into soap
water where a thin soap film is formed. The resultant surface tension force is larger
than the weight By of the sliding wire, in a vertical arrangement. With additional
weight (Bz) the film is stretched to a new position at a distance S downstream.
(a) By considering the work done by the attached weight against the surface tension
forces, show that

By
2L’

where the factor 2 accounts for the two film free surfaces.
(b) By considering the hydrostatic pressure distribution, show that the thickness of
the film cannot be uniform throughout. What is the vertical thickness profile?
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Chapter 5

THE NAVIER-STOKES
EQUATIONS

In a general isothermal flow the primary unknowns include the pressure, p, and the
components of the velocity vector, u, which are functions of the spatial coordinates
and time. In problems involving an unknown boundary, such as a free surface or
an interface, the location h of this boundary is usually determined by the kinematic
equation. Other flow variables, such as the nine components of the stress tensor, the
residence time, the streamlines, etc., can be evaluated a posteriori once the primary
unknowns have been calculated.

It is a standard mathematical rule that, in order to determine a number of
unknowns, equal number of equations that contain these unknowns must be solved.
Therefore, the five equations — continuity, the three momentum components and
the kinematic equation— can be solved for the five unknowns (p, u, uy, u,, h) only if
the stress components 7;;, in these equations are expressed in terms of the primary
unknowns. Constitutive relations, i.e., relations between stress and, strain or rate
of strain, do exactly that [1]. These relations must account for all events during the
motion of fluid particles that contribute to the local stress. The measurable effects
of these events, i.e., the strain and rate of strain, can be quantified, for example, by
the Rivlin-Ericksen strain tensors [2]

dTL
~ dm [
where G¢(7) is the Green relative-strain tensor. The stress tensor, T, can then be
approximated as a functional of the form

T = —pI+ f(A1,Ag...,Ay). (5.2)

A, Gt (7)] |r=t , (5.1)

Since the Rivlin-Ericksen tensors are directly related to the rate of strain tensor, D,
and its substantial derivatives, Eq. (5.2) can be cast in the form

T = —pI+ f(D,D,D,...), (5.3)
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where, the dots indicate differentiation with respect to time. The number of tensors
needed to approximate well the stress is proportional to the memory of the fluid,
i.e., the ability of the fluid to remember and return to its undeformed state, once
the gradients driving the flow are removed. This memory arises from the elastic
properties of the involved molecules, which, when stretched, compressed or twisted,
develop internal forces that resist deformation and tend to spontaneously return to
their undeformed or unstressed state.

The zero-order fluid is defined as a fluid at rest where the molecules move in
Brownian fashion which gives rise to a thermodynamic pressure (stress) proportional
to density (strain). The resulting stress is determined fully by the zero-order Rivlin-

Ericksen tensor,
Ay =1, (5.4)

and, since the only stress at rest is the isotropic pressure, p, the resulting constitutive
equation for the zero-order fluid is

T = —pl. (5.5)

Newtonian or first-order fluids have small, stiff molecules and exhibit no memory.
The local stress is entirely due to the local deformation which excludes any strain—
which incorporates history effects— and any rate of strain derivatives that violate
the localization of the rate of strain. Thus, the constitutive equation for Newtonian
fluids is

T = - pIl+aD, (5.6)
where, a1=2n, n being the viscosity of the fluid. For Newtonian fluids, 7 is inde-
pendent of the rate of strain.

Including higher-order derivatives leads to fluids with memory, the simplest of
which is the second-order fluid described by

T = —pI+ oD+ aD?+asD. (5.7)

In the above expressions, the parameters «; are material constants or functions.
As the elasticity and memory of the fluid increases, progressively more terms are
required to approximate the stress. These liquids are best approximated by integral
constitutive equations of the form [3]

T = —pI—i—/tM(t—t’) [H (1,1 C;! (t’)} dt’, (5.8)

where M (t — t') is a time-dependent memory function, and C; ! (#') is the Finger
tensor. The term in square brackets is a known strain-dependent kernel function
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in which H is a function of the first and second invariants I and II, defined as
I=tr (Ct_l (t’)) and IT=tr (C; (t')). Constitutive equations for fluids with memory
(i.e., viscoelastic fluids), are beyond the scope of this book and will not be discussed
further.

5.1 The Newtonian Liquid

The stress tensor for Newtonian liquids,
T = —pI+2yD = —pI+y[Vu+ (Vu)l], (5.9)

includes the isotropic mechanical pressure which, under static equilibrium, is iden-
tical to the thermodynamic pressure. The mechanical pressure at a point is the
average value of the total normal force on three mutually perpendicular surfaces.
Furthermore, volume expansion or contraction of compressible fluids is included in
the rate-of-strain tensor, which contributes to the normal stress differently from the
viscous contribution. This contribution is also isotropic, and is, therefore, equivalent
to pressure.

Equation (5.9) originates from the equation proposed by Stokes [4] in 1845, i.e.,

2
T=—-(p-—nV-ulin Vu+(Vu)T—§V~u : (5.10)

where 1, is the bulk viscosity related to the viscosity, 1, by

2
Ny = )\+§n. (5.11)

According to Stokes hypothesis, the second viscosity coefficient, A, is taken to make
7,=0. The constitutive equation resulting from this assumption is the Newton-
Poisson law of viscosity,

T = —pI+ AV -u)l+5nVu+ (Vu)']. (5.12)

This relation is appropriate for low molecular weight fluids, under laminar flow
conditions [6]. Traditionally, the total stress tensor is expressed as a combination of
an isotropic pressure, and viscous contributions, i.e., T=—p I+ 7.

For turbulent flow, 7 is expressed as

N (5.13)

where 7 (O is the laminar stress tensor corresponding to time-averaged turbulent
kinematics, and 7 () is the turbulent Reynolds stress tensor [6] which is a function
of turbulent velocity fluctuations.
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Substitution of Eq. (5.12) into the momentum stress equation results in the
Navier-Poisson equation

0
p(a—?+u~Vu> = -Vp+A+nV(V-u)+nViu+tpg, (5.14)

for viscous, compressible, laminar flow of a Newtonian liquid. For incompressible
flow (i.e., V - u=0), the above equation reduces to the Navier-Stokes equation

0
p<8—?+u-Vu> = —Vp+nViu+pg. (5.15)
Historically, the development of the Navier-Stokes equation can be considered as
being based on Euler equation [7]

ou
p(E—Fu‘Vu) = —Vp+pg, (5.16)
which is valid for inviscid flow. Navier extended Euler equation by adding a stress
contribution due to forces between molecules in motion. About the same time,
Cauchy presented his equation [9],

0
p(a—?—ku-Vu) =V -T+pg. (5.17)

For simple, fully developed, laminar pipe flow, the above equations predict the
well-known expression for volumetric flow rate, @,

Q- ”8_};4 <%) , (5.18)

where AP/AL is the constant pressure gradient across the pipe. This result was
validated experimentally by Hagen and Poiseuille in capillary flow in tubes (see
Chapter 6).

The Navier-Stokes equations were also rederived by Maxwell using kinetic theory
[10]. Most of these developments can be found in Lamb’s Treatise on the Mathe-
matical Theory of Motion of Fluids [11], and in Hydrodynamics by Basset [12]. An
interesting overview is also given by Whitaker [13].

Zero-order liquids were examined in Chapter 4, with the discussion on static
equilibrium. Inviscid fluids, which are idealizations of real fluids, can be considered
as Newtonian liquids of zero viscosity. This chapter is restricted to incompressible
Newtonian liquids, which follow Newton’s law of viscosity for incompressible liquids,

T = —pI+gVu+t (Vu)'], (5.19)
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The viscosity, 7, is, in general, a function of temperature and concentration, and a
weak function of pressure. Unless otherwise stated, the viscosity here will be treated
as constant. The viscosity of gases can be approximated by molecular dynamics,
based on the assumption that the primary source of shear stress is the microscopic
transfer of momentum by random molecular motion, as

2 |MkT

sp\ 5 (5.20)

77 =
where d and M are, respectively, the molecular diameter and mass, k is the Boltz-
mann constant, and T is the temperature [1]. Thus, the viscosity of gases increases
with temperature and molecular weight, decreases with molecular size, and is in-
dependent of pressure. The viscosity of liquids is difficult to model by molecular
dynamics. Experiments, however, show that the viscosity is virtually independent
of pressure and decreases with temperature.

Equation (5.19) is a tensor equation equivalent to nine scalar equations corre-
sponding to the components 7T;;, according to
Ou; ~ Ouy

8:1:j + 8:61‘

ﬂj:—péij—i—n( ) , 4,j=1,2,3. (5.21)
By virtue of the fact that the moment of momentum of a material volume is zero
(which requires cancellation of shear stress on adjacent perpendicular surfaces),
the viscous stress tensor is symmetric, i.e., 7;;=7;;. Therefore, there are only six
independent stress components. The components of the Newtonian constitutive
relation in Cartesian, cylindrical and spherical coordinates are tabulated in Table 5.1

Example 5.1.1
Find the z-component of the Navier-Stokes equation in Cartesian coordinates for
an incompressible fluid.

Solution:
From Table 3.2, we have
(8% o Oouy ‘o ouy o 8%) B _@ {87@6 n 0Ty n 87-39&} n
PU "% T ™ay T8, )T "o ar | oy | a0z | P9

Substituting the three stress components as given by Table 5.1,

_ o= _ <8ux+%> _ (8uz+8uz>
Tow = 778:1:’ Tyz =11 oy ox )’ Tex =11 0z ox )’
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Cartesian coordinates (z,y, 2)

Cylindrical coordinates (r, 0, z)

Tew = 2178—%;”

Tyy = 277_@%

Toz = 217%
Txy:Tygg:T/<%+%>
oz = 7o = 1 (G + e
Tyz = Tay =1 (% + %ZL/Z

T = 29

Tog = 21) (%auge +%>
Tzz—277%“;

= e (3 1
Tre = T = 1 [z 4 G
o= —o[ - 131

Spherical coordinates (7,0, ¢)

Tor = 27731;;

Tog = 21 },% + %}

¢ = <N rs%n@ %_If; + G+ (;0t0
o= (%) + 1y

Tr¢ = Ter =1 rs}nﬁ %12 + T% <UT¢>]

Toe = Te0 =1 Si1I}9 38_9 s?rf@) T reind Jd9

1 GUQ:|

Table 5.1. Components of the viscous stress tensor T for incompressible Newtonian

fluid in various coordinate systems.
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we obtain,

<6ux+u 8ux+u 3um+u 3ux> -
P\ "% T Moy T e ) T

_Op N 282ux n 0?uy, n 0%uy n 0?uy n 0%u, n
oz 8r2 | By | Ozdy « 0922 | 0zox ) P9

_@+ 82ux+62um+32u1 N n _(8%4_%4_8%)
oz "\ 522 Oy? 022 Pz T \ o oy 0z )

Due to mass conservation, the last term is identically equal to zero. Therefore,
Ouy Ouy Ouy 6%) Op Pu,  Puy  OPuy
"( ot " “ar ™oy Tz ) T Taw T\ a2 TaE Tz ) TP
O

The equations of motion for incompressible Newtonian fluids in Cartesian, cylin-
drical and spherical coordinates are tabulated in Tables 5.2 to 5.4.

5.2 Alternative Forms of the Navier-Stokes

Equations
The momentum equation,
Du ou 9
- . = — .22
o p<8t+u Vu) Vp+nViu+pg, (5.22)

states that the rate of change of momentum per unit volume is caused by pressure,
viscous and gravity forces.

Fluids of vanishingly small viscosity, n~0, are called inviscid. Their motion is
described by the Fuler equation, which is easily obtained by neglecting the viscous
term in the Navier-Stokes equation [7],

0
p (a—ltl +u- Vu> = —Vp+pg. (5.23)

The Euler equation also holds for irrotational flow (i.e., w =0) of incompressible
liquids (i.e., V - u=0) with non-zero viscosity. Under these conditions, according to
the identities

Viu=V(V-u)-Vx(Vxu=0-Vxw =0, (5.24)
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Continuity equation

Ou, , Ou ou, _
9r T oy T ar =

Momentum equation
T—component :

P <5§th +ux%1? —1—1@%7?; -}-uzaauzx) =

__Op Puy | 0%uy 82ux>
- 8x+n(8m2 + ayQ + 822 +pgx

y—component :

ou ou ou ou
P(a—f’ ey gy +“za—§’) =

_ _Op *uy | Puy | 0uy
N %+n(8x2 + 0y? + 022 + P9y

z—component :

P <8§§tz +Uz% +uy%qzz +UZ%ZZ) =

_ _Op Pu, , 0%u, 82uz>
= az+77(a$2 + ayQ + 22 + P9

Table 5.2. The equations of motion for incompressible Newtonian fluid in Cartesian
coordinates (z,y, z).

© 2000 by CRC Press LLC



Continuity equation

==

%(TUT) +

Momentum equation
r—component :

o (%G 4o G ) -

f#—component :

Oug Oug , ug Oug , Uruy Oug
(G +ur Gt + P+ e+ w52

z—component :

ou, Ou, |, ug Ouy Juy\ _
<8t +u’"87'+ + u, )—

_ _Op 10 (.0u, 2 9%u
_m+77|:?m( 87‘)+ 2802 a :|+sz

Table 5.3. The equations of motion for incompressible Newtonian fluid in
drical coordinates (r, 0, z).
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Continuity equation

19,5 1 Oup _
o)+ g ag s + o5 =0
Momentum equation
r—component :
2 2
ou, Ou, | ug Ou, Ou, Uptug)
(T*“r@?+r®—+rsm R
) o 2. 20us 2 2 Oug
— W + n |:v Uy T‘TUT FQW ;Q'LLQ cot 9 WW + Par

f#—component :

2
Ouyg Oug | ug Qug Uy dug | upug Yo COL 0\
<_8_+“7‘_8?+ T 98 *rsmfop T T

2 20u,  up _ 2cosf auqb}
i [V u + r2 00 r2sin?0  r?sin?f 00 + Pgs

=l—
SS

¢—component :
<6u¢ Oug ug Ouyg ug Oug + UgpUr 4 u9u¢ cot 0)

gt Turgr T 90 T rsin® Rl r

1 0p U¢> 2 Ouy 2c089 aue]
TSine%—i_n[v Y6 " Zsin 9+r sin 0¢ ' r2gin29 0P +P9¢

2 — L 0 (120U L9 (499 1
Vi = 25 (T >+r 2sin g 00 (Sln039)+r2sin29 0¢?

Table 5.4. The equations of motion for incompressible Newtonian fluid in spherical
coordinates (1,0, ).
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the viscous contribution, V2u, vanishes. Now, by using the identity

2 2
u-Vqu(%)—ux(qu):vTu, (5.25)
and the expression g=—¢gVz, the Euler equation simplifies to
ou Vu?
1) = —p — . 5.26
p<8t+ 2) V(=p — pgz) (5.26)

The integration of the Euler equation between two points, 1 and 2, along a streamline
yields the Bernoulli equation [8]:

2 ou u’®
/ [p (8_> +V(ip—=—+p+ pgz)] at = 0. (5.27)
1 t 2
In steady-state, the above equation becomes

u? u?
2 p ) 2 p 1

The generalized Bernoulli equation for a viscous incompressible flow is given by

12 2 2
p—+p+pgz| —|p—+p+pgz :/(V~T)d£. (5.29)
2 ) 2 ) 1
When the viscosity is large, and viscous forces dominate the flow, i.e., when

Du 9
p‘ﬁ‘<<n‘Vu , (5.30)

the flow is called creeping. For creeping flow, the momentum equation reduces to
Stokes equation,
—Vp+nViu+pg = 0. (5.31)

Conservation equations of secondary field variables, such as the vorticity vector,
can be obtained by taking the curl of the momentum equation. For compressible
Newtonian liquids, we get

Ow 9

E+u~Vw =w -Vu—w (V-u)+rVw. (5.32)
The left-hand side terms represent the time change and convection of vorticity,
respectively. The terms in the right-hand side represent intensification of vorticity
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by wvortex stretching and by volume expansion and diffusion of vorticity, with the
kinematic viscosity acting as a diffusivity coefficient.

The Navier-Stokes equation can also be converted into the equation of change of
circulation, I', defined by,

Fzyguwlr:?é(uw)dr, (5.33)

where C is a closed curve within the flow field (Chapter 1). As shown below, the
concept of circulation is directly related to the normal component of the vorticity
vector enclosed within a surface S and bounded by C. Consider, for instance, any
surface S having as boundary the closed curve C. By invoking the Stokes theorem,
we have

/S(n-w)dS:/(n~(V><u)dS:]{C(u~t)dr:F. (5.34)

S

In terms of I', the momentum equation is expressed as

DT 1 1
— = ~dr—/—V -dr+/—V-T -dr 5.35
By /Cg L Cp( ) (5.35)

which indicates that the rate of change of circulation is due to work done by body,
pressure and viscous forces. For conservative forces, the body force contribution is
zero, and for barotropic fluids the pressure term is zero. Therefore,

DT 1
— = —(V-71)-dr. .
Dt /Cp(V T)-dr (5.36)
If, in addition, the fluid is inviscid,

DT

which is known as Kelvin’s circulation theorem.
The mechanical energy equation is obtained by taking the dot product of the
velocity vector with the momentum equation:

Ou

pu-at—i—pu-[u'Vu]:—u~Vp+U'V‘T+PU-‘g' (5.38)

By invoking the vector identity of Eq. (5.25), the above equation reduces to

Du? d [ pu? pu?
"Dt —a<7 Vi) =
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Du?
"D

in agreement with Eq. (3.39).
Finally, the equation of conservation of angular momentum,

=pV-u—V-(pu)+V-(r -u)—7 :Vu+pu-g), (5.39)

Jo=rxJ, (5.40)

where J is the linear momentum, and r is the position vector from the center of

rotation, is obtained by taking the cross product of the position vector with the

momentum equation. The resulting angular momentum conservation equation is
p%:—rpr—i-rxV'T#—prxg. (5.41)

Therefore, the momentum equation, which can be viewed as the application of
Newton’s law of motion to liquids, appears to be the most important conservation
equation, as most conservation laws can be derived from it.

Isothermal, incompressible and Newtonian flow problems are analyzed by solving
the continuity and momentum equations tabulated in Tables 5.2 to 5.4. Occasionally,
for flows involving free surfaces or interfaces, the kinematic equation must also be
considered along with the equations of motion, in order to determine the locations
of the free surfaces or interfaces. In bidirectional free-surface flow, for instance, the
kinematic equation may be expressed as

oh oh
where h=h(x,t) denotes the position of the free surface. Finally, note that the
complete solution to the governing equations requires the specification of boundary

and nitial conditions. These are discussed below.

5.3 Boundary Conditions

In most cases, fluids interact with their surroundings through common boundaries.
The mathematical formulation of these boundary interactions result in boundary
conditions. Thus, boundary conditions are constraints that are imposed on the con-
servation equations in order to describe how the field under consideration conforms
to its surroundings. Therefore, boundary conditions come from nature and are
mathematical descriptions of the physics at the boundary. Once a system or a flow
field is chosen, these conditions follow automatically. In fact, if boundary conditions
are not obvious, then the boundaries of the system may not be natural, which may
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lead to an ill-posed mathematical problem. The boundary conditions may describe
conditions along the boundary dealing with motion, external stresses, rate of mass
and momentum flux, boundary values of field variables, as well as relations among
them. When the solution involves the time evolution of flow fields, in addition to
boundary conditions, initial conditions are also required.

The required number of boundary conditions, is determined by the nature of
the governing partial differential equations, inasmuch as the physics may provide
several forms of boundary conditions. In general, elliptic equations require boundary
conditions on each portion of the boundary, hyperbolic equations require boundary
conditions at upstream, but not downstream boundaries, and parabolic equations
require initial conditions and boundary conditions everywhere except at downstream
boundaries. The Navier-Stokes equation is hyperbolic at high Reynolds numbers
and elliptic at low Reynolds numbers. The Euler equation is the upper limit of
hyperpolicity and the Stokes equation is the lower limit of ellipticity.

In general, there are three kinds of boundary conditions:

(a) First kind or Dirichlet boundary condition: the value of a dependent variable,
u, is imposed along r;

u(rs,t) = f(rs,t), (5.43)

where f is a known function. Typical Dirichlet boundary conditions are the
no-slip boundary condition for the velocity (i.e., us;=0) and the specification
of inlet and/or outlet values for the velocity.

(b) Second kind or Neumann boundary condition: the normal derivative of the
dependent variable is specified

ou

o, = 9@st), (5.44)

where g is a known function. Examples of Neumann boundary conditions are
symmetry conditions and free-surface and interface stress conditions.

(¢)  Third kind or Robin boundary condition: the dependent variable and its
normal derivative are related by the general expression

du

b
au + an

= c, (5.45)

where a, b, ¢ are known functions. The slip boundary condition, the free-surface
and interface stress conditions are typical Robin conditions.
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Example 5.3.1 demonstrates the application of boundary conditions to a general
fluid mechanics problem that involves solid boundaries, a free surface, inlet and
outlet boundaries, and symmetry boundaries.

Example 5.3.1. The extrudate-swell problem

The Navier-Stokes equation at low Reynolds numbers is a non-linear partial differ-
ential equation of elliptic type. Therefore, boundary conditions are required at each
portion of the boundary. Consider the planar extrudate-swell problem [14], shown in
Fig. (5.1). A liquid under pressure exits from an orifice to form a jet. The boundary
conditions are shown in Fig. 5.1 and discussed below.

FREE SURFACE

n-u=0
WALL: u;=0, u,=0 Tnt=0, —p+ Tpp=2Ho
INLET V-ou=0 OUTLET
~P + Tzz=0
Ug =1z (y) H pu-Vu= —Vp+V .7+ pg h(z) up:() zT
MIDPLANE: 75=0, u,=0 %
L1 L2

Figure 5.1. Schematic of the planar extrudate-swell problem with governing equa-
tions and boundary conditions.

(a) Solid boundaries

Assuming no-slip conditions, at y=H and 0 < x < L1, we have u,=u,=0.

In case of a solid boundary moving with velocity V,,, the boundary condition
becomes u=V,,. The no-slip boundary condition is a consequence of the
fact that the liquid wets or sticks, to the boundary without penetration, and
therefore, it is forced to move with the boundary.

(b) Plane of symmetry
The flow is symmetric with respect to the plane y=0. The proper boundary
conditions along y=0 and 0 < x < L1 + Lg are uy=r,,=0.
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(c) Free surface
Free surfaces are described by two different boundary conditions; a kinematic
and a dynamic boundary one.

The kinematic condition describes the motion of the free surface based on the
observation that a fluid particle, which at an earlier time was at a free surface,
will alway remain on the free surface. For the planar problem considered here,
the height of the free surface h(x,t) satisfies the kinematic condition

oh oh

E Uz% = Uy .
The dynamic condition describes the balance of forces along the free surface,
expressed using the traction force per unit area vector, f=n - T, along the
free surface, with f being the externally applied force. Along y=h(x,t) and
Ll <z< L27

Tnt = ft  and — D+ Tan = fn,

where subscripts n and ¢ refer to components along the normal and tangential
directions, respectively.

In case of no applied external force, fi=f,=0, we have the well known no-
traction force boundary condition. In case of significant forces due to surface
tension, the boundary condition is given by

Tt =t-Vyio and —p+7, =2H0o,
where o is the surface tension, and 2H is the mean curvature, defined here as

d*h

2
°H = =
dh
[1 + (dm) ]
In the absence of temperature or concentration (of surfactant) gradients, Vo
is taken to be zero.

(d) Inlet boundary
At the inlet, the flow is assumed to be fully developed channel flow of known
velocity profile (Chapter 6). At 0 <y < H and =0, uy,=u,(y) and u,=0.

(e) Outlet boundary
At the outlet, the flow is assumed to be plug. Therefore, along x=L1 + Lo and
0 <y < h(L2), uy=0 and —p + 7,,=0. |

© 2000 by CRC Press LLC



The velocity across the interface of two immiscible liquids, A and B, is continu-
ous. Therefore,

llA:llB.

In the absence of surface tension gradients, the shear stress is also continuous,

A _ B
Tnt = Tnt -

The total normal stress difference is balanced by the capillary pressure, therefore,
(_pA =+ Trj?n) - (_pB + 7_751) =2Ho ’

where ¢ is the interfacial tension.

The no-slip boundary condition was first introduced by Bernoulli to dispute
Navier’s (1827) original hypothesis of slip, i.e., of a finite velocity, ug;p, at a solid
wall moving with velocity V. Stokes hypothesis is formulated as

Toy = = (Uw — Vi) = gushp . (5.46)

Equation (5.46) assumes that the fluid slips along the wall due to a thin stagnant
liquid film with thickness ¢, adjacent to the solid wall. This film allows for different
velocities between the solid wall and the fluid (which macroscopically appears to
adhere to the wall).

A continuous derivation of Eq. (5.46) is highlighted in Example 5.3.2. The va-
lidity of slip and no-slip boundary conditions is examined by molecular dynamics
simulations where the motion of individual molecules near solid wall under a uni-
form external acceleration is calculated [15]. Results from this approach agree with
the general rules discussed in this section, and illustrated by Fig. 5.2. In particular,
these simulations show that the contact angle of a meniscus separating two immis-
cible fluids advancing “steadily” in Poiseuille-like flow, changes slowly with time,
and that the liquid that preferentially wets the walls, forms a thin film along the
walls when it moves or it is displaced by the other liquid [16]. Therefore, the no-slip
condition appears to break down at the contact line due to a jet flowing back into
the liquid, as shown in Fig. 5.2.

Example 5.3.2. Derivation of the slip boundary condition
We assume that the velocity u, varies linearly with y in a thin layer of thickness, &,

as shown in Fig. 5.3,
Uy = Uy (1 — Q) .
1
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Jet

Fluid A Hﬁ m
N\

\ Wetting
fluid B

Thin film of B
Interface

Figure 5.2. Fluid dynamics in the vicinity of a moving contact angle, suggested by
molecular simulations reported in [15].

Uz =0

> ———Ux=uw

BULK FLOW

Figure 5.3. Slip layer along a solid wall.

At the wall (y=6), u, is zero; at the other end of the layer (y=0), uy=u,,, where u,,
is the finite slip velocity.
If 7, is the shear stress exerted by the fluid on the wall,

duy 1
= — z|ly= — w — — = — .
Tw Ty ly=s T, n a0y 5 Uy

Setting 1/6 = 3, we get

Tw:ﬁuw-

The above slip equation includes the no-slip boundary condition as § — oo, and the
perfect-slip case when [S=0. a

In transient flows, an initial state must be specified to initiate the involved
nonzero time derivatives. Commonly, the primary unknowns are specified every-
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where:

uz(v,y,2,t =0) = ug(z,y,z)
uy(z,y,2,t=0) = uy(z,y,2)
ux(z,y,2,t=0) = ul(z,y,2)
p(z,y,2,t =0) = p°(z,y,2)

o

o
where u?, Uy,

u? and p° are prescribed distributions.

5.4 Problems

5.1. Show that the Euler and the Stokes equations are obtained from the Navier-
Stokes equations in the limit of small and large Reynolds numbers. Write down flow
situations where these limiting behaviors may apply.

5.2. Eccentric Rheometer [17]. Two large parallel disks of radius R and distance h
apart, are both rotating at constant angular velocity 2. Their axes of rotation are
displaced at distance a, where a < h. When a Newtonian oil was placed between the
disks, the following velocity profile was observed in terms of a Cartesian coordinate
system on the axis of the lower disk:

vy = —Qu+ %Qz ;
vy = Qx;
v, = 0.

(a) Verify that the above velocity profile, satisfies the continuity, the momentum
equations and the vorticity equations.

(b) Is the oil experiencing any relative deformation? Is all motion a solid body
rotation? Justify your answer.

(c) Neglecting body forces and surface tension, determine the forces acting on the
lower disk.

(d) How could this device be used to determine the viscosity of the oil?

5.3. List the boundary conditions for flow down a vertical plate of a non-uniform
liquid film, under the action of surface tension and gravity, in contact with stationary
air, at a given flow rate per unit plate width.

5.4. For a linearly elastic isotropic solid the constitutive equation is

T=AV-r+pVr+ (Vr)'],
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where A and p are material parameters, and r is the displacement vector. Given
that the inertia term, pDu/Dt, is vanishingly small, derive the governing equation
of motion (or of displacement).

5.5. Starting from the Navier-Stokes equation show how one can arrive at the z-
momentum component equation of Table 5.3. Then simplify this equation for flow
in a horizontal annulus. State clearly your assumptions.

5.6. Identify and then simplify the appropriate equations, stating your assumptions
in omitting terms, to analyze the following flow situations:

(a) Sink flow to a two-dimensional hole of diameter D at flow rate Q.

(b) Source flow from a porous cylinder of radius R and length L at flow rate Q.
(c) Flow around a growing bubble of radius R(t) at rate dR/dt = k.

(d) Flow in a horizontal pipe.

(e) Flow in an inclined channel.

(
(
(

f) Film flow down a vertical wall.

e)
)
g) Tornado, torsional flow.

h) Torsional flow between rotating concentric cylinders.

What are the appropriate boundary conditions required to find the solution to the

simplified equations?

5.7. Derive or identify the appropriate equations of motion of a compressible

gas of vanishingly small viscosity. What are the corresponding equations for one-

dimensional pipe flow of the gas? What are the appropriate boundary conditions?

Can these equations be solved?

5.8. A liquid rests between two infinitely long and wide plates separated by a
distance H. Suddenly the upper plate is set to motion under a constant external
stress, 7. What are the appropriate initial and boundary conditions to this flow?

5.9. Stress decomposition. Split the following total stress tensor in two-dimensions
into an isotropic and an anisotropic part:

a/2 0
[ )
(a) The two parts arise due to what?

(b) What are the principal directions and values of the total stress? How are they
related to those of the pressure and the viscous stress?

(c¢) Find the velocity components with respect to the principal axes.

(d) Sketch the principal axes and the streamlines.

(e) A deformable small cube is introduced parallel to the streamlines. At what state
of deformation and orientation exits the flow?
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5.10. Formulate the appropriate boundary conditions to study a horizontal thin
film flow in the presence of surface tension that varies linearly with the horizontal
distance. Solve the equations for this (nearly) one-dimensional flow.

5.11. To address problems involving a moving front of unknown shape and location,
such as the one shown in Fig. 5.4 for mold filling by a polymeric melt through a
gate, typical of injection molding processes [18], the equations of motion are often
formulated with respect to an observer moving with velocity U.

Solid wall

Moving front

Solid wall

Empty mold

Plane of symmetry

Inlet gate

Figure 5.4. Mold filling in injection molding.

(a) Show that the resulting forms of the continuity, momentum and energy equa-

tions are:
V-u=0,
0
p{a—l:Jr(u—U)'VU] =V (-pl+71),

T
pC [%—t—i-(u—U)-VT} =kV?T — 1 :Vu,
where u is the absolute velocity of the melt, and U is the velocity of the
moving frame of reference.

(b) Show that the Eulerian equations are recovered for a stationary frame of ref-
erence, and the Lagrangian ones for a frame traveling with the liquid.

(c) If u is the velocity of the moving front, what are the appropriate boundary
conditions at the solid walls, the lines of symmetry and along the moving
front?

© 2000 by CRC Press LLC



5.5 References

1. R.B. Bird, O. Hassager, R.C. Armstrong, and C.F. Curtiss, Dynamics of Poly-
meric Liquids, Volume II, Kinetic Theory, Wiley & Sons, Inc., New York,
1987.

2. L. E. Malvern, Introduction to the Mechanics of a Continuous Medium, Prentice
Hall Englewood Cliffs, New Jersey, 1969.

3. B. Bernstein, E.A. Kearsley, and L.J. Zappas, “A study of stress relaxation with
finite strains,” Trans. Soc. Rheol. 7, 391 (1967).

4. G.G. Stokes, “On the theories of internal friction of fluids in motion, and of the
equilibrium and motion of elastic solids”, Trans. Cambridge Phil. Soc. 8, 287
(1845).

5. C. Truesdell and W. Noll, “The classical field theories,” Handbuch der Physik,
Vol. III, Part 1, Springer-Verlag, 1960.

6. J.O. Hinze, Turbulence, McGraw-Hill, New York, 1959.

7. C. Truesdell, Essays in the History of Mechanics, Springer-Verlag, New York,
1968.

8. T. Carmady and H. Kobus, Hydrodynamics by Daniel Bernoulli and Hydraulics
by Johann Bernoulli, Dover Publications, New York, 1968.

9. H. Rouse and S. Ince, History of Hydraulics, Dover Publications, New York,
1957.

10. J.C. Maxwell, “On the Dynamical Theory of Gases,” Phil. Trans. Roy. Soc.
157, 49 (1867).

11. H. Lamp, Treatise on the Mathematical Theory of the Motion of Fluids, Cam-
bridge University Press, 1879.

12. A.B. Basset, Hydrodynamics, Dover Publications, New York, 1888.

13. S. Whitaker, The Development of Fluid Mechanics in Chemical Engineering,
in One Hundred Years of Chemical Engineering, Kluwer Academic Publishers,
Boston, 1989.

14. G. Georgiou, J. Wilkes and T.C. Papanastasiou, “Laminar Jets at High
Reynolds and High Surface Tension,” AIChE J. 24, No. 9, 1559-1562 (1988).

© 2000 by CRC Press LLC



15. W.G. Hoover, in Physics Today, January 1984.

16. A. Khurana, “Numerical Simulations reveal fluid flows near solid boundaries,”
Physics Today, May 1988.

17. C.W. Macosko, Rheological Measurements: Applications to Polymers, Suspen-
sions and Processing, University of Minnesota, 1989.

18.  A.N. Alexandrou and A. Ahmed, “Injection molding using a generalized
Eulerian-Lagrangian formulation,” Polymer Eng. Sci. 33, 1055-1064 (1994).

19. T.C. Papanastasiou, L.E. Scriven, and C.W. Macosko, “Bubble growth and
collapse in viscoelastic liquids analyzed,” J. non-Newtonian Fluid Mech. 16,
53 (1984).

© 2000 by CRC Press LLC



Chapter 6

UNIDIRECTIONAL FLOWS

Isothermal, laminar, incompressible Newtonian flow is governed by a system of four
scalar partial differential equations (PDEs); these are the continuity equation and
the three components of the Navier-Stokes equation. The pressure and the three
velocity components are the primary unknowns, which are, in general, functions of
time and of spatial coordinates. This system of PDEs is amenable to analytical
solution for limited classes of flow. Even in the case of relatively simple flows in
regular geometries, the nonlinearities introduced by the convective terms rule out
the possibility of finding analytical solutions. This explains the extensive use of
numerical methods in Fluid Mechanics [1]. Computational Fluid Dynamics (CFD)
is certainly the fastest growing branch of fluid mechanics, largely as a result of the
increasing availability and power of computers, and the parallel advancement of
versatile numerical techniques.

In this chapter, we study certain classes of incompressible flows, in which the
Navier-Stokes equations are simplified significantly to lead to analytical solutions.
These classes concern unidirectional flows, that is, flows which have only one nonzero
velocity component, u;. Hence, the number of the primary unknowns is reduced to
two: the velocity component, u;, and pressure, p. In many flows of interest, the PDEs
corresponding to the two unknown fields are decoupled. As a result, one can first find
u;j, by solving the corresponding component of the Navier-Stokes equation, and then
calculate the pressure. Another consequence of the unidirectionality assumption, is
that u; is a function of at most two spatial variables and time. Therefore, in the
worst case scenario of incompressible, unidirectional flow one has to solve a PDE
with three independent variables, one of which is time.

The number of independent variables is reduced to two in

(a) transient one-dimensional (1D) unidirectional flows in which w; is a function of
one spatial independent variable and time; and

(b) steady two-dimensional (2D) unidirectional flows in which w; is a function of
two spatial independent variables.

