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Previously in this book, we discussed the kinematic structure of a flow but made no reference
to the external action that is necessary to establish a flow or to the physical mechanism
that is necessary to sustain the motion of the fluid. To address these issues, in this chapter
we turn our attention to the hydrodynamic forces developing in a fluid as a result of the
motion and introduce constitutive equations relating the stresses developing at the surface of
infinitesimal fluid parcels to the parcel motion and deformation. The constitutive equations
will then be incorporated into an integrated theoretical framework based on Newton’s law
of motion that will allow us to compute the structure of a steady flow and the evolution of
an unsteady flow from a specified initial configuration.

4.1 Forces acting in a fluid

Two types of forces are exerted on any coherent piece of a material: a homogeneous force
acting on its volume, and a surface force acting on its boundaries.

4.1.1 Body force

A fluid parcel, like any other piece of material, is subject to a force mediated by an ambi-
ent gravitational, electrical, electromagnetic, or any other external force field acting on its
volume. Electrical and electromagnetic forces arise when the fluid is electrically charged or
contains molecules or small particles of a polarized material.
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Under the influence of such fields, the molecules residing inside a fluid parcel are acted
upon individually and independently by a force that may be constant or vary with position
inside the parcel. The sum of the forces exerted on the individual molecules amounts to a
net body force that is proportional to the number of molecules residing inside the parcel,
and thus to the parcel volume.

Gravitational body force

Let dF,, be the gravitational force exerted on a small fluid parcel with volume §V,,, density
p, and mass édm, = pdV,. By definition,

0F, =gpdV,, (4.1.1)

where g is the acceleration of gravity. The right-hand side of (4.1.1) has units of acceleration
multiplied by mass, which amounts to force.

One distinguishing feature of the body force due to gravity is that it is considered to
be independent of molecular motions. This means that a certain mass of fluid weighs the
same, independent of whether the fluid is stationary or flows.

4.1.2 Surface force

A different type of force arises at the surface of a fluid parcel and at the boundaries of a
flow, such as the surface of a bubble rising through an ambient liquid or the windshield of a
moving vehicle. More generally, a surface force can be defined on any fictitious surface that
is drawn inside the bulk of a fluid or over its boundary.

Understanding the physical origin of the surface force requires consideration of molec-
ular motions and necessitates a distinction between gases and liquids. A key idea is the
equivalence between local hydrodynamic force and rate of exchange of momentum between
adjacent fluid layers due to molecular excursions.

Gases

To understand the origin of surface forces developing in a gas, we draw a surface in the
interior of the gas and consider the momentum of the molecules that cross the surface from
either side. A key realization is that the momentum normal to the surface is responsible for
a normal force.

If the molecules move with different average tangential velocities on either side of the
surface, the net transport of tangential momentum is responsible for a tangential surface
force necessary to accelerate or decelerate the molecules. In the present context, the average
velocity of a molecule can be identified with the velocity of the fluid at the location where
a molecule last underwent a collision with one of its peers. The effective force field due to
the tangential surface force slows down fast-moving molecules as they approach regions of
slower-moving fluid.
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Figure 4.2.1 lllustration of a small section on the surface of a fluid parcel, §.5, introduced to define
the hydrodynamic traction exerted on the parcel.

Liquids

The physical origin of surface forces developing in a liquid is somewhat different. The
molecules of a liquid perform oscillatory motion around a mean position with an amplitude
that is determined by their distance from closely spaced neighbors. Occasional excursions
into vacant spots are responsible for momentum transport attributed to the action of a
surface force.

PROBLEM

4.1.1 Friction

The friction on a body sliding over a horizontal surface imparts to the body a tangential
surface force that depends on the body weight. Does this frictional force also depend on the
contact area?

4.2 Traction and the stress tensor

Consider a small surface with area §S centered at a point, x = (z,y, z), in a stationary
or moving fluid, as illustrated in Figure 4.2.1. The designated outer side of the surface is
indicated by the direction of the unit vector normal to the surface at the point x, denoted
by n = (ng,ny,n,). According to our discussion in Section 4.1, a body of fluid whose
instantaneous boundary includes the small surface under consideration experiences a surface
force, oFsurface that may point in any direction; that is, it may have a component normal
to the surface and a component tangential to the surface.