© 2000 by CRC Press LLC



The resulting PDEs in the above two cases can often be solved using various tech-
niques, such as the separation of variables 2] and similarity methods [3].

In steady, one-dimensional unidirectional flows, the number of independent vari-
ables is reduced to one. In these flows, the governing equation for the nonzero ve-
locity component is just a linear, second-order ordinary differential equation (ODE)
which can be solved easily using well-known formulas and techniques. Such flows are
studied in the first three sections of this chapter. In particular, in Sections 1 and 2,
we study flows in which the streamlines are straight lines, i.e., one-dimensional recti-
linear flows with uz=u,(y) and uy=u,=0 (Section 6.1), and azisymmetric rectilinear
flows with u,=u(r) and u,=up=0 (Section 6.2). In Section 6.3, we study azisym-
metric torsional (or swirling) flows, with ug=ug(r) and u,=u,=0. In this case, the
streamlines are circles centered at the axis of symmetry.

In Sections 6.4 and 6.5, we discuss briefly steady radial flows, with azial and
spherical symmetry, respectively. An interesting feature of radial flows is that the
nonzero radial velocity component, u,=u,(r), is determined from the continuity
equation rather than from the radial component of the Navier-Stokes equation. In
Section 6.6, we study transient, one-dimensional unidirectional flows. Finally, in
Section 6.7, we consider examples of steady, two-dimensional unidirectional flows.

Unidirectional flows, although simple, are important in a diversity of fluid trans-
ferring and processing applications. As demonstrated in examples in the following
sections, once the velocity and the pressure are known, the nonzero components
of the stress tensor, such as the shear stress, as well as other useful macroscopic
quantities, such as the volumetric flow rate and the shear force (or drag) on solid
boundaries in contact with the fluid, can be easily determined.

Let us point out that analytical solutions can also be found for a limited class of
two-dimensional almost unidirectional or bidirectional flows by means of the potential
function and/or the stream function, as demonstrated in Chapters 8 to 10. Approx-
imate solutions for limiting values of the involved parameters can be constructed
by asymptotic and perturbation analyses, which are the topics of Chapters 7 and 9,
with the most profound examples being the [ubrication, thin-film, and boundary-
layer approximations.

6.1 Steady, One-Dimensional Rectilinear
Flows

Rectilinear flows, i.e., flows in which the streamlines are straight lines, are usually
described in Cartesian coordinates, with one of the axes being parallel to the flow
direction. If the flow is axisymmetric, a cylindrical coordinate system with the z-axis
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coinciding with the axis of symmetry of the flow is usually used.

Let us assume that a Cartesian coordinate system is chosen to describe a rec-
tilinear flow, with the z-axis being parallel to the flow direction, as in Fig. 6.1,
where the geometry of the flow in a channel of rectangular cross section is shown.
Therefore, u, is the only nonzero velocity component and

Uy =u, =0. (6.1)

From the continuity equation for incompressible flow,

Ouy n % n Oou,
ox oy 0z

=0,

we find that
Oug

Oz
which indicates that u, does not change in the flow direction, i.e., u, is independent
of x:

pu— 0 5

Uy = Uz (Y, 2, 1) . (6.2)

Flows satisfying Eqgs. (6.1) and (6.2) are called fully developed. Flows in tubes
of constant cross section, such as the one shown in Fig. 6.1, can be considered
fully developed if the tube is sufficiently long so that entry and exit effects can be
neglected.

Due to Egs. (6.1) and (6.2), the x-momentum equation,

ou ou ou ou 0 d%u 9%u 9%u
p( Pty s ”““>:——p+ ( L T ) g

ot P P 82 ar T\ 8z2 T By T 0:2
is reduced to ) )

If now the flow is steady, then the time derivative in the x-momentum equation is
zero, and Eq. (6.3) becomes

op Puy  0uy
+ +pgs = 0. 4

The last equation which describes any steady, two-dimensional rectilinear flow
in the z-direction is studied in Section 6.5. In many unidirectional flows, it can be
assumed that

0%y 0y
a2~ B2
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Figure 6.1. Geometry of flow in a channel of rectangular cross section.

and u, can be treated as a function of y alone, i.e.,
Uy = Uz (Yy) - (6.5)
With the latter assumption, the xz-momentum equation is reduced to:

Op d?u,
oz dy?

+ pgz = 0. (6'6)

The only nonzero component of the stress tensor is the shear stress 7,

duy
Tyz = 7] d—y s (67)
in terms of which the z-momentum equation takes the form
dp dTys B

Equation (6.6) is a linear second-order ordinary differential equation and can be
integrated directly if

0
8—]; = const . (6.9)
Its general solution is given by
1 /0
uz(y) = o (8—2 —pgx) Y+ ay + . (6.10)
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Figure 6.2. Plane Couette flow.

Therefore, the velocity profile is a parabola and involves two constants, ¢; and ca,
which are determined by applying appropriate boundary conditions for the partic-
ular flow. The shear stress, 7y, =7y, is linear, i.e.,

dug (8p

g, . 11
i e pg>y+n61 (6.11)

Tyz = 7]

Note that the y- and z-momentum components do not involve the velocity u,; since
uy=u,=0, they degenerate to the hydrostatic pressure expressions

dp
—a—y+pgy:0 and

dp

_op L =0. 6.12
5, T P9 (6.12)

Integrating Eqs. (6.9) and (6.12), we obtain the following expression for the pressure:

p= %w+pgyy+pgzz+c, (6.13)
where ¢ is a constant of integration which may be evaluated in any particular flow
problem by specifying the value of the pressure at a point.

In Table 6.1, we tabulate the assumptions, the governing equations, and the ge-
neral solution for steady, one-dimensional rectilinear flows in Cartesian coordinates.
Important flows in this category are:

1. Plane Couette flow, i.e., fully-developed flow between parallel flat plates of
infinite dimensions, driven by the steady motion of one of the plates. (Such
a flow is called shear-driven flow.) The geometry of this flow is depicted in
Fig. 6.2, where the upper wall is moving with constant speed V' (so that it
remains in the same plane) while the lower one is fixed. The pressure gradient
is zero everywhere and the gravity term is neglected. This flow is studied in
Example 1.6.1.
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Assumptions:

Continuity:

r-momentum:

y-momentum:

EZ) j—
Z-1Mo Ilelll um:
ép —

General solution:

0
Uy = Q%(g% - pgz> v + ay + e

Tye = Toy = (g% - PQm) Yy + ncy

0
p = gha+pgyy+pg.z+c

Table 6.1. Governing equations and general solution for steady, one-dimensional
rectilinear flows in Cartesian coordinates.

2. Fully-developed plane Poiseuille flow, i.e., flow between parallel plates of infi-
nite width and length, driven by a constant pressure gradient, imposed by a
pushing or pulling device (a pump or vacuum, respectively), and/or gravity.
This flow is an idealization of the flow in a channel of rectangular cross section,
with the width W being much greater than the height H of the channel (see
Fig. 6.1). Obviously, this idealization does not hold near the two lateral walls,
where the flow is two-dimensional. The geometry of the plane Poiseuille flow
is depicted in Fig. 6.4. This flow is studied in Examples 6.1.2 to 6.1.5, for
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different boundary conditions.

3. Thin film flow down an inclined plane, driven by gravity (i.e., elevation differ-
ences), under the absence of surface tension. The pressure gradient is usually
assumed to be everywhere zero. Such a flow is illustrated in Fig. 6.8, and is
studied in Example 1.6.6.

All the above flows are rotational, with vorticity generation at the solid bound-

aries,
Ouy
o < Ay )wk 70

The vorticity diffuses away from the wall, and penetrates the main flow at a rate
v(d?u,/dy?). The extensional stretching or compression along streamlines is zero,
ie.,

j k
w =Vxuly =|0 2
= w = 5y

(%
z w

€ = =0

or
Material lines connecting two moving fluid particles traveling along different stream-
lines both rotate and stretch, where stretching is induced by rotation. However, the
principal directions of strain rotate with respect to those of vorticity. Therefore,

strain is relaxed, and the flow is weak.

Example 6.1.1. Plane Couette flow

Plane Couette flow," named after Couette who introduced it in 1890 to measure
viscosity, is fully-developed flow induced between two infinite parallel plates, placed
at a distance H apart, when one of them, say the upper one, is moving steadily with
speed V relative to the other (Fig. 6.2). Assuming that the pressure gradient and
the gravity in the z-direction are zero, the general solution for u, is:

Uy = C1Y + C2.
For the geometry depicted in Fig. 6.2, the boundary conditions are:

uy =0 at y=0 (lower plate is stationary);

uy =V at y=H (upper plate is moving).

By means of the above two conditions, we find that co=0 and ¢;=V/H. Substituting
the two constants into the general solution, yields

Uy = — Y. (6.14)

'Plane Couette flow is also known as simple shear flow.
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The velocity u; then varies linearly across the gap. The corresponding shear stress
is constant,

|4
Tya =1 g - (6.15)

A number of macroscopic quantities, such as the volumetric flow rate and the
shear stress at the wall, can be calculated. The volumetric flow rate per unit width
is calculated by integrating u, along the gap:

W Uy dy = A Hydy =

Q 1
= HV. (6.16)

The shear stress 7, exerted by the fluid on the upper plate is

|%
Tw = —Tyaly=H = —T]E. (6.17)

The minus sign accounts for the upper wall facing the negative y-direction of the
chosen system of coordinates. The shear force per unit width required to move the

F L 1%
— = | r,dz =n—L,
=) =g

where L is the length of the plate.

upper plate is then

}

U=V H

F Y Y VY Y

—_—

|4

Figure 6.3. Plug flow.

Finally, let us consider the case where both plates move with the same speed V,
as in Fig. 6.3. By invoking the boundary conditions

ugy(0) =u(H) =V,
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we find that ¢;=0 and cs=V, and, therefore,
u; =V.
Thus, in this case, plane Couette flow degenerates into plug flow. |

Example 6.1.2. Fully-developed plane Poiseuille flow

Plane Poiseuille flow, named after the channel experiments by Poiseuille in 1840,
occurs when a liquid is forced between two stationary infinite flat plates, under
constant pressure gradient Op/dz and zero gravity. The general steady-state solution
is

1 Op ,
) = Lo 1
uz(y) 5 O Y.+ cay + e (6.18)
and

0
Tyz = a—i y + nerp . (6.19)

Figure 6.4. Plane Poiseuille flow.

By taking the origin of the Cartesian coordinates to be on the plane of symmetry
of the flow, as in Fig. 6.4, and by assuming that the distance between the two plates
is 2H, the boundary conditions are:

d
Tyz =1 diyz =0 at y=0 (symmetry);

up, =0 at y=H (stationary plate) .

Note that the condition u,=0 at y=—H may be used instead of any of the above
conditions. By invoking the boundary conditions at y=0 and H, we find that ¢;=0
and 1 9
P rr2
= —— —H".
“ 2n Oz
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The two constants are substituted into the general solution to obtain the following
parabolic velocity profile,
1 Op, 9 2
Uy = —— —(H* — . 6.20
z 57 9 yo) (6.20)
If the pressure gradient is negative, then the flow is in the positive direction, as in
Fig. 6.4. Obviously, the velocity u, attains its maximum value at the centerline
(y=0):
1 op 2

uammaac - _% %
The volumetric flow rate per unit width is

Q /H /H 1 Op, 9 2
e 2dy =2 | —— Z(H?> =) d
W e 4y ; 277895( y)dy =

2 Op 3

- - HWwW. 21
Q 3 Oz w (6.21)

As expected, Eq. (6.21) indicates that the volumetric flow rate @ is proportional
to the pressure gradient, Op/0z, and inversely proportional to the viscosity 1. Note
also that, since dp/0z is negative, @ is positive. The average velocity, i, in the
channel is:

Q 2 Op H2

WH 3n Oz

The shear stress distribution is given by

Uy =

Op

Ty = % Yy, (622)

i.e., 7y, varies linearly from y=0 to H, being zero at the centerline and attaining its
maximum absolute value at the wall. The shear stress exerted by the fluid on the
wall at y=H is

Example 6.1.3. Plane Poiseuille flow with slip
Consider again the fully-developed plane Poiseuille flow of the previous example,
and assume that slip occurs along the two plates according to the slip law

Tw=PBu, at y=H,
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where ( is a material slip parameter, 7, is the shear stress exerted by the fluid on
the plate,

Tw = _Tym|y:H »

and wu,, is the slip velocity. Calculate the velocity distribution and the volume flow
rate per unit width.

Tw=—Tyz =Py

Figure 6.5. Plane Poiseuille flow with slip.

Solution:
We first note that the flow is still symmetric with respect to the centerline. In this
case, the boundary conditions are:

d
Tymzndi;zo at y=0,
Tw = Buy, at y=H.

The condition at y=0 yields ¢;=0. Consequently,

1 dp ,
Uy = o O Y-+ c2,
and
Op Op
Tyz = %y = Tw = o
Applying the condition at y=H, we obtain
1 1 Op 1 0p 1 Op
= — = H=-—-—H — — —H = ——H
o ﬂTw uz(H) 8 Ox 2n Ox + e 8 Ox
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Consequently,

1 0p 9 217H>
2= 2n Ox <H + B )’
and 19 o H
D 2 n 2
= = P g2 E ) 2
U 5 Or ( + 3 y) (6.23)

Note that this expression reduces to the standard Poiseuille flow profile when g—oc.
Since the slip velocity is inversely proportional to the slip coefficient 3, the standard
no-slip condition is recovered.

An alternative expression of the velocity distribution is

1 op 9 9
Uy = Uy 2nax(H_y)7
which indicates that u,, is just the superposition of the slip velocity u,, to the velocity
distribution of the previous example.

For the volumetric flow rate per unit width, we obtain:

Q 2 0p

H
R e dy = 2u,H — H?
W /0 o &Y b 3n Ox
2 0p 3 377)
= ———H [1+—— . .24
@ 3n Ox (+6H W (6.24)

Example 6.1.4. Plane Couette-Poiseuille flow

Consider again fully-developed plane Poiseuille flow with the upper plate moving
with constant speed, V' (Fig. 6.6). This flow is called plane Couette-Poiseuille flow
or general Couette flow. In contrast to the previous two examples, this flow is not
symmetric with respect to the centerline of the channel, and, therefore, having the
origin of the Cartesian coordinates on the centerline is not convenient. Therefore,
the origin is moved to the lower plate.

The boundary conditions for this flow are:

u, =0 at y=0,
u, =V at y=a,

where a is the distance between the two plates. Applying the two conditions, we
get co=0 and
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Figure 6.6. Plane Poiseuille flow with the upper plate moving with constant speed.

respectively. Therefore,

4 1 0p 9
i A T (ay —y°). (6.25)

The shear stress distribution is given by

Tye = 77% - %g—i (a—2y). (6.26)
It is a simple exercise to show that Eq. (6.25) reduces to the standard Poiseuille
velocity profile for stationary plates, given by Eq. (6.20). (Keep in mind that a=2H
and that the y-axis has been translated by a distance H.) If instead, the pressure
gradient is zero, the flow degenerates to the plane Couette flow studied in Example
1.6.1, and the velocity distribution is linear. Hence, the solution in Eq. (6.25) is the
sum of the solutions to the above two separate flow problems. This superposition
of solutions is a result of the linearity of the governing equation (6.6) and boundary
conditions. Note also that Eq. (6.25) is valid not only when both the pressure
gradient and the wall motion drive the fluid in the same direction, as in the present
example, but also when they oppose each other. In the latter case, some reverse
flow —in the negative = direction— can occur when dp/dx >0.
Finally, let us find the point y* where the velocity attains its maximum value.
This point is a zero of the shear stress (or, equivalently, of the velocity derivative,

dug /dy):

Y

(a-2¢y") = ¥y =

p
= 392 a(g_g).
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The flow is symmetric with respect to the centerline, if y*=a/2, i.e., when V=0.
The maximum velocity uy mae is determined by substituting y* into Eq. (6.25).
O

Example 6.1.5. Poiseuille flow between inclined plates

Consider steady flow between two parallel inclined plates, driven by both constant
pressure gradient and gravity. The distance between the two plates is 2H and the
chosen system of coordinates is shown in Fig. 6.7. The angle formed by the two
plates and the horizontal direction is 6.

Figure 6.7. Poiseuille flow between inclined plates.

The general solution for u, is given by Eq. (6.10):

1 /Op
ug(y) = o (— —pgz> y? + a1y + c2.

2n \ Oz
Since,
gz = g sinf,
we get
1 /op ) 9
= — | =— — pgsinf + cy + c2.
Uz (y) 2 ((% pg si )y 1y + ¢
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Integration of this equation with respect to y and application of the boundary con-
ditions, du,/dy=0 at y=0 and u,=0 at y=H, give

1

uz(y) = o (—% + pg sin9> (H? — %) . (6.27)

The pressure is obtained from Eq. (6.13) as

dp
p=-v+ppytc =
ox

0
p = A pgcosty + ¢ (6.28)
Ox

Example 6.1.6. Thin film flow

Consider a thin film of an incompressible Newtonian liquid flowing down an inclined
plane (Fig. 6.8). The ambient air is assumed to be stationary, and, therefore, the
flow is driven by gravity alone. Assuming that the surface tension of the liquid is
negligible, and that the film is of uniform thickness ¢, calculate the velocity and the
volumetric flow rate per unit width.

Solution:
The governing equation of the flow is
d2ux dzum .
n 4y’ + pgz =0 = U—dyQ = —pgsinb ,
with general solution
sinf 12
Ux:__pg y—+c1y+62.
i 2

As for the boundary conditions, we have no slip along the solid boundary,
u, =0 at y=0,

and no shearing at the free surface (the ambient air is stationary),

Tyxzndy =0 at y=96.

Applying the above two conditions, we find that co=0 and ¢;=pg sinf/(nd), and thus

. 9 2
up = pg:n <6y—y—> . (6.29)

2
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Stationary air
(Ty2=0 at y=4)

Figure 6.8. Film flow down an inclined plane.

The velocity profile is semiparabolic, and attains its maximum value at the free
surface,
pg sinf 62

Ug max = Uz(é) = 2

The volume flow rate per unit width is

— — e 6.30
y T (6.30)

Q /5 wy d pg sinf &3
w 0

and the average velocity, u,, over a cross section of the film is given by

i B pgsinf 62
wés 3n

Uy =

Note that if the film is horizontal, then sind=0 and u, is zero, i.e., no flow occurs.
If the film is vertical, then sinf=1, and

up = 22 <6y—y7> (6.31)
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and
Q _ pgd®

= 6.32
W 3 (6.32)

By virtue of Eq. (6.13), the pressure is given by
P = pgyy + c = —pgcosby + c.
At the free surface, the pressure must be equal to the atmospheric pressure, pg, so
po = —pgcosf b + ¢

and
p = po + pg (6 —y) cosh . (6.33)

Example 6.1.7. Two-layer plane Couette flow

Two immiscible incompressible liquids A and B of densities p4 and pp (pa > pB)
and viscosities 4 and np flow between two parallel plates. The flow is induced by
the motion of the upper plate which moves with speed V', while the lower plate is
stationary (Fig. 6.9).

Figure 6.9. Two-layer plane Couette flow.

The velocity distributions in both layers obey Eq. (6.6) and are given by
Eq. (6.10). Since the pressure gradient and gravity are both zero,

fchy_‘_céa OS?/SHA,
ub =Py + B, Hi<y<Hi+Hgp,
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where ¢!, ¢3!, ¢P and ¢& are integration constants determined by conditions at the
solid boundaries and the interface of the two layers. The no-slip boundary conditions
at the two plates are applied first. At y=0, uA=0; therefore,

cﬁ‘ =0.
At y=H + Hp, uZ=V; therefore,
B=v-CP(H4s+Hp).
The two velocity distributions become
2 =cly, 0<y<Ha,
ub =V — P (Hys+Hp—y), Ha<y<Hs+Hgp.

At the interface (y=H ), we have two additional conditions:
(a) the velocity distribution is continuous, i.e.,
ud = ub at y=Ha;

T

(b) momentum transfer through the interface is continuous, i.e.,

Tzﬁﬁ = TyB; at y=Hq4y —
duzt dub

nA dy B dy a Yy A
From the interface conditions, we find that

A _ ngV B naV
f = ————— and ¢ = ——Mm——.
naHp +npHy naHp +npHx

Hence, the velocity profiles in the two layers are

A ngV

A= BT 0<y<Ha, 6.34
UAHB+UBHAy Y (6:34)

B naV
wB=—v o "M (g 4Hp-y), Hi<y<Has+Hg. (635
* ?7AHB+773HA( A B=Y) A= A B (6:35)

If the two liquids are of the same viscosity, n4a=np=n, then the two velocity
profiles are the same, and the results simplify to the linear velocity profile for one-
layer Couette flow,

A_ B _ |4 y.
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6.2 Steady, Axisymmetric Rectilinear Flows

Axisymmetric flows are conveniently studied in a cylindrical coordinate system,
(r,0, z), with the z-axis coinciding with the axis of symmetry of the flow. Azisym-
metry means that there is no variation of the velocity with the angle 6,

ou

There are three important classes of axisymmetric unidirectional flows (i.e., flows
in which only one of the three velocity components, u,, ug and u,, is nonzero):

1. Azisymmetric rectilinear flows, in which only the axial velocity component,
Uy, i nonzero. The streamlines are straight lines. Typical flows are fully-
developed pressure-driven flows in cylindrical tubes and annuli, and open film
flows down cylinders or conical pipes.

2. Axisymmetric torsional flows, in which only the azimuthal velocity component,
ug, is nonzero. The streamlines are circles centered on the axis of symmetry.
These flows, studied in Section 6.3, are good prototypes of rigid-body rotation,
flow in rotating mixing devices, and swirling flows, such as tornados.

3. Azisymmetric radial flows, in which only the radial velocity component, u,,
is nonzero. These flows, studied in Section 6.4, are typical models for radial
flows through porous media, migration of oil towards drilling wells, and suction
flows from porous pipes and annuli.

As already mentioned, in axisymmetric rectilinear flows,
ur =ug=0. (6.37)

The continuity equation for incompressible flow,

10 1 dug ou,
car) F e Y =0
becomes
Ou, 0
oz

From the above equation and the axisymmetry condition (6.36), we deduce that

Uy = uy(r,t) . (6.38)
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Due to Egs. (6.36)-(6.38), the z-momentum equation,

8uz+ 8uz+%8uz+ Ou,, 77@+ 10 ( Ou, i82u2+82uz+
P\ "% ar T ee T a2 )T oz T rar o 2902 a2 | TP

is simplified to

ou,  Op 10 ou,
P = "o, + - (7“ 87") + pg. . (6.39)

For steady flow, u,=u(r) and Eq. (6.39) becomes an ordinary differential equation,

dp 1d du,
- = -— =0. 6.40
0z+nrdr(rdr)+pgz ( )
The only nonzero components of the stress tensor are the shear stresses 7., and
Tzr,
du
Trz = Tzr = 1] d?"z , (641)
for which we have
0 1d
- 8—2: + ;%(TTTZ) + pg, = 0. (6.42)

When the pressure gradient Op/0z is constant, the general solution of Eq. (6.39)
is

1 /0
U, = E <a—§ —pgz> r 4+ celnr + ¢ (6.43)
For 7,,, we get
L (6p > + n2 (6.44)
Try = = [ = — r —. .
" A "y

The constants ¢; and ¢y are determined from the boundary conditions of the flow.
The assumptions, the governing equations and the general solution for steady, ax-
isymmetric rectilinear flows are summarized in Table 6.2.

Example 6.2.1. Hagen-Poiseuille flow

Fully-developed axisymmetric Poiseuille flow, or Hagen-Poiseuille flow, studied ex-

perimentally by Hagen in 1839 and Poiseuille in 1840, is the pressure-driven flow in

infinitely long cylindrical tubes. The geometry of the flow is shown in Fig. 6.10.
Assuming that gravity is zero, the general solution for u, is

10
Uy = @ETZTZ + clnr + ¢

© 2000 by CRC Press LLC



Assumptions:

Continuity:

zZ-momentum:

r-momentum:

f-momentum:

General solution:

Uy = 415(5? — pgz) 2 + clnr + ¢

Trz = Tzr = %(% - pgz)r + 776?1

[ ¢(r,0)=const. when g,=gp=0 ]

Table 6.2. Governing equations and gemeral solution for steady, axisymmetric
rectilinear flows.

The constants ¢; and ¢y are determined by the boundary conditions of the flow.
Along the axis of symmetry, the velocity u, must be finite,

u, finite at r=0.
Since the wall of the tube is stationary,

u, =0 at r=R.
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Figure 6.10. Azisymmetric Poiseuille flow.

By applying the two conditions, we get ¢;=0 and

and, therefore,

u, = —— = (R2 —r2) , (6.45)

which represents a parabolic velocity profile (Fig. 6.10). The shear stress varies
linearly with r,

10p

202

and the shear stress exerted by the fluid on the wall is

Trz =

| 10p

Tw = —Trzlr=R = ——=— R.

w rz|lr=R 209z

(Note that the contact area faces the negative r-direction.)
The maximum velocity occurs at r=0,

10p
zmaz = —— - R°.
b 4dn 0z
For the volume flow rate, we get:
R op (R
Q = /0 u, 277 dr = —%8—5/0 (R —r)yrdr =
T Op 4
= —— —R". 6.46
Q 8 92 (6.46)
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Note that, since the pressure gradient dp/0z is negative, @) is positive. Equation
(6.46) is the famous experimental result of Hagen and Poiseuille, also known as
the fourth-power law. This basic equation is used to determine the viscosity from
capillary viscometer data after taking into account the so-called Bagley correction
for the inlet and exit pressure losses.

The average velocity, u,, in the tube is
Q _ 1 Jp R2

YT TR T 8n 0z

Example 6.2.2. Fully-developed flow in an annulus

Consider fully-developed pressure-driven flow of a Newtonian liquid in a sufficiently
long annulus of radii R and kR, where k <1 (Fig. 6.11). For zero gravity, the
general solution for the axial velocity u, is

10
Uy, = 4—778—]:7"2—1—011nr+02.

Figure 6.11. Fully-developed flow in an annulus.

Applying the boundary conditions,

u, =0 at r=«kR,

u,=0 at r=R,

we find that

10p o 1—kK?
L = ———

dndz  In(1/k)
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and

1 dp o
= —— = —cInR.
(&) 477 aZ R C1 nR
Substituting ¢; and ¢ into the general solution we obtain:
10p o < r )2 1 — K2 r
;= ——R|1—-|—= In—| . 6.47
" 4n 0z [ R * In(1/k) "R (6:47)
The shear stress is given by
10p r 1-k%> (R
ry = ——— 2= — ——(— )| . 4

7 482R[ <R) In(1/k) <7‘)] (6.48)

The maximum velocity occurs at the point where 7,,=0 (which is equivalent to
du,/dr=0), i.e., at
1_ /{/2 ‘| 1/2

)

=R [2111(1//4

Substituting into Eq. (6.47), we get

10p o 1— K2 1— &2
= ———R{1 — —— |1 -In——-~~— .
Uzmaz 4n 0z { 2In(1/k) "9 In(1/k)
For the volume flow rate, we have

R T dp o (B r\2 11— k2 r
= [ womrdr = ——2 1-(2) + —5 m-
Q /0 uy 2mr dr 27782R /0 [ (R) +1n(1//<a) n rdr —

T dp (1-r2)?
Q - _%%Rzl [(1—%4) — W] . (6'49)

The average velocity, u,, in the annulus is

U, = L — _i@RQ
* 7mR?—n(kR)? 8n 0z

(1+ﬁ2)—(1_7”2)] .

In(1/)

Example 6.2.3. Film flow down a vertical cylinder
A Newtonian liquid is falling vertically on the outside surface of an infinitely long
cylinder of radius R, in the form of a thin uniform axisymmetric film, in contact
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Figure 6.12. Thin film flow down a vertical cylinder.

with stationary air (Fig. 6.12). If the volumetric flow rate of the film is @, calculate
its thickness 6. Assume that the flow is steady, and that surface tension is zero.

Solution:
Equation (6.43) applies with g—é):():

1 2
Uy, = ——pg,r°+c1lnr+co
4n

Since the air is stationary, the shear stress on the free surface of the film is zero,

du, R+ 6)?
T,nz:nu =0 at r=R+6 — clngg.
dr 2n
At r=R, u,=0; consequently,
1 2
cg = —pgR*—ciInR.
4n
Substituting into the general solution, we get
u, = ipg R2— 124 2(R+6)2In—]| . (6.50)
4n R
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For the volume flow rate, (), we have:
R+6 R+6
CQ:(/ 1w2ﬂrm‘=-lpg/i P#—w2+2u%+6fln3]rma
R 2" Jr R

After integration and some algebraic manipulations, we find that

T o\* 1 1 1 6\?
=—pgR*{4(1+ <) In(1+—=)-—5(2+5)[3(1+—5) —1];. (651
Q=5 {(*3) “(*R) R(*R)“*R) ]} (6:51)
When the annular film is very thin, it can be approximated as a thin planar film.
We will show that this is indeed the case, by proving that for

0
—<1
R <5

Eq. (6.51) reduces to the expression found in Example 6.1.6 for a thin vertical
planar film. Letting

6
‘R
leads to the following expression for @,

Q = E;T—npgR4 {4(1+6)4 In(l4+¢) —e(2+¢) [3(14‘6)2—1]} :

Expanding In(1 + €) into Taylor series, we get

2 3 4

€ € €
In(l4e) =e—"og S S 5 |
n(l4+e =€ 2—1—3 4+O(e)
Thus
e 3
(1+e)tIn(l+¢e) = (1+4e+6e+4+€h) E*§+§*Z+O(E5)
1 2
:e+gé+§é+£é+0@)
Consequently,
1 2
Q = %pg}?fl {4 [e + 262 + ?63 + 1—;64 + 0(65)] — (4e + 14€* +126° + 364)} ,
o 16 11
_ T op4 |03 114 5
Q—8npR |:36 12 +O(e)]
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Keeping only the third-order term, we get

& - &

_ gt 10
@ = g, otR 31

8n 3

By setting 27 R equal to W, the last equation becomes identical to Eq. (6.32). O

Example 6.2.4. Annular flow with the outer cylinder moving
Consider fully-developed flow of a Newtonian liquid between two coaxial cylinders
of infinite length and radii R and xR, where x <1. The outer cylinder is steadily
translated parallel to its axis with speed V, whereas the inner cylinder is fixed
(Fig. 6.13). For this problem, the pressure gradient and gravity are assumed to be
negligible.

Figure 6.13. Flow in an annulus driven by the motion of the outer cylinder.
The general solution for the axial velocity u, takes the form
U, = ci1lnr+cy.

For r=kR, u,=0, and for r=R, u,=V. Consequently,

Vv In(kR)
= —_— d = — .
4= g W@ = VTS
Therefore, the velocity distribution is given by
_r_
u, =V In </€R>
? In(1/k)

(6.52)
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Let us now examine two limiting cases of this flow.
(a) For k—0, the annular flow degenerates to flow in a tube. From Eq. (6.52), we

have () "
n (25 n %
li —ERL — Y Jim |1 R ] =
Y e Y Ji%[ (1 /m)
In other words, we have plug flow (solid-body translation) in a tube.

(b) For k—1, the annular flow is approximately a plane Couette flow. To demon-
strate this, let

Uy —

1_1: 11—k
K K

€E =

and

AR = R—-—kR = (1-Kk) R = /iR:ﬁ.

€

Introducing Cartesian coordinates, (y, z), with the origin on the surface of the inner
cylinder, we have

r Y
Y r—kR — = + ‘AR
Substituting into Eq. (6.52), we get
In (1+ex%)
Using L’Hopital’s rule, we find that
In (1+ ex%) y l4e y
limV — 28 = limV = ——— = V-
Y e 20" AR 1+ e VAR

Therefore, for small values of €, that is for k—1, we obtain a linear velocity dis-
tribution which corresponds to plane Couette flow between plates separated by a
distance AR. O

6.3 Steady, Axisymmetric Torsional Flows

In axisymmetric torsional flows, also referred to as swirling flows,
ur =u, =0, (6.54)

and the streamlines are circles centered at the axis of symmetry. Such flows usually
occur when rigid cylindrical boundaries (concentric to the symmetry axis of the
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flow) are rotating about their axis. Due to the axisymmetry condition, dugy/00=0,
the continuity equation for incompressible flow,

Lo, low | ou.
ror r 00 0z
is automatically satisfied.

Assuming that the gravitational acceleration is parallel to the symmetry axis of
the flow,

(ruy) + =0,

g = —ge,, (6.55)

the r- and z-momentum equations are simplified as follows,

ug_@

pt = 2L, (6.56)
Ip
9 +pg =0. (6.57)

Equation (6.56) suggests that the centrifugal force on an element of fluid balances
the force produced by the radial pressure gradient. Equation (6.57) represents the
standard hydrostatic expression. Note also that Eq. (6.56) provides an example
in which the nonlinear convective terms are not vanishing. In the present case,
however, this nonlinearity poses no difficulties in obtaining the analytical solution
for ug. As explained below, ug is determined from the #-momentum equation which
is decoupled from Eq. (6.56).
By assuming that
op
i
and by integrating Eq. (6.57), we get

0

p = —pgz+c(rt);

consequently, dp/Jr is not a function of z. Then, from Eq. (6.56) we deduce that

ug = ug(r,t) . (6.58)
Due to the above assumptions, the §-momentum equation reduces to
Oug 0 (10
PW =1 or (;E(m‘)» . (6.59)
For steady flow, we obtain the linear ordinary differential equation
d (1d
= (G otru) =0, (6.60)
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the general solution of which is

C2
ug = c1r + —.
r

(6.61)

The constants ¢; and ¢y are determined from the boundary conditions of the flow.

Assumptions:
0
ur = uy =0, %:07 8_10):07 g=—g¢€;
Continuity: Satisfied identically
f-momentum:
d(ld _
& (7 g (ruo)) =0
zZ-momentum:
0
e 9=
r-momentum:
uj _ Op
P =g, = ug= ug(r)
General solution:
Ug = c1r + Cr_z
Trg = Tor —2n C_%
2,2 2
T c
p = p<1T + 2cicplnr — 2—7?2) —pgz + ¢

Table 6.3.
torsional flows.

Governing equations and general solution for steady, axisymmetric

The pressure distribution is determined by integrating Eqgs. (6.56) and (6.57):
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cir? c3
p=p|l— 4+ 2c1colnr — == | — pgz + ¢, (6.62)

2 22
where c is a constant of integration, evaluated in any particular problem by speci-
fying the value of the pressure at a reference point.
Note that, under the above assumptions, the only nonzero components of the
stress tensor are the shear stresses,

r

d [ug
= T = 1 , 6.63
Trg = Top = NT dr< > (6.63)

in terms of which the #-momentum equation takes the form

d
5(727}9) =0. (6.64)

The general solution for 7, is
C2

The assumptions, the governing equations and the general solution for steady,
axisymmetric torsional flows are summarized in Table 6.3.