Traction

The ratio between the surface force, 6Fs"f and the area of the surface, 85, is the average

stress exerted on the small surface. As the surface area 6S becomes infinitesimal, the
average stress tends to a limit defined as the traction exerted on an infinitesimal surface
and is denoted by f. Thus, by definition,

5Fsurface

— (4.2.1)

f
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in the limit at §5S becomes infinitesimal. The three scalar components of the traction have
units of force per area, which amounts to stress.

Force in terms of traction

Rearranging equation (4.2.1), we obtain an expression for the surface force exerted on an
infinitesimal surface in terms of the traction,

5Fsurface —f6S. (422)

Integrating the traction over a specified surface area, such as the boundary of a fluid parcel,
we obtain a resultant surface force.

Dependence on position and orientation

It is clear from relation (4.2.1) that the traction is defined only when the location and
orientation of an infinitesimal surface upon which the traction is exerted are specified, re-
spectively, in terms of the coordinates of the center-point, x, and orientation of the unit
normal vector, n. This requirement is signified by writing

f(x,n), (4.2.3)

where the parentheses enclose the arguments of the three scalar components of the traction.
If a flow is unsteady, or the position or orientation of the surface change in time, time, t,
should be added to the arguments on the right-hand side of (4.2.3).

The stress tensor

The traction exerted on a small surface that is perpendicular to the z, y, or z axis, is denoted
by

f(:]:) _ [f£:1;>7 fls.’l:)7 fz(.’l;) ],

£ = [0, £, F0)), (42.4)

B9 = (£ 19, 5900,

respectively, where the unit normal vector, n points in the positive directions of these axes,
as depicted in Figure 4.2.2. Stacking these vectors on top of one another in a particular
order, we obtain the 3 x 3 stress tensor
S R
o= | ¥ ¥ W (4.2.5)
A P A

in a three-dimensional flow, and a corresponding 2 X 2 tensor in a two-dimensional flow.
Next, we introduce the standard two-index notation for the components of the stress
tensor,

Orxx Oxy Ogxz
0= | Oyz Oyy Oyz |, (4.2.6)
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Figure 4.2.2 lllustration of (a) a triangular fluid parcel in a two-dimensional flow and (b) a tetrahedral
fluid parcel in a three-dimensional fluid. These parcels are used as devices for computing the
traction exerted on an arbitrary surface in terms of (a) the unit vector normal to the surface, and
(b) the stress tensor.

and find that, by definition,
oij = £ (4.2.7)

for 7,7 = x,y,2. The first index of 0;; indicates the component of the normal vector on
the infinitesimal surface upon which the traction is exerted. The second index indicates the
component of the corresponding traction.

We will see that, in the absence of an externally induced torque, the stress tensor is
symmetric,

Oij = Oji- (428)
For example, 0,y = 04y

In the case of two-dimensional flow in the xy plane, the stresses are encapsulated in a
2 X 2 stress tensor,

Oyz  Oyy

The five omitted components involving the subscript z are either constant or zero.

Traction in terms of the stress tensor

We will demonstrate that the dependence of the traction on the position vector, x, and
normal vector, n, displayed symbolically in (4.2.3), can be decoupled in a simple fashion,
yielding

f(x,n) =n-o(x). (4.2.10)
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Specifically,

Ozx Ozy Ozxz

[f’,r7fy.,fz] = [nv,,;,ny,nz} | oyr Oy Oyr |- (4.2.11)
Ozx Ozy Ozz

In index notation,
fi(x,0) = n; 045 = ng 045 + Ny Ty + Ny 024, (4.2.12)

where summation is implied over the repeated index, 4, in the middle expression of (4.2.12),
while the index j is free to vary over z, y, or z.

An important consequence of (4.2.10) is that, if the nine components of the stress tensor
are known at a point, then the traction exerted on any infinitesimal surface centered at that
point can be evaluated in terms of the unit normal vector, n, merely by carrying out a
vector-matrix multiplication.