Example 6.3.1. Steady flow between rotating cylinders

The flow between rotating coaxial cylinders is known as the circular Couette flow,
and is the basis for Couette rotational-type viscometers. Consider the steady flow
of an incompressible Newtonian liquid between two vertical coaxial cylinders of
infinite length and radii R; and Ra, respectively, occurring when the two cylinders
are rotating about their common axis with angular velocities 2; and €22, in the
absence of gravity (Fig. 6.14).2

The general form of the angular velocity uy is given by Eq. (6.61),

C2
Ug = c1r + —.
T

The boundary conditions,

Uy = QlRl at T = R1 ;
Ug = QQRQ at T = RQ 5

2The time-dependent flow between rotating cylinders is much more interesting, especially the
manner in which it destabilizes for large values of 21, leading to the generation of axisymmetric
Taylor vortices [4].
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Figure 6.14. Geometry of circular Couette flow.

result in
R3O, — R3O, RiR3
cp = ————-— and ¢y = ———5 (Qg —Ql).
R3 — R? R3 — R?
Therefore,
1 1
w = Fr (R3Qy — R2Q)r — RIRZ(Q — ) | . (6.66)
2 — Iy r

Note that the viscosity does not appear in Eq. (6.66), because shearing between
adjacent cylindrical shells of fluid is zero. This observation is analogous to that
made for the plane Couette flow [Eq. (6.14)]. Also, from Egs. (6.62) and (6.65), we
get

1 1
PP Ry 5(3392 — R2Q)? r? 4 2R?R3(R3Qs — R2)(Q2 — Q1) In 7
1 4 4 2 1
— §R1R2(QQ — Ql) 7”‘—2 + C, (667)
and -
RIR3 1
Treg = 27’] 7(}{% — R%)2 (QQ - Ql) 7’—2 . (668)

Let us now examine the four special cases of flow between rotating cylinders,
illustrated in Fig. 6.15.

© 2000 by CRC Press LLC



(a) The inner cylinder is fixed (2;=0)
20) R2
g%

For p, see Eq. (6.70)

(b) 2;=0=0
ug=0r
p=}_—,pﬂ2 r’+c

(Rigid-body rotation)

(c) No inner cylinder
Q2 ug=LQy r
p=%pﬂ§ r?+c

(Rigid-body rotation)

(d) No outer cylinder

u9=Rfﬂ1 %

p=—gpRIOT L +c

Figure 6.15. Different cases of flow between rotating vertical coaxial cylinders of
infinite height.
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(a) The inner cylinder is fixed, i.e., Q;=0. In this case,

RQQQ R%
- — 6.69
YT R-R? (r r (6.69)
and 4092 2 4
R5Q3 e 2 Ry
The constant ¢ can be determined by setting p=pg at r=R;; accordingly,
R492 r2— R% 9 r R4 1
2RiIn— — — | 5 — = . 71
b= PRz —R2)2 [ R A T (7“2 R%) o (671

For the shear stress, 7,9, we get

RIR3 1
Tro = 27’] R2 R2 QQ T_2 . (672)

The shear stress exerted by the liquid to the outer cylinder is

R

Q 6.73
n R RQ 2 - ( )

Tw = _Trelr:Rz = =2

In viscosity measurements, one measures the torque 7' per unit height L, at the
outer cylinder,

=R (-1p) =

L
T R?R3
Z = 4mn R2 R2 Qs . (674)

The unknown viscosity of a liquid can be determined using the above relation.
When the gap between the two cylinders is very small, circular Couette flow can
be approximated as a plane Couette flow. Indeed, letting r=R;+Ar, we get from
Eq. (6.69)
R, 2+ %
R} —R} 1+4F

ug =

When Ry — Ry, Ar/R; <1 and, therefore,

Ry . Re

U, = - _
" T 2Ry~ Ry) Ry — Ry
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which is a linear velocity distribution corresponding to plane Couette flow between
plates separated by a distance Ro-Rj, with the upper plate moving with velocity
RoQs.

(b) The two cylinders rotate with the same angular velocity, i.e.,
Q=0 =0.
In thic case, ¢;= and c;=0. Consequently,
u = Qr, (6.75)

which corresponds to rigid-body rotation. This is also indicated by the zero tangen-
tial stress,

C2
o = ~2 5 = 0.

For the pressure, we get
1
p = 5,092 r +c. (6.76)

(c) The inner cylinder is removed. In thic case, c;=9 and co=0, since uy (and 7,4)
are finite at r=0. This flow is the limiting case of the previous one for R;—0,

1
ug = Qor, 79 =0 and pzﬁpﬂgr2+c.
(d) The outer cylinder is removed, i.e., the inner cylinder is rotating in an infinite

pool of liquid. In this case, ug—0 as r—oo, and, therefore, c;=0. At r=R1, ug=21 Ry
which gives

Cy — R%Ql .
Consequently,
1
ug = R o (6.77)
9 1
o = —2n Rt — (6.78)
r
and . )
p = —§pR§‘Q§ ST (6.79)

The shear stress exerted by the liquid to the cylinder is

Tw = Trglr=r, = —2n . (6.80)
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The torque per unit height required to rotate the cylinder is

T
T = 2nR? (—7y) = 4mn RIQY . (6.81)

d

In the previous example, we studied flows between vertical coaxial cylinders of
infinite height ignoring the gravitational acceleration. As indicated by Eq. (6.62),
gravity has no influence on the velocity and affects only the pressure. In case of
rotating liquids with a free surface, the gravity term should be included if the top
part of the flow and the shape of the free surface were of interest. If surface tension
effects are neglected, the pressure on the free surface is constant. Therefore, the
locus of the free surface can be determined using Eq. (6.62).

Example 6.3.2. Shape of free surface in torsional flows
In this example, we study two different torsional flows with a free surface. First,
we consider steady flow of a liquid contained in a large cylindrical container and
agitated by a vertical rod of radius R that is coaxial to the container and rotates at
angular velocity 2. If the radius of the container is much larger than R, one may
assume that the rod rotates in an infinite pool of liquid (Fig. 6.16).

Z

— R
0

T
Figure 6.16. Rotating rod in a pool of liquid.

From the results of Example 6.3.1, we have ¢;=0 and cos=R. Therefore,

ug = RQQ1
r
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and

1 1
p=—5pR'Q* = — pgz + c.
2 T

With the surface tension effects neglected, the pressure on the free surface is equal
to the atmospheric pressure, pg. To determine the constant ¢, we assume that the
free surface contacts the rod at z=zy. Thus, we obtain

c = py + —,oRA‘Q2 R2 + pg 2o
and
1 (1 1
p=5 R0 (53 — pg(z—2) + po. (6.82)

Since the pressure is constant along the free surface, the equation of the latter is

1 1
0=p-po = ;pRQ <R2 r—2> — pg(z—2) =
R%2Q)? R?

The elevation of the free surface increases with the radial distance r and approaches
asymptotically the value
R?Q)?

29

Zoo = 20 +

This flow behavior, known as rod dipping, is a characteristic of generalized-Newtonian
liquids, whereas viscoelastic liquids exhibit rod climbing (i.e., they climb the rotating
rod) [5].

Consider now steady flow of a liquid contained in a cylindrical container of radius
R rotating at angular velocity © (Fig. 6.17). From Example 6.3.1, we know that
this flow corresponds to rigid-body rotation, i.e.,

= Qr.
The pressure is given by
N P
p—gpﬂr - pgz + c.

Letting zy be the elevation of the free surface at r=0, and py be the atmospheric
pressure, we get

¢ = po + pg =0,
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z

P=Do

R

T

Figure 6.17. Free surface of liquid in a rotating cylindrical container.

and thus .
p = EPQQ % — pg(z—20) + po. (6.84)

The equation of the free surface is

1
0=p—po= o1 = pg(z—-2) =

= = 6.85

z z0 + QQT , ( )

i.e., the free surface is a parabola. a

Example 6.3.3. Superposition of Poiseuille and Couette flows
Consider steady flow of a liquid in a cylindrical tube occurring when a constant
pressure gradient dp/0z is applied, while the tube is rotating about its axis with
constant angular velocity Q (Fig. 6.18). This is obviously a bidirectional flow, since
the axial and azimuthal velocity components, u, and ug, are nonzero.

The flow can be considered as a superposition of axisymmetric Poiseuille and
circular Couette flows, for which we have:

1 0
ws=uslr) =~ 50 (B —r®)and g =up(r) = Q7.

This superposition is dynamically admissible, since it does not violate the continuity
equation, which is automatically satisfied.
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Figure 6.18. Flow in a rotating tube under constant pressure gradient.

Moreover, the governing equations of the flow, i.e., the z- and #-momentum
equations,

O 10 [ du\ 9 (190 _
Bt () m0 e () -0,

are linear and uncoupled. Hence, the velocity for this flow is given by

10
u:uZeZJru@eg:—%6—5(R2—r2)ez+9reg, (6.86)

which describes a helical flow.
The pressure is obtained by integrating the r-momentum equation,

uj _ Op
r o or’

taking into account that dp/0dz is constant. It turns out that

0 1
p = 8—52 + 5,0(227’2 + C, (687)

which is simply the sum of the pressure distributions of the two superposed flows. It
should be noted, however, that this might not be the case in superposition of other
unidirectional flows. O
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6.4 Steady, Axisymmetric Radial Flows

In axisymmetric radial flows,
u;=up=0. (6.88)

Evidently, the streamlines are straight lines perpendicular to the axis of symmetry
(Fig. 6.19).

T

Figure 6.19. Streamlines in axisymmetric radial flow.

For the sake of simplicity, we will assume that wu,, in addition to being axisym-
metric, does not depend on z. In other words, we assume that, in steady-state, u,
is only a function of r:

up = up(r) . (6.89)

A characteristic of radial flows is that the non-vanishing radial velocity compo-
nent is determined by the conservation of mass rather than by the r-component of
the conservation of momentum equation. This implies that w, is independent of
the viscosity of the liquid. (More precisely, u, is independent of the constitutive
equation of the fluid.) Due to Eq. (6.88), the continuity equation is simplified to

0
E(rur) =0, (6.90)

which gives
C1
Up = — 6.91
;=2 (6.91)
where ¢ is a constant. The velocity u, can also be obtained from a macroscopic

mass balance. If @) is the volumetric flow rate per unit height, L, then

Q = u, 2rrL) =
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Q
onLr’

Up =

which is identical to Eq. (6.91) for ¢;=Q/(2nL).

Assumptions:
UZ:UQ—O, uT:uT’(T)7 g=—g¢€;
Continuity:
%(rur) =0 =  u, = Cr—l
r-momentum:
du Op
PUE = Tor
zZ-momentum:
0
G+ pg=
f-momentum:
Op _ 0 = p=pr=2)
8@ )
General solution:
_C
Uyp = 2
Trr _277 %7 Tey — 277 %

Table 6.4.
radial flows.

Letting

g = —ge€;,

the r-component of the Navier-Stokes equation is simplified to

© 2000 by CRC Press LLC

du, Op
p Ur = a.

dr Or

(6.92)

Governing equations and general solution for steady, axisymmetric

(6.93)

(6.94)



Note that the above equation contains a non-vanishing nonlinear convective term.
The z- and f-components of the Navier-Stokes equation are reduced to the standard
hydrostatic expression,

Op B
% + pg =0, (6.95)
and to
dp
% = 0, (6.96)

respectively. The latter equation dictates that p=p(r, z). Integration of Eqgs. (6.94)
and (6.95) gives

du,
p(r,z) = —p/urd—idr—pgwrc

1
= pC%/T—ng—pgzﬂLc =

o

plrz) = —pg53 —pgz +c, (6.97)

where the integration constant c is determined by specifying the value of the pressure
at a point.
In axisymmetric radial flows, there are two non-vanishing stress components:

du, cal
- = o4, 6.98
Trr 77 dT’ 77 7’2 ) ( )
. c
= 2n— = 2n—. 6.99
Too n r n r2 ( )

The assumptions, the governing equations and the general solution for steady,
axisymmetric radial flows are summarized in Table 6.4.

6.5 Steady, Spherically Symmetric Radial
Flows

In spherically symmetric radial flows, the fluid particles move towards or away from
the center of solid, liquid or gas spheres. Examples of such flows are flow around a
gas bubble which grows or collapses in a liquid bath, flow towards a spherical sink,
and flow away from a point source.

The analysis of spherically symmetric radial flows is similar to that of the axisym-
metric ones. The assumptions and the results are tabulated in Table 6.5. Obviously,
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Assumptions:
upg =ugp =0, up =up(r), g=0
Continuity:
7 (rPu,) =0 = u, = %
r-momentum:
du, _Jdp
P Ur =gy r
f-momentum:
¢-momentum:
op _ 0
a9
General solution:
= 9
r
c c
T = = T = Tee = 20 %
2
_ _.49
p=—pyaTc

Table 6.5. Governing equations and general solution for steady, spherically sym-
metric radial flows.

spherical coordinates are the natural choice for the analysis. In steady-state, the
radial velocity component is a function of the radial distance,
up = up(r), (6.100)
while the other two velocity components are zero:
upg = up = 0. (6.101)

As in axisymmetric radial flows, u, is determined from the continuity equation
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as

w =g, (6.102)

or 0

1
Uy e (6.103)
where @ is the volumetric flow rate.
The pressure is given by

2
p(r) = —p-L +c. (6.104)

2rd

(Note that, in spherically symmetric flows, gravity is neglected.) Finally, there are
now three non-vanishing stress components:

du, a
Ter = 27 o —4n 3 (6.105)
Uy C1

Example 6.5.1. Bubble growth in a Newtonian liquid

Boiling of a liquid often originates from small air bubbles which grow radially in the
liquid. Consider a spherical bubble of radius R(¢) in a pool of liquid, growing at a
rate

dR
— = k.
dt
The velocity, u,, and the pressure, p, can be calculated using Eqgs. (6.102)
and (6.104), respectively. At first, we calculate the constant ¢;. At r=R, u,=dR/dt=k
or

c
m =k = a=kR.
Substituting ¢; into Egs. (6.102) and (6.104), we get
R2
r= k—
u 3

and
4

R
p = —kaﬁ + c.

Note that the pressure near the surface of the bubble may attain small or even
negative values, which favor evaporation of the liquid and expansion of the bubble.
O
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6.6 Transient One-Dimensional Unidirectional
Flows

In Sections 6.1 to 6.3, we studied three classes of steady-state unidirectional flows,
where the dependent variable, i.e., the nonzero velocity component, was assumed
to be a function of a single spatial independent variable. The governing equation
for such a flow is a linear second-order ordinary differential equation which is inte-
grated to arrive at a general solution. The general solution contains two integration
constants which are determined by the boundary conditions at the endpoints of the
one-dimensional domain over which the analytical solution is sought.

In the present section, we consider one-dimensional, transient unidirectional
flows. Hence, the dependent variable is now a function of two independent vari-
ables, one of which is time, t. The governing equations for these flows are partial
differential equations. In fact, we have already encountered some of these PDEs
in Sections 6.1-6.3, while simplifying the corresponding components of the Navier-
Stokes equation. For the sake of convenience, these are listed below.

(a) For transient one-dimensional rectilinear flow in Cartesian coordinates with
uy=u,=0 and uy,=u,(y,1),

uy,  Op  Puy

(b) For transient axisymmetric rectilinear flow with u,=up=0 and u,=u,(r,1),

8uz__@+13(auz)+
p ot 0z e Oor " or P9z
or
Ou,  Op Pu, 10u,
P ot —5 +n <a’l“2 +; 8T> + pg. . (6108)

(c) For transient axisymmetric torsional flow with w,=u,=0 and ug=ug(r,t),

Qug _ 0 (13( ))
Por = Tor \rart )
or
Oug _ Pug  10ug 1
"ot = (arz T ) (6.109)

© 2000 by CRC Press LLC



The above equations are all parabolic PDEs. For any particular flow, they are
supplemented by appropriate boundary conditions at the two endpoints of the one-
dimensional flow domain, and by an initial condition for the entire flow domain. Note
that the pressure gradients in Egs. (6.107) and (6.108) may be functions of time.
These two equations are inhomogeneous due to the presence of the pressure gradient
and gravity terms. The inhomogeneous terms can be eliminated by decomposing the
dependent variable into a properly chosen steady-state component (satisfying the
corresponding steady-state problem and the boundary conditions) and a transient
one which satisfies the homogeneous problem. A similar decomposition is often
used for transforming inhomogeneous boundary conditions into homogeneous ones.
Separation of variables [2] and the similarity solution method [3,6] are the standard
methods for solving Eq. (6.109) and the homogeneous counterparts of Eqgs. (6.107)
and (6.108).

In homogeneous problems admitting separable solutions, the dependent variable
u(x;,t) is expressed in the form

u(xg, t) = X(x) T(¢) . (6.110)

Substitution of the above expression into the governing equation leads to the equiv-
alent problem of solving two ordinary differential equations with X and T as the
dependent variables.

In similarity methods, the two independent variables, x; and ¢, are combined
into the similarity variable

€ = €(ait). (6.111)

If a similarity solution does exist, then the original partial differential equation for
u(z;, t) is reduced to an ordinary differential equation for u(&).

Similarity solutions exist for problems involving parabolic PDEs in two indepen-
dent variables where external length and time scales are absent. A typical problem
is flow of a semi-infinite fluid above a plate suddenly set in motion with a constant
velocity (Example 6.6.1). Length and time scales do exist in transient plane Couette
flow, and in flow of a semi-infinite fluid above a plate oscillating along its own plane.
In the former flow, the length scale is the distance between the two plates, whereas
in the latter case, the length scale is the period of oscillations. These two flows are
governed by Eq. (6.107), with the pressure-gradient and gravity terms neglected;
they are solved in Examples 6.6.2 and 6.6.3, using separation of variables. In Exam-
ple 6.6.4, we solve the problem of transient plane Poiseuille flow, due to the sudden
application of a constant pressure gradient.

Finally, in the last two examples, we solve transient axisymmetric rectilinear
and torsional flow problems, governed, respectively, by Egs. (6.108) and (6.109). In
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Example 6.6.5, we consider transient axisymmetric Poiseuille flow, and in Exam-
ple 6.6.6, we consider flow inside an infinite long cylinder which is suddenly rotated.

Example 6.6.1. Flow near a plate suddenly set in motion

Consider a semi-infinite incompressible Newtonian liquid of viscosity 1 and density
p, bounded below by a plate at y=0 (Fig. 6.20). Initially, both the plate and the
liquid are at rest. At time t=07, the plate starts moving in the = direction (i.e., along
its plane) with constant speed V. Pressure gradient and gravity in the direction of
the flow are zero. This flow problem was studied by Stokes in 1851, and is called
Rayleigh’s problem or Stokes’ first problem.

t<0 t=0* t=t,>0
Fluid and plate
L at rest
T 4z (1, 1)
T
Vv vV

Figure 6.20. Flow near a plate suddenly set in motion.

The governing equation for u,(y,t) is homogeneous:

Ouy T

where v = 1/p is the kinematic viscosity. Mathematically, Eq. (6.112) is called the
heat or diffusion equation. The boundary and initial conditions are:

up =V at y=0,t>0
up =0 at y—o00,t>0 . (6.113)
u, =0 at t=0,0<y<o0

The problem described by Eqs. (6.112) and (6.113) can be solved by Laplace trans-
forms and by the similarity method. Here, we employ the latter which is useful in
solving some nonlinear problems arising in boundary layer theory (see Chapter 8).
A solution with Laplace transforms can be found in Ref. [7].

Examining Eq. (6.112), we observe that if y and t are magnified k and k? times,
respectively, Eq. (6.112) along with the boundary and initial conditions (6.113) will
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still be satisfied. This clearly suggests that u, depends on a combination of y and ¢
of the form y/+v/t. The same conclusion is reached by noting that the dimensionless
velocity u,/V must be a function of the remaining kinematic quantities of this flow
problem: v, t and y. From these three quantities, only one dimensionless group can
be formed, é=y/+/vt.

Let us, however, assume that the existence of a similarity solution and the proper
combination of y and ¢ are not known a priori, and assume that the solution is of
the form

uz(y,t) =V f(£), (6.114)

where
£ = at%, with n>0. (6.115)

Here {(y, t) is the similarity variable, a is a constant to be determined later so that
¢ is dimensionless, and n is a positive number to be chosen so that the original
partial differential equation (6.112) can be transformed into an ordinary differential
equation with f as the dependent variable and £ as the independent one. Note that
a precondition for the existence of a similarity solution is that £ is of such a form
that the original boundary and initial conditions are combined into two boundary
conditions for the new dependent variable f. This is easily verified in the present
flow. The boundary condition at y=0 is equivalent to

f=1at €=0, (6.116)

whereas the boundary condition at y—oo and the initial condition collapse to a
single boundary condition for f,

f=0 at £ — 0. (6.117)

Differentiation of Eq. (6.114) using the chain rule gives

Oy ay 3

_ r_ S g
o = Vet Ving I
ou a 9% a?
T — V el d T — V e
ay in f an 83/2 $2n f ’

where primes denote differentiation with respect to £. Substitution of the above
derivatives into Eq. (6.112) gives the following equation:

n& _
f// + ﬁﬁn 1f/ - 0.
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By setting n=1/2, time is eliminated and the above expression becomes a second-
order ordinary differential equation,

§

2ua?

Y
Vit
Taking a equal to 1/4/v makes the similarity variable dimensionless. For convenience

in the solution of the differential equation, we set a=1/(2+/v). Hence,

e Y
2t

whereas the resulting ordinary differential equation is
ffH2f =0. (6.119)

This equation is subject to the boundary conditions (6.116) and (6.117). By straight-
forward integration, we obtain

4 f=0 with ¢€=a

(6.118)

£
f(§ = 01/0 e dz + c2,

where z is a dummy variable of integration. At £=0, f=1; consequently, co=1. At
£—o00, f=0; therefore,

cl/ooe_ZdeJrl:O or clz—l,
0 VT
and
fl&) =1 - 2 /56Z2 dz =1 — erf(§) (6.120)
VT Jo ’

where erf is the error function, defined as

erf(§) = % /05 e dz. (6.121)

Values of the error function are tabulated in several math textbooks. It is a mono-
tone increasing function with

erf(0)=0 and lim erf(¢) = 1.

§—o0

Note that the second expression was used when calculating the constant ¢;. Substi-
tuting into Eq. (6.114), we obtain the solution

up(y,t) = V [1 — erf <2L\/ﬁ>} . (6.122)
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y/t

u. [V

Figure 6.21. Transient flow due to the sudden motion of a plate. Velocity profiles
at vt/0?=0.0001, 0.001, 0.01, 0.1 and 1, where £ is an arbitrary length scale.

The evolution of u,(y,t) is illustrated in Fig. 6.21, where the velocity profiles are
plotted at different values of vt/¢?, ¢ being an arbitrary length scale.

From Eq. (6.122), we observe that, for a fixed value of u,/V, y varies as 21/vt.
A boundary-layer thickness, 6(t), can be defined as the distance from the moving
plate at which wu,/V'=0.01. This happens when ¢ is about 1.8, and thus

5(t) = 3.6 Vut.

The sudden motion of the plate generates vorticity, since the velocity profile is
discontinuous at the initial distance. The thickness §(t) is the penetration of vorticity
distance into regions of uniform velocity after a time ¢. Note that Eq. (6.112) can
also be viewed as a vorticity diffusion equation. Indeed, since u=u,/(y, t)i,

Ouy
oy’

wy,t) = lw| = [V xu| =

and Eq. (6.112) can be cast in the form
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or, equivalently, ,
Ow 0w
5 = o2 (6.123)
The above expression is a vorticity conservation equation and highlights the role
of kinematic viscosity, which acts as a wvorticity diffusion coefficient, in a manner
analogous to that of thermal diffusivity in heat diffusion.
The shear stress on the plate is given by

Ouy B derf(€)

_ _ 73
Tw = Tym’yzo =1 8y Y0 = 77V 86

| e
e=0 Oy

y=0 B _\/71'1/t7

which suggests that the stress is singular at the instant the plate starts moving, and
decreases as 1/+v/t.

The physics of this example are similar to those of boundary layer flow, which is
examined in detail in Chapter 8. In fact, the same similarity variable was invoked
by Rayleigh to calculate skin-friction over a plate moving with velocity V' through
a stationary liquid which leads to [8]

(6.124)

nv |4
Tw = —
Y N
by simply replacing ¢t by z/V in Eq. (6.124). This situation arises in free stream

flows overtaking submerged bodies, giving rise to boundary layers [9].
O

In the following example, we demonstrate the use of separation of variables by
solving a transient plane Couette flow problem.

Example 6.6.2. Transient plane Couette flow

Consider a Newtonian liquid of density p and viscosity 1 bounded by two infinite

parallel plates separated by a distance H, as shown in Fig. 6.22. The liquid and the

two plates are initially at rest. At time t=07, the lower plate is suddenly brought

to a steady velocity V in its own plane, while the upper plate is held stationary.
The governing equation is the same as in the previous example,

Oy 0%y,
=v

ot oy? ’

with the following boundary and initial conditions:

(6.125)

up =V at y=0,t>0
uy =0 at y=H,t>0 (6.126)
uy =0 at t=0,0<y<H
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1’4

Figure 6.22. Schematic of the evolution of the velocity in start-up plane Couette
flow.

Note that, while the governing equation is homogeneous, the boundary con-
ditions are inhomogeneous. Therefore, separation of variables cannot be applied
directly. We first have to transform the problem so that the governing equation and
the two boundary conditions are homogeneous. This can be achieved by decom-
posing u,(y,t) into the steady plane Couette velocity profile, which is expected to
prevail at large times, and a transient component:

ug(y,t) = V(l - %) — ul(y,t). (6.127)

Substituting into Eqs. (6.125) and (6.126), we obtain the following problem

oul, o0,
= 6.128
o~ o2 (6.128)
with
ul, =0 at y=0,t>0
ul, =0 at y=H,t>0 (6.129)
Wy =V(1-4) at t=0,0<y<H

Note that the new boundary conditions are homogeneous, while the governing equa-
tion remains unchanged. Therefore, separation of variables can now be used. The
first step is to express u/,(y,t) in the form

uy(y,t) = Y(y) T(t). (6.130)
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Substituting into Eq. (6.128) and separating the functions Y and 7', we get

1 dI' 1 d°Y

v dt Y dY?'
The only way a function of ¢ can be equal to a function of y is for both functions
to be equal to the same constant. For convenience, we choose this constant to be
—a?/H?. (One advantage of this choice is that « is dimensionless.) We thus obtain

two ordinary differential equations:

dr va?
— — T = 131
dt H? 0, (6.131)
d*y o?
The solution to Eq. (6.131) is
_L“Qt
T =ce H*, (6.133)

where ¢g is an integration constant to be determined.
Equation (6.132) is a homogeneous second-order ODE with constant coefficients,
and its general solution is

Yy = Sin(%) + ¢ COS(a

)
). (6.134)

The form of the general solution justifies the choice we made earlier for the constant
—a?/H?. The constants ¢; and ¢y are determined by the boundary conditions.
Applying Eq. (6.130) to the boundary conditions at y=0 and H, we obtain

Y(0)T(t) =0 and Y(H)T(t) = 0.

The case of T'(t)=0 is excluded, since this corresponds to the steady-state problem.
Hence, we get the following boundary conditions for Y:

Y(0)=0 and Y(H)=0. (6.135)

Note that in order to get the boundary conditions on Y, it is essential that the
boundary conditions are homogeneous.
Applying the boundary condition at y=0, we get co=0. Thus,

Y(y) = a1 sm(%). (6.136)
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Applying now the boundary condition at y=H, we get
sin(a) = 0, (6.137)
which has infinitely many roots,
ap=kr, k=12,--- (6.138)

To each of these roots correspond solutions Y; and Tj. These infinitely many solu-
tions are superimposed by defining

ad Ry — %%y > kmy ——kzﬂ2ut
uy(y,t) = > By sin(%)e " =% By, sin(—-) e HZ"" | (6.139)
k=1 k=1

where the constants Br=cgrc1 are determined from the initial condition. For ¢=0,
we get,

> k
S By sin(Y) = v <1 - 3) . (6.140)
H H
k=1
To isolate By, we will take advantage of the orthogonality property

1 % 5 k' =N
/ sin(kmzx) sin(nrx) de = (6.141)
0 0, k#n

BY multiplying both sides of Eq. (6.140) by sin(nmy/H)dy, and by integrating from
0 to H, we have:

Z By, / sin( %) sin(mry =V / (1 - —> sm(nHy) dy .
Setting é=y/H, we get
1 .
Z By, / sin(km€) sin(nmé) d§ =V /0 (1=¢) sin(nn€) d§ .

Due to the orthogonality property (6.141), the only nonzero term on the left hand
side is that for k=n; hence,

_ vy /01(1—5) sin(km€) dé — vki —
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By = —. 6.142
=2 (6.142)
Substituting into Eq. (6.139) gives
2.2
2V 1 kry, —2 vt
/ _ Z . 2
Ux(y,t) = 7 Z E bll’l(ﬁ) e H . (6143)

y/H

0.2 0 0.2 0.4 0.6 0.8 1 1.2
ug/V

Figure 6.23. Transient plane Couette flow. Velocity profiles at vt/H?=0.0001,
0.001, 0.01, 0.1 and 1.

Finally, for the original dependent variable u,(y,t) we get

[ee} k 71'
V 1 Si kﬂ'y 72 Vt
i _v(1_-Y) _ Z h H 144

The evolution of the solution is illustrated in Fig. 6.23. Initially, the presence of the
stationary plate does not affect the development of the flow, and thus the solution
is similar to the one of the previous example. This is evident when comparing
Figs. 6.21 and 6.23. 0

Example 6.6.3. Flow due to an oscillating plate
Consider flow of a semi-infinite Newtonian liquid, set in motion by an oscillating
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plate of velocity
V ="Vycoswt, t>0. (6.145)

The governing equation, the initial condition and the boundary condition at y—oo
are the same as those of Example 6.6.1. At y=0, u, is now equal to Vj coswt. Hence,
we have the following problem:

Ouy 9%,
=y —2= 6.146
o~ oy (6.146)
with
uy = Vo coswt at y=0,t>0
Uy — 0 at y—o00,t>0 . (6.147)

uz; =0 at t=0,0<y <0
This is known as Stokes problem or Stokes’ second problem, first studied by Stokes
in 1845.

Since the period of the oscillations of the plate introduces a time scale, no simi-
larity solution exists to this problem. By virtue of Eq. (6.145), it may be expected
that u, will also oscillate in time with the same frequency, but possibly with a phase
shift relative to the oscillations of the plate. Thus, we separate the two independent
variables by representing the velocity as

ug(y,t) = Re [Y(y) ei“’t] , (6.148)

where Re denotes the real part of the expression within the brackets, i is the imagi-
nary unit, and Y (y) is a complex function. Substituting into the governing equation,

we have 2
Y w
— — —Y =0. .14
0 » 0 (6.149)

The general solution of the above equation is

Y(y) = & exp{—\/g(l—l—i)y} + exp{\/g(l—i—i)y} :

The fact that u,=0 at y—o0, dictates that co be zero. Then, the boundary condition
at y=0 requires that ¢;=Vj. Thus,

ug(y,t) = Vo Re [exp{—\/g(l—i—i)y} eiwt] : (6.150)

The resulting solution,

ug(y,t) = Vo exp (—\/gy> coS (wt - \/gy> , (6.151)
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describes a damped transverse wave of wavelength 27./2v/w, propagating in the
y-direction with phase velocity v2vw. The amplitude of the oscillations decays
exponentially with y. The depth of penetration of vorticity is § ~ \/2v/w, suggesting
that the distance over which the fluid feels the motion of the plate gets smaller as
the frequency of the oscillations increases. O

Example 6.6.4. Transient plane Poiseuille flow

Let us now consider a transient flow which is induced by a suddenly applied constant
pressure gradient. A Newtonian liquid of density p and viscosity 7, is contained
between two horizontal plates separated by a distance 2H (Fig. 6.24). The liquid
is initially at rest; at time =0T, a constant pressure gradient, Op/dx, is applied,
setting the liquid into motion.

Figure 6.24. Schematic of the evolution of the velocity in transient plane Poiseuille

flow.

The governing equation for this flow is

Ouy Op 9%uy
v _ & . .152
P ot oz oy (6.152)

Positioning the z-axis on the symmetry plane of the flow (Fig. 6.24), the boundary
and initial conditions become:

u =0 at y=H,t>0
B =0 at y=0,t>0 (6.153)
Uy =0 at t=0,0<y<H

The problem of Egs. (6.152) and (6.153) is solved using separation of variables.
Since the procedure is similar to that used in Example 6.6.2, it is left as an exercise
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y/H

-0.5 0 0.5 1 1.5 2

Uy / ﬂm,oo

Figure 6.25. Transient plane Poiseuille flow. Velocity profiles at vt/ H*=0.2, 0.4,
0.6, 0.8, 1 and .

for the reader (Problem 6.8) to show that
1.0p o y )2
= P2l (L
ua(y:?) 2 Ox { (H

32 0 (_1)k+1 2k - 1) 2% — 1)272
S gﬁ o {%%} exp [_% Vt]} . (6.154)

The evolution of the velocity towards the parabolic steady-state profile is shown in
Fig. 6.25. O

Example 6.6.5. Transient axisymmetric Poiseuille flow
Consider a Newtonian liquid of density p and viscosity 7, initially at rest in an
infinitely long horizontal cylindrical tube of radius R. At time t=07", a constant
pressure gradient, dp/0z, is applied, setting the liquid into motion.

This is obviously a transient axisymmetric rectilinear flow. Since gravity is zero,
the governing equation is

ou, Op (62uz 1 3uz>
o+ n + y

(6.155)

p ot 02 or? r or
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subject to the following boundary conditions:

u, =0 at r=R, >0
u, finite at r=0,¢t>0 (6.156)
u, =0 at t=0,0<r<R

By decomposing u.(r,t) into the steady-state Poiseuille flow component (ex-
pected to prevail at large times) and a new dependent variable,
1 dp
uz(r7 t) = _%a (R2 - 7,2) - ulz(rvt) ) (6157)
the inhomogeneous pressure-gradient term in Eq. (6.155) is eliminated, and the
following homogeneous problem is obtained:

o, 0%, 10u,
= = 6.158
ot g <8r2 * r or ( )
with
Ulz =0 at r=R,t>0
u/, finite at r=0,t>0 (6.159)
U/Z:jlﬁg_g(zatr?) at t=0,0<r<R

Using separation of variables, we express u/,(r, ) in the form
ul(r,t) = X(r)T(t). (6.160)
Substituting into Eq. (6.158) and separating the functions X and 7', we get

1 dI 1 (d’X  1dX

v dt X \dr?2  rdr )’
Equating both sides of the above expression to —a?/R?, where « is a dimensionless
constant, we obtain two ordinary differential equations:

dT 2
=+ %T — 0, (6.161)
d’X  1dX o

T3t ot X =0 (6.162)

The solution to Eq. (6.161) is

T =ce R, (6.163)
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where ¢g is an integration constant.
Equation (6.162) is a Bessel’s differential equation, whose general solution is

given by
X (7‘) = C1 Jo(

) + ¢ Yo( (6.164)

R R )
where Jy and Yy are the zeroth-order Bessel functions of the first and second kind,
respectively. From the theory of Bessel functions, we know that Yj(z) and its first
derivative are unbounded at z=0. Since v/, and thus X must be finite at r=0, we
get co=0.

Differentiating Eq. (6.164) and noting that

dJo

Tha) = ().

where J; is the first-order Bessel function of the first kind, we obtain:

dX ar a dYy ar
W(T)—*Clﬁjl(R)Jr = B
Given that J;(0)=0, we find again that c; must be zero so that dX/dr=0 at r=0.
Thus,

X(r) = clJo((g) (6.165)
Applying the boundary condition at r=R, we get
Jo(a) = 0. (6.166)
Note that Jy(x) is an oscillating function with infinitely many roots,
ap, k=1,2,---
Therefore, u/,(r,t) is expressed as an infinite sum of the form
00 vog
d(rt) = 3 By Jo()e RY L (6.167)

k=1 R

where the constants B are to be determined from the initial condition. For ¢=0,

we have
LA 1 8p _ <L>2
3:1 By Jo( 7 ) = 477 2% R? [1 7 . (6.168)
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-0.5 0 0.5 1 1.5 2 2.5

U,/ Uz 00

Figure 6.26. Transient azisymmetric Poiseuille flow.  Velocity profiles at
vt/R?=0.02, 0.05, 0.1, 0.2, 0.5 and cc.