To confirm that expression (4.2.10) is consistent with the foregoing definitions, we choose
n = (1,0,0) and carry out the vector-matrix multiplication on the right-hand side of (4.2.12)
to find that f = £(*) as required. Working in a similar fashion with n = (0,1,0) and
n = (0,0,1), we obtain f = £ and f = £(*), as required.

It remains to show that (4.2.10) holds true for general orientations of the unit normal
vector, n. For simplicity, we present the proof for two-dimensional flow in the zy plane with
reference to the 2 x 2 stress tensor defined in (4.2.9).

Force balance on a small triangular parcel

Consider a small area of fluid enclosed by an infinitesimal triangle with two sides perpen-
dicular to the = and y axes, as shown in Figure 4.2.2(a). Newton’s second law of motion
requires that the rate of change of the momentum of the fluid enclosed by the triangle is
balanced by the forces exerted on the triangle. The forces include the body force and the
surface force associated with the traction exerted on the three sides.

The momentum of the parcel and the body force exerted on the parcel are both propor-
tional to the area of the triangle, %Ax Ay. The surface force exerted on the vertical side
is equal to f(*) Ay, the surface force exerted on the horizontal side is equal to f(*) Az, and

the surface force exerted on the slanted side is equal to fAf, where A/ is the length of the
slanted side, Al = (Az? + Ay?)1/2.

In the limit as Ax and Ay tend to zero, the fluid momentum and the body force become
negligible compared to the surface force exerted on the sides, and the sum of the three surface
forces must balance to zero. Setting the x and y components of the sum to zero, we obtain

fo AL+ 040 Ay + 0y Az =0, fy AL+ 04y Ay + 0yy Az = 0. (4.2.13)

Using elementary trigonometry, we find that the x and y components of the outward unit
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Figure 4.2.3 lllustration of a thin fluid layer with a designated inner and outer side. The outer side
is indicated by the direction of the unit normal vector, n.

vector normal to the slanted side of the triangle are given by

Ay Az
Ny = *ﬂa Ny = *H. (4214)
Combining equations (4.2.13) and (4.2.14), we find that
f:x: =Ny Ogg + Ty Oy fy = Ny Ogy + TNy O gy (4215)

which are precisely the z and y components of (4.2.10).

To carry out an analogous proof for three-dimensional flow, we consider the forces
exerted on the sides and over the volume of a tetrahedral fluid parcel, as illustrated in
Figure 4.2.2(b), and work in similar ways (Problem 4.2.1).

4.2.1 Traction on either side of a fluid surface

Next, we consider a thin fluid layer with a designated outer side indicated by the direction
of the unit normal vector, n, and a designated inner side indicated by the direction of the
opposite normal vector, n'™®" = —n, as illustrated in Figure 4.2.3. Balancing the rate of
change of momentum of the fluid residing inside the thin layer with the forces exerted on the
layer, and repeating the preceding arguments on the insignificance of the fluid momentum
and body force compared to the surface force, we derive the force balance equation

foutcr 4 finncr — 0’ (4216)

which is a statement of Newton’s third law of action and reaction, stating that the force
exerted on one body by a second body is equal in magnitude and opposite in direction to
the force exerted by the second body on the first body.

It is reassuring to confirm that expression (4.2.10) is consistent with the physical law
expressed by (4.2.16). Substituting the former into the latter, we obtain
n-o+n" .o =0, (4.2.17)

inner __

which is true in light of the definition n —n. More generally, for (4.2.16) to be true,

it must be that
f(x,—n) = —f(x,n), (4.2.18)
which is clearly satisfied by the right-hand side of (4.2.10).
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Figure 4.2.4 lllustration of a thin fluid layer adjacent to a boundary used to define the hydrodynamic
force exerted on the boundary.

4.2.2 Traction on a boundary

Now we consider a small fluid surface residing at the boundary of a flow. The outer side of
the fluid surface is indicated by the unit normal vector n°**"2rd pointing into the boundary,
as illustrated in Figure 4.2.4. Newton’s third law of action and reaction requires that the
traction exerted on the surface should balance the traction exerted by the fluid on the
boundary, fPourdary o that

fboundary + noutward .o =0. (4219)

In terms of the inward unit normal vector pointing into the fluid, n™Ward = —poutward (e
obtain

fboundary _ ninward .o. (4220)

Expression (4.2.20) allows us to compute the traction exerted on a boundary in terms of
the stress tensor evaluated at the boundary.