In order to take advantage of the orthogonality property of Bessel functions,

1 %JIQ(O%) ) k=n
/ Jo(agr) Jo(anr) rdr = (6.169)
0 0, k+#n

where both «aj and «,, are roots of Jy, we multiply both sides of Eq. (6.168) by
Jo(anr/R)rdr, and then integrate from 0 to R, to get

L Op pe

> R ogr QT R r\ 2 QT
B, Jo(—) Jo(—) rdr = — R I Jo(—) rd
1;::1 ’“/0 o) Jolgr)rdr 4192 /o[ <R>] o(g ) rdr

or

1 9p 9

00 1 1
e o 2
kz:lek /0 To(0x€) Jo(an) €dE = — 1P R /0 (1 — €2) Jo(an€) €d |

where £=r/R. The only nonzero term on the left hand side corresponds to k=n.

Hence,

8 1
Bi 5 T (on) = —4—1778—2 R [ (- €) do(ang) €. (6.170)
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Using standard relations for Bessel functions, we find that

1 4J1 (o,
[ =) ateng et = 200
0 Ak
Therefore,
1 0p 8
By = -——2L_ 2
F 4n 0z o Ji(ay)’
and
r va?
1 Op > ( I ) kt
L= . 6.171
Yz 4p 82 Z 3T ( ak) ( )
Substituting into Eq. (6.167) gives
QT vai
1 dp P\ () Yk
() = — 1— (L) —gS A&/ TR 6.172
uz(r, 1) 477 0z R (R) kzl ay Ji (o) ¢ ( )
The evolution of the velocity is shown in Fig. 6.26. a

Example 6.6.6. Flow inside a cylinder that is suddenly rotated

A Newtonian liquid of density p and viscosity 7 is initially at rest in a vertical,

infinitely long cylinder of radius R. At time t=07, the cylinder starts rotating

about its axis with constant angular velocity €, setting the liquid into motion.
This is a transient axisymmetric torsional flow, governed by

2 1 1
Oup _, <M 4 10ue _ —u@> , (6.173)

ot or? r or 72
subject to the following conditions:
ug=0QR at r=R, t>0
up finite at r=0,¢>0 (6.174)
ug =0 at t=0,0<r<R

The solution procedure for the problem described by Eqgs. (6.173) and (6.174) is
the same as in the previous example. The steady-state solution has been obtained
in Example 6.3.1. Setting

ug(r,t) = Qr — up(r,t), (6.175)
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0 ] ] ] ]
-0.2 0 0.2 0.4 0.6 0.8 1

ug/(QR)

Figure 6.27. Flow inside a cylinder that is suddenly rotated. Velocity profiles at
vt/R?=0.005, 0.01, 0.02, 0.05, 0.1 and .

we obtain the following homogeneous problem

duy, O*ufy  10uy 1,
o V(aﬂ T o) (6.176)

upy=0 at r=R,t>0
uy finite at r=0,¢t>0 (6.177)
upy=Qr at t=0,0<r<R

The independent variables are separated by setting
uy(r,t) = X(r) T(t), (6.178)

which leads to two ordinary differential equations:

dT va?
o + 3 T =0, (6.179)
and , ,
d*X 1dX « 1
— - —— =] X =0. 1
dr? + r dr + <R2 r2> 0 (6.180)
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Equation (6.179) is identical to Eq. (6.161) of the previous example, whose general
solution is

_L'ézt
T =ce R . (6.181)
The general solution of Eq. (6.180) is
ar ar
X(r) = a Jl(f) + c2 Y1(E), (6.182)

where Ji and Y7 are the first-order Bessel functions of the first and second kind,
respectively. Since Y7 (z) is unbounded at =0, ca must be zero. Therefore,

X(r) = clJl(%) . (6.183)
The boundary condition at =R requires that
Ji(a) = 0, (6.184)

which has infinitely many roots. Therefore, ujy(r,t) is expressed as an infinite sum
of the form
> agr Vazt
k T2
up(r,t) = Z Br Ji(—)e R
k=1 R

, (6.185)

where the constants By are to be determined from the initial condition. For ¢t=0,
we have

S By (D) = ar. (6.186)
k=1 R

The constants Bj are determined by using the orthogonality property of Bessel
functions,
1 %']02 (), k=n
/ Ji(agr) Ji(anr) rdr = (6.187)
0 0, k#n

where both aj and «,, are roots of J;. Multiplying both sides of Eq. (6.186) by
Ji(anr/R)rdr, and integrating from 0 to R, we get

oo R R
3 Bk/ T2 72y gy — Q/ T80y 2 gy
2 Bk f, iR R . UR

or

OOB 1J J d¢ = QR 1J 2d
> o [ Bl nang gds = QR [ ian) € de.
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where {=r/R. Invoking Eq. (6.187), we get

1 1 Ji
Beg o) = OR [ hiee) e = oW
2 0 Qg
2QR
B. — —
g ag Jo(au,)
Therefore,
2
o J, (u) _ VO,
Wy = —20R S L TR? 6.188
0 ];1 . JO(Qk) ( )
and )
= (%)
ug(r,t) = Qr + 20R S —L 2 ¢ R?27 6.189
o(r,t) ,;ak Jo(on) (6.189)
The evolution of the wug is shown in Fig. 6.27. O

6.7 Steady Two-Dimensional Rectilinear
Flows

As explained in Section 6.1, in steady, rectilinear flows in the = direction, u,=u,(y, 2)
and the z-momentum equation is reduced to a Poisson equation,
0%y, 0%y, _10op 1
oy? 022  nox v

9z - (6.190)

Equation (6.190) is an elliptic PDE. Since 0p/0x is a function of = alone and uy,
is a function of y and z, Eq. (6.190) can be satisfied only when dp/0x is constant.
Therefore, the right hand side term of Eq. (6.190) is a constant. This inhomogeneous
term can be eliminated by introducing a new dependent variable which satisfies the
Laplace equation.

Two classes of flows governed by Eq. (6.190) are:

(a) Poiseuille flows in tubes of arbitrary but constant cross section; and
(b) gravity-driven rectilinear film flows.

One-dimensional Poiseuille flows have been encountered in Sections 6.1 and 6.2.
The most important of them, i.e., plane, round and annular Poiseuille flows, are
summarized in Fig. 6.28. In the following, we will discuss two-dimensional Poiseuille
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Plane Poiseuille flow

Uz = _% %(HE _yi)

Q = —%g’gfﬁw

Round Poiseuille flow

uy; = —# 2 (R? —1r?)

Q=-FER

Annular Poiseuille flow
u = —E R R 1 (3)’ + fiiy n 7]

@ = -ggr [0-x - Sk ]

Figure 6.28. One-dimensional Poiseuille flows.

flows in tubes of elliptical, rectangular and triangular cross sections, illustrated in
Fig. 6.29. In these rather simple geometries, Eq. (6.190) can be solved analytically.
Analytical solutions for other cross sectional shapes are given in Refs. [10] and [11].

Example 6.7.1. Poiseuille flow in a tube of elliptical cross section
Consider fully-developed flow of an incompressible Newtonian liquid in an infinitely
long tube of elliptical cross section, under constant pressure gradient dp/dz. Gravity
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(a) Elliptical cross section

(b) Rectangular cross section

a

(c) Triangular cross section

Figure 6.29. Two-dimensional Poiseuille flow in tubes of various cross sections.
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is neglected, and thus Eq. (6.190) becomes

9%, 9%, 1 0p y? 22
— = — — i 4+ =<1 191
dy? 022 nox a2 e b (6.191)

where a and b are the semi-axes of the elliptical cross section, as shown in Fig. 6.29a.
The velocity is zero at the wall, and thus the boundary condition is:

2 2
y z
up=0 on o4 o5 =1 (6.192)

Let us now introduce a new dependent variable u/;, such that
ug(y,2) = ul(y,2) + c1y® + c22?, (6.193)

where ¢; and ¢ are non zero constants to be determined so that (a) u!, satisfies the
Laplace equation, and (b) u/, is constant on the wall. Substituting Eq. (6.193) into
Eq. (6.191), we get

o*ul,  0%ul 1 0p
2 200 = — —. 6.194
o + 5t 2+ 20 o 9 ( )
Evidently, u, satisfies the Laplace equation,
0%, 9%,
=0 6.195
Oy? 022 ’ ( )
if Lo
P
2 200 = — —. 6.196
c1 + 2¢2 1 Oz ( )
From boundary condition (6.192), we have
2 2
uy(y,2) = —ay? — 0 = —q [y2+z—iz2] on Z—2+Z—2 =1.
Setting
2
(&) a
- = = 6.197
c1 b2 ? ( )
u), becomes constant on the boundary,
2 2
/ o 2 ) 0
uy(y,z) = —cia® on ?+b_2 =1. (6.198)
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The mazimum principle for the Laplace equation states that u/ has both its
minimum and maximum values on the boundary of the domain [12]. Therefore, u,
is constant over the whole domain,

ul (y,2) = —cra®. (6.199)

Substituting into Eq. (6.193) and using Eq. (6.197), we get

2 2 2 2 yr 2P
uz(y,2) = —c1a” + c1y” + cez” = —ca” |1 — =5 — —— —
a Cl1a
2 2
gy, 2) = —cia® ll — z—Q - (6.200)
The constant ¢; is determined from Eqgs. (6.196) and (6.197),
Lop b (6.201)
C _ - - ]
! 2n Oz a? + b2’
consequently,
1 0p a’b? y? 22
T T a9, 212 - 5 ~ 33| - 6.202
va(9, %) 2n 0z a® + b? a2 b2 ( )

Obviously, the maximum velocity occurs at the origin. Integration of the velocity
profile (6.202) over the elliptical cross section yields the volumetric flow rate
7 Op a3b3

=_—F " 2
@ 4n 0z a? + b2 (6.:203)

Equation (6.202) degenerates to the circular Poiseuille flow velocity profile when
a=b=R,

1 0p y? + 22
= —-———R* |1 —
U (y:2) 4n Ox l R2
Setting r?=y?+22, and switching to cylindrical coordinates, we get
1 0p o 2
= —— (R — . 6.204
us(r) = — 5 (R =% (6:204)

If now a=H and b > H, Eq. (6.202) yields the plane Poiseuille flow velocity profile,

1 0p
uz(y) = "oy 0x (H> —¢%). (6.205)
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Note that, due to symmetry, the shear stress is zero along symmetry planes. The
zero shear stress condition along such a plane applies also in gravity-driven flow of a
film of semielliptical cross section. Therefore, the velocity profile for the latter flow
can be obtained by replacing —dp/dx by pg,. Similarly, Egs. (6.204) and (6.205)
can be modified to describe the gravity-driven flow of semicircular and planar films,
respectively. a

Example 6.7.2. Poiseuille flow in a tube of rectangular cross section
Consider steady pressure-driven flow of an incompressible Newtonian liquid in an
infinitely long tube of rectangular cross section of width 2b and height 2¢, as shown
in Fig. 6.29b. The flow is governed by the Poisson equation

0%uy 0%uy 1 dp
T _ -2 2
Oy? 022 n Ox (6.206)

Taking into account the symmetry with respect to the planes y=0 and z=0, the flow
can be studied only in the first quadrant (Fig. 6.30). The boundary conditions can
then be written as follows:

W:O on y=20

uz; =0 on y=25b
(6.207)

=L =0 on z=0

uz; =0 on z=c¢c¢

Up(y,2) = —— = (2 = 22) + u,(y,2). (6.208)

Note that the first term in the right hand side of Eq. (6.208) is just the Poiseuille
flow profile between two infinite plates placed at z==c. Substituting Eq. (6.208)
into Egs. (6.206) and (6.207), we get

o*ul, 0%,
5 g = 0 (6.209)
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%:0 =

Dz _
57 =0

Figure 6.30. Boundary conditions for the flow in a tube of rectangular cross section.

subject to

li

%% =0 on y=20

/ 1 Op .2 2
uh = 5= (c*—2%) on y=b
n O (6.210)

I

%% =0 on z=0

T on z=c

The above problem can be solved using separation of variables (see Problem 6.13).
The solution is

1 dp 4 <z>2 X, (=1)F cosh (%£%) <akz>
Uy (y,2) = —— —c" |[1—(-] + 4 € cos| — 6.211
(v, 2) 2n Oz [ c kgl @ cosh (Of_kb) c ( )

c

where

il
2 )
In Fig. 6.31, we show the velocity contours predicted by Eq. (6.211) for different
values of the width-to-height ratio. It is observed that, as this ratio increases,

ap = (2k—1) k=1,2,-- (6.212)
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Figure 6.31. Velocity contours for steady unidirectional flow in tubes of rectangular
cross section with width-to-height ratio equal to 1, 2 and 4.

the velocity contours become horizontal away from the two vertical walls. This
indicates that the flow away from the two walls is approximately one-dimensional
(the dependence of u, on y is weak).

The volumetric flow rate is given by

agb

4 Op 4 6c tanh( ¢ )
= —— —0b 1—— g —_— . 6.213
@ 3n Oz ¢ b Pt 042 ( )

d

Example 6.7.3. Poiseuille flow in a tube of triangular cross section
Consider steady pressure-driven flow of a Newtonian liquid in an infinitely long tube
whose cross section is an equilateral triangle of side a, as shown in Fig. 6.29¢c. Once
again, the flow is governed by the Poisson equation

0%y 0%y B l@
Oy? 022 nox’

(6.214)

If the origin is set at the centroid of the cross section, as in Fig. 6.32, the three sides
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of the triangle lie on the lines

2W3z+a=0, V3z2+3y—a=0 and V32—3y—a=0.

¥4

V3z -3y —a=0 V32 + 3y —a=0
\ v

Figure 6.32. FEquations of the sides of an equilateral triangle of side a when the
origin is set at the centroid.

2v3z + a=0

Since the velocity u,(y, z) is zero on the wall, the following solution form is
prompted

ug(y,2) = A(2V3z+a) (V324 3y —a) (V32 -3y —a), (6.215)

where A is a constant to be determined so that the governing Eq. (6.214) is satisfied.
Differentiation of Eq. (6.215) gives

9%y,
072

0%y

o —18A4 (232 +a) and

= 184 (2V/32z —a) .
It turns out that Eq. (6.214) is satisfied provided that
A= (6.216)
Thus, the velocity profile is given by
1 dpl

uz(y,2) = “36n 0z a (2v3z+a) (V32+3y —a) (V32 -3y —a). (6.217)
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The volumetric flow rate is

V3 op
Q = ~ 5207 Be at. (6.218)

d

The unidirectional flows examined in this chapter are good approximations to
many important industrial and processing flows. Channel, pipe and annulus flows
are good prototypes of liquid transferring systems. The solutions to these flows
provide the means to estimate the power required to overcome friction and force
the liquid through, and the residence or traveling time. Analytical solutions are
extremely important to the design and operation of viscometers [13]. In fact, the
most known viscometers were named after the utilized flow: Couette viscometer,
capillary or pressure viscometer and parallel plate viscometer [14].

The majority of the flows studied in this chapter are easily extended to nearly
unidirectional flows in non-parallel channels or pipes and annuli, and to non-uniform
films under the action of surface tension, by means of the lubrication approximation
[15], examined in detail in Chapter 9. Transient flows that involve vorticity gener-
ation and diffusion are dynamically similar to steady flows overtaking submerged
bodies giving rise to boundary layers [9], which are studied in Chapter 8.

6.8 Problems

6.1. Consider flow of a thin, uniform film of an incompressible Newtonian liquid
on an infinite, inclined plate that moves upwards with constant speed V', as shown
in Fig. 6.33. The ambient air is assumed to be stationary, and the surface tension
is negligible.

(a) Calculate the velocity u;(y) of the film in terms of V', ¢, p, n, g and 6.

(b) Calculate the speed V' of the plate at which the net volumetric flow rate is zero.

6.2. A thin Newtonian film of uniform thickness 6 is formed on the external surface
of a vertical, infinitely long cylinder, which rotates at angular speed {2, as illustrated
in Fig. 6.34. Assume that the flow is steady, the surface tension is zero and the
ambient air is stationary.

(a) Calculate the two nonzero velocity components.

(b) Sketch the streamlines of the flow.

(c) Calculate the volumetric flow rate Q.

(d) What must be the external pressure distribution, p(z), so that uniform thickness
is preserved?
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Stationary air
(Tyz=0 at y=4)

Stationary
air

Figure 6.34. Thin film flow down a vertical rotating cylinder.

6.3. A spherical bubble of radius R4 and of constant mass mg grows radially at a

rate
dR 4

dt
within a spherical incompressible liquid droplet of density p1, viscosity 71 and vo-

lume V. The droplet itself is contained in a bath of another Newtonian liquid of
density po and viscosity 72, as shown in Fig. 6.35. The surface tension of the inner

=k,
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liquid is o1, and its interfacial tension with the surrounding liquid is os.

Liquid 2
P2, M2

Liguid 1
p, m, Vi

Figure 6.35. Liquid film growing around a gas bubble.

(a) What is the growth rate of the droplet?

(b) Calculate the velocity distribution in the two liquids.

(c) What is the pressure distribution within the bubble and the two liquids?

(d) When does the continuity of the thin film of liquid around the bubble break
down?

6.4. The equations

Ouy % _ 0
ox oy
and
Ouy Ouy 0%u,
(o 10) -

govern the (bidirectional) boundary layer flow near a horizontal plate of infinite
dimensions coinciding with the xz-plane. The boundary conditions for u,(z,y) and
Uy ($’ y) are

Uy = Uy =0 at  y=0
u=V, uy=0 at y=o0

Does this problem admit a similarity solution? What is the similarity variable?

6.5. Consider a semi-infinite incompressible Newtonian liquid of viscosity n and
density p, bounded below by a plate at y=0, as illustrated in Fig. 6.36. Both the
plate and liquid are initially at rest. Suddenly, at time t=0", a constant shear stress
T is applied along the plate.

(a) Specify the governing equation, the boundary and the initial conditions for this
flow problem.
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Fluid and plate

Y t rest
T ? u:l:(y: t}

sy

—_— —_—
1'=q%1§7~ T=ﬂ%

Figure 6.36. Flow near a plate along which a constant shear stress is suddenly
applied.

(b) Assuming that the velocity u, is of the form

Uy = %\/V_tf(f), (6.219)
where y
£ = ﬁ’ (6.220)
show that
(&) = €f(&) =2f"(¢). (6.221)

(The primes denote differentiation with respect to &.)
(c) What are the boundary conditions for f(&)?
(d) Show that

Up = %\/ﬁ {% /A 5{1 —erf (g)]} . (6.222)

6.6. A Newtonian liquid is contained between two horizontal, infinitely long and
wide plates, separated by a distance 2H, as illustrated in Fig. 6.37. The liquid is
initially at rest; at time =07, both plates start moving with constant speed V.

(a) Identify the governing equation, the boundary and the initial conditions for this
transient flow.

(b) What is the solution for ¢ < 07

(c) What is the solution for ¢t — oo?

(d) Find the time-dependent solution u,(y,t) using separation of variables.

(e) Sketch the velocity profiles at t=0, 0%, t; >0 and oo.
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Figure 6.37. Transient Couette flow (Problem 6.6).

6.7. A Newtonian liquid is contained between two horizontal, infinitely long and
wide plates, separated by a distance H, as illustrated in Fig. 6.38. Initially, the
liquid flows steadily, driven by the motion of the upper plate which moves with
constant speed V, while the lower plate is held stationary. Suddenly, at time t=07,
the speed of the upper plate changes to 2V, resulting in transient flow.

| H> [ 2V,

H Steady Transient
flow il
y o YA
| T [ T
t<0 t>0

Figure 6.38. Transient Couette flow (Problem 6.7).

(a) Identify the governing equation, the boundary and the initial conditions for this
transient flow.

(b) What is the solution for ¢ < 07

(c) What is the solution for t — oo?

(d) Find the time-dependent solution wuy(y,t).

(e) Sketch the velocity profiles at t=0, 0", t; >0 and oo.

6.8. Using separation of variables, show that Eq. (6.154) is indeed the solution of
the transient plane Poiseuille flow, described in Example 6.6.4.
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6.9. A Newtonian liquid, contained between two concentric, infinitely long, vertical
cylinders of radii R; and Ra, where Ry > Ry, is initially at rest. At time ¢t=07, the
inner cylinder starts rotating about its axis with constant angular velocity €.

(a) Specify the governing equation for this transient flow.

(b) Specify the boundary and the initial conditions.

(c) Calculate the velocity ug(r,t).

6.10. An infinitely long, vertical rod of radius R is initially held fixed in an infinite
pool of Newtonian liquid. At time t=07, the rod starts rotating about its axis with
constant angular velocity €.

(a) Specify the governing equation for this transient flow.

(b) Specify the boundary and the initial conditions.

(c) Calculate the velocity ug(r,t).

6.11. Consider a Newtonian liquid contained between two concentric, infinitely
long, horizontal cylinders of radii kR and R, where k < 1. Assume that the liquid
is initially at rest. At time t=07, the outer cylinder starts translating parallel to its
axis with constant speed V. The geometry of the flow is shown in Fig. 6.13.

(a) Specify the governing equation for this transient flow.

(b) Specify the boundary and the initial conditions.

(c) Calculate the velocity wu,(r,t).

6.12. A Newtonian liquid is initially at rest in a vertical, infinitely long cylinder of
radius R. At time t=07, the cylinder starts both translating parallel to itself with
constant speed V' and rotating about its axis with constant angular velocity (2.

(a) Calculate the corresponding steady-state solution.

(b) Specify the governing equation for the transient flow.

(c) Specify the boundary and the initial conditions.

(d) Examine whether the superposition principle holds for this transient bidirectional
flow.

(e) Show that the time-dependent velocity and pressure profiles evolve to the steady-
state solution as t — oo.

6.13. Using separation of variables, show that Eq. (6.211) is the solution of steady
Newtonian Poiseuille flow in a tube of rectangular cross section, described in Exam-
ple 6.7.2.

6.14. Consider steady Newtonian Poiseuille flow in a horizontal tube of square
cross section of side 2b. Find the velocity distribution in the following cases:

(a) The liquid does not slip on any wall.

(b) The liquid slips on only two opposing walls with constant slip velocity .

(¢) The liquid slips on all walls with constant slip velocity .
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(d) The liquid slips on only two opposing walls according to the slip law
Tw = B Uy, (6.223)

where 7, is the shear stress, and (3 is a material slip parameter. (Note that, in this
case, the slip velocity u,, is not constant.)

6.15. Integrate u,(y, z) over the corresponding cross sections, to calculate the volu-
metric flow rates of the Poiseuille flows discussed in the three examples of Section 6.7.

6.16. Consider steady, unidirectional, gravity-driven flow of a Newtonian liquid in
an inclined, infinitely long tube of rectangular cross section of width 2b and height
2¢, illustrated in Fig. 6.39.

Figure 6.39. Gravity-driven flow in an inclined tube of rectangular cross section.

(a) Simplify the three components of the Navier-Stokes equation for this two-dimensional
unidirectional flow.

(b) Calculate the pressure distribution p(z).

(c) Specify the boundary conditions on the first quadrant.

(d) Calculate the velocity uz(y, z). How is this related to Eq. (6.211)7

6.17. Consider steady, gravity-driven flow of a Newtonian rectangular film in an
inclined infinitely long channel of width 2b, illustrated in Fig. 6.40. The film is
assumed to be of uniform thickness H, the surface tension is negligible, and the air
above the free surface is considered stationary.

(a) Taking into account possible symmetries, specify the governing equation and the
boundary conditions for this two-dimensional unidirectional flow.

(b) Is the present flow related to that of the previous problem?

(c) Calculate the velocity uy(y, 2).
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Figure 6.40. Gravity-driven film flow in an inclined channel.
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Chapter 7

APPROXIMATE METHODS

In Chapter 6, we studied incompressible, unidirectional flows in which the equations
of motion can be solved analytically. In bidirectional or tridirectional flows, the
governing equations can rarely be solved analytically. One can, of course, solve such
problems numerically, by using finite elements or finite differences or other methods.
Another alternative, however, is to use approrimate methods. The most widely used
approximate techniques are the so-called perturbation methods. These are based
on order of magnitude analyses of the governing equations. Individual terms are
first made comparable by dimensional analysis, and relatively small terms are then
eliminated. This simplifies the governing equations and leads to either analytic
solutions to the truncated form of the governing equations, or to the construction
of approximate solutions.

Dimensional analysis is important on its own merit too. It is useful in scaling-up
lab experiments, in producing dimensionless numbers that govern the behavior of
the solution without solving the governing equations, in defining regions of stability
and instability, for example the transition from laminar to turbulent flow, and in
uncovering the competing forces or driving gradients. A flow depends on relevant
dimensionless numbers, rather than separately on individual geometrical dimensions
(such as width and length), physical properties of the fluid (such as, density, viscosity
and surface tension), or processing variables (such as flow and heat rate).

In Section 7.1, we introduce the basic concepts of the dimensional analysis and
discuss the nondimensionalization of the equations of motion. In Section 7.2, we
provide a brief introduction to perturbation methods (for further study, References
[1]-[5] are recommended). Finally, in Section 7.3, we discuss the use of perturbation
methods in fluid mechanics.

7.1 Dimensional Analysis

Consider the plane Couette-Poiseuille flow, shown in Fig. 7.1. This flow was solved
in Example 6.1.4. The governing equation and the boundary conditions for the
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dependent variable, u,=u,(y), are:

Ap dPu,

AL TN dy 0

sy =0) = 0 7 (7.1)
ugy(ly=a) =V

where Ap/AL=—0p/dx is the constant pressure gradient.

R

Ur=Ug (y) Y

I
Figure 7.1. Plane Poiseuille flow with the upper plate moving with constant speed.

The solution to problem (7.1),

1 Ap ) 1
L= — 2Py - “y, 2
u 277AL(CLy y°) + o (7.2)

can be rearranged as

us _a® Ap |y (y\?| Ly
V T 2, VAL r(a) o (73)
By defining the dimensionless variables
uy = % and y* = %, (7.4)
Eq. (7.3) takes the dimensionless form
* II * * *
u = 5 W -y + (7.5)
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where

a®> Ap
nV AL
is referred to as a dimensionless number. Il can be interpreted as the ratio of the
driving pressure gradient to the driving velocity of the upper plate or, equivalently,
as the ratio of viscous to drag forces.

The dimensionless Eq. (7.5) is by far more useful than its dimensional counter-
part, Eq. (7.2). Given that 0 < y* < 1, some conclusions about the behavior of the
solution, and the competing driving forces can be deduced from the numerical value
of II alone:

= (7.6)

(i) If IT < 1, then
up =y,

which corresponds to plane Couette flow.

(ii) If IT = O(1), then
* H * * *
Uy = 5 ( -y 2) +y,

which corresponds to plane Couette-Poiseuille flow.

(iii) If II > 1, then

II * *
Uy = E(y _y2>7

which corresponds to plane Poiseuille flow.

Under the constraints imposed by the boundary conditions (which come from na-
ture, not from mathematics), the exact form of the solution can be deduced using
elementary calculus of maxima and minima.

The plane Couette-Poiseuille flows of different liquids under different flow con-
ditions are said to be dynamically similar if they correspond to the same value of

0, ie., if
af <&) _ % (&) -~
mVi\AL/y  mVa\AL/, ’

where the indices 1 and 2 denote the corresponding quantities in the two flows. In
such a case,

The ratio Vo /Vj is the scaling factor, say from a small-scale lab experiment of velocity
(uz)1 to a real large scale application of velocity (uy)s.
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If the exact form of the solution were unknown, an a priori knowledge of the fact
that u* is a function of y* and II alone, i.e., knowing simply that

ut = f(y", 1), (7.7)

would guide a systematic experimental procedure for uncovering the unknown func-
tion f. Equation (7.7) indicates that experiments need to be carried out only for
different values of II, and not for different values of each of n,V,Ap/AL and a.
Hence, an additional advantage of the dimensional analysis is the minimization of
the number of experiments required for the complete study of a certain flow. The
procedure for obtaining the functional form (7.7) from the governing equation and
the boundary conditions is described in the following subsection.

7.1.1 Non-dimensionalization of the
Governing Equations

The discussion on the advantages of the dimensionless variables and solutions is
meaningful under a vital precondition: the conclusions drawn by inspecting and
rearranging the already known solution (7.2) ought to be possible, independently
of the existence or knowledge of the solution itself. For otherwise, Eq. (7.2) is
perfectly adequate to fully describe the flow. What happens in flow situations in
two- and three-dimensions where analytic solutions cannot be constructed? Does
the dimensional analysis stop short from addressing these complicated problems?
Fortunately, the answer is no, as dimensional analysis can be carried out by means of
the governing differential equations. Indeed, the functional form (7.7) for the plane
Couette-Poiseuille flow can be arrived at, without invoking the known solution.
Pretend that the solution to Egs. (7.1) is unknown and define the dimensionless
variables,
Uy

Uz = 3 and y* = %, (7.8)

to reduce the magnitude of the dependent and independent variables to order one.
Substituting into the governing equation (7.1), we get

Ap d?(utV) Ap nV d*u? a®> Ap  dPul
e A e e 240 A e A S @ 2p z _
AL T d(yra) = AL @ @ N —
d*u?
II 2 =0.

The above equation is the dimensionless form of the governing equation with the
scalings defined in Eq. (7.8). The boundary conditions are easily nondimensionalized
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to arrive at the following dimensionless problem:

uy(y*=1) =1

From the above equations, it is obvious that u}=f(y*,II). We have thus reached the
functional form (7.7) by nondimensionalizing the governing equations and boundary
conditions. The function f may be found experimentally, by measuring u}=u,/V
at several locations y*=y/a for several values of II.

L

Figure 7.2. Geometry of a two-dimensional bidirectional flow.

Let us now consider a more complicated example of a two-dimensional bidirec-
tional flow in Cartesian coordinates. Suppose that the flow domain is a rectangle
of length L and width H, and that the fluid moves from left to right (Fig. 7.2).
Assuming that the flow is incompressible and that g=gi, the continuity equation
and the two relevant components of the momentum equation are

Ouy ou
o 8_yy =0, (7.10)
Ouy Ouy Ouy Op Pu,  O%uy
P(E v 5 + y8y>__%+n<8x2+82>+pg’ (7.11)
Ouy Ouy Ouy ) Op 82uy 0? Uy
TV oy, v 2 12
<6t g, Ty, oy T\ a2 T o (7.12)

In the above dimensional equations, we have:
(i) three independent variables: z, y and t;
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(ii) three dependent variables: ug, u, and p; and

(iii) five parameters: H, L, p, n and g.

Other parameters are introduced from the boundary and the initial conditions. Here,

we assume that the average velocity at the inlet of the domain is equal to V' (Fig. 7.2).
The terms of Egs. (7.10)-(7.12) can be brought to comparable order of mag-

nitude, by dividing each of the dimensional independent and dependent variables

by appropriate scales, i.e., by characteristic units of measure. If L and H are of

the same order of magnitude, one of them can be used for scaling both x and y.

Assuming that this is the case, we set:

= % and y* = =. (7.13)

The velocity components can be scaled by a characteristic velocity of the flow, such

as V:

u u
- Vx and wu, = Vy ) (7.14)
Substituting Eqgs. (7.13) and (7.14) into Eq. (7.10), we get the dimensionless conti-
nuity equation:

o(uyV)  OwV)

—0
o) T 9T e
ou’ Ouy,
z = 0. 1
oo T gy =0 (7.15)

In order to nondimensionalize the two components of the momentum equation,
we still need to find characteristic units for the remaining dimensional variables,
i.e., for t and p. Such scales can be found by blending existing characteristic units
and/or physical parameters. For example, the expressions

L L?
V and 7

are both characteristic time units. Similarly, the expressions

nv 2

— and \%4

17 P

are characteristic pressure units. The choice among different possible characteristic
units is usually guided by the physics of the flow. In convection-dominated flows
L/V is the obvious characteristic time. In flows dominated by diffusion of vorticity,

L?/v is more relevant. In confined viscous flows, nV/L is the obvious choice for
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pressure. In fact, in these flows, the motion is mostly due to competing pressure
and shear-stress gradients, according to

@Nﬁryz B 0%y
ox By K oy?

Therefore, the pressure can be seen as equivalent to a viscous stress, which is mea-
sured in units of nV/L. In open inviscid flows, the effects of viscosity are minimized
and thus the viscous pressure unit, nV/L, is not appropriate. These flows are driven
by pressure gradients and/or inertia according to Euler’s equation,

ou
—+u-Vu| = —Vp.
p(G) +uva) = -
Thus, the pressure can be viewed as equivalent to kinetic energy, which is measured
in units of pV2. Any choice among possible units is fundamentally admissible. How-
ever, the advantages of the dimensional analysis are obtained only by appropriate
choice of units.

To proceed with our example, let us nondimensionalize ¢ and p as follows:

= ' and pr= P (7.16)
L)V nV/L" ’

Substituting Eqgs. (7.13), (7.14) and (7.16) into the two components of the Navier-

Stokes equation yields the following dimensionless equations

pVL <au;; L out *au;;) o <a2u;; a%;) N pgL?

n ot* tol Ox* + oty oy* Oz Ox*2 + Oy*2 nVv

and

pVL [ Ou u;au; b Ouy, _ o 0u;, N 0%, .
n Ot* ox* Y ay* 82/* Ox*2 ay*Q

Since all terms are dimensionless, the two groups of parameters that appear in the
above equations are dimensionless. The first dimensionless group is the Reynolds
number,

pVL
e=—r

n

which is the ratio of inertia forces to viscous forces. The second dimensionless group
is the Stokes number,

R , (7.17)

L2
St = pgv , (7.18)
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which represents the ratio of gravity forces to viscous forces. Therefore,

* * * * 2, % 2, %
Re (Buz + u*aux + u*ﬁux> _ o + (8 =2 0 ux> + St (7.19)

ot* T o> Y Oy* Ox* 0x*2  Oy*2
and
ou’ ou’ ou’ op* 0%ur  0%uk
y « Ty « Uy N y y
Re <8t* + u, e + uy 8y*> = "oy + ((‘):c*? + a2 ) (7.20)

The aspect ratio,

€

% , (7.21)
is an additional dimensionless number, which depends solely on the geometry. This
ratio provides the constant scale factor required to model a full-scale flow in the lab.
The model and the full-scale flows must be geometrically similar, i.e., the value of
€ must be the same in both flows. In case H and L are not of the same order of
magnitude, then the two spatial coordinates are scaled as follows:

¥ = % and y* = %

Such scaling is preferable in problems involving different length scales, as in the
lubrication approzimation (see Chapter 9), since it provides a natural perturbation
parameter.

Assuming that no other dimensionless numbers are introduced via the bound-
ary and the initial conditions, the dimensionless governing equations (7.15), (7.19)
and (7.20) dictate the following functional forms for the dimensionless dependent
variables:

p* = p*(z*,y",t", Re,St,e) and u* = u*(z*,y*,t*, Re, Ste).

Some other dimensionless numbers of significance in fluid mechanics are dis-
cussed below.
The capillary number,

Ca=-—, (7.22)

is the ratio of viscous forces to surface tension or capillary forces. It arises in flows
involving free surfaces or interfaces between immiscible fluids.

The Weber number is the ratio of inertia forces to surface tension forces, and is
defined by
pV2L

g

We =

(7.23)
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Note that
We = ReCa. (7.24)

The Weber number arises naturally in place of the capillary number when the in-
viscid pressure scale pV? is used (instead of the viscous scale nV/L).
The Froude number,

Fr=— (7.25)

is the ratio of inertia forces to gravity forces. It arises in gravity-driven flows and in

open channel flows. Note that
Re

Fr = —. 2
r o (7.26)
The FEuler number Eu, defined by
A
Bu={—, (7.27)
3PV

is the ratio of pressure forces to viscous forces. It appears mostly in inviscid flows
and is useful in aerodynamics.