4.2.3 Symmetry of the stress tensor

The torque with respect to a specified point, xg, due to a force, F, applied at a point, x, is
defined by the outer vector product

T(X()) = (X = X()) x F. (4221)

A fundamental law of mechanics originating from Newton’s second law of motion requires
that the rate of change of angular momentum of a fluid parcel should be balanced by the
torque exerted on the fluid parcel, including the torque due to the body force and the torque
due to the surface force.

Applying this law for a rectangular fluid parcel whose sides are parallel to the x, vy,
and z, axes, we find, that, in the absence of a body force inducing a torque, the tangential
component of the traction in the jth direction exerted on the side that is perpendicular to
the 7th axis must be equal to the tangential component of the traction in the ith direction
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exerted on the side that is perpendicular to the jth axis, otherwise an imbalance will arise
(Problem 4.2.2). Thus,

1=, (4.2.22)
stating that the stress tensor is symmetric,

0ij = Oji. (4.2.23)
The diagonal components of the stress tensor can be arbitrary.

It is important to emphasize that the stress tensor is symmetric only in the absence of
an externally induced torque, that is, in the absence of an external force field causing point
particles to spin. This condition is tacitly assumed in the remainder of this book.

PROBLEMS

4.2.1 Traction in three-dimensional flow

Prove expression (4.2.10) for three-dimensional flow. Hint: Perform a force balance over
the polyhedral volume depicted in Figure 4.2.2(b).

4.2.2 Symmetry of the stress tensor

Demonstrate the symmetry of the stress tensor for two-dimensional flow in the absence of
an externally induced torque.

4.3 Traction jump across a fluid interface

Equation (4.2.16) states that the traction exerted on one side of a surface drawn inside a fluid
is equal in magnitude and opposite in direction to that exerted on the other side. To derive
this relation, we performed a force balance over a thin fluid layer centered at the surface,
considering the force exerted along the edges infinitesimal. If the fluid residing inside this
layer is homogeneous, the edge force scales with the layer thickness and is negligible indeed
compared to the surface force exerted on the two sides.

However, if a thin layer straddles the interface between two different fluids instead
of a regular surface residing inside a homogeneous fluid, differences in the magnitude of
intermolecular forces on either side of the layer generate an effective edge force that does
not scale with the layer thickness.

4.3.1 Interfacial tension

The interfacial edge force can be expressed in terms of the interfacial tension, also called the
surface tension, v, defined as the tangential force per differential arc length exerted around
the edge of a section of an interface. In fact, the surface tension is the integrated normal
stress exerted in a plane that is normal to the interface over a thin interfacial layer where the
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Figure 4.3.1 lllustration of forces exerted on a thin fluid layer centered at a two-dimensional interface,
including the hydrodynamic force due to the fluid stresses and the force due to the surface tension.

physical properties of the medium undergo a rapid transition. Interfaces with membrane-like
constitution exhibit tangential as well as normal interfacial tensions and possibly bending
moments. In the most general case, an interface behaves line a thin shell, such as a dome
or an egg shell.

Simple interfaces and surfactants

Consider a simple interface separating two immiscible liquids or a gas from a liquid. The
surface tension pulls the interfacial layer in a direction that is tangential to the interface and
normal to the edges. The magnitude of the surface tension depends on the local temperature
and on the molecular constitution of the interface determined by the concentration of surface
active substances residing over the interface, called surfactants, as will be discussed in
Section 4.10. The higher the temperature or the concentration of a surfactant, the lower
the surface tension.

Surfactants are often added to liquids to lower the surface tension and achieve a desired
effect. A dish or laundry detergent is a common household surfactant used to lower the
strength of the forces anchoring particles to a soiled surface. In engineering applications,
surfactants are used to disperse oil spills.

4.3.2 Force balance at a two-dimensional interface

To illustrate the action of the surface tension, we consider a small section of a two-dimensional
interface with length A/, as shown in Figure 4.3.1. Surface tension pulls the layer forward
and backward at the two edges in directions that are tangential to the interface at the two
end points, A and B.