7.2 Perturbation Methods

Asymptotic analysis is the study of a problem under the assumption that an involved
parameter is vanishingly small or infinitely large. Consider the following initial value
problem,

d
(1+e)d—Z+u:o, w(0) = a, (7.28)

which involves one dimensionless parameter, e. The exact solution to problem (7.28)
is

w=ae /(e (7.29)

The behavior of the solution is illustrated in Fig. 7.3 for various values of e.

Asymptotic analysis can be carried out at different levels of approximation and
accuracy. One approach is to simplify the governing equation by eliminating some
terms based on an order of magnitude analysis, and then solve the resulting trun-
cated equation. Coming back to our example, in case € < 1, problem (7.28) can be
simplified by assuming that e=0. This leads to the truncated problem

d
d—ZJru:o, w(0) = a, (7.30)
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x

Figure 7.3. Behavior of the solution to problem (7.28) for a=1 and various values

of €.

the solution of which is

u=ae". (7.31)

This solution is identical to the limit of the exact solution, Eq. (7.29), for ¢ — 0:

It is thus called asymptotic solution to the problem (7.28). The asymptotic solu-
tion (7.31) is regular in the sense that it satisfies the initial condition and is valid
uniformly for all x > 0. This is due to the fact that the truncated differential
equation retains the first derivative of x which allows the satisfaction of the bound-
ary condition. In case € is very small, the asymptotic solution might be used as
an approximation to the exact solution (see Fig. 7.3). This approximation is said
to be of zeroth order. Higher-order approximations may be obtained by means of
straightforward parameter expansion, as discussed in the two subsections below.
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Figure 7.4. Approzimation of the solution to problem (7.28) in the case of €=0.2
and a=1, using reqular perturbations of zeroth, first and second order.
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7.2.1 Regular Perturbations

Consider again the problem (7.28) and assume that the parameter € is very small
but not zero. Let us seek a series solution of the form

u(z,€) = up(x) + ui(z)e + ug(z)e? + O(¥), (7.32)

where wug, uq,--- are unknown functions of z. Equation (7.32) is called asymptotic
expansion or perturbation of the solution in terms of the parameter e. By substituting
Eq. (7.32) into the differential equation (7.28) and collecting powers of €, we obtain
the following perturbation equation:

d d d d d
<ﬂ +u0> + <ﬂ o +u1) e+ (ﬂ+ﬂ+uz) E+0()=0. (7.33)
dx dx dx x x

This equation must be satisfied for any value of €, as ¢ — 0. Therefore, all the
coefficients in Eq. (7.33) must vanish, which yields:

Order @ - %l—i—uo =0
= wup(zr)=ae™™

up(0) =a
Order ' : %(ae‘x)—{—%—&—ul =0
= wui(r)=axe™™
u1(0) =0

Order € %(ameﬁ”)—i-%—i-uzzo )
= W(m)za(%—x) e ”

The resulting series solution is

u(z,e) = ae ¥ + (aze ")e + [a (%2 —x> el 2 4+ O(e?). (7.34)

The first few terms of Eq. (7.34) form an approximate solution to the problem (7.28)
which is called perturbation solution. Note that the zeroth-order perturbation solu-
tion, ug(x), is identical to the exact solution for e=0. The expansion (7.34) holds
uniformly for all values of x and any value of € near zero. Note that there is no indef-
inite term, neither in the series expansion, nor in the exact solution for either € — 0
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or z — 0, and, therefore, the initial condition u(0)=a is satisfied exactly. Since the
expansion (7.34) is valid uniformly over the domain of interest, the perturbation is
said to be regular. Figure 7.4 shows the exact solution and the asymptotic solutions
of zeroth, first and second orders for e=0.2 and a=1. We observe that the asymp-
totic solution converges to the exact solution as the order of the approximation is
increased.

Perturbation analyses can be carried out also in case the parameter € appears in
the initial (or boundary) conditions and not in the governing differential equation.
If two parameters €1 and ey are involved, a double perturbation expansion can be
used, i.e,!

uz,ease) = [ug’ (@) +ul (@e +uy ()€ + 0| &
+ {u((f) (x) + u§2) (x)er + u§2) (:c)e?) + 0(6‘;’)} €

+ [uf) @) + o (@)er + 08 (@) + O(eD)] G + O().

Example 7.2.1. Regular perturbation
Consider the problem

u(@0)=1, wu(l)=0
where € <1. Approximating the solution as

u(z,€) ~ ug(z) + ui(z)e + ug(x)e?,

we get the following perturbation equation

d2u0 d2’LL1 duo dQUQ du1 2
e +<—dx2 T ) e T )T

By collecting the appropriate terms, we get:

2
Order € —Ciluzo =0
. = wyp(z)=1—2x

Note that the asymptotically correct form depends on the relative orders of €1 and €.

© 2000 by CRC Press LLC



Order el M—1:O

2
Order €2 M—%Jm:o

The resulting approximate solution is

u(z,e) = (1—x) [1—%64—%(1‘—%) 62:| .

7.2.2 Singular Perturbations

In many problems involving a perturbation parameter ¢, an expansion of the form
u(z,€) = up(x) + uy(x)e + us(z)e? + O(®),

may not be uniformly valid over the entire interval of interest. Problems leading to
non-uniform expansions are called singular perturbation or boundary layer problems.
These are problems that have multiple length or time scales.

A typical singular perturbation problem involves two different length scales. A
perturbation expansion in the original independent variable is, in general, good over
a large interval corresponding to one length scale, but breaks down in a boundary
layer, i.e., in a layer near a boundary where the other length scale is relevant and the
dependent variable changes rapidly. This expansion is called outer approximation to
the problem, and the region over which it is valid is called outer region. By properly
rescaling the independent variable in the boundary layer, it is often possible to
obtain an inner approximation to the solution, which is valid in the boundary layer
and breaks down in the outer region. A composite approximation uniformly valid
over the entire domain can then be constructed by matching the inner and outer
approximations. Due to the matching procedure, singular perturbation methods
are also called matched asymptotic expansions. The most characteristic application
of singular perturbation in fluid mechanics is the matching of potential solutions
(outer approximation) to the boundary layer solutions (inner approximation) of the
Navier-Stokes equation, with the inverse of the Reynolds number serving as the
perturbation parameter.
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T

Figure 7.5. Behavior of the solution (7.36) for various values of €.

In the following, we describe briefly the method of matched asymptotic expan-
sions and introduce the main ideas behind the construction and matching of inner
and outer expansions. For additional reading, we refer the reader to References
[1]-[5].

Consider the following boundary value problem

2
e 4 (14 26) QU 4 2y =0
dx dx
, (7.35)

where € < 1. Note that the perturbation parameter multiplies the highest derivative
in Eq. (7.35). Setting € equal to zero completely changes the type of the problem,
by reducing it to a first-order differential equation. The exact solution is given by

—2x _ —x/e
e —e

U= ———""-". (7.36)
e—2 _e—l/e

In Fig. 7.5, the behavior of u for various values of € is shown. When ¢ is small, the
solution changes dramatically in a small interval near the origin and then appears
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to approach asymptotically a certain curve. Note also that the curves for e=0.001
and 0.01 appear to coincide outside the vicinity of z=0.
For the zeroth-order approximation of u, we get

d
dall + 2up =0 —
dx
ug(z) = ¢y e 2. (7.37)

Our perturbation leads to a first-order differential equation. As a consequence, only
one of the two boundary conditions,

up(0) =0 and wup(l)=1,

can be satisfied. Application of the first condition leads to ug(z)=0 which violates
the condition at z=1. Application of the boundary condition uy(1)=1 gives c¢;=e?
and

up(z) = 271 (7.38)

This function does not satisfy the boundary condition at x=0.

In general, there is no rule as to which boundary condition must be satisfied
by the outer solution; one may have to follow a trial and error procedure in order
to determine that condition. In many cases, however, a choice is hinted by the
physics or the mathematics of the problem [3,6]. In the present case, it turns out
that the proper choice is to satisfy the boundary condition at x=1. Note that the
approximation (7.38) can be obtained directly from Eq. (7.35), by setting € equal to
zero and then solving the resulting reduced differential equation together with the
boundary condition at x=1. This solution is the outer ezpansion of problem (7.35)
and is denoted by u°; hence,

uw’ = 2077 (7.39)

The outer approximation (7.39) is plotted in Fig. 7.6 together with the exact
solution for €=0.05. We observe that u® does an excellent job far from z=0 but
breaks down in the boundary layer where the exact solution changes very rapidly
complying with the boundary condition «(0)=0. This failure is due to the fact that
d?u/dz? attains large values within the boundary layer; although € is very small, the
term ed?u/dx? is not, and should have not been omitted. In other words, the length
scale in the boundary layer is different from that of the outer region. This can be
corrected by rescaling the differential equation in the boundary layer region. The
independent variable x is stretched to a new variable &, by means of a stretching
transformation of the general form

€= — (7.40)
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Figure 7.6. Outer and inner solutions to problem (7.35) for e=0.05.

where 6(€) is a function representing the length scale of the boundary layer. This

must be chosen carefully so that the transformed differential equation reflects the

physics in the boundary layer, and the second derivative term is retained. For an

interesting discussion on the selection of the stretching transformation, see Ref. [3].
In the present example, the proper choice is 6(€)=¢; hence,

X

§= <. (7.41)

By means of the above transformation, Eq. (7.35) is transformed to

d?u du
d—€2+(1+26)d—§+26’U—0. (7.42)

Equation (7.42) is amenable to a regular perturbation analysis. However, we will
focus on the leading-term behavior setting e=0; this leads to

Py du

@tE =" (7.43)
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The above equation has general solution
u(€) = Ay + Age ¢, (7.44)

where A; and Ag are constants. By applying the boundary condition u(0)=0, we
get As=—A1, and so
u(€) = A (1—e79). (7.45)

We denote this solution by u* and call it the inner expansion,
uo= A (1—e8) = A (1—e ), (7.46)

The constant A; is determined by matching the inner and outer solutions. Using
Prandtl’s matching rule, we require that

lim u’(x) = lim u'(€),
z—0 £—o0
which is equivalent to
lim w(£,€) = lim ui(z,e). (7.47)
e—0 e—0
¢ fized z fized

The left hand limit is called inner limit of the outer solution, and is denoted by
(u°)%; the right hand limit is called outer limit of the inner solution and is denoted
by (u%)°. In words, the inner limit of the outer solution is equal to the outer limit
of the inner solution. Thus, the above matching principle can be written as

(u®)! = (u')°. (7.48)

Since

x—0

(u)' = lim 2172 = ¢ and  (u))° = glim A (1—e =4,

we get

Therefore, the inner expansion is
W= (1—ef) = e2(1—e ). (7.49)

As shown in Fig. 7.6, u’ provides a reasonable approximation in the boundary layer.
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Figure 7.7. Outer, inner and composite solutions to problem (7.35) for e=0.2.

The next step is to combine the outer and inner solutions to a composite expan-
sion, u®, that is uniformly valid throughout the interval [0, 1]. This can be achieved
by adding u° and ' and subtracting the common limit (7.48),

ut = u® + ut — (u0)’. (7.50)

Substitution into the above equation gives
W = 2070 L 21—ty _ 2 —

ut = 2= _ g2 emw/e (7.51)
The composite solution u¢ provides a uniform approximate solution throughout the
interval [0,1]. It is easily verified that Eq. (7.51) satisfies the differential equa-
tion (7.35). Moreover,

uw(0)=0 and u°(l)=1-e>"1¢;

the boundary condition at x=0 is satisfied exactly while the condition at z=1 is

satisfied asymptotically. In Fig. 7.7, we compare the outer, the inner and the com-
posite solutions with the exact solution for e=0.2. The value of € was intentionally
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chosen to be ‘large’ so that the differences between u¢ and the exact solution can be
observed. As e gets smaller, the composite solution gets closer to the corresponding
exact solution and the two curves become indistinguishable.

In addition to Prandtl’s matching rule, a number of other, more refined matching
methods have been proposed [2]-[4]. The most widely matching principle is the one
introduced by Van Dyke [2]. This requires that the ‘m-term inner expansion of the
n-term outer expansion be equal to the n-term outer expansion of the m-term inner
expansion’, where the integers m and n are not necessarily equal.

7.3 Perturbation Methods in Fluid Mechanics

One of the most important perturbation parameters in fluid mechanics is the Reynolds

number,

pVL
ra

In confined viscous flows, the pressure is scaled by nV//L. As shown in Section 7.1,
this scaling leads to the following dimensionless form of the steady-state Navier
Stokes equation

Re = (7.52)

Re(u-Vu) = —Vp + V?u, (7.53)

where gravity has been assumed negligible. If the Reynolds number is vanishingly
small, Re < 1, we get the the so-called creeping or Stokes flow, governed by

~Vp + Vi = 0. (7.54)

Since the Reynolds number multiplies only lower-derivative terms, Eq. (7.53) is
amenable to regular perturbation analysis. It is also clear that the Stokes flow
solution is the zeroth-order approximation to the solution. This is usually obtained
in terms of the stream function (see Chapter 10). Corrections to the Stokes solution
may then be obtained by regular perturbations.

The appropriate pressure scale for open, almost inviscid laminar flows is pV2. In
this case, the nondimensionalized steady-state Navier-Stokes equation under negli-
gible gravitational forces is given by

1

7 Viu. (7.55)

u-Vu = —Vp +

If the Reynolds number is infinitely large, Eq. (7.55) is reduced to the FEuler or
potential flow equation
u-Vu = —Vp. (7.56)
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Figure 7.8. Boundary layer and potential flow when an approaching stream over-
takes a thin plate at high Reynolds numbers.

At large values of the Reynolds number, Eq. (7.55) is amenable to perturbation
analysis in terms of 1/Re. Given that 1/Re multiplies the higher-order derivatives
of u, the perturbation is singular. The potential flow solution is the outer solution
at high values of the Reynolds number. For flow in the x-direction, the stretching
variable

¢ = 2VRe, (7.57)

leads to the boundary layer equation
u-Veu = —Vp + Viu, (7.58)

the solution of which is the inner solution. The outer (potential) and the inner
(boundary layer) solutions are matched at the boundary layer thickness, as shown
in Fig. 7.8.

Geometrical parameters, such as aspect ratios and inclinations, are often used as
perturbation parameters. Domain perturbation is possible when the domain varia-
tion can be expressed in terms of these parameters [7,8]. Lubrication and stretching
flows are two important classes of almost rectilinear flows amenable to domain per-
turbation. These are examined in detail in Chapter 9.

A typical example of lubrication flow is the two-dimensional flow in a converging
channel of inclination «, as shown in Fig. 7.9. The two relevant nondimensionalized
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Figure 7.9. Flow in a slightly converging channel.

components of the Navier-Stokes equation are

Duy, op 9 0%y 0%y
R = —— — 7.59
D Ox T 0x? * Oy? (7.59)
and
Du op 0%u 0%u
3 Y 3 Y z
Re —> = —— —. 7.60
T oy ta Ox? * Oy? (7.60)

Lubrication flow corresponds to aRe < 1 and a < 1; hence, it can be solved by
regular perturbation. The zeroth-order approximation is the rectilinear flow solution
corresponding to a=0 [9].

Stretching flows are good prototypes of important processing flows such as spin-
ning of fibers and casting of films [10]. A properly defined aspect ratio (e.g., thickness
to length) may be used as the perturbation parameter. Consider, for example, the
fiber spinning flow depicted in Fig. 7.10. As shown in Chapter 9, the nondimension-
alized z-component of the Navier-Stokes equation becomes

du, _@ . d?u,
dz dz dz?

Reu, + Stg. . (7.61)

Averaging Eq. (7.61) over the cross sectional area of the fiber and invoking the
continuity equation and the free surface boundary condition result in the following
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Figure 7.10. Fiber-spinning flow.

ordinary differential equation:

d 3 du, 1 d 1 du., 1
dz(uz dz>+60adz\/uz Re dz +5 Uy 0, (7.62)

where € is the ratio of the initial radius of the fiber to its length. Equation (7.62)
can be solved for limiting values of the the involved parameters (¢, Re, Ca and St)
by regular or singular perturbation.

We conclude this chapter by noting that perturbation analysis applies only to
limiting values of the involved parameters, and does not provide solutions for the
entire spectrum of their values. Such solutions can then be obtained by numerical
modeling and/or experimentation.

7.4 Problems

7.1. In almost inviscid laminar flows, the pressure is customarily scaled by pV?2,
where V is a characteristic velocity of the flow of interest. Show that this scaling
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leads to the following nondimensionalized form of the Navier-Stokes equation

Du 1 1
= _VUp+ —Viu4+ —5p 7.63
Dt P RV T 7 & (7.63)

where g is the unit vector in the direction of the gravitational acceleration.

7.2. Consider a spherical gas bubble of radius R growing at a rate R in a lig-
uid bath of density p, viscosity 7, and surface tension ¢. Nondimensionalize the
equation governing the stress jump across the interface, and identify the resulting
dimensionless numbers and their physical significance.

7.3. Construct an approximate solution to the problem

du du
. +a<dm+u> =0, u(0)=0,

where a > 1. Plot and compare the asymptotic and the exact solutions for various

values of a.
7.4. The problem

2
eg— + Ell—u = —%(1—36)6_31

u(0)=0 and wu(oco)=1

where € < 1, is amenable to singular perturbation analysis. Construct the composite
solution by taking the outer solution to satisfy (a) u(oco)=1, and (b) u(0)=0. In each
case, plot the inner, the outer and the composite solutions for e=0.2 and compare
them with the exact solution.

7.5. Find the asymptotic solution to the problem

du du _
d +dw 0

w(0)=1 and u(l)=0

where a > 1. Choose a physical model that can be described by the above equations
and bring out the physical significance of your findings.

7.6. A one-dimensional steady convection-reaction-diffusion problem is modeled by
the following nondimensionalized equations

élig Nlccllc—{—NQC

u(0)=0 and wu(l)=1
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where c is the dimensionless concentration, and Ny and Ny are dimensionless num-
bers. Construct the asymptotic solution when

(a) Ny < 1; (b) Ny > 1; (C) Ny < 1; (d) Ny > 1.

What is the physical significance of your solutions? Calculate the exact solution
and validate your results by constructing representative plots.
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Chapter 8

LAMINAR BOUNDARY
LAYER FLOWS

8.1 Boundary Layer Flow

In this chapter, we consider flows near solid surfaces known as boundary layer flows.

One way of describing these flows is in terms of vorticity dynamics, i.e., genera-

tion, diffusion, convection, and intensification of vorticity. The presence of vorticity

distinguishes boundary layer flows from potential flows, which are free of vorticity.
In two-dimensional flow along the xy-plane, the vorticity is given by

Ouy 8““3) er (8.1)

w =Vxu= (E_ 3y

and is a measure of rotation in the fluid. As discussed in Chapter 6, vorticity
is generated at solid boundaries. For example, if u,=u,(x,y) and the plane y=0
corresponds to an impermeable wall, then along this wall u,=0 and Ou,/0x=0.
Due to the no-slip boundary condition, du,/dy is non-zero, and thus vorticity is
generated according to

w = oy e . (8.2)
Vorticity diffuses away from the generator wall at a rate of (V2w ), and competes
with convection at a rate of (u- Vw ) (Fig. 8.1). Due to the effects of convection,
the vorticity is confined within a parabolic-like envelope which is commonly known
as boundary layer. Therefore, the area away from the solid wall remains free of
vorticity.

The line separating boundary-layer and potential flows, i.e., the line where the
velocity changes from a parabolic to a flat profile, is defined by the orbit of vor-
ticity “particles” generated at a solid surface and diffused away to a penetration or
boundary layer thickness, 6(x). As already discussed in Section 7.3, along the edge
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Figure 8.1. Generation, diffusion and convection of vorticity in the vicinity of a
solid wall.

of the boundary layer, convection and diffusion of vorticity are of the same order of
magnitude, i.e.,

ow ~ 12y 0w

where k is a constant. Consequently,

HEECE &

where z is the distance from the leading edge of the plate. Therefore, the expression

(8.5)

provides an order of magnitude estimate for the boundary layer thickness.
Consider now the flow past a submerged body, as shown in Fig. 8.2. Across
the boundary layer, the velocity increases from zero— due to the no-slip boundary
condition— to the finite value of the free stream flow. The thickness of the boundary
layer, 6(x), is a function of the distance from the leading edge of the body, and
depends on the local Reynolds number, Re = pVx/n; 6(x) can be infinitesimal,
finite or practically infinite. When Re < 1 (which leads to creeping flow), the
distance ¢(x) is practically infinite. In this case, the solution to the Navier-Stokes
equations for creeping flow (discussed in Chapter 10) holds uniformly over the entire
flow area. For 1 < Re < 10%, §(x) is small but finite, i.e., 6(x)/L < 1. For higher
Reynolds numbers, the flow becomes turbulent leading to a turbulent boundary
layer. Under certain flow conditions, the boundary layer flow detaches from the
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Figure 8.2. Boundary layer and potential flow regions around a plate.

solid surface, resulting in shedding of vorticity that eventually accumulates into
periodically spaced traveling vortices that constitute the wake.

From the physical point of view, the boundary layer thickness 6(z) defines the
region where the effect of diffusion of vorticity away from the generating solid surface
competes with convection from bulk motion. A rough estimate of the thickness
6(x) is provided by Eq. (8.5). The presence of vorticity along and across the
boundary layer is indicated in the schematic of Fig. 8.1. As discussed in Chapter 7,
from a mathematical point of view, the solution within the boundary layer is an
inner solution to the Navier-Stokes equations which satisfies the no-slip boundary
condition, but not the potential velocity profile away from the body.

8.2 Boundary Layer Equations

Boundary layer flow of Newtonian fluids can be studied by means of the Navier-
Stokes equations. However, the characteristics of the flow suggest the use of sim-
plified governing equations. Indeed, using order of magnitude analysis, a more
simplified set of equations known as the boundary layer equations [1], can be devel-
oped. In reference to Fig. 8.2, the Navier-Stokes equations are made dimensionless
by means of characteristic quantities that bring the involved terms to comparable
order of magnitude:

, oyt = %Re”2 :

R
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Uu u
szv, uyz—Re/ s
Tid P

* ] *
J v 27
5 v

where Re = VL /v is the Reynolds number. For steady flow, the resulting dimen-
sionless equations are:

our  Ouy
i = 0; 8.6
ox* + oy* ' (86)
ou} ou’ op* 0%k 1 0%u’
x g * g _ T - T . 8.7
(ux Ox* oy 8y*> ox* + Oy*2 + Re 0x*2’ (87)
1 duy duy, op* 1 Py 1 Ou
— | * = - — — i 8.8
Re ( ¥ Ox* Ty oy* oy* + Re * Oy*2  Re Ox*2 (88)
If Re > 1, these equations reduce to
out  Ouy,
= =0 8.9
ox* + oy* ’ (89)
ou’ ou’ op* 0%k
* X * X - _ X 8‘10
Yo G iy oy* ox* + oy*2’ (8.10)
and
pt=p"(a"). (8.11)

The appropriate, dimensionless boundary conditions to Egs. (8.9) to (8.11) are:

*

at y* =0, wuy=u; =0 (no-slip);

ou*
at y* =1, ul=1, 3 2 =0 (continuity of velocity and stress);
Yy
*

at ¥ =0, wu;=u; =0 (stagnation point).

The pressure gradient, dp*/dx*, is identical to that of the outer, potential flow,
(dp* /dx™)p,

0, slender body

Zp* = (jp*) = (—u; fﬁf) = (8.12)
* T p T p known, non — slender body

Thus, the only unknowns in Egs. (8.9) and (8.10) are the two velocity components,
uy and wuy. The latter is eliminated by means of the continuity equation,
Lo

=— dy* 1
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leading to a single equation,

ou;  Ou} V' ou dp*  0%u}
+ Tla z A P T 8.14
Yo g + oy* ( 0o Ox* Y > dx* * Oy*2 (8.14)

The corresponding dimensional forms of the boundary layer equations for lami-
nar flow are

Oug  Ouy
et oy =0 (8.15)
Ouy Ouz,  10p 0%u,
ux%—i—uy dy ~ pox +v 3y (8.16)
and
p=p(). (8.17)

These constitute a set of non-linear parabolic equations for which an exact, closed-
form solution is not possible. Blasius [2] developed an approximate similarity solu-
tion for flow past a flat plate, i.e., for dp*/dz*=0. He introduced a dimensionless
stream function, which, of course, satisfies the dimensionless continuity Eq. (8.9),
of the form

= = f(&), (8.18)

where £ is a similarity coordinate variable, defined as

E=y\/—-

=

By recognizing that an estimate of the boundary layer thickness is

the variable £ scales appropriately the coordinate across the thickness of the bound-
ary layer,

Y
= =, 1
¢ 6(z) (8:19)
From the definition of the stream function (Chapter 2),
oY y
r = — = R 2
u 3y Vf (8.20)
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and

op 1 fov
wy =90 = e - ) (8.21)

Substitution of Eqgs. (8.20) and (8.21) in Eq. (8.16) leads to the Blasius equation,

Bf Lf

2 T = 0 (8.22)

This is a nonlinear ordinary differential equation subject to the boundary conditions

£(0) = f(0)=0 (8.23)

and
F(€—o00)=1. (8.24)

In order to avoid the infinite domain of the two-point boundary value problem,
Blasius solved Eq. (8.22) by transforming it to an equivalent forward numerical in-
tegration scheme of ordinary differential equations from £=0 up to a point £, where
the outer-edge boundary condition (8.24) is satisfied. These numerical results are
tabulated in Table 8.1. In Fig. 8.3, the dimensionless velocity u, /V is plotted versus
the similarity variable é=y/6(z)=y/(vz/V)'/2. Several other useful quantities can
be calculated by means of the results given in Table 8.1, such as:

12 M AR I I S S SIS I
1 N L L T LT T L LT ST PO SR Ty 2

P8 |roremrrmirmr g e —
=t /0
0.6 _, ........... ........... , ........... ,,,,,,,,,,, ......... —
(7R ISR Y A D L ......... N
Y S A S S R s RIS SO b N

o ...,1“..:1,...[....1““1.,..1....1....
0 1 2 3 4 £ 5 6 7 8

Figure 8.3. Solution of the Blasius equation
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§ f f /"
0.0000000E+00 | 0.0000000E+-00 | 0.0000000E4-00 | 0.3320600
0.2500000 1.0376875E-02 | 8.3006032E-02 | 0.3319165
0.5000000 4.1494049E-02 | 0.1658866 0.3309136
0.7500000 9.3284436E-02 | 0.2483208 0.3282084
1.000000 0.1655748 0.3297825 0.3230098
1.250000 0.2580366 0.4095603 0.3146356
1.500000 0.3701439 0.4867927 0.3025829
1.750000 0.5011419 0.5605230 0.2866015
2.000000 0.6500322 0.6297698 0.2667536
2.250000 0.8155764 0.6936100 0.2434452
2.500000 0.9963216 0.7512640 0.2174131
2.750000 1.190646 0.8021722 0.1896628
3.000000 1.396821 0.8460487 0.1613615
3.250000 1.613085 0.8829061 0.1337038
3.500000 1.837715 0.9130443 0.1077739
3.750000 2.069094 0.9370083 8.4430709E-02
4.000000 2.305766 0.9555216 6.4236179E-02
4.250000 2.546470 0.9694083 4.7435224E-02
4.500000 2.790157 0.9795170 3.3984236E-02
4.750000 3.035983 0.9866555 2.3614302E-02
5.000000 3.283299 0.9915444 1.5911143E-02
5.250000 3.531620 0.9947910 1.0394325E-02
5.500000 3.780600 0.9968815 6.5830108E-03
5.750000 4.029997 0.9981864 4.0417481E-03
6.000000 4.279651 0.9989761 2.4056220E-03
6.250000 4.529459 0.9994394 1.3880555E-03
6.500000 4.779355 0.9997029 7.7646959E-04
6.750000 5.029300 0.9998482 4.2111927E-04
7.000000 5.279273 0.9999259 2.2145297E-04
7.250000 5.529260 0.9999662 1.1292604E-04
7.500000 5.779254 0.9999865 5.5846038E-05
7.750000 6.029253 0.9999964 2.6787688E-05
8.000000 6.279252 1.000001 1.2465006E-05

Table 8.1. Solution of the Blasius equation.
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(a) Boundary layer thickness, 6(x)
This is defined as the location where u,/V=u%=0.99. From Fig. 8.3 (or Table
8.1), this occurs at £ ~ 5. Hence,

6(z) = y(uy, =0.99) = 5,/ —. (8.25)

(b) Wall shear stress, 7, and drag force, Fp
The shear stress at the plate is

o V3 " o 2 v
o n\/;f (0) = 0.332 (pV*) ”W' (8.26)

Therefore, the drag force on the plate per unit width is

L
Fp = / Twdr = 0.664/V3pnL . 8.27
D ; VV3om (8.27)

The net normal force is zero. For the drag coefficient, C'p, defined by

Tw

F
Cp=—25—,
pV L
B
we get
1.328
Cp = . (8.28)

/VL

v
Notice that the local shear stress breaks down at =0, where 7, is singular,
ie., 7y — 00 as x — 0. Actually, the formula does not apply there because

the potential flow approximation is not valid near x=0. Nevertheless, the
singularity is integrable, i.e., the drag Fp is finite.

(c) The small normal velocity component, u,

At £=5,
o 1 [ve [v
U, = _a_i} =5 %({f —f) = 0.837 ?” (8.29)

(d) Transition to turbulent boundary layer
Transition to turbulent boundary layer occurs at Re=Vz/v ~112,000, or at
distance = downstream from the leading edge, given by

112,000 v
-

(8.30)

xr =
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The dimensionless boundary layer equations, and their solution are independent
of the Reynolds number. Thus, all boundary layer flows in similar geometries are
dynamically similar. The Reynolds number is only a scaling factor of the boundary
layer thickness and the associated variables.

8.3 Approximate Momentum Integral
Theory

Reasonably accurate solutions to boundary layer flows can be obtained from macro-
scopic mass and momentum balances through the use of finite control volumes.
This method was first introduced by von Karman [3], and is highlighted below for
boundary layer over a flat plate (Fig. 8.4).

Control Volune

5(x)

Figure 8.4. Derivation of von Karman’s approrimate equations for boundary layer
flow over a flat plate.

In von Karman’s method, the flow is integrated across the thickness of the layer.
To account for the development of the boundary layer, and to ensure that its thick-
ness is confined within the limits of integration, the control volume is selected so
that its size, (, is larger than the expected thickness of the layer. Integrating from

0 to (¢ gives
< ou ou ¢ 19p ¢10r
S " \dy= | —=ZE 4 - dy.
/0 (u oz +uy8y) Y /0 p Ox y+/0 p oy VY

From the continuity equation,

Y Ouy,

o Oz

dy .

Uy = —
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For steady flow, the pressure gradient is
1d av
Syt
p dx dx

By substitution, we get

¢ Ou ¢ Y Qu ou ¢ 9V ¢10r
vy dy — Sdy ) Srdy= [ V_—d ~ =g
/ou(‘)xy/o<08xy)8yy/c)Vaxy+/c)payy

Defining now the new variables A and B, such that

=20 — B,
dy
and Vo 5
A:/ Yogy — dA= gy
o Ox ox

the second term in the momentum equation can be written as

¢ ¢ ¢ ¢
/AdB:AB|g—/ BdA:V/ Ot dy—/ w22 gy
0 0 o Oz o ox

Finally, since ( is independent of x, by integrating and rearranging, the integral
form of the momentum equation becomes

0 Clu U ov [¢ u T,
—V2/ [—w<1——z>}d V—/ <1—i>d=—w, 8.31
ox o LV 1% yt oz Jo \% Y P ( )
where 7,, is the shear stress at the wall.
The above integral equation can be simplified further to

(‘% {VQ 52(x)} + 61(z) VZ—‘; = %U , (8.32)
where 6;1(x) is the displacement thickness, and 63(x) is the momentum thickness.
Equation (8.32) is known as the momentum-integral equation, or as von Karman’s
integral equation.

The displacement thickness, 61(x), is associated with the reduction in the mass
flow rate per unit depth in the boundary layer, as a result of the velocity slow-down
(V —uy), ie.,

6
mrzp/o (V —uy) dy .
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When the rate of “mass loss”, ., is expressed in terms of an equivalent thickness
01, of uniform flow with the same mass flow rate, i.e., m, = p V 61, we have

¢
m=p61(x)V=p/0 (V —ug)dy ,

which leads to the definition of 6;(x) as

§1(z) = /0C (1 - %) dy . (8.33)

The momentum thickness, d2(x), is related to the deficiency in the momentum per
unit depth, Jp, associated with the slow-down of the velocity within the boundary
layer,

, s
JD:p/ u(V —u) dy .
0

This momentum deficiency produces a net force along the direction of flow. Thus,
82(x) is defined as the thickness of uniform flow that carries the same momentum,
i.e., Jp = p 63 V2. Therefore,

¢
poa(z) V? = p/ ug (V —ug)dy
0

5(x) = /0C [“—‘; (1 - “—‘;C)] dy . (8.34)

Since the boundary layer thickness increases in the direction of flow, both §; and 89
are functions of x. The approximate integral momentum equation (8.32) is derived
without any assumption concerning the nature of the flow. Therefore, it applies to
both laminar and turbulent flows.

or

Example 8.3.1. Von Karman’s boundary layer solution
Consider the velocity profile

u—‘;:u;:a§3+b£2—l—c£+d with g:%. (8.35)
At ¢£€=0, wu,=0; therefore, d=0.
8 *
At £=1, ;g =0; therefore, 3a +2b+c=0.
At ¢&=1, w,=1; therefore, a+b+c=1.
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An additional boundary condition is obtained at y=0 by satisfying the momentum

equation there

ou, 81@] dp* o0*u
uy + u, =— (8.36)
T Ok yay* y =0 dx* y*=0 6y*2 Y=
Since u;=uy=0 and dp*/dz*=0 (for flow past a flat plate),
o0u};
=0. (8.37)
2
2l N
Therefore,
0u’
At £=0, 852$:0 and b=0. (8.38)
The four boundary conditions determine the unknown coefficients as
b=d=0, c¢=3/2 and a=-1/2.
Therefore, the admissible velocity profile is
3 1
L (8.39)

Equation (8.39) is substituted in von Karman’s equation, Eq. (8.32), to yield

dé 1 U\ U déd
2 z ) Uz 2
— o220 [ (1) B ge — 01 @ 4
Tw = pV d$/() < V) Vd§ 0.139 pV o (8.40)
Also,
dug V duk 3V

- _ Y dug 3V 8.41

Tw =g = 0 | 5% (8.41)
Equation (8.40) then becomes

(8.42)

5 ds = 8.791pivdx with 8(z=0)=0,

which is solved for the boundary layer thickness,

§(z) = 4.646\/§. (8.43)
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The exact value given by Eq. (8.25), is, therefore, represented reasonably well by the
approximate expression shown in Eq. (8.43) with a difference of less than 10%. A
similar analysis can be repeated by means of exponential, or other similar functional
forms for the velocity distribution. The error between the exact and the approximate
solutions depends on the approximating velocity profile. O

Example 8.3.2
Another approximate qualitative expression for the thickness §(z) can be derived
by approximating the velocity profile throughout the flow as:

Ug(z,y) =V (1 —e W), (8.44)

where a is a function of z, and accounts for the growth of the boundary layer. In
this case, the match with the potential low u, = V', occurs at a large distance away
from the boundary layer, i.e., as y — oo. For this velocity profile,

5(x)—/oo{%(1—%)]d —/Ooex (1 —exp~™) dy — — (8.45)
2 =~ Jo v v Y= 0 p p Y= 2% .
The wall shear stress is given by

Oouy
Tw =1 ox

T naV . (8.46)
y:

Substitution of Eqs. (8.45) and (8.46) into Eq. (8.32), for dp/dz=0, yields
= ——dz, (8.47)

which is integrated to

a = (L)W . (8.48)

Therefore, the velocity profile becomes

ug(x,y) = Vll — exp (—y“%)] . (8.49)

In practice, the boundary layer thickness is taken as the distance where u,=0.99V.

Therefore,
v dvx
6 =In100 4/— = 4.54y/ — . 8.50
(z) =1n100 4/ < Vv (8.50)
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The velocity profile can also be written as

up(z,y) =V [1 — exp (—4.54%)} . (8.51)

The vorticity distribution is

Ouy Vv
w(z,y) = a"; = 4.54 < exp (-4.54 %) : (8.52)
At the edge of the boundary layer, i.e., at y=9,
w(z,8) = 4.54 %6—4-54 = 0.0454 % : (8.53)

Therefore, the vorticity decays from its boundary value,

w(z,0) = 4.54 % , (8.54)

to the minimum vorticity of the boundary layer,

Vv

w(z,6) = 0.0454 5 (8.55)
and, further, quite sharply to

w(z,26) ~ 1073 % , (8.56)
at a distance just twice the boundary layer thickness. O

Example 8.3.3. Blasius and Sakiades boundary layers

Consider the two flow configurations shown in Fig. 8.5, studied by Blasius [2] and
Sakiades [4]. In light of the previous discussions, the boundary conditions for the
two flows are:

Blasius flow Sakiades flow
At y=0, up =uy =0 At y=0,u =V, uy =0
As y—o00, uy =V As y—o00, uy —0
As -0 As -0
Uy — V Uy — 0
y#O} y#O}
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16)] (b)

Figure 8.5. (a) Blasius boundary layers arise when liquid streams overtake sta-
tionary bodies; (b) Sakiades boundary layers arise when bodies travel in stationary
liquids.

Although the boundary conditions in the two flows are different, the boundary
layer equations with no streamwise pressure gradient apply to both cases:

Ouy Ouy 0?uy
@ = , 8.57
Yoo iy oy g Oy? (8:57)
and 5 5
Uy Uy
— =0. 8.58
or + y ( )
By means of the stream function, v,
oY oY
Uy = o and u, = “os (8.59)
and the system of Egs. (8.57) and (8.58) reduces to
2 2 2
oY Moy _ oW (8.60)
Oy 0xdy Oz Oy? oy3
In terms of the stream function, the boundary conditions are:
Blasius flow Sakiades flow
onp O oY
At =0, —=—"—=0 At =0 =Vy, — =0
y Y ay ax y Iy w y7 8.’1;
As y— oo, ¥v—Vy As y— oo, 1 — constant (0,say)
As -0 As -0
-V — constant (0, sa
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Since there is no length scale in this problem, the solution must be independent of
the unit chosen for length. By dimensional analysis, it follows that

v _ v
T fly : (8.61)

2vx
Note that a factor of 2 is included for convenience. The most important aspects of
the two boundary layer solutions are:

Velocity and boundary layer thickness

3 5.4 6
u,/V, Blasius 99999 | .999999
u,/V, Sakiades .0036 | .0018

Wall shear stress
By means of

Ouy
dy

Tw =1

V3 1
= _— 0
- M =7 0)
we find that
7B =0.332(pV?), /% and 7o = —0.444pV?, /% , (8.62)

where superscripts B and S denote the Blasius and the Sakiades solutions, respec-
tively.

Drag on a finite length

The drag on a finite length, ¢, per unit width is given by

0
Fp = / Tw dx
0
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which gives

FE =0.664 \/V3pnt and F5 = —0.888y/V3pnl . (8.63)

Traverse velocity
Vot
uy = |5 (€€ — £©)] .
which yields

This is given by
Yy —>0831/—V d ——08081/—V (8.64)
.837 n = —0. . .
v Vax a Va

Therefore, the laminar flow drag force on a flat surface moving through still fluid with
velocity V' is about 34% greater than the drag force on the same surface due to fluid
flowing past it with velocity V. In the former case, there is a drift velocity towards
the plate because the fluid is accelerated, while in the latter case this situation is
reversed. a

<|&,

8.4 Boundary Layers within Accelerating
Potential Flow

The boundary layer thickness is defined by the competition between convection,
which tends to confine vorticity close to its generating source, and by diffusion that
drives to vorticity uniformity away from the solid surface. Besides these effects, due
to the dominant velocity component, vorticity penetration is enhanced by a small
vertical velocity component away from the boundary, as in the case of the Blasius
boundary layer, and is inhibited by a small vertical velocity component towards the
boundary, as in the case of the Sakiades boundary layer. At the outer part of the
boundary layer, the vertical velocity component is related to the potential velocity
profile, V(z), by the continuity equation,

(8.65)

Uy = —

Y Quy Y OV (x)
0 (91’ dy o _/ 8:1: dy

Equation (8.65) suggests that an accelerating potential flow, of 9V /0z > 0, induces
a small vertical velocity component towards the boundary, which in turn confines
vorticity from penetrating away, and therefore reduces the thickness of the boundary
layer. The opposite is true for a decelerating potential flow, of OV/dx < 0, that
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induces a small vertical velocity component away from the boundary, and therefore
increases the boundary layer thickness.
Bernoulli’s equation along a potential streamline of arc length s takes the form

oV 10p

Thus, an accelerating potential velocity results in a negative pressure gradient,
which, according to the boundary layer momentum equation, tends to diminish the
variation of the velocity across the boundary layer; therefore, it tends to decrease the
boundary layer thickness. The opposite is true for a decelerating potential velocity.

Falkner and Skan [5], extended Blasius boundary layer analysis to cases with an
external potential velocity field of the type

V=caz™, (8.67)
where ¢ and m are positive constants. The stream function,
v = V)2 fn) . (8.68)
where 7 is a similarity variable defined by
n=(V/vz)'y, (8.69)
transforms the momentum equation to the ordinary differential equation,

mf? — %(m + ) ff =m+ f". (8.70)

Note that the above equation reduces to Eq. (8.22) in the limit of m=0. In
stagnation flow, where a jet impinges on a vertical wall (m=1), Eq. (8.70) becomes

f/2 _ ff// — 1 + f//l . (871)

The corresponding boundary conditions are

f(0)=f'(0)=0, (8.72)

and
Fn—o0)=1. (8.73)
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Figure 8.6. Similarity distributions of velocity across the boundary layer in an
external potential field of velocity, V. = ca™. [Taken from Ref. 6, by permis-
sion./

The numerical solution of Eqgs. (8.71) to (8.73) is shown in Fig. 8.6, where the veloc-
ity distributions at different values of n(z,y)=(V/vx)'/?y are given. The boundary
layer thickness is defined so that

ug [y [V
o (n ,/m) 0.99 . (8.74)

Other useful quantities, such as the boundary shear stress,

wou™ A AP
o =1 By =p<—x ) (fé )) : (8.75)
y=0

the vertical velocity component, and the total drag force are computed accordingly.

Example 8.4.1. Stagnation flow boundary layer
Consider the stagnation point flow shown in Fig. 8.7. The free stream velocity
described by the stream function

Yp=kay, (8.76)

with velocity components

U=kx V=—ky, (8.77)
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impinges normal to the plate and forms a boundary layer of thickness 6(z). Since
the potential velocity component, V', depends only on y and the other component,
U, depends on z, the following form of the stream function is suggested (within the
boundary layer)

Stagnation
point

|

Figure 8.7. Stagnation point flow.

v =af(y). (8.78)

The individual velocity components are

uy =xf'(y) and u,=—f(y), (8.79)

whereas the vorticity is given by

Ouy  Ouy

W= oy =—zf"(y). (8.80)

Substituting these expressions in the boundary layer vorticity equation, we get

Ow Ow 0w Pw
- = -+ 8.81
um8x+uy8y V<8x2+6y2> ’ (8.81)
which leads to the ordinary differential equation,
[ F v =0, (8.82)
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with boundary conditions,

fly=0)=f(y=0)=0, (8.83)
and
fly—o0)=ky. (8.84)
16
/
12 .
£ f—
o8 //
LY
AV,
| LA
/ ,1’

(] o4 10-8 13 '1-6 20 24 238 32

Figure 8.8. Boundary layer results according to Eqs. (8.79) to (8.88). [Taken from
Ref. 6, by permission./

By means of

A\ 1/2
v=(7) 0 wd )= @REE. (3.85)

Egs. (8.82) to (8.84) are made dimensionless, as follows:

F? —FF'"—F" =1, (8.86)
Fn=0)=F(n=0)=0, (8.87)
F(n—o0)=n. (8.88)

Hiemenz solved these equations numerically [7]. The most important of his calcula-
tions are shown in Fig. 8.8. The resulting boundary layer thickness is

§(z) = 2.4\/% (8.89)
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which is independent of x. This is a consequence of the fact that the controlling
velocity component of the potential flow V, is uniform over x, whereas the z-
component varies linearly with x, hence, vorticity is convected downstream parallel
to the wall within the boundary layer.

The corresponding axisymmetric case, that may occur when bodies of revolution
move parallel to their axis of symmetry and form a stagnation point at the leading
edge was treated by Homann [8]. Both the two-dimensional and the axisymmetric
flows are special cases of Howarth’s analysis of the general stagnation flow [9]. O

8.5 Flow over Non-Slender Planar Bodies

In flow past non-slender bodies, Eqgs. (8.15) to (8.17) still apply. However, the
Blasius exact solution does not apply, because

P _ oy V@)

0 8.90
T o 70 (8.90)

due to the fact that, outside the boundary layer, the velocity V(x) of the potential
flow is deflected by the two-dimensional body, and made different from the ap-
proaching stream velocity, V. In this case, the solution is found iteratively; initially
dp/dx is assumed zero, u, is defined and 6 is calculated from the corresponding von
Karman equation which for non-slender bodies takes the form

% [VQ(:E)/O(S Vu(”;) <1 - Vi%) dy] +V(m)d‘2;m) /06 (1 - V“("’;)) dy = %“’ ’
(8.91)

where J 2V ()
D x
it V(z) pa
Then dp/dz is calculated and the iteration is repeated until consecutive values of
dp/dx do not differ much. In cases where the potential velocity is known (e.g.,
flow around a wedge-like, two-dimensional body), dp/dz is substituted directly in
Eq. (8.91), and the iterative procedure is avoided.

(8.92)

8.6 Rotational Boundary Layers

A solid body moving with relative velocity V with respect to its surrounding liquid
that cannot slip, generates an average vorticity, w, of the order of w ~ V/§(x),
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that penetrates to a distance 6(x) under the combined action of convection and
diffusion. Similarly, a disk in relative rotation {2 with respect to its surrounding
liquid generates vorticity w equal to twice its angular speed €2 that spreads in the
vertical direction. Since the vorticity gradient in the azimuthal direction is zero,
vorticity also spreads in the radial directions by convection and diffusion. At very
low rotational speeds or Reynolds numbers, where centrifugal effects are negligible
and Coriolis effects are dominant, a strictly azimuthal motion near the disk may be
conserved. However, at high rotational speeds and Reynolds numbers, where the
ratio of centrifugal /Coriolis effects is reversed, a strictly circular motion cannot be
maintained and the fluid near the disk spirals outwards. Under these high Reynolds
numbers, an axial motion towards the disk is induced, by virtue of mass conservation.
This vertical velocity component confines the vorticity at the disk’s surface within
a finite distance and defines a rotational boundary layer. Briefly, the rotating disk
operates as a centrifugal fan that receives fluid vertically and delivers it nearly
radially.

For this class of problems, von Karman was the first to suggest that a solution of
the form, u,=rf(z), ug=rg(z) and u,=h(z) is possible [2]. The boundary conditions
are

ur(z=0)=uy(z2=0)=0; (8.93)
ug(z =0) = Qr; (8.94)
up(z — 00) = uy(z — 00) =0. (8.95)

The z-momentum equation becomes

op _ dus p o
5, =g, ~ 3l +c, (8.96)
which suggests that
dp Op
90 (8.97)
The remaining momentum equations, in the r- and -directions, become
uZ d [ u, ug 2 [u,
e (‘) 2TV (—) : (8.98)
and
2u,Up d [y d? u9>
— (2 )=rv— (2], 8.99
r2 udz(r) l/sz(r (8.99)
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respectively. Finally, the continuity equation simplifies to

2u,  du,

=0.

r dz

10
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Figure 8.9. Velocity components, according to Eqs. (8.102) and (8.107),over a fast

rotating disk. [Taken from Ref. 10, by permission.]

By introducing the transformation

s\ 1/2 g /2
z = Q £, ?:Qg(ﬁ) and  u. = (¥Q2)/7 h(¢),
the continuity equation is transformed to
U Q
— =K.
"= ()

Equations (8.98) and (8.99) become

l /2_l " _ 2__1 m
4h 2hh g“ = 2h ,
and
—gh' +g'h=4g",
subject to
h(§=0)=1()=0;
9(§=0)=1;
W(€— 00) =g(§—o00)=0.
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Cochran solved the above equations numerically [9]. His main results are shown
in Fig. 8.9. By defining the thickness of the boundary layer as the distance £ where
ug = 0.01Qr, it turns out that the thickness is uniform,

1/2 1/2
§=54 <%) =54 (%) , (8.108)

which is similar to a stagnation-type boundary layer thickness.

8.7 Problems

8.1. Water approaches an infinitely long and thin plate with uniform velocity.
(a) Determine the velocity distribution u, in the boundary layer given that

ug(2,y) = a(@)y® + b(x)y + c(z) .

(b) What is the flux of mass (per unit length of plate) across the boundary layer?
(c) Calculate the magnitude and the direction of the force needed to keep the plate
in place.

8.2. In applying von Karman’s momentum balance method to boundary layer flows,
one is not restricted to piecewise differentiable approximations of the form

Vi, n>1

for the velocity distribution. The exact solution for the case of flow near a wall
suddenly set in motion (derived in Chapter 6) suggests using the continuously dif-
ferentiable velocity distribution

uy = erf(n), n=0,

for the boundary layer flow past a flat plate. This distribution satisfies the following
conditions:

u, =0 at n=0;

—1 as n—o00;

(82@6) _dpt 0
%2 - x
oy =0 dx

*
x
*
uI
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Derive the boundary layer thickness, the displacement thickness, the momentum
thickness, the shear stress at the wall and the drag force over a length L. Compare
with the results based on the traditional piecewise differentiable distributions.

8.3. Derive a formula for estimating how far downstream of a smooth, rounded
inlet the parabolic velocity profile of plane Poiseuille flow becomes fully developed.
Assume that the core flow in the entry region is rectilinear and irrotational, and
that the velocity distribution in the boundary layers is self-similar:

ue(z,y) ! ( y )
U(x) 6(x)/)
Use von Karman’s integral momentum equation. Find the corresponding equation
for pressure drop in the entry length.

8.4. Consider the solid jet flow induced by a continuous solid sheet emerging at
constant velocity from a slit into fluid at rest.

(a) Justify the boundary-layer approximation for the flow.

(b) Show that the boundary conditions differ from those for flow past a flat plate,
although the Blasius equation for the stream function applies.

(¢) Employ von Karman’s momentum equation to obtain approximate solutions
for the local wall shear stress, the total drag on the two surfaces of the sheet,
the displacement thickness and the momentum thickness, using for the velocity
profile

i. a fourth-degree polynomial in n = y/a \/V/va , and

ii. the complementary error function, erfc n = 1- erf 7,

where a is arbitrary constant. Compare the results with those for flow past a
flat plate. (According to the exact solution for the solid jet the dimensionless
local stress is 0.444, as compared with 0.332 for flow past a flat plate.)

8.5. Laminar, incompressible, two-dimensional jet.

(a) Justify the boundary-layer approximation for the flow caused by a fine sheet-jet
emerging from slit into fluid at rest.

(b) Noting that the total momentum flux in the z-direction must be independent
of distance z from the slit, i.e.,

oo
/ pufc dy = J = const.
—00
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establish that the velocity can depend on position only through the dimen-
sionless combination
"= pv2z?

where « is an arbitrary constant.

(¢) Introduce a dimensionless stream function f(n) and choose the constant « in
such a way that the boundary-layer equation reduces to the ordinary differen-
tial equation

f///+2ff/l+2f/2:0.

(d) Show that the solution of this equation is a tanhan and evaluate the constant
o.

(e) Calculate u, and u, and the total volumentric flow rate, (), entrained (as a
function of x).

Ay
U U
___ Linear velocity
variation
}
1
.z Z »x
Leading b Flat Plate \—Trailing Edge

Edge

Figure 8.10. Schematic of the flow in Problem 8.6.

8.6. Consider two-dimensional boundary layer flow of water over one side of a flat
plate. At the leading edge the velocity is uniform and equal to U. Downstream at
the trailing edge, the velocity profile is as shown in Fig. 8.10.

(a) Find the shear force of the fluid on the plate by using an overall control volume
approach.
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(b) Sketch the velocity development from the leading to the trailing edge.
(c) Find an approximation for the normal velocity profile.

(d) Split the entire field into a boundary layer and a potential flow region (graph-
ically.)

(e) Construct qualitative plots of the vorticity as a function of z at three distances
from the plate: y=0, y=h/2 and y=2h.

8.7. For the general case of two-dimensional planar flow, Prandtl’s boundary layer
equations are [1]

Gz A § S
Ox +uy0y dx+yc'?y2 ’

Uy

and

Ouy | Oy

Oz oy

=0.

Given the geometry of the problem and Uy(z), the solution of these equations yields
uz(x,y) and uy(z,y) inside a boundary layer. Consider the flow normal to the axis
of a cylinder of arbitrary cross-section.

a) Define x and y for this geometry. (Hint: consider flow along a flat plate.)

b) What does U(x) represent?

(

(

(¢) What does UdU/dx represent physically?

(d) What are the appropriate boundary conditions?
(

e) Does this solution correctly predict the drag force on the cylinder? Explain
your answer as quantitatively as possible.

8.8. Boundary layer over wedge. Derive the governing equations and the von
Karman’s-type approximation for boundary layer over a 30° wedge of a liquid stream
of density p and viscosity 7, approaching at velocity V.

8.9. Boundary layer along conical body. Repeat Problem 8.8 for the corresponding
axisymmetric case when a liquid stream approaches at velocity V' and overtakes a
cone of angle $p=30° placed with its leading sharp end facing the stream.
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Chapter 9

ALMOST UNIDIRECTIONAL
FLOWS

In this chapter, two different classes of flows are examined in the limit of almost
rectilinear flow domains, by using perturbation analysis of the full Navier-Stokes
equations. These are:

(a) Lubrication flows: these are confined or free surface flows with parabolic velocity
profiles, under almost rectilinear boundaries or free surfaces. Typical examples
are flow in converging and diverging channels, flow in pipes, and flow of thin
films on substrates.

(b) Stretching flows: these are free surface flows of plug-like velocity profile under
almost rectilinear free surfaces, such as jet flows.

Prototypes of these flows, such as flows in non-rectilinear domains, develop-
ment of wet films under surface tension, and spinning/casting/blowing of polymeric
fibers/sheets/films, are depicted in Fig. 9.1.

9.1 Lubrication Flows

Lubrication flows are most applicable to processing of materials in liquid form,
such as polymers, metals, composites and others. One-dimensional approximations
can be derived from simplified mass and momentum balances by means of control
volume principles, or by simplifying the general equations of change. This leads to
the celebrated Reynolds equation [1],

F(h,p,St,Ca) =0, (9.1)

where h(z) is the thickness of the narrow channel or of the thin film, p is the
pressure, St is the Stokes number, St = pgL?/nV, and Ca is the capillary number,
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converging channel flow

free surface
final coating

thin film lubrication flow in coating stretching flow in fiber spinning

Figure 9.1. Confined and film lubrication flows and stretching flows.

Ca =nV/o, that appears due to surface tension along an interface. Equation (9.1)
can be solved:

(a) for the pressure distribution and other relevant quantities, such as load ca-
pacity, friction, cavitation etc., when the thickness h(z) is known. Typical
applications are lubrication of solid surfaces in relative motion, such as journal-
bearing, piston-cylinder and piston-rings of engines [2].

(b) for the thickness h(z), when the pressure is known. Typical examples are
formation of thin films and coating applications [3].

9.1.1 Lubrication vs. Rectilinear Flow

The lubrication approximation for flows in nearly rectilinear channels or pipes, with
nearly parallel walls can be derived intuitively from the complete set of flow equa-
tions. Mass conservation requires constant flow rate:

Oug B B
8—9va7 u, =0, uy=f(2). (9.2)
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Conservation of linear momentum in the flow direction requires pressure and viscous
force balance in the same direction:

@_ 8u%
81:_77822'

(9.3)

The pressure gradient, Op/0dz, is usually imposed mechanically. For rectilinear chan-
nels and steady motion, dp/dx is constant along the channel, equal to Ap/AL, where
Ap is the pressure difference over a distance AL, Fig. 9.2. For constant pressure
gradient, the momentum equation predicts linear shear stress and parabolic velocity
profile. In these problems, the mechanism of fluid motion is simple; material flows
from regions of high pressure to regions of low pressure (Poiseuille-type flow).

Figure 9.2. Force balance in (a) rectilinear flow, hodp = 27dzx, and (b) lubrication
flow, h(z)dp(x) = 27(z)dz.

When one or both walls are at a slight inclination « relative to each other, the
same governing equations are expected to hold. Now, however, they may locally be
weak functions of x of order a. Take for instance, the pressure gradient in lubrication
applications where the flow may be accelerating or decelerating, in converging or
diverging channels, respectively. In such cases, dp/0dx is not constant along the
channel. This can be seen in Fig. 9.2(b) where the pressure force needed to move two
cones of liquid of the same width, dx, at two different positions along the channel is
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different. Consequently, both dp/dx and the velocity are functions of x. Therefore,
we have

Ouz  Ou,
pu— '4
Ox + 0z 0, (94)
and
op(z)  D%u,
ar a2 (9:5)

BACKFLOW
(Poiseuille)

-V

Figure 9.3. Geometry of one-dimensional lubrication flow. The velocity profiles
along the channel are a mixture of Couette and Poiseuille flow.

Equations (9.3) and (9.5) express conservation of linear momentum for a control
volume. They both indicate that, due to negligible convection, there is no accumu-
lation of momentum. Consequently, the forces capable of producing momentum are
in equilibrium.

As shown in Fig. 9.2, the forces on a control volume of width dx, are the net
pressure force (dp/dx)A(x) and the shear stress force 27,,dxz. However, the under-
lying mechanism in lubrication flows may be more complex than in Poiseuille flow.
Consider, for instance, the schematic in Fig. 9.3. Through the action of viscous shear
forces, the moving wall on one side sweeps fluid into a narrowing passage. This gives
rise to a local velocity profile of Couette-type, u,=Vy/h, with flow rate, Q=Vh /2.

© 2000 by CRC Press LLC



Since @ is constant, in order to conserve mass, h(x) is decreasing. The flow then
sets up a pressure gradient, in order to supply a Poiseuille-type flow component that
redistributes the fluid and maintains a constant flow rate.

9.1.2 Derivation of Lubrication Equations

The lubrication equations can be alternatively derived by dimensionless analysis,
and by order of magnitude comparisons with the full Navier-Stokes equation:

Ou; Ou,
Gt 5 =0, (9.6)
Ouy Oy Oy Op aug aui
ou, ou, ou, dp ou?  Ou?
Quz |y P2y, Sz 9P z 42U 9.8
p<8t Tl gy T az> 8z " 522 T 522 (0.8)
Equations (9.6) to (9.8) are made dimensionless using the following scaling
B A | A S
L’ al’ L al’
U:U_V7 UZ_OAV an p_—L’
L

where « is a small parameter of the same order as the channel slope. The lubrication
equation holds in geometries where a < 1. Upon substitution, the momentum
equations yield (with asterisks suppressed hereafter) [4]:

Oouy Oouy Oouy B Op 0 0uy  0uy
O‘R€<at Ty +“Zaz) T o T o T2 (9.9)
ou ou ou Op 0%u 0%u
3 E g byt = - 4 z 1
@ Re<8t ey, U az) 92 T o2 T (9.10)

Since all dimensionless derivative terms in these two equations are of comparable
order, the resulting dimensionless lubrication equations, in the limit of a ~ 0 or
aRe =~ 0, are

op  Oou:
57 T 9.2 =0, (9.11)
and
op
—5.=0. (9.12)
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These equations are similar to those derived intuitively from channel flow, i.e.,
Egs. (9.2) and (9.3). Notice that high Reynolds numbers are allowed as far as
the product aRe is vanishingly small, and the flow remains laminar.

The appropriate boundary conditions are:

(i) at 2=0, uy=V (no-slip boundary condition);
(ii) at z=h, u,=0 (slit flow, no slip boundary condition), or
(iii) at z=h, 7,,=0 (thin film, zero shear stress at free surface)

Under these conditions, the solution to Eq. (9.5) is

1
"y = %Z—Z(zh A4V (1 - %) (slit slow) | (9.13)
or
1 dp 9
= ——L(on - . film flow) . 14
Uy 277dx( zh—2%)+V (film flow) (9.14)

The volume flux, and the pressure distribution in the lubricant layer can be cal-
culated when the total flow rate, ), and the inclination, «, are known. A lubrication
layer will generate a positive pressure, and, hence, load capacity, normal to the layer
only when the layer is arranged so that the relative motion of the two surfaces tends
to drag fluid by viscous stresses from the wider to the narrower end of the layer.
The load, W, supported by the pressure in slit flow is [5]

W= / »— o) 6”;/ [1n<d_daL)—2(ﬁ)], (9.15)

where d is the height of the wide side of the converging channel, and L is the length
of the channel. By decelerating the flow and by transmitting momentum, and thus
load capacity to the boundary, the slope « is ultimately responsible for the pressure
built-up.

9.1.3 Reynolds Equation for Lubrication

Mass conservation on an infinitesimal volume yields

dh

Qx - Qerda: = dx E ’ (916)
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which states that the convectgion of mass in the control volume is used to increase
the fluid volume at a rate of a(dxdh), where dx and dh are respectively the width

in the flow direction, and the height of the volume. By rearranging,

dQ dh
T 1
de dt’ (9-17)
which, for confined and film flows, reduces respectively to
d 1 dph® RV dh
Sl (e I A e 1
dm( 2ndx 6 2> dt’ (9.18)
and
d 1dph? dh
(== v ) =2 9.19
dx ( ndxr 3 + > dt ( )

Equations (9.18) and (9.19) represent the transient lubrication equations. The
steady-state form of Eq. (9.18),

d 1dph® RV
=2 LT = 2
dx( 277d:v6+2> ’ (9:20)
is integrated to
1dph® RV
L 9.21
2ndx 6 + 2 @ (9:.21)

and the pressure is calculated by

z d T d
pa) =po 6V [ gt 120 [t (9.22)

where

(po — pr) V/ h?

_1217/h /h

(9.23)

The load capacity is

W= /po— )| dz (9.24)
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and the shear or friction on the same surface is
L
F = —/ Tog AT . (9.25)
0

It is easy to show that the load capacity is of order a2, whereas the shear or friction
is of order a~!. Thus, the ratio load/friction increases with a~!.

Important applications of the lubrication theory for confined flows are journal-
bearing [2,6], and piston-ring lubricated systems of engines [7]. Other flows that
can be studied by means of the lubrication equations include wire coating [8], roll
coating [9], and many polymer applications [10]. Starting from Eq. (9.17), the
solution to these problems follows the procedure outlined above. The flow rate is
often given by

Q=Vhy, (9.26)

where V' is the speed of production and h is the final target thickness. The boundary
condition on the pressure at the outlet may vary: p(L) = 0,dp(L)/dx = 0, p(L) =
fo, ( where f, is the force per unit area due to surface tension) and combinations
of them [11].

In confined lubrication flows, pressure build-up develops due to inclination, «,
that may result in backflow of some of the entering liquid. This pressure is used to
support loads. In typical thin-film lubrication flows, any pressure build-up is primar-
ily due to surface tension. In fact, if surface tension is negligible, then the pressure
gradient is zero. For film lubrication flows, the steady-state form of Eq. (9.19),

is integrated to
—5——+Vh:Q:Vhf , (9.27)

where the film thickness, h, is unknown. However, the pressure gradient, dp/dx,
can be deduced from surface tension, by means of the Young-Laplace [12] equation.
By using the lubrication assumption that the slope, dh/dz, must be much smaller
than unity, we get

d2h ,
0—=7>3 d’h
el T (9.28)
1+ (2 do
dx
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Here h(z) is the elevation of the free surface from the z-axis, and o is the surface
tension of the liquid. Then,

dp d3h
s 2
dr ~ ° dud (9.29)
Substituting Eq. (9.29) in Eq. (9.27) we get
o .d°h
—h*— +hV =Vh 9.30
3" b I (9.30)
which is rearranged to
d3h
h?’w +3Ca (h—hy)=0. (9.31)

Equation (9.31) is nonlinear and cannot be solved analytically.

Some important applications of the thin-film lubrication equations are films
falling under surface tension [11], dip and extrusion coating [6], and wetting and
liquid spreading [12]. A similar class of problems includes centrifugal spreading
which is common in bell sprayers and in spin coating [3,12]. A rich collection of
lubrication problems from polymer processing can be found in the relevant literature
[13,14], and from recent work on coating [15, 16].

Example 9.1.1. Vertical dip coating [16]

An example of thin lubrication film under gravity, surface tension and viscous drag
is found in dip coating, Fig. 9.4. This method of coating is used to cover metals
with anticorrosion layers, and to laminate paper and polymer films. The substrate is
being withdrawn at speed V', from a liquid bath of density p, viscosity 7, and surface
tension o. The analysis below predicts the final coating thickness as a function of
processing conditions (withdrawal speed) and of the physical characteristics of the
liquid (p,n, and o).

Solution:
The governing momentum equation, with respect to the Cartesian coordinate system
shown in Fig. 9.4 is

dp 0%u,,

Tz a2 —pg=0.

The boundary conditions are

0%u,

uz(y=0)=V and sz(yZH)znayz

=0.
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—— Coating
Plate ——= ¥y

solution

W

Figure 9.4. Dip coating: a coated plate is being withdrawn from a coating solu-
tion. A final thin film or coating results on the plate under the combined action of
gravity, surface tension and drag by the moving substrate. (Taken from Ref. 16, by
permission. )

Integration and application of the boundary conditions give the velocity profile

1/d 2
uzz—<—p—i—pg) (y——Hy>—i—V.
n \dz 2

The resulting Reynolds equation is

1 /dp H?
—Z (= ~ 4YVH=Q=VH 9.32
n(dZerg) 5+ Q o (9.32)

where Hy is the final coating thickness. The pressure gradient,

dp  d&°H

dz Tds

is substituted in Eq. (9.32) to yield

1( &*H H3
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or

-5 S - Hp) =0, (9.33)

respectively, Eq. (9.33) becomes

H3d3H H3
——— —St—=+3(H—-H¢)=0. 9.34
Ca dz3 HJ%+ ( ) (9-34)

The above equation can be solved directly for the following limiting cases:

(i) Negligible surface tension (Ca — o0)
Equation (9.34) reduces to a third-order algebraic equation,

m? 3H; H 8Hy 0 9.35
T e T (9:35)
which provides an outer solution to the problem. In the limit of infinite St (i.e., very
heavy liquid), we get H = 0, i.e., no coating. In the limit of zero St (i.e., horizontal
arrangement), H = Hy, i.e., plain Couette (plug) flow. For finite values of St, the
solution is independent of z, and predicts a flat film throughout. The solution to
Eq. (9.35) is complemented by the inner solution obtained by the stretching variable
¢E=Caz.

(ii) Infinitely large surface tension (Ca — 0)
Equation (9.34) reduces to

d3H
— 0 ,
dz3
with general solution
52
H(z) = c1g ez tes

Applying the boundary conditions,

H(z=0)=W/2, H(z=L)=H(z=L)=Hy, and (dH/dz)z=L=0,
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Figure 9.5. Numerical solution of Eq. (9.34) in the limits of (a) Ca=0 and St=0,
and (b) Ca — oco. The latter case leads to singular perturbation.

we get a parabolic film thickness,

H(z) = (%) (2—2 - zL> L W/2

(iii) Finite surface tension (0 < Ca < 00)
Equation (9.34) is cast in the form

5 (d*H 1
H* | == = Ca St 75 | +3Ca(H — Hy) =0, (9.36)
f

with no apparent analytical solution. For the special case of horizontal coating
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(St =0) with Hy/W < 1, the transformation

H z
H* = — * = —
W T W
reduces Eq. (9.36) to
d>H* H
H* 3Ca (H* — —f> =0. 9.37
FEEE ( W (9:37)

The above equation predicts that near the inlet, where H* ~ 1, the film decays at a
rate that depends on C'a. Near the other end, the film becomes flat, surface tension
becomes unimportant, and the slope is zero. Equation (9.37) can be solved asymp-
totically by perturbation techniques [17]. Such asymptotic solutions are shown in
Fig. 9.5. O

9.1.4 Lubrication Flows in Two Directions

Equations (9.16) to (9.31) are easily generalized to two-dimensional lubrication flows,
such as the free-surface and confined flows shown in Figs. 9.6 and 9.7, respectively.
The two-dimensional lubrication equations for flow along the xy—plane vertical to
the z—direction are

dp 0%y,
- — =0 9.38
Ox i 022 ’ ( )
O P, (9.39)
ay T2 T '
and
dp
—=0. 9.40
o (9.40)
The velocity profiles are:
1
Uy = %g—izQ +biz+er, (9.41)
1 0p
Uy = %a_yZQ +boz +ca (9.42)
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Figure 9.6. Two-dimensional, thin-film lubrication flow.

where b; and ¢; are constants depending on the inclination « or the thickness h(x,y).
These are determined from appropriate boundary conditions. The resulting dimen-
sionless Reynolds equation is now a partial differential equation,

h? 1 oh
VI[ <—?aV[[h+h> - —E 5 (943)
where
_.0() ,.90)
Vi) =i 5y Dy (9.44)

For confined flow (Fig. 9.7), we get

h3 h oh
Vir <—EVHP+ 5) =T (9.45)

Two-dimensional confined lubrication flows arise in lubrication of machine parts
with different curvature, such as the piston-rings system of internal combustion
engines [4]. Two-dimensional, thin-film lubrication flows arise in coating under
asymmetric or unstable conditions, and in multilayer extrusion from expanding dies

18].

Example 9.1.2. Lubrication of piston and piston rings [7]
In this example, the governing equations for lubrication of pistons and piston rings
with the necessary boundary conditions are derived. The derivation includes the
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w>>h(x,y)
stationary plane L>>h(x.y)

Figure 9.7. Two-dimensional confined lubrication flow.

Reynolds equation which is the main equation in hydrodynamic lubrication. In mized
lubrication the friction force is calculated using the load on the slider multiplied by
a friction coefficient which is taken to be a function of the oil film thickness and
surface roughness. The actual piston-ring arrangement is sketched in Fig. 9.8.

Solution:

Hydrodynamic and Mixed Lubrication
The lubrication of pistons and piston rings can be simulated by the lubrication of
a slider which moves over a plane surface and is supported by an oil film. This
situation is equivalent to that of a fixed slider and a moving plane surface: Fig. 9.9a
is a cross-section of the zz— plane through point A and Fig. 9.9b is a cross-section
of the yz—plane through the same point. Let U be the relative velocity of the plane
and the slider, and W be the load on the slider which is supported by the oil film
pressure.