Balancing the surface force exerted on the upper and lower sides due to the stresses in
each fluid and the edge forces, we obtain the vectorial equilibrium condition

[n(l) . 0_(1)] Al + [1’1(2) . 0-(2)} A£+»}/A tA — "\/B tB = 0, (431)

where the unit normal vector nt") points into the fluid labeled 1 by convention, while the
unit normal vector n(®?) = —n(!) points into the fluid labeled 2.
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Now we express the second normal vector in terms of the first normal vector and rear-
range the resulting expression to obtain

,YA tA o ,YB tB
Al )

n® . (M - @) =_ (4.3.2)
If the surface tension is uniform across the length of the interfacial element under consider-
ation, then vB = 42, If, in addition, the interface is flat, t® = t*, the vectorial difference
tB — t4 is zero and the right-hand side of (4.3.2) vanishes. Equation (4.3.2) then requires
that the traction is continuous across the interface in the absence of a net contribution due
to the surface tension.

As the length of the interfacial segment, A/, tends to zero, the fraction on the right-
hand side of (4.3.2) tends to the derivative of the product vt with respect to arc length, ¢,
measured in the direction of the tangent vector t from an arbitrary origin, yielding

n® . (o0 _ @y = 408 (4.3.3)
de
Expanding the derivative of the product on the right-hand side, we find that
dt dy

W (M _g@y = 5 = ¢ 4.3.4
n® - (0 —o®) = - T - Tt (43.4)

The second term on the right-hand side contributes a traction discontinuity tangential to
the interface, known as the Marangoni traction. If the surface tension is uniform over the
interface, the Marangoni traction does not appear.

Curvature

To interpret the first term on the right-hand side of (4.3.4), we consider the difference
between the two nearly equal tangential vectors t* and t®. As the arc length, A¢, tends to
zero, the difference between these vectors tends to a new vector that is directed normal to
the interface. More precisely, in this limit, the ratio (t* — tB)/A/¢ tends to the derivative

dt

= —rn, (4.3.5)

where £ is the positive or negative curvature of the interface; for the shape shown in Figure
4.3.1, the curvature is positive, k > 0.

To understand why the derivative dt/d¢ is normal to the interface, we approximate the
derivative with the ratio (t* — tB)/A¢, and rearrange to obtain

tA ~tB — k. (4.3.6)

The second term on the right-hand side inclines t® against n(!) to generate t*, as shown in
Figure 4.3.1.
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Taking the inner product of both sides of equation (4.3.5) with the unit normal vector
n(!) | we derive an expression for the curvature,

dt

= 4.3.7
T (43.7)

= —n@ .

which can be restated as

_dr oyt dy gy At
ds dy

R =

Py (4.3.8)

By definition, K = 1/R, where R is the positive or negative radius of curvature of the
interface. For the shape shown in Figure 4.3.1, the radius of curvature is positive, R > 0.

Conversely, the derivative of the unit normal vector is parallel to the unit tangential
vector,

1)
d‘;g = ki, (4.3.9)
yielding
dn®
K=t 3/ . (4.3.10)

Equations (4.3.5) and (4.3.9) comprise the Frenet—Serret relations in differential geometry.

Laplace pressure

Substituting (4.3.5) into (4.3.4) and rearranging, we derive the final expression for the jump
in the interfacial traction across a two-dimensional interface,
— 20 . () _ 5@ o _d

Af =n"V - (e — ') =~kn f@t. (4.3.11)
The first term on the right-hand side of (4.3.11) contributes a traction discontinuity normal
to the interface, known as the Laplace pressure; however, bear in mind that the term pressure
is appropriate only in the absence of fluid motion on either side of the interface. If either
the curvature of the interface or the surface tension vanishes, the Laplace pressure is zero
and the normal stress is continuous across the interface.

It is important to bear in mind that the interfacial tension is independent of the radius
of curvature of the interface, except when the radius of curvature is so small that it becomes
comparable to the molecular size. In mainstream engineering applications, the surface
tension is regarded as a genuine physical constant.