The oil film thickness at point A is

h = hp + heg + hsy (9.46)

where h,, is the minimum oil film thickness, hg, is the additional oil film thick-
ness due to the slider curvature in the xz—plane, and hs, is the additional oil film
thickness due to the slider curvature in the yz—plane.

When the oil film is thick enough so that there is no surface contact between
the slider and the plane, the lubrication is hydrodynamic. When there is surface
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Figure 9.8. Cross-section of piston-ring lubrication geometry.

contact (contact of the asperities of the two surfaces), the lubrication is mized. In
this case, part of the load is carried by the oil film and another part is carried
by the asperities. The oil film thickness, beyond which hydrodynamic lubrication
exists, cannot be determined accurately, and depends upon the topography of the
involved surfaces and the height of the asperities. The minimum oil film thickness
for hydrodynamic lubrication can be taken as a function of surface roughness.

Hydrodynamic Lubrication
The governing equations of the situation of Fig. 9.9, for hydrodynamic lubrication,
are the Reynolds equation,

o (h3ap\ o (h3ap oh  oh
(o) L) o gyt 9D 4
ox (77 830) + oy <77 Oy 6U8x + ot’ (947)

and the load equation
I L
W :/ / p dxdy , (9.48)
0 Jo

where 7 is the oil viscosity, p is the oil film pressure, and ¢ is time. Equation (9.47)
is valid under the assumptions that: (a) body forces are negligible; (b) the pressure
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Figure 9.9. A slider curved in two directions over a plane surface, approximates

the piston ring lubrication geometry of Fig. 9.8. [Reproduced from Ref. 4 by per-
mission. |

is constant across the thickness of the film; (c) the radius of curvature of surfaces is
large compared to the film thickness; (d) slip does not occur at the boundaries; (e)
the lubricant is Newtonian; (f) the flow is laminar; and (g) fluid inertia is neglected
compared to the viscous forces produced by the high oil viscosity.

To solve the Reynolds equation, four boundary conditions (two in each of the xz—
and y—directions) and one initial condition are needed. The lubrication problem of
piston and piston rings in internal combustion engines is periodic, with period equal
to the cycle of the engine. In four-stoke engines, the period is 720 degrees of crank
angle (two revolutions). If T" is the period, then

p(t) = plt +T) , (9.49)

and
h(t)=h(t+T). (9.50)

The boundary conditions are:

atx =0, p=p1;
atz=/{, p=p2;

Op
ty=0, — =0;
ay 9y ay )

dp
ty=L, —=0.
ay 9 ay
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The velocity in the z—direction is

10p, 5 h—=z
= —— (2" —zh) — ) b1
u 2773:1:(2 zh) U(h) (9.51)
whereas, in the y—direction,
1 dp

The friction force per unit length on the xy—plane is

~ hop nU
fo=—go+ 1, (9.53)

in the x—direction, and
h Op
it .54
f1=355," (9.54)
in the y—direction.
. 9.9) in the

The total friction force from the slider on the plane surface (Fig

x—direction (no motion in the y—direction) is

! L
F://fxd;vdy,
0 Jo

which, in combination with Eq. (9.53), gives

Ll hop U

By means of
LT «_ Y . _h «_ D .1
aj l’ y L7 h07 p p07 T7

the dimensionless equations are

0 op* 0 dp* oh* [ Oh*
s B3 A B3 ) = 12— )
D < 81:*) g, ( oy o T T o (9.56)
W 1 1
SR * do*dy* 9.57
i /O /0 P da*dy (9.57)
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and

h* dp* 1
dx™ dy* 9.58
ohoL //<2ax )\Ih*>$y’ (9.58)
where
. h%po N gh%po . Y4 2
)\Z = 7’]l—1/ s )\y = 77L2V y and )\:E = <E> . (959)
The solution of these equations is discussed in Example 9.1.3. O

Example 9.1.3. Simplified method for ring lubrication [7]

The actual ring profile is shown in Fig. 9.10. When the ring is moving downward,
oil pressure builds in the converging region BA. In the diverging region AD, the
pressure is zero (more accurately, it is equal to the boundary pressure at the end
D of the ring). Therefore, the situation is equivalent to that of Fig. 9.10 where
AB has the same curvature as that in Fig. 9.9. Now, since the radius of curvature
of the circular profile is large, the curved surface AB can be replaced by the plane
surface AB. Finally, the original problem of Fig. 9.9 becomes equivalent to that of
Fig. 9.10. When the ring is moving upward, oil pressure builds in the converging
region DA and the situation is equivalent to that of Fig. 9.11.

Figure 9.10. Downward motion of ring (a) and domain approximation (b).

It is easy to deal with the simplified profiles of Figs. 9.10 and 9.11 where the
problem is one-dimensional. Lubrication can be considered to be one-dimensional if
both ring and bore are perfectly circular, in which case hyy, = 0 for all y, and when
the ring is large compared to the gap. In this case, the Reynolds equation, (Eq.
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Figure 9.11. Upward motion of ring (a) and domain approximation (b).

(9.47)), becomes

o (h3op oh oh
o <?%> = —6U5 +12 (9.60)

with boundary conditions

at =0, p=p(t), and
at IL‘:Bl, p:p2(t)a

where, depending upon the direction of motion, Bj is equal to By, or By, and p;
and ps are defined by the engine cycle.

By integrating Eq. (9.60) twice and using the above boundary conditions, the
oil film pressure is determined as

6(U —\)nB [1 By hy 1 } h? — h2,
— - — D—T7 9.61
b K B Wty hmthy) TP (96D
where
- 2B (Ahm) 7
A, At
and
ht
D= (pz - pl)m
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In the above expressions, h,, is the oil film thickness at x=0, hy is the oil film
thickness at =B, and h is the oil film thickness at arbitrary x; p; is the boundary
pressure at x=0, ps is the boundary pressure at x=B, Ah,, is the variation of the
oil film thickness between the current time step and the previous time step, At is

the time difference between the two time steps, and K is defined by

h1 — hp,
K= ——+.
P
For
h:E: thhl ( P1 — P2 hmhl ) :
hm + hl b hm - hl
where
b 6(U — \nB
 hp K

Eq. (9.61) gives the maximum pressure,

_6(U—)\)77B[1_ hmhy 1 ]+ +D7~L2—h3n
Pmaz = =0 K b R2(hm + h1)  hmt ) 2 2
The load per unit length is
W B
RAd— d
= [ pda.
which gives
W 6(U-AnB { hi  2(h; — hm)] hi
LB~ 2KZ iy highy | TPz

where W/LB is the load per unit projected area.
Finally, the friction force per unit length is

F B
Z_/O fmdma

where f, is the friction force per unit area, given by

~ hop U
fo= =50, T
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(9.64)

(9.65)



For the case considered, the friction force becomes,

F

1 1 /W
7= —§(p2h1 —p1hm) + 2 (f) tan o +

nUB . I
In—% .
Ty L (9.66)

where « is equal to v, (Fig. 9.10) or v, (Fig. 9.11). Therefore, the ratio of load
to friction forces, W/F, is maximized in the limit of a=0, where a measures the
inclination of the ring, in agreement with Eq. (9.15). a

9.2 Stretching Flows

Lubrication flows are characterized by dominant velocity gradients, in the direction
normal to the flow, e.g.,

Oouy S Ouy .
dy oz

(9.67)

These gradients arise from a driving pressure gradient in the flow direction (e.g.,
flow in non-rectilinear channels and pipes) or by an external velocity gradient due
to an inclined boundary moving with respect to a stationary one (e.g., flow in
journal-bearing lubrication and coating flow). The pressure and velocity gradients
compete to overcome the liquid’s adherence to solid boundaries (no-slip boundary
condition), in order to initiate and maintain the flow. In the opposite extreme, are
almost unidirectional extensional flows where the inequality (9.67) is reversed, and
the dominant velocity gradient is in the direction of flow, i.e.,

Oouy S Ouy
Ox oy

(9.68)

These flows are driven by an external normal wvelocity gradient, or a normal force
gradient in the flow direction. This results in stretching of material filaments along
the streamlines, which is characteristic of extensional flows. Indeed, stretching flows
are nearly extensional, irrotational flows with a unique dominant velocity compo-
nent, so that they can be approximated by one-dimensional, cross-section-averaged
equations of the thin-beam approzimation type [13]. An accurate prototype of these
flows is the extension of a viscous cylindrical material filament, shown in Fig. 9.12.

Stretching flows are important in a diversity of polymer processes used to pro-
duce synthetic fibers by spinning polymer melts, films and sheets by casting molten
metals, bags and bottles by blowing polymer melts and glass, and several three-
dimensional polymer articles using extrusion and compression molding. Some of
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Figure 9.12. A model of stretching flow.

these operations are illustrated in Fig. 9.13. Although the involved polymeric ma-
terials are often non-Newtonian, the analysis of stretching flows for Newtonian liquid
is always instructive, and constitutes a useful step towards understanding real sit-
uations. Fiber-spinning of Newtonian liquid is a good prototype of these processes
and is analyzed below.

9.2.1 Fiber Spinning

Synthetic fibers are produced by drawing melt filaments emerging from a capil-
lary, called spinneret, using a rotating drum which directs the fiber to drying and
subsequent operations, Fig. 9.13. The ratio of the velocity at the take-up end,

up = QR , (9.69)

to the average velocity emerging from the spinneret

ug = 7;1—;)22 ) (9.70)
is called the draw ratio,
Dp = Z—g = ”TQ“’R >1. (9.71)
The tension required to draw fibers of radius Ry, at length L,
Rp
F = /0 270(=p + Taz)sep rdr (9.72)

is called the drawing force.
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Film and Sheet Casting
Q@ Die

Film Blowing

Compression Molding

Figure 9.13. Fiber spinning and other drawing or compressive operations, modeled
by stretching flow theory.

Apart from the flow rearrangement region near the exit of the spinneret, about
two diameters downstream, the flow is extensional, and the axial velocity increases
monotonically. According to the continuity equation, the radius R(z) of the fiber
decreases,

Q

2 - _ v
R(z) = mu(z)

(9.73)

Under the preceding assumptions, the dimensionless momentum equation in the flow
direction becomes

U | = — o+ + St (9.74)

R (8u 6u) Op 07,
€ ot 0z 0z 0z

where the velocity is scaled by the characteristic velocity ug, pressure and stress by
n up/L, distance by L and time by L/ug. With these scalings, Re = pugL/n and
St = pgL?/(nuo).
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The pressure is eliminated from Eq. (9.74) by invoking the normal stress bound-
ary condition at the free surface,

1 2 1
Ca(_p+ Trr)r:R = - + dz

and by taking into account the fact that both the pressure, p, and the normal stress,
Trr, are virtually constant over the cross-section of the fiber. The capillary number
is defined here by Ca = enug/o, where e = D/L < 1 is the fiber aspect ratio. For
steady spinning Eq. (9.74) becomes

ou 0 1 0 ( 1

Re u& = %(Tzz - TTT) - @& E) + Stv (976)

(9.75)

which is valid for any fluid. The radius R(z) is eliminated by means of the dimen-
sionless continuity equation, i.e.,

R(z) = /% . (9.77)

To restrict Eq. (9.76) to Newtonian liquids, we employ the dimensionless form
of Newton’s law of viscosity

ou
2z — Trr = 3 a_ 978
T, T, P ( )

By substituting Eqgs. (9.77) and (9.78) in Eq. (9.76) and integrating across the
thickness, the governing equation for the velocity profile along the fiber is

d [(3du 1 1 du St
= od) e () reg =0 O

which states that the acceleration is due to viscous, capillary, and gravity force
gradients.
As for the two required boundary conditions we define the velocity at the inlet,

u(z=0)=1, (9.80)

and, either the draw ratio at the outlet,

Dp == (9.81)

Uug Uug
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or the dimensionless drawing force at the take-up end,
_FL 3du
CQn T udz’

Equations (9.79) to (9.82) can be solved:

f (9.82)

(a) numerically, for any value of Re,Ca, St, €, f or Dg;
(b) by perturbation, for limiting values of these parameters;
(c) analytically, when one of Re, Ca and St is zero.

A reasonable approximation in melt spinning of usually high viscosity and low
surface tension is Re = St = 1/Ca = 0. The solution is obtained from the truncated
form of Eq. (9.79),

3du
20 9.83
S =c (9.83)
subject to the boundary conditions,
u(z=0)=1,
and
3 du
u(z=1) RoOr . f
The general solution is
u =-exp(c1 z/3), (9.84)

where the constant c; is determined by the boundary condition at z = 1. When the
draw ratio is specified, the solution is

uw=e? 2 DR (9.85)
or, in dimensional form,
<i In DR>
u = uge \L . (9.86)
When the drawing force is specified, the solution is
fz
u=e3 | (9.87)
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or, in dimensional form,

(525)

— |z

u=uge\3Q@n/ (9.88)
The force required to draw fibers of length L at draw ratio Dp is

_ 3Qn InDg

F
L

(9.89)

Similarly, from Eq. (9.72), drawing a fiber of length L using a force F' produces a

draw ratio of
FL

Dp = 3@ | (9.90)

which corresponds to fibers of final radius

_(£> i
R(z=1L)= Q. \3Qn . (9.91)

™

9.2.2 Compression Molding

During compression molding under a force F', a polymeric melt is compressed be-
tween two hot plates, Fig. 9.14. Due to the high temperature, the hot plates induce
slip of the squeezed melt by means of thin layers of low viscosity. This facilitates
compression, and deformation to the final target shape.

ZI I F
Plate (or Disk)
\Thin layer

H(b)

\

0 _—r> ( Core Melt
! R

! -
e

/177 \

Figure 9.14. Prototype of compression molding.
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Using the assumptions of perfect slip and negligible viscous effects, the surviving
terms of the Navier-Stokes equations are

du, du, Ou,\  Op
oG G ru ) = -5 (9.92)
and
auT au'r au?" _ ap
p(at g T az>_ar' (9.93)

The local variation of the velocity with time is eliminated by assuming slow squeez-
ing and slow local variation of velocity. This is known as the quasi-steady state
assumption. Furthermore, since the viscous terms have been eliminated, the shear
stress must vanish as well, which requires that du, /0z=0u,/0r=0. Equations (9.92)
and (9.93) then become

o [ u?
2 (;7 +p> s (9.94)
and
o [ u?
5 ([)7 —I—p) =0. (9.95)
Combined with the continuity equation,
10 0

and the appropriate boundary conditions,

Uy (z = @) =-V= dd—lj (9.97)
and
p(r=R,z=H/2)=po, (9.98)

Egs. (9.94) and (9.95) yield

V 1 dH .
Uy = —gr = ﬁﬁz—e(t)z, (9.99)
and .
ur = —é(t) - (9.100)
z
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where é(t) is the extension rate. The pressure is then given by

(4)2 2 _ .2
p(r,z)—p% [(H2—22)+R 1 T ] . (9.101)
The required squeezing force is
R épR3 | | .
F = 27r/ (—=p + T2z)2=p rdr = 2wR |21 — 55 | €= 4w Rné . (9.102)
0

The principles of lubricated squeezing flow are utilized by some commercially
available rheometers that measure elongational viscosity, defined by

Tuy — Trr F(t) F(t)
e = - = - = , 9.103
L é TR2¢(t) R 1 dH ( )
H(t) dt

by recording F'(t) and dH/dt, in a known geometry [20].

Notice that Egs. (9.99) to (9.103) provide an exact solution to the full equations
of motion. However, these equations are non-linear and, therefore, the uniqueness
of the solution is not guaranteed. Furthermore, the solution is valid only under
the extreme assumption of perfect slip. If this assumption is relaxed, the resulting
approximate solution for the lubricant-layer and the viscous melt-core velocities and
pressures profiles are [21]

.
Wl = Lo (222 (9.104)
" onv 1
ags (24 2y,
Hnr, 3
1%
uM = 6nr - [ﬂEH6+QJ—®2—£}, (9.105)
43 (22 —) L
<H77L T3
2V [ R? —¢?
p, = 6"V - 3 s+ T], (9.106)
4H3Cﬂl+—)-”L 2
H77L 3
2V [ R? — 1?2
p, = 12T s+ D H 82+ 22, (9.107)
4H3Cﬂi+—)-”L
HT]L 3

where the subscripts L and V refer to the lubricant and viscous liquids of thicknesses
0 and H — 6, respectively. The resulting squeezing force is now

_ 3rVny R? N /R 167Vn? (r2 — RY)
0

F
H gny6°

rdr, (9.108)
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which is identical to that under perfect lubrication and slip when

onv
—>1. 9.109
Hip ( )

Figure (9.15) shows pictorially the predictions of Egs. (9.104) to (9.108). By com-
paring Egs. (9.102) and (9.108) it is evident that, under certain lubrication condi-
tions, the required squeezing load is reduced, since the viscous resistance to flow is
lowered by the intervening lubricating layers.

FORCE

B
R v w6
—_—— —1
i 1<mE<TF nES
%‘32-)1 J )
= | =)
2
ﬂ%<1 = =
=

Figure 9.15. The two limiting flow regimes that are predicted by finite element
analysis depend on the dimensionless group n;,R?/nyv62.

In the case of commercial compression molding, there are no distinct core and
lubrication layers of different viscosities. Instead, the viscosity decreases abruptly,
but continuously, from the midplane to the hot plates, and therefore, the preceding
analysis provides only a limiting case study. There are cases, however, where two-
distinct layers exist, such as in lubricated squeezing flow in extensional rheometers,
and in transferring highly viscous crude oil by means of lubricated pipes. The latter
case, highlighted in Example 9.2.1, generates plug-like flow in the viscous-core liquid
which can be viewed as a limiting case of stretching flow.
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Example 9.2.1. Lubricated flows [22]
To transfer highly viscous crude oil of viscosity ny and density py, through com-
mercial pipes of radius R and length L, at fixed flow rate

Q_w_R4<ApO>
° 8ny \AL )’

a large pumping power, P, is required to overcome the pressure drop of the Poiseuille
flow, according to

877V Qo

P:QOAPOZQO R

(AL). (9.110)

To reduce the required power, water of viscosity 1, < ny and density p, ~ py, is
injected to form a permanent thin lubrication layer between the flowing crude oil,
and the pipe-wall Fig. 9.16.

ater

e -

Figure 9.16. Transferring of viscous liquids over large distances by lubricated pipes
to reduce pumping power.

Let us make the following assumptions:
(i) The lubrication is stable and axisymmetric.

(ii) The interfacial tension between water and oil is negligible compared to viscous
forces, i.e., Ca — oo. Therefore, the interface is perfectly cylindrical. More-
over, the velocity and total stress are continuous across the interface, whereas
pressure and normal viscous stress are not:
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and

(iii) The flow is slow, and, hence, inertia effects are negligible.
Under these assumptions, the two velocity profiles are given by

1 Ap
u},/ Iy ALT2+CI lnr+c2 )

and

(9.112)

(9.113)

(9.114)

(9.115)

where the common pressure gradient is different from that of Eq. (9.110). The four
constants are evaluated by means of the interface conditions, (Eq. (9.111)), the
no-slip boundary condition at the pipe-wall, and the symmetry condition to get

v_ 1 Ap 1 Ap

— W)+ ——"(h?* - R?
47]VAL( )+4nwAL( UK
and
w_ 1 Ap 2

The corresponding volumetric flow rates are

Qv = Ap mh*  wh?(h? — R?)
AL 8nv A1 ’
and
Qw _ & (R2 _ h2)2
AL 8N ’

By means of Eq. (9.119), the position of the interface is determined as
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(9.118)

(9.119)



Since the same amount of crude oil must be transferred (Q" = Qy), the pressure
gradient ratio must be

(Ap/AL)y — Apy  16muQu
(Ap/AL) AL  2RY(Ap/AL)

_2( 167, Qu >1/2 L tomwQu (s, |
2R*Ap/AL 2R4Y(Ap/AL) RY(Ap/AL)ny

k

or, equivalently,

() ()] = () )

Extreme cases

(i) Perfect lubrication, i.e., ny/ny — 0 :

[ Ap Ap Ap
l{:—(AL>O/<AL)—>oo and AL—)O'

(ii) Lubrication by much more viscous layers, i.e., ny/n, — 0:

(iii) No lubrication, i.e., ny,/ny = 1:
kE=1.

The ratio

M = UVQw
NwQu

expresses the ability of one liquid to displace the other, and is, therefore, called
mobility ratio. This parameter is used primarily in flows through porous media,
where steam is often injected to displace the more viscous oil [12, 23]. O
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Intuitively, highly viscous and elastic materials can be stretched the most. This
poses significant experimental challenges in producing ideal, extensional flows in
order to measure elongational viscosity of viscoelastic liquids of low shear viscosity.
This need does not exist in Newtonian liquids, the elongational viscosity of which
is exactly three times the shear viscosity, by virtue of Newton’s law of viscosity.
At this stage, fiber-spinning and other related operations (e.g., falling curtains and
fibers under gravity) and the recent opposing jet method [24] appear to provide
the best means (though not perfect [25]), to measure elongational viscosity. The
elongational viscosity is extremely important in industrial polymer processes which
may involve any kind of extensional deformation, given that

(a) the common shear viscosity measurements do not provide any indication of
the magnitude of the elongational viscosity at even moderate stretching or
compression, and

(b) the elongational viscosity may attain values ten-fold or even higher than the
shear viscosity, which gives rise to huge normal stresses and therefore, to ex-
cessively high drawing forces and compressive loads, required to process highly
elastic viscoelastic polymer melts or solutions.

9.3 Problems

9.1. Estimate the pressure drop in the linearly slowly-varying cylindrical contrac-
tion shown in Fig. 9.17.

o, . IR —//———

Figure 9.17. Flow in conical pipe.

9.2. Sheet coating [8]. To apply a thin liquid film on a moving substrate the
arrangement of the Fig. 9.18 is used.

(a) Find the pressure difference, pg — pr,, required to apply a film of final thickness
Hy.
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(b) Show that the velocity uz(x,y) under the die-wall is given by

- (o 5) b))

where H=H (x). The term in brackets is negative over a portion of the cross-section,
whenever H > 3H, indicating a negative velocity and a region of backflow near the
wall as shown. Find Hy(z) which bounds the recirculating flow.

coated sheet

Figure 9.18. Sheet coating.

9.3. Extrusion coating [11]. The extrusion coating application is shown in Fig. 9.19.
A Newtonian liquid of viscosity 1 and surface tension ¢ is continuously applied at
flow rate () on a fast moving substrate at velocity V. The distance between the die
and substrate is Hp, and the film thickness far downstream is Hy. Find the film
profile H(x) and the ratio Q/(HoV).

Ql 1

Extrusion
Die
-
— H,
S

H
( Y ) \ ’ H
7 [ 7 J [J [ [f [J J [ [J [f [ [ [ [J [ [ [ [

Z

7

L>>H,

Figure 9.19. Eztrusion coating.

9.4. Lubrication equations by perturbation analysis. Analyze Egs. (9.9) and (9.10),
subjected to appropriate boundary conditions, in the limit of a=0, up to the first-
order term, i.e., find the solution

u(a, Re,x,y,z) =ug(a =0, Re, z,y, z) + ui(Re, z,y, 2)a + O(az) ,
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and
p(a7R67$7y72) = pO(a = 07 Reaxayaz) +P1(R67$aya2)0¢ + O(az) )

for horizontal confined flows. What is the solution in the limit of &« — o0? Does
such solution exist?

9.5. Consider the wire coating flow depicted in Fig. 9.20. A wire of radius R is
advanced at velocity V through a die of radius Hy, by a pulling force. The space be-
tween the wire and the die is always filled. Over a distance L, the coating decays from
Hy to the final target film thickness H.,, under the competing actions of surface ten-
sion and velocity, V. The physical characteristics of the coating liquid are: density
p, viscosity 1 and surface tension o. The capillary pressure due to surface tension is
o/H(z), where H(z) is the local radius — distance from the z-axis-of the free surface.

T I7IT7T7777777777 ~% L
Figure 9.20. Wire coating.

(a) What is the velocity profile? What kind of flows does it incorporate? What is
the force F' required to advance the wire at velocity V7

(b) Derive the Reynolds equation and its appropriate boundary conditions.

(c) Solve the Reynolds equation in the limiting cases of Ca=0 and Ca — oc.

(d) Compare your results with those of Figs. 9.21 and 9.22.

9.6. Spinning equations by Leibnitz formula. Show how the one-dimensional fiber
spinning equation at steady state,

_uduz_d_p dr,,
pzdz_dz dz

+pg=0,

can be transformed to the average spinning equation

Tzz — Trr

)

u

by the Leibnitz integration formula.
Hint: let A be the cross-sectional area, and V' be the volume of the film.
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dimensionless thickness, H* = H/R

1.00 Jrr — -
0.00 0.20 0.40 0.60 .80

dimensionless distance, z* = z/L

Figure 9.21. Ezact solution of wire coating, with f=a/Ca=(Ro)/(LnV). [Pro-
vided by D. Hatzinikolaou, MSc 1990, Univ. of Michigan.]
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dimensionless thickness, H* = H/R
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o8
>

000 0.001 . 0.002 0.003 0.004 0.005 0006
dimensionless distance, z* = z/L

Figure 9.22. Asymptotic solution, in the limit of 5=(Ro)/(LnV)=0.001. [Provided
by D. Hatzinikolaou, MSc 1990, Univ. of Michigan.]

9.7. Uniazial stretching. A cylindrical specimen of initial length Lo and initial
radius Ry is stretched by a constant force F' applied at the two edges along its axis
of symmetry.

(a) Is the flow an admissible stretching flow? What are the velocity components?
What is the pressure, if the surface tension of the liquid is o7
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(b) How do the length and the diameter change with time?
(c) Is it a constant extension rate or a constant stress process?

9.8. Consider the film casting process, depicted in Fig. 9.23. To manufacture plastic
films or metal sheets, the hot liquid is forced through a slit-die, drawn by a roller
applying tension F'. Calculate the production speed and volume for Newtonian liquid,
supplied at flow rate (). What is the applied tension by the drawing cylinder? How
does this tension propagate upstream? Calculate the film thickness and velocity
profiles along the wet film, upstream from the drawing cylinder.

[Hint: neglect the extrudate-swell region just after the die exit.]

H H<<W

-2 DM

[

Figure 9.23. Film casting.

9.9. Triazial stretching. A cubic specimen of side « is compressed by a squeezing
pair-force, F', applied along one of its axes of symmetry

(a) Calculate the resulting three-dimensional, slow stretching flow.

(b) Find the pressure distribution. Is cavitation possible?

(c) How does each side change its length?

(d) What are the resulting extension rates?

9.10. Consider the film blowing process [13], illustrated in Fig. 9.24. To man-
ufacture plastic bags for food packaging purpose the melt is forced through an
annulus containing an air supply to keep the walls of the cylindrical film apart. After
solidification, the opposite walls are brought together by the tension application
system and then cut to bag-pieces. Analyze the axisymmetric angular flow between
0 < z < L for Newtonian liquid of density p, viscosity 7, and surface tension o,
supplied at flow rate (Q and average velocity ug, and drawn by a pair of rotating
drums of radius .S at €2 revolutions per minute. What is the resulting film thickness
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distribution and the required tension?
[Hint: neglect any extrudate-swell effects.]

Figure 9.24. Film blowing.

9.11. Jet-stripping coating [29]. In order to control thickness of coating in dip
coating operations, gas knives are often used to strip excessive coating, as shown in
Fig. 9.25. Such an arrangement gives rise to external gas pressure and shear stress
distributions of the kind shown in the figure.

(a) Sketch representative velocity profiles under the thin film before and after the
point of the impingement of the gas knife.

(b) Derive the Reynolds lubrication equation under the combined action of the
velocity V, gravity, and external shear stress, 7(x), and pressure, p(z), due to gas
knife.

(c) Solve the Reynolds equation for limiting cases.

9.12. Analyze the journal-bearing lubrication flow in Fig. 9.26 as a perturbation
from the standard torsional Couette flow by means of the eccentricity,

R;
e=Ry— —,
T R,
which is zero for Couette flow between concentric cylinders.

9.13. Fiber-spinning boundary conditions [19]. Fiber-spinning of Newtonian lig-
uids under dominant viscous and gravity forces is governed by the one-dimensional
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" shear stress
Solid 0
Shoot profiles

I RN

Figure 9.25. Coating by jet-stripping.

Figure 9.26. Journal-bearing lubrication.

equation

d du, o 2,
- {317 P TR (z)} + pgrR*(z) =0,

where R(z) is the radius of the fiber. If V' is the inlet velocity, and L the length of
the fiber, show that the dimensionless form of the above equation is

1 du} pgL?
— | =& =- = —St.
b dz {u; dz*} 3nV
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Show also, how the solution

_ * St
ul = Ve ¥ 4 T2
z

may be obtained. What does each of the two terms represent? What are acceptable
boundary conditions at the other end of the fiber, and what kind of spinning do
they represent (e.g., free falling fiber, drawn fiber)? Justify the limiting value of
uk(z* — 00). Show that the fiber will never attain a constant diameter, and explain
the physical significance of this fact. What is the solution for fiber drawn by velocity
u,=Vyat z=1L (or z*=1)?

9.14. Air-sheared film under surface tension [29]. Figure 9.27 shows a representa-
tive configuration of jet-stripped, continuous coating of sheet materials, where the
final film thickness is controlled by the external pressure, P(z,t), and stress, T'(z,t),
distributions in the gas-jet, in addition to drag by the moving boundary, gravity
and surface tension.

| Final thickness, b ¢)

Figure 9.27. Jet-stripping continuous coating.

(a) Show that, under lubrication conditions, the dominant velocity component is

1 dp 0%h y? Ty
Sy )=V 4 — S (A -7 12
uy(z,y,t) V—|—77<,Og—|-62 0823><2 hy | + " (9.120)

and that the corresponding small vertical velocity component is

1 0h dp 0°h
uy(z,y,t) = oy P9+ 5.~ 053]~
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1 (0% 0*h > hy? oT >
S(Em () e

(b) Show that the profile of the interface, h(z,t), is governed by the kinematic

condition,
oh oh o dp |, 30%h
Yt =f—- =2 |pP 122
ot + “02 3n 0z l 023 |’ (9.122)
with
cv+Zﬁ—i< +@§M f—h—g-QQ—p—h—Z-gZ (9.123)
N n  2n PIT 5, T 3022 2m oz ’
(¢c) Show that, in case T' = 0, the resulting steady flow rate expression is
1 Op O3hY\ 3
—Vh— — = o= |h 124
Q=V 3 <p9+-az <7823> : (9.124)

with boundary conditions, Oh/dz = 0*h/0z% = 0, as z — +oo.

(d) Show that, under steady conditions, a uniform film is obtained when T" <«
P = c and ¢ = 0. Show that there are two possible uniform films under these
conditions, hs and Ay, such that 0 < hg < h,, < hp, where h,, = (Vu/g)l/2 is
the maximum value of thickness under maximum flow rate Q,, = (2Vhm)/3.
Show that h,, is the film thickness obtained in the absence of the stripping jet,
the presence of which reduces h,, to hg, which is a solution to Eq. (9.124) in the
limit of p/dz = 0, under boundary conditions 0h/dz = 0 and 9*h/0z> = 0
for z — +o0.

(e) Under what combinations of conditions, is the steady-state volumetric flow
rate given by

T 1 Ip 0%h
=Vh+—h?>— — = o |h?
@ + 2n 3n (pg + 0z 0823>

(In this case a uniform film is possible. )

(f) Solve the transient Eq. (9.122) in the limit of small and large capillary numbers
assuming constant external stress, T = Ty, and external pressure, p = —pgz.
(Hint: First, non-dimensionalize the equation and boundary conditions.)

© 2000 by CRC Press LLC



9.15. Wetting and contact angles. In drinking liquids from cylindrical-type caps,
it is often observed that an almost circular dry island appears at the bottom, sur-
rounded by a thin film of liquid when the bottom is in some inclination ¢. Explain
this wetting phenomenon. Can the wet island be sustained with horizontal bottom?
Make and evaluate any assumptions and approximations.

Figure 9.28. Vertical and horizontal cross-section of residual liquid film over an
inclined cap-bottom, with h < S < R.
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Chapter 10

CREEPING
BIDIRECTIONAL FLOWS

Consider the nondimensionalized, steady Navier-Stokes equation in the absence of
body forces,

Re(u-Vu) = —Vp + V?u, (10.1)
where VL
Re = ”T (10.2)

is the Reynolds number. When the motion of the fluid is ‘very slow’, the Reynolds
number is vanishingly small,
Rek 1,

and the flow is said to be creeping or Stokes flow. In other words, creeping flows
are those dominated by viscous forces; the nonlinear inertia term, Re(u - Vu), is
negligible compared to the linear viscous term, V?u. The Navier-Stokes equation
may then be approximated by the Stokes equation,

~Vp + V*u = 0. (10.3)
This linear equation, together with the continuity equation,
Veu=0, (10.4)

can be solved analytically for a broad range of problems. Flows at small, but
nonzero, Reynolds numbers are amenable to regular perturbation analysis. The
Stokes flow solution can thus be viewed as the zeroth order approximation to the
solution, in terms of the Reynolds number.

Note that Eq. (10.3) also holds true for steady, unidirectional flows which are
not necessarily creeping; in this case, the inertia term, u- Vu, is identically zero. A
similar observation applies to lubrication flows. The inertia term is negligible when

aRe<k1,
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where « is the inclination of the channel and the Reynolds number is not necessarily
vanishingly small.

Reversibility is an important property of Stokes flow. If u and p satisfy Egs. (10.3)
and (10.4), then it is evident that the reversed solution, —u and —p, also satisfies
the same equations. The reversed flow is obtained by using ‘reversed’ boundary
conditions, e.g., u=—f(r) instead of u=f(r) along a boundary etc. Reversibility is
lost, once the nonlinear convective term, Re(u - Vu), becomes nonzero.

Laminar, slow flow approaching and deflected by a submerged stationary sphere
or cylinder, or, equivalently, flow induced by a slowly traveling sphere or cylinder
in a bath of still liquid, are representative examples of creeping flow. These flows
are important in particle mechanics [1] and apply to air cleaning devices from parti-
cles [2], to centrifugal or sedimentation separators, to fluidized-bed reactors, and to
chemical and physical processes involving gas-bubbles or droplets [3]. Slow flows in
converging or diverging channels and conical pipes, are also examples of important
creeping flows [4]. Finally, flows in the vicinity of corners and other geometrical
singularities, are creeping, being retarded by the encounter with the solid bound-
aries [5].

This chapter is devoted to creeping, incompressible, bidirectional flows. An
excellent analytical tool for solving such flows is the stream function. Consider, for
example, the creeping bidirectional flow on the xy-plane, for which

Uy = Uz (2,Yy), Uy =uy(z,y) and wu,=0.
For incompressible flow, the continuity equation takes the following form,

uy, Oy

the two non-zero components of the Navier-Stokes equation become
Op 0%u, 0%u,
_ 2z —Z) = 10.
B + (89&2 + 9,2 0, (10.6)
and , ,
Op 0%uy 0%uy
_zr =0. 10.7
Oy + < Ox? * oy? (10.7)

Hence, the flow is governed by a system of three PDEs corresponding to the three
unknown fields, p, u, and u,,.

The continuity equation is automatically satisfied by introducing Lagrange’s
stream function ¥ (x,y), such that

_

upy = ——— and u, = i (10.8)
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The pressure, p, can be eliminated by differentiating Eqgs. (10.6) and (10.7) with
respect to y and x, respectively, and by subtracting one equation from the other.
Substituting u, and u,, in terms of 1), into the resulting equation leads to

841/1 6% 34¢
w + 8:[:28312 -+ ay4 =0. (10.9)

Recalling that the Laplace operator in Cartesian coordinates is defined by

V? = g—; - g—;, (10.10)
Eq. (10.9) can be written in the more concise form
Viy = V2 (V) = 0. (10.11)
The differential operator V4, defined by
vi= v (V) , (10.12)

is called the biharmonic operator. Equation (10.11) is referred to as the biharmonic
or Stokes equation.