Local coordinates

Consider the jump in traction across the curved interface depicted in Figure 4.3.2(a). The
origin of the Cartesian axes lies at a point on the interface, the = axis is tangential to the
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Figure 4.3.2 (a) A local coordinate system with the x axis tangential to a two-dimensional interface
at a point is used to evaluate the jump in the traction across the interface. (b) A differentially
heated interface drives a thermocapillary flow.

interface, and the y axis is normal to the interface pointing into the fluid labeled 1. At the
origin of the Cartesian axes, the components of the unit normal vector, n*), are

n( =0, n{ =1, (4.3.12)
and the jump in the interfacial traction is given by

Af =0 (6W —o@) = (o) =) e, + (ol}) — D) ey, (4.3.13)

where e, and e, are unit vectors parallel to the x or y axis.

Applying equation (4.3.11) at the origin and setting t = e, and n) = ey, we obtain
d

Af = yre, — d—z e.. (4.3.14)
Comparing this equation with (4.3.13), we derive an expression for the jump in the shear
stress,

dy
1 2
U?(ﬂ) Uz(/x) — (4.3.15)

and another expression for the jump in the normal stress,
UZ(J,Iy) — a,é(/f/) =YK (4.3.16)
For the configuration shown in Figure 4.3.2(a), the curvature s is positive

A heated liquid layer

As an application, we consider a liquid layer that is hot at the left end and cold at the right
end, as illustrated in Figure 4.3.2(b). In this case, dT/dx < 0 and therefore dy/dx > 0,
where T is the temperature. Equation (4.3.15) yields

dy
dx

o) — o) = —

<0. (4.3.17)
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Figure 4.3.3 lllustration of a circular interface of radius a enclosing a fluid labeled 2, showing the
unit tangent vector, t, and the outward unit normal vector, n.

Because the shear stress is insignificant in the gas above the layer, we can approximate

o) ~ 0. (4.3.18)
For a Newtonian fluid,
du,
2 €T
o(? = o > 0, (4.3.19)

where po is the viscosity of the lower fluid, as discussed in Section 4.5. The positive sign of
the slope du, /dy is consistent with the velocity profile drawn in Figure 4.3.2(b). Physically,
the high surface tension at the cold end pulls the fluid against the low surface tension at
the hot end to drive a surface-tension induced flow.

A flow induced by temperature differences causing variations in surface tension is called
a thermocapillary flow.

Curvature of a circle

We have seen that the curvature of an interface determines the jump in the normal compo-
nent of the traction due to surface tension. To gain experience on the computation of the
curvature, we consider a circle of radius a centered at the origin, described in parametric
form by the equations

x =asinw, Y = acosw, (4.3.20)

where w is the polar angle measured around the center of the circle in the clockwise direction,
varying from 0 to 27, as shown in Figure 4.3.3. The components of the unit tangent vector
pointing in the clockwise direction are

_dz _@

te= " b=, (4.3.21)
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where d¢ = (dz? + dy?)!/? is the differential arc length measured in the clockwise direction.
Using the parametric representation, we find that
dzr = a cosw dw, dy = —a sin f dw, d¢ = adw, (4.3.22)
and thus
t, = cosw, ty = —sinw. (4.3.23)

Based on these formulas, we compute

dt,  d(cosw) 1. dt, d(—sinb) 1
= — = —— § = 0 = — — SW. 4.3.24
de d(aw) a O de d(ad) a Y ( )
In unified vector form,
dt 1
= 4.3.2
7= o (4.3.25)

where n = (sinw, cosw) is the unit vector normal to the circle pointing outward, as shown
in Figure 4.3.3. Comparing (4.3.25) with (4.3.5), we confirm that the curvature of the circle
is equal to the inverse of its radius, k = 1/a.

Formulas for the curvature

The shape of a two-dimensional interface that does not turn upon itself but has a monotonic
shape can be described by a single-valued function,

y = f(x). (4.3.26)
Using elementary geometry, we find that
n—(fe.te,) b (e 4 f'e,)
. T Yy )y T y)s

=@ (5 )7

ds
— =1 12 4.3.2
C=VIER, (43.27)

where a prime denotes a derivative with respect to x. Substituting these expressions into
the formula (4.3.7) for the curvature, and simplifying, we derive the expressions

f// 1 1 / f/ 1
k= T+ )32 - ?( M+ f’2) B _(‘ /1+ f/2) ' (4.3.28)
The slope angle of the interface, 6, is defined by the equation

tan = f’. (4.3.29)

We note that the fraction in the second expression of (4.3.28) is equal to |cos @] and derive
the alternative expression

_ 1 d|cosf|

f= T (4.3.30)
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The curvature of an interface that is described parametrically by the functions
z = X(), y=Y(&) (4.3.31)
is given by

Xee Ve = Yee X
= (4.3.32)
(XE +Y2)%
where a subscript denotes a derivative with respect to the parametric variable, £. Formula
(4.3.28) arises by setting & = x.

PROBLEMS

4.3.1 Curvature of an ellipse

Consider a horizontal ellipse centered at the origin of the zy plane, described in parametric
form by the equations x = acosn and y = bsinn, where 7 is the natural parameter of the
ellipse varying between 0 and 27, and a, b are the ellipse semi-axes. Derive an expression
for the curvature of the ellipse in terms of a, b, and 1. Confirm that, as b tends to a, the
curvature of the ellipse reduces to that of a circle.

4.3.2 B Computation of the curvature

A line in the xy plane can be described by a set of N + 1 marker points with coordinates
(zi,y;) for i=1,...,N + 1. An approximation to the components of the tangent vector at
the ith point is provided by the central-difference formulas

(i) — Fit1 = Li-1 (i) _ Yi+1 —Yi-1
ta AL, ty AR (4.3.33)

where

1/2

Al = [(zip1 — 2io1)® + (Y1 — 4i1)” ] (4.3.34)

The derivatives of the components of the tangent vector with respect to arc length can be
approximated with the corresponding formulas

dtfg) tgci-&-l) B tgi,—l) dfst) 7f('H—l) - t(i—l)
= , LA v (4.3.35)
de Al de Al
The components of the outward normal vector at the marker points are given by
R 0} (4.3.36)

Write a computer program that reads or generates the coordinates of a set of marker
points, computes the right-hand sides of (4.3.33)—(4.3.36), and then evaluates the curvature
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(a) (b)

Fluid 1
n(1) Fluid 1

r

Fluid 2 Fluid 2

Figure 4.4.1 (a) lllustration of of a thin fluid layer straddling a three-dimensional interface. The
surface tension pulls the interfacial patch in the direction of the unit tangent vector, t. (b) The
mean curvature of a three-dimensional surface is equal to the average of two directional curvatures
in two perpendicular planes containing the normal vector.

at the marker points from the expression kK = —n - dt/d¢. Perform a series of computations
with marker points distributed evenly along a circle, and compare the numerically computed
with the exact curvature.

4.3.3 B Motion induced by curvature

Interfaces exhibit a variety of motions under the influence of surface tension. In a simplified
model, point particles distributed along a two-dimensional interface move normal to the
interface with velocity that is proportional to the local curvature. If X is the position
of the ith marker point, then the motion of the marker point is described by the vectorial
differential equation

dx @)

3 = (4.3.37)

where ¢ stands for time, n() is the outward normal vector, and & is the curvature.

Write a computer program that computes the motion of marker points distributed along
an interface using the finite-difference approximations discussed in Problem 4.3.2 and the
modified Euler method for integrating in time the differential equations (4.3.37). Run the
program to compute the evolution of marker points distributed along a circle or an ellipse
with axes ratio equal to two. Discuss the nature of the motion in each case.

4.4 Force balance at a three-dimensional interface

In Section 4.3, we derived a force balance at a two-dimensional interface and discussed
the computation of the curvature. To derive the counterpart of the force balance equation
(4.3.11) for a three-dimensional interface, we consider a thin material patch straddling the
interface, as illustrated in Figure 4.4.1(a).

Let n(!) be the unit vector normal to the interface pointing into fluid labeled 1, and r
be the unit vector tangential to the edge of the patch, C. Surface tension pulls the layer



198 Fluid Dynamics: Theory, Computation, and Numerical Simulation

in the direction of the unit vector t that is tangential to the interface and normal to both
n(® and r. Recalling the geometrical interpretation of the outer vector product, discussed
in Section 2.3, we write

t=rxn. (4.4.1)
All vectors involved in this equation are unit vectors, that is, they have unit length.