The advantage of using the stream function is that, instead of a system of three
PDEs for the three unknown fields, u,, u, and p, we have to solve a single PDE for
the new dependent variable, ¥. The price we pay is that the highest derivatives of
the governing equation are now fourth-order instead of second-order. Once ¥ (z,y)
is calculated, the velocity components can be obtained by means of Egs. (10.8). The
pressure, p, can then be calculated by integrating the momentum equations (10.6)
and (10.7).

In the following three sections, we consider the use of the stream function for
three classes of creeping, incompressible, bidirectional flows:

(a) Plane flows in polar coordinates;
(b) Axisymmetric flows in cylindrical coordinates; and
(¢) Axisymmetric flows in spherical coordinates.

The various forms of the stream function and the resulting fourth-order PDEs are
tabulated in Table 10.1. It should be noted that the use of the stream function is
not restricted to creeping flows. The full forms of the momentum equation in terms
of the stream function, for all the aforementioned classes of flow, can be found in
Reference [6].
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Plane flow in Cartesian coordinates

Assumptions: Uy = Uz (x,y), Uy =1uy(z,y), uy,=0
- _ o O
Stream function: Us = =5y Uy = g

Momentum equation: V4 = V? (V2w) =0

2 0% L 9% 4= 0 o ot
Vi= x> + oy?’ Vi= ozt + 285626,112 + oyt
Plane flow in polar coordinates
Assumptions: up = up(r,0), ug=mup(r,0), wu,=0
.. _ 10y _ o
Stream function: Ur = =75 up = 5

Momentum equation: V4 = V2 (V) =0

20> .10 . 10>
v :F)r2+raT+r2(‘)92

Axisymmetric flow in cylindrical coordinates

Assumptions: uy = uy(r, 2), U =up(r,z), ug=20
on: _ 109 _10¢
Stream function: Uz = =555 Ur = 55>

Momentum equation: E4yp = E? (E%¢)) =0

2 _ 0 10 92
E=oz rort gz

Axisymmetric flow in spherical coordinates

Assumptions: ur = up(r,0), ug=uy(r,0), uyp=0
- 1 0 1 0
Stream function: Ur =y ag 8_15’ Uy = g 8_17%

Momentum equation: E'y = E? (E*)) =0

2 .
b

E2

o5

)

g

(s

g

Table 10.1. Stokes flow equations in terms of the stream function.
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10.1 Plane Flow in Polar Coordinates

In this section, we consider two-dimensional creeping incompressible flows in polar
coordinates in which

ur = up(r,0) and wup = up(r,0) . (10.13)
The continuity equation becomes

2 (ruy) + % =0, (10.14)

and is automatically satisfied by a Stokes stream function v (r, 8), such that

19y %

= ——— and wuy = o

r 10.1
“ r 00 (10.15)

Eliminating the pressure from the r- and 6-components of the Navier-Stokes equa-
tions, we obtain the biharmonic equation (see Problem 10.1)

Vip = V2 (v%p) = 0. (10.16)
Recall that, in polar coordinates, the Laplace operator is given by

e 10 10
ar2  ror  r2 00?2’

As demonstrated by Lugt and Schwiderski [7], Eq. (10.16) admits separated
solutions of the form

V2 = (10.17)

U(r,0) = L £(0) (10.18)

where the exponent A may be complex. For the Laplacian of ¢, we get
V2 = P [A0) + A+ 12 [(0)]

where the primes designate differentiation with respect to . Another application of
the Laplace operator yields

Vigp = PSRN0+ [0- D2+ A+ D20 + =120+ 12 [0} -
Due to Eq. (10.16),

V0 + [ =24 A D2 S0) + A= 1PA+ 12 Hr(0) = 0. (10.19)
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This is a linear, homogeneous, fourth-order ordinary differential equation, the char-
acteristic equation of which is

[+ A+ 1?7 [+ (A -1)%] = 0.
Hence, the general solution for fy(0) is
fa(0) = Ay cos(A+1)8 + By, sin(A+1)0 + C), cos(A—1)8 + D sin(A—1)0, (10.20)

where the constants Ay, By, C) and D) may be complex.
Therefore, the general solution of Eq. (10.16) is

U(r,0) = 11 [Ay cos(\ + 1)8 + By sin(A + 1)8 4+ Cy cos(A — 1)8 + Dy sin(A — 1)6] .
(10.21)
The two velocity components are now easily obtained:

up(1,0) = =M [=Ay (A + 1) sin(A+1)8 + By (A +1) cos(A+1)6
—C\(A=1) sin(A=1)0 + Dy (A—1)cos(A—1)8] , (10.22)
ug(r,0) = (A-1)r* [Ax cos(A 4 1)0 + By, sin(\ + 1)
+ C) cos(A—1)8 + Dy sin(A—1)0] . (10.23)

The pressure p is calculated by integrating the r- and #-momentum equations (see
Problem 10.2):

p = —4nr 1 [Cy sin(A —1)8 — Dy cos(A —1)f] . (10.24)

In general, there are infinitely many admissible values of A which depend on the
geometry and the boundary conditions. Since the problem is linear, these solutions
may be superimposed. The particular solutions to Eq. (10.16) for A=—1, 0 and 1
are considered in Problem 10.3. A particular solution independent of 6 is given in
Problem 10.4.

Example 10.1.1. Flow near a corner

Consider flow of a viscous liquid between two rigid boundaries fixed at an angle 2«
(Fig. 10.1). Since the velocity on the two walls is zero, inertia terms are negligible
near the neighborhood of the corner. Therefore, the flow can be assumed to be
locally creeping. The solution to this flow problem was determined by Dean and
Montagnon [8]. The stream function is expanded in a series of the form

Y(r,0) = > Uy, = D> an £, (0), (10.25)
k=1

k=1
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where the polar coordinates (r, ) are centered at the vertex. The exponents A, are
suitably ordered so that

0 < Re(A1) < Re(Aa) < -+ .

The first of the inequalities ensures that the velocity vanishes at the corner. The
second one ensures that the first term in the summation will dominate, unless ay, =0.

=«

Figure 10.1. Creeping flow near a corner.

As pointed out by Dean and Montagnon [8], a disturbance far from the corner
can generate either an antisymmetric or a symmetric flow pattern near the corner,
and the corresponding stream function is an even or odd function of 8, respectively.
Taking advantage of the linearity of the Stokes equation, we study the two types of
flow separately.

Antisymmetric flow near a corner
For this type of flow, f\(0) is even (By=D»=0) and

fa(0) = Ay cos(A+1)0 + C) cos(A—1)0, (10.26)
The boundary conditions u,=ug=0 on §=4a demand that
MO =f10)=0 on 0=a,
which gives the following two equations:

Ay cos(A+1a + Cy cos(A—1)a = 0

Ay (A +1) sin(A+1)a + Cy(A—1) sin(A—1)a = 0
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For a nontrivial solution for Ay and C) to exist, the determinant of the coefficient
matrix must be zero,

cos(A + 1)a cos(A — Do

A+ 1) sin(A+Da (A—1) sin(A—Da | = O

With a little manipulation, we get the following eigenvalue equation

sin2 o = —A\ sin2a. (10.27)

<@

Figure 10.2. Sketch of Moffatt’s vortices in a sharp corner.

With the obvious exception of the trivial solution A=0, the eigenvalues \ are
necessarily complex, when 2« is less than approximately 146.4°. This implies the
existence of an infinite sequence of eddies near the corner. These were predicted
analytically by Moffatt [9]. A sketch of Moffatt’s vortices is shown in Fig. 10.2. The
strength of these vortices decays exponentially as the corner is approached. The
ratio of the distance of the centers of successive vortices is given by

ri

— eﬂ-/QI ,
Ti+1

where g1 is the imaginary part of the leading eigenvalue, A\y=pi+iq;. Table 10.2
provides the real and imaginary parts of A; for various values of 2a.

For values of 2« greater than 146.4°, all the solutions of Eq. (10.27) are real. As
shown in Table 10.2, the value of the leading exponent A; decreases with the angle
2a. When 2a=180°, \;=1 which corresponds to simple shear flow. For values of 2«
greater than 180°, A; is less than unity. From Egs. (10.22) and (10.23), we deduce
that, in such a case, the velocity derivatives and, consequently, the pressure and
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2a p1 Q1
(in °)
30.0 | 8.0630 | 4.2029
60.0 | 4.0593 | 1.9520
90.0 | 2.7396 | 1.1190
120.0 | 2.0941 | 0.6046
146.4 | 1.7892 | 0.0000

150.0 | 1.9130
180.0 | 1.0000
210.0 | 0.7520
240.0 | 0.6157
270.0 | 0.5445
300.0 | 0.5122
330.0 | 0.5015
360.0 | 0.5000

Table 10.2. Real and imaginary parts of the leading exponent, A\1=pi+iq1, for
antisymmetric flow near a corner.

the stress components go to infinity at the corner. This is an example of a stress
singularity that is caused by the nonsmoothness of the boundary. The strongest
singularity appears at 2a=360°. In this case, A1=0.5 which corresponds to flow
around a semi-infinite flat plate.

Symmetric flow near a corner
For this type of flow, f)(0) is odd (Ay=C»=0) and

fa(0) = By sin(A+1)0 + Dy sin(A—1)6. (10.28)
In this case, the eigenvalue equation is
sin2 a = A sin2a. (10.29)

The real and imaginary parts of the leading exponent, A\;=p;+iqi, are tabulated
in Table 9.3 for various values of the angle 2a. (The trivial solutions A\j=0 and 1
are not taken into account.) For 2« greater than approximately 159.2°, Eq. (10.29)
admits only real solutions. For 2a=180°, A\;=2 which corresponds to orthogonal
stagnation-point flow. a
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2« P1 ¢
(in %)
30.0 | 14.3303 | 5.1964
60.0 7.1820 | 2.4557
90.0 4.8083 | 1.4639
120.0 3.6307 | 0.8812
150.0 2.9367 | 0.3637
159.2 2.8144 | 0.0000

180.0 | 2.0000
210.0 | 1.4858
240.0 | 1.1489
270.0 | 0.9085
300.0 | 0.7309
330.0 | 0.5982
360.0 | 0.5000

Table 10.3. Real and imaginary parts of the leading exponent, \1=pi+iq1, for
symmetric flow near a corner.

Example 10.1.2. Intersection of a wall and a free surface

Due to symmetry, the preceding analysis of creeping flow near a corner also holds
for flow near the intersection of a rigid boundary and a free surface positioned at
0=0 (Fig. 10.3). Along the free surface,

0 [ug 1 0u,
= d — g (2 b —0-
ug =0 an Tro n{rar(r>+rae} 0;

consequently,
Ou, 0?1
= = O —_— = — = 0 .
00 v 062
Using physical arguments, Michael [10] showed that the angle of separation, «,
cannot take arbitrary values. He showed that, when the surface tension is zero, «
mus be equal to w. Therefore, we focus on the case of flow near a wall and a free

surface meeting at an angle m, as in Fig. 10.4.

Ug

Even set of solutions
Even solutions,

¥y = Ay cos(A+1)0 + Cy cos(A —1)6] ,
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V=0

=0, %%:o

Free surface

0=0

Figure 10.3. Creeping flow near the intersection of a wall and a free surface.

Wall Free surface
_ oY _ 2
¥=0, =0 y=0, =0
9;:
" V=0

Figure 10.4. Creeping flow near a wall and a free surface meeting at an angle .

satisfy automatically the conditions u,=0 at #=0 and up=0 at =7 (see Fig. 10.4,
for the definition of #). The condition ugp=0 at #=0 demands that

Ay cos(A+1)0 + Cy cos(A—1)0 =0 at 6=0,

which yields Cy=—A4,. Finally, the condition 7,9=0 at =r leads to the following
equation

A+1)2 cos(A+ 1) — (A—1)% cos(A—1)m = 0.

From standard trigonometric identities, we get

2 (A2 +1) sin At sint + 4 AcosAm cosm = 0 =

cos At =0 — A=

)

N W

1
2 )
Therefore, even solutions are given by

Yy = ayxr " cos(A+1)0 — cos(A—1)8] , A

N —

o (10.30)

N W
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where ay=A)=—C). The corresponding velocity components and the pressure are:

U = —ayxr [~(A+1)sin(A+1)0 + (A—1) sin(A—1)0] ,  (10.31)
ug = ay(A+1)r* [cos(A\+1)8 — cos(A—1)] , (10.32)
p = 4daypAr L sin(A—1)0. (10.33)

Note that the leading term of the pressure is characterized by an inverse-square-root
singularity:
9 1 .0
~ 2a — sin — .
p 1/2 1M Jr 9
This is also true for the velocity derivatives and the stress components. This is

an example of a stress singularity caused by the sudden change of the boundary
condition along a smooth boundary.

Odd set of solutions
Odd solutions,

¥a = P [By sin(A+ 1) + Dy sin(A — 1)4] ,

satisfy automatically the conditions ug=0 at 6=0 and 7,,9=0 at §=n. The condition
u,=0 at =0 requires that

A+1)Byx + (A—=1)Dy = 0.
The remaining condition ug=0 at == leads to
A=1)sinA+ D)7 — (A+1)sin(A+1)mr =0 =
2\ cosT sinAm — 2A sin7w sinAr = 0 =

sinAar =0 = A=23,---

Note that the trivial solution A=1 has been omitted. Therefore, odd solutions are
of the form

Yy = axr™ (A= 1) sin(A+1)0 + (A1) sin(A—1)0] , A=2,3,--- (10.34)
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where (A2 — 1)ay=(A + 1)By=—(A — 1)D,. The corresponding solutions for wu,, ug
and p are:

u, = —ay (A2 —1)7 [cos(A+1)8 — cos(A —1)d] , (10.35)
upg = ax A+ 1)r* [A—1) sin(A+1)0 + (A +1) sin(A —1)0] , (10.36)

p = —daxpA A+ 1)L cos(A—1)0. (10.37)

O

1
Wall Free surface

Tyz=Uy =0
Fully ) ' .
developed Singular point Ufr;(l)g(srm
flow EXTRUDATE

Symmetry plane z

Figure 10.5. The plane stick-slip problem..

It should be noted that the solutions discussed in the previous two examples
hold only locally. The constants a) and by are determined from the boundary
conditions of the global problem. Consider, for example, the so-called plane stick-
slip problem, illustrated in Fig. 10.5. This problem owes its name to the fact that
the boundary conditions change suddenly at the exit of the die, from no-slip to slip.
The stick-slip problem is the special case of the extrudate-swell problem in the limit
of infinite surface tension which causes the free surface to be flat. The singular
solution obtained in Example 10.1.2 holds in the neighborhood of the exit of the
die. The leading term of the local solution is

Yo = aypp 1/ (COS§ — cos Q) ;

2
where the polar coordinates (r,0) are centered at the exit of the die. The plane
stick-slip problem was solved analytically by Richardson [11]. It turns out that
ay/2=1/3/2m=0.690988.
As already mentioned, the velocity derivatives and the stresses corresponding to
the leading term of the local solution are characterized by an inverse-square-root
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singularity. This has a negative effect on the performance of standard numerical
methods used to model the stick-slip (or the extrudate-swell) flow. The rate of
convergence with mesh refinement and the accuracy are, in general, poor in the
neighborhood of stress singularities. The strength of the singularity may be allevi-
ated by using slip along the wall which leads to nonsingular finite stresses [12,13].
Alternatively, special numerical techniques, such as singular finite elements [14,15],
or special mesh refinement methods [16] must be employed, in order to get accurate
results in the neighborhood of the singularity.

10.2 Axisymmetric Flow in Cylindrical
Coordinates

Consider a creeping axisymmetric incompressible flow in cylindrical coordinates such
that

uy =uy(r,2z), ur=ur(r,z) and wuy=0. (10.38)

It is easily shown that the stream function (r, z), defined by

Lo

r 0z’

1 0y
U, = —— — and u,
r Or

(10.39)

satisfies the continuity equation identically. Substituting u, and wu, into the z- and
r-components of the Navier-Stokes equation, and eliminating the pressure lead to
the following equation (Problem 10.7):

EY% = B2 (E%) =0, (10.40)
where the differential operator E? is defined by

0? 10 0?

2 p— [ — —_ — [—
B = Oor? r Or 022"

(10.41)

Separating the axial from the radial dependence and stipulating a power-law func-
tional dependence on r, we seek a solution to Eq. (10.40) of the form

v =1 f(2). (10.42)
Applying the operator E? to the above solution yields

E* = XA =2) "2 f(2) + 17 f1(2),
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where the primes denote differentiation with respect to z. Applying the operator
E? once again, we get

EYY = AA=22 A=) fz) + 224 A =22 f7(z) + P f"(2).

Due to the Stokes flow Eq. (10.40), the only admissible values of A are 0 and 2. For
both values, we get the simple fourth-order ODE

f////(z) — O,
the general solution of which is
f(2) = co + a1z + 2 + 32° . (10.43)

The value A=0 corresponds to the solution ¥=f(z) which is independent of 7.
Let us, however, focus on the more interesting case of A=2, in which we have

U(r,z) = r? (co + 1z + 2 + 632:3) . (10.44)

The values of the constants cg, ¢1, co and cs are determined from the boundary
conditions. For the velocity components, we get:

1oy _ 2 3
uy(r,z) = 5 = -2 f(z) = -2 (co + 1z + 2" + 032) (10.45)
10
up(r,z) = . a_f =rfl(z) =r (cl + 2coz + 30322) (10.46)
It can be shown that the z- and r-components of the Navier-Stokes become
Op 0%u, dp 0%u,
_9p — 4 £ —
0z o 022 0 an or o 022 0
or 5 5
P I p m
£ _ 9 oy _
3 nfi(z) and oo =mnrfiz),

respectively. Integration of the above two equations yields
p(r,z) = —3ncs (222 —7'2) —4dnecz + c, (10.47)
where c is a constant.

Example 10.2.1. Axisymmetric squeezing flow
Squeezing flows are induced by externally applied normal stresses or vertical ve-
locities by means of a mobile boundary. The induced normal velocity propagates
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within the liquid due to incompressibility, and changes direction, due to obstacles
to normal penetration. The most characteristic example is Stefan’s squeezing flow
[17], illustrated in Fig. 10.6. The vertically moving fronts meet the resistance of
the inner liquid layers and are deflected radially. For small values of the velocity
V of the two plates, the gap 2H changes slowly with time and can be assumed to
be constant, that is the flow can be assumed to be quasi-steady. If in addition, the
fluid is highly viscous, then the creeping flow approximation is a valid assumption.

Figure 10.6. Squeezing flow.

Introducing the cylindrical coordinates shown in Fig. 10.6 and employing the
stream function defined in Eq. (10.39), we can make use of the previous analysis.
The stream function is thus given by Eq. (10.44):

Y(r,z) = r? f(z) = r? (Co + 1z + 2 + 6323) :

The four constants are determined from the boundary conditions. At z=0, symmetry
requires that u,=0u,/0z=0, and therefore

JG) =) =0 at z=0;

consequently co=c1=0. At z=H, u,=V and u,=0 which gives

. \%4
c1H + csH? = ) and ¢ + 303H2 =0.
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Solving for ¢ and c3, we get:

Therefore,

o= Vel -G (1045

C- PG e

3V 2\ 2
Finally, from Eq. (10.47), the pressure distribution is
_ 3V 2 2
p(r,z)—m@z —T)+c.

Assuming that p=pg at r=R and z=0, we find that

3nV
p(r,z) = 4U—H3 (222 + R? - ?”2) + po - (10.51)

10.3 Axisymmetric Flow in Spherical
Coordinates

In this section, we consider the case of axisymmetric flow in spherical coordinates,
such that
ur = up(r,0), ug=wug(r,0) and wuy=0. (10.52)

The Stokes stream function, defined by

1 o 1 0y
== - —_ = — 1 .
Uy 74 and  ug - , (10.53)
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satisfies the continuity equation identically. Substituting Egs. (10.53) into the r-
and #-momentum equations and eliminating the pressure, we obtain (Problem 10.8)

EYy = E? (E%) =0, (10.54)
where the differential operator E? is defined by

0? sinf 9 (1 0O
2 = _ —_— —_—
BT = or? + r2 00 (sin9 80) ) (10.55)

Example 10.3.1. Creeping flow past a fixed sphere

As already mentioned, flows around submerged bodies are of great importance in a
plethora of applications. The most important example of axisymmetric flow is the
very slow flow past a fixed sphere, illustrated in Fig. 10.7. A practically unbounded
viscous incompressible fluid approaches, with uniform speed U, a sphere of radius R.
The sphere is held stationary by some applied external force. Clearly, the resulting
flow is axisymmetric with u4=0.

—
(&)

M

Figure 10.7. Creeping flow past a sphere.

|

T

The boundary conditions for this flow are as follows.
(a) On r=R, u,=uyp=0. In terms of the stream function defined in Eq. (10.53), we
get

oy o
R A S = R. 10.
20— B 0 on r=R (10.56)
(b) As r — oo,
u = Ui = U cosb e, —sinf ep)
which gives
u, =Ucosf and ug = —Usinf as r— .
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In terms of v, we get
oY

8—11) = —Ur?sinfcosf and — = —Ursin? as r — oo.

00 or
Integrating the above two equations, we get
U 5 .9
Y = —5 7 sin 0 as r—o00. (10.57)

The above condition suggests seeking a separated solution to Eq. (10.54) of the
form
U(r,0) = Uf(r) sin?f. (10.58)

In terms of f(r), the boundary conditions (10.56) and (10.57) become:
fr)=f'(r)=0 at r=R (10.59)

and 1
f(r)= —3 2 as T —00. (10.60)

Applying the operator E? to the separated solution (10.58) yields
2?2
EQf(T) sin?0 = sin®f <W - r_2> f(r),
and thus

2
E*f(r)sin®0 = sin0 (j—:z - 3) f(r).

From Eq. (10.54), we get

2 2
(% N %) Fr) = 0. (10.61)

This equation is homogeneous in r and is known to have solutions of the form
f(r)=r*. Substituting into Eq. (10.61), we get

D=1 =2 [A=2)(A=3)—-2]"* =0.
The admissible values of A are, therefore, the roots of the equation

DNA—1)—2[A-2)(A—-3)—2] =0, (10.62)
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i.e., A=—1, 1, 2 and 4. The general solution for f is then

A 2 4

f(r) = — + Br + Cr* + Dr*.

r

For the boundary condition (10.60) to be satisfied, we must have
1
C= —3 and D=0.

From the boundary conditions (10.59), we then get

A _ 1p2
§+BR—§R

—4 + B =R

Therefore,

and

Figure 10.8. Calculated streamlines of creeping flow past a sphere.

The two velocity components become:

= O (B) (1)
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(10.63)

(10.64)

(10.65)

(10.66)



o= Y [ (B) = (5] o o

Note that reversing the direction of the flow leads to a change of the sign of u
everywhere. In Fig. 10.8, we show streamlines as predicted by Eq. (10.65). These
are symmetric fore and aft of the sphere.

A quantity of major interest is the drag force, Fp, on the sphere. For its cal-
culation, we need to know the pressure and the stress components. To obtain the
pressure, we first substitute u, and ug into the r- and #-components of the Navier-
Stokes equation which yields

dp cosf dp 3 sinf
E—BT}RUT‘—?’ and %—277RU 7’2 .

We then integrate the above equations getting

3 cosf
p(r,0) = px — 577 RUT—Qa (10.68)

where po is the uniform pressure at infinity. Therefore, on the sphere,

N W

p(R,0) = poo — % cosf . (10.69)

The rr- and rf-components of the total stress tensor on the surface of the sphere
are:

%iT:_poo+g%COSQ+O = _poo'f‘g%cose

Ty =—p + Trr = —P+ 27

[7+=0 due to Eq. (10.59)] and

B B d [ug 1ou]  3nU .
TTQ_TTO_H[Tﬁr(T)+r 09}_ ZRSIHH'

The force per unit area exerted on the sphere is given by
f=e -T=T,e + Trpepg =Ty (cosfi+sindj) + Trp (—sinfi+ cosfj) =

f = (T)rcosl — Trgsinf) i + (T, sinf + T,gcosb) j .

Due to symmetry, the net force, f, on the sphere is in the direction i of the uniform
flow, i.e.,
f=i-f= T, cos — T,gsinf .
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Substitution of T;.. and T,y leads to

- 3nU
f = —poccosh + R (10.70)

To obtain the drag force, we integrate f over the sphere surface:

2w T
P = / / f R?sin6 d6d¢ — 2R / (—poo cosh + §ﬂ) sinfdf  —>
o Jo 0 2 R
Fp = 6mnRU . (10.71)
Note that the term —p4, cosf does not contribute to the drag force, due to symmetry.

Equation (10.71) is the famous Stokes law for creeping flow past a sphere [18].
Equation (10.71) can also be cast in the general form

Fp = nRg - (U1i), (10.72)

where Rg denotes the shape tensor. In the case of an isotropic sphere, the shape
tensor is obviously given by
Rg = 67RI. (10.73)

Shape tensors for several bodies are given in Ref. [19].

The drag coefficient, Cp, is generally obtained by dividing the drag force by
1/2pU? and by the area of the body projected on a plane normal to the direction of
the uniform velocity field. Therefore, in the present case,

Fp

Cp= — ", (10.74)
$pU2 (7 R2)

which takes the form
24

Cp = — 10.75
b=t (10.75)
where the Reynolds number, Re, is defined by
2
Re = g . (10.76)

It should be noted that the creeping flow assumption,

lu-Vu| <« ‘VVQU

I’

is not valid far from the sphere, where the velocity gradients are vanishing and,
consequently, inertia forces become comparable to viscous forces [5]. The failure
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of Stokes flow is more striking in the case of two-dimensional flow past a circular
cylinder. In this flow problem, the assumption of a separated solution of the form
Y(r,0)=U f(r) sinf leads to (Problem 10.8)

A
P(r,0) = U (— + Br + Cr3 + Drlnr) sinf .
r

The trouble with the above solution is that there is no choice of the arbitrary
constants with which all the boundary conditions are satisfied. Historically, this
failure is known as the Stokes paradoz.

To overcome the failure of Stokes flow far from the sphere, Oseen [20] used the
substitution

u="Ui+1u, (10.77)

with which the Navier-Stokes equation becomes
1

Ui-Vu' +u -Vu' = —~Vp + vV’ . (10.78)
)

The nonlinear inertia term, u’ - Vu’, is vanishingly small and can be neglected.
Therefore,

1
Ui-Vu' = —;Vp + vVid . (10.79)

Equation (10.79) is known as Oseen’s equation, and its solution is called Oseen’s
approximation. Lamb [21] obtained an approximate solution to Eq. (10.79) for the
sphere problem which yields

3
Fp = 67 nRU {1 + g Re+0 (362)} . (10.80)

Proudman and Pearson [22] solved the full Navier-Stokes equation at small
Reynolds number using a singular perturbation method and obtained the follow-
ing expression for the drag force:

B 3 9 )
Fp = 67 nRU {1+1—6Re+ﬁRe In Re + O (Re )] . (10.81)

Example 10.3.2. Creeping flow around a translating sphere
Consider creeping flow around a sphere translating steadily with velocity Ui through
an incompressible, Newtonian liquid which is otherwise undisturbed. Setting the
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origin of the spherical coordinate system at the instantaneous position of the center
of the sphere, we obtain the velocity of the liquid by adding

—Ui = —Ucosfe, + Usinf ey

to the velocity vector found in the previous example. We thus get

Uy = % l—?: (%) + (%)3] cosd , (10.82)
= () o (B toss

The corresponding stream function is given by

and

b(r,0) = UTRQ [3 (}%) - (%)} sin20 . (10.84)
1.5 \\/_7
1.0\/
0‘5\/
0.1
=0

Figure 10.9. Calculated streamlines of creeping flow around a translating sphere.

In Fig. 10.9, we show streamlines predicted by Eq. (10.84). Note that the distur-
bance due to the motion of the sphere propagates to a considerable distance from
the sphere. O

Example 10.3.3. Creeping flow around bubbles and droplets
The analysis for flow around a gas bubble of zero viscosity is the same as that for flow
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past a solid sphere studied in Example 10.3.1, except that the boundary conditions
at the liquid-gas interface become:

ur =0 at r=R (nopenetration in gas volume) ;

T.0=0 at r =R (no traction on the free surface) .

The second condition implies that ug is, in general, nonzero on the interface. The
drag force turns out to be (Problem 10.9)

Fp = 4rnRU . (10.85)

Hence, the corresponding shape tensor is Rg=4m RI.

In the case of creeping flow of a Newtonian liquid of viscosity 7, past a spherical
droplet of another Newtonian liquid of viscosity 7;, the boundary conditions on the
interface are:

w’=u’ at r=R (continuity of velocity);

7% =711, at r=R (continuity of shear stress) .

The drag force is given by (Problem 10.10)

(10.86)

Equation (10.86) contains the case of creeping flow past a solid sphere, in the limit
1; — o0, and the case of creeping flow past a gas bubble, in the limit n; — 0.

The preceding analyses apply to bubbles and droplets of small size, so that
surface tension forces are sufficiently strong to suppress the deforming effect of
viscous forces, and to keep the bubbles or droplets approximately spherical [5]. O

Example 10.3.4. Terminal velocity

Consider a solid spherical particle of radius R and density p, falling under gravity
in a bath of a Newtonian fluid of density p and viscosity n. The sphere attains
a constant velocity Uy, called the terminal velocity, once the gravitational force is
counterbalanced by the hydrodynamic forces exerted on the sphere, i.e., the buoy-
ancy and drag forces:

4 4 .
—mR3p,g — =m R3pg — 6 nRU, = 0. 10.87
3 b 3

Solving for U, yields
2R* (pp—p) g

U, =
t o

(10.88)
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Note that when the particle is less dense than the fluid, p, — p < 0, the terminal
velocity is negative which obviously means that the particle would be rising in the
surrounding fluid.

From Eq. (10.88), we deduce that Stokes law holds when

_2UR _ 4R’ (pp—plr g

R
¢ n 9n?

<1,

i.e, when

R«

1/3
9772
L 10.89
4(pp — p)p g] ( )

10.4 Problems

10.1. Show that the stream function, v, defined in Eq. (10.15) satisfies the bihar-
monic equation, Eq. (10.16), in polar coordinates, for creeping plane incompressible
flow.

10.2. By integrating the r- and #-momentum equations, show that the general
form of the pressure p, in creeping plane incompressible flow in polar coordinates,
is given by Eq. (10.24).

10.3. Show that, in the particular cases A=—1, 0 and 1, the function f)(6) in
Eq. (10.18) degenerates to the following forms:

f-1(0) = Acos20 + Bsin20 + C0 + D (10.90)
fo(@) = Acost + Bsinf + Clcos + DO sind (10.91)
fi(#) = Acos20 + Bsin20 + C6 + D (10.92)

10.4. Show that Eq. (10.16) has the following particular solution which is indepen-
dent of 6:
Y(r) = Ar* Inr + Blnr + Cr*> + D. (10.93)

Show that, in this case, the pressure p is given by
p =4An0 + ¢, (10.94)

where c is the integration constant.

10.5. Consider the creeping flow of a Newtonian liquid in a corner formed by two
plates, one of which is sliding on the other with constant speed U, as shown in
Fig. 10.10. The angle a between the two plates is constant.
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U

Figure 10.10. Creeping flow near a corner with one sliding plate.

(a) Introducing polar coordinates centered at the corner, write down the governing
equation and the boundary conditions in terms of the stream function v (r,9).
(b) Show that the particular solution

Y(r,0) = Urfo(f) = Ur(Acost + Bsind + COcost + DO sind) (10.95)

(found in Problem 10.2), satisfies all the boundary conditions.
(c) Show that the stream function is given by

Ur

a2 — sina

P(r,0) = [a(0 — a)sinf — Osina sin(f — a)] . (10.96)

(d) Calculate the velocity components.

(e) Determine the shear stress at 6=0 and show that it exhibits a 1/r singularity
which suggests that an infinite force is required in order to maintain the motion of
the sliding plate. What is the origin of this nonphysical result?

10.6. Show that the stream function v defined in Eq. (10.39) satisfies Eq. (10.40)

for creeping, axisymmetric, incompressible flow in cylindrical coordinates.

10.7. Show that the stream function 1 defined in Eq. (10.53) satisfies Eq. (10.54)
for creeping, axisymmetric, incompressible flow in spherical coordinates.

10.8. Consider the creeping flow of a Newtonian liquid past a fixed circular cylinder
of radius R assuming that, far from the cylinder, the flow is uniform with speed U.
(a) Introducing polar coordinates centered at the axis of symmetry, write down the
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governing equation and the boundary conditions for this flow in terms of the stream
function v (r, ).
(b) In view of the boundary condition at r — oo, assume a solution of the form

P(r,0) = Uf(r)sind, (10.97)
and show that this leads to

P(r,0) = U (é + Br + Cr® + Drlnr) sinf . (10.98)

(c) Show that there is no choice of the constants A, B, C' and D for which all
the boundary conditions are satisfied (Stokes paradoz). Why does the Stokes flow
assumption fail? Explain how a well-posed problem can be obtained.

10.9. Consider the creeping flow of an incompressible Newtonian liquid approach-
ing, with uniform speed U, a fixed spherical bubble of radius R.

(a) Introducing spherical coordinates with the origin at the center of the bubble,
write down the governing equation and the boundary conditions for this flow in
terms of the stream function v (r, ).

(b) Show that the stream function is given by

UR? r\? r 9
- — — — | si > R. .
P 5 [(R) R} sin“d, r>R (10.99)

(c) Calculate the two nonzero velocity components and the pressure.
(d) Show that the drag force exerted on the bubble is given by Eq. (10.85).

10.10. Consider the creeping flow of an incompressible Newtonian liquid of viscosity
7o approaching, with uniform speed U, a fixed spherical droplet of viscosity 7; and
radius R.

(a) Introducing spherical coordinates with the origin at the center of the bubble,
write down the governing equation and the boundary conditions for this flow in
terms of the stream function ¥ (r, 0).

(b) Show that the stream function is given by

woz

_UR? [2 (£>2_ 200+ 30 T 20

1 G 51 sin?0, r>R, (10.100)

No+mn R not+mr

outside the droplet, and by

2 2 4
b = %%Zim l(i) _ <1) ]sirﬂ@, r<R, (10.101)
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inside the droplet.
(c) Calculate the two nonzero velocity components and the pressure.
(d) Show that the drag force exerted on the droplet is given by Eq. (10.86).

10.11. Calculate the terminal velocity of

(a) a spherical bubble rising under gravity in a pool of a Newtonian liquid, and
(b) a spherical droplet of density p; and viscosity 7); falling under gravity in a New-
tonian liquid of density p, and viscosity 7,.

10.12. Consider the creeping flow of an incompressible Newtonian liquid of viscosity
n and density p approaching, with uniform speed U, a fixed solid sphere of radius
R and introduce spherical coordinates with the origin at the center of the sphere.
Assume that slip occurs on the sphere surface according to

0 = Bug at r=R, (10.102)

where 3 is a slip parameter.
(a) Show that the drag force exerted on the sphere by the liquid is given by

2n+ BR

Fp = 67 nRU ,
b o 3n+ OR

(10.103)

and identify limiting cases of the above result.
(b) Calculate the terminal velocity of a solid sphere in a pool of Newtonian liquid
when slip occurs on the sphere surface according to Eq. (10.102).
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