Next, we balance the surface force due to the fluid stresses on either side of the interface
and the edge force due to the surface tension, writing

(n®M.eMW)YAS + (n?.e@)AS + 7{ ytdl =0, (4.4.2)
Je
where AS is the surface area of the patch, £ is the arc length around the edge of the patch, C,
and n® is the unit vector normal to the interface pointing into the fluid labeled 2. Equation
(4.4.2) is the three-dimensional counterpart of equation (4.3.1). Setting n® = —n(!) and
rearranging, we obtain

Af =0 . (V) — @) = ’Ais 7{ . (4.4.3)
JC

In the limit as the loop C shrinks to a point and AS tends to zero, equation (4.4.3) provides
us with the expression

0
Af =2k, n® — a% T, (4.4.4)
subject to the following definitions:

e k., is the mean curvature of the interface defined in terms of the surface divergence
of the unit normal vector, as discussed in Section 4.4.1.

e T is the unit vector tangent to the interface pointing in the direction where the surface
tension changes most rapidly.

e ( is the arc length measured in the direction of the tangential vector 7, and 9~/ is
the corresponding maximum rate of change of the surface tension with respect to arc
length.

The first term on the right-hand side of (4.4.4) expresses a discontinuity in the normal di-
rection identified as the Laplace pressure, whereas the second term expresses a discontinuity
in the tangential direction identified as the Marangoni traction.

Tangential coordinates

If the x axis is chosen to be normal to the interface at a point, and correspondingly the yz
plane is tangential to the interface at that point, then

9y i
Af =2k, €, — ay ey — 5, & (4.4.5)

where e, and e, are tangential unit vectors along the y and z axes.
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4.4.1 Mean curvature

If the yz plane is tangential to an interface at a point, then the mean curvature at that
point is given by the surface divergence of the normal vector,

on on
2%km =Vs-n=—2 = 4.4.6
= YT gy T oz (4.46)
Requiring that
n? + ni +n?=1, (4.4.7)
and then
ong ony ong
I — — ——— =0, 4.4.8
& ox + dy o 0z ' ( )

and setting n, =, n, = 0, and n, = 0, we find that On,/0x = 0, which shows that the
normal derivative of the normal component of the normal vector is zero. This property
allows us to write the more general expression

on, On, On,
+ =24

2 'm = ' - )
" Voo Ox y 0z’

(4.4.9)

with reference to an arbitrary system of Cartesian coordinates whose axes are not necessarily
tangential or normal to the interface.

Mean curvature of a surface described as F(x,y,z) =0
A three-dimensional interface can be described implicitly by an equation of the form
F(z,y,z) =0. (4.4.10)

Given two of the three coordinates, z, y, or z, this equation can be used to compute the third
coordinate by analytical or numerical methods. The unit vector normal to the interface is
given by

1
= = VF 4.
n V] (4.4.11)
and the mean curvature is given by
Ui = V ( ! VF) ! g2p_ 1 gr.(vvr).vE 4.4.12
Rm = ‘N~ o = T BTy : . y 4.
VE| V] VEP (4.4.12)

where VV F' = ® is a symmetric matrix encapsulating the second partial derivatives,

0*F
P, = . 4.4.1
' O0x;0x; ( 3)
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Mean curvature of a surface described as z = f(x,y)
For an interface that is described explicitly by a function

z = f(z,y), (4.4.14)

we set F(x,y,z) =z — f(x,y) and derive the formula

(L + ) faw = 2fafyfoy + L+ £2) fuy
A+ f2+ £3)22 ’

where the subscript x denotes a derivative with respect to x and the subscript y denotes a

derivative with respect to y.

26m = —

(4.4.15)

For a nearly flat interface, the partial derivatives are small compared to unity, yielding

26m 2 —(foz + fyy)- (4.4.16)

The term inside the parentheses is the Laplacian of f(z,y).

Spherical polar coordinates

The unit normal vector for an interface that is described in spherical polar coordinates,
(/r" 0’ 80)7 as

r=f(0,9), (4.4.17)
is computed from (4.4.11) with
f9 fap

VF=e.—*—¢ey— e,, 4.4.18
T rsing ¥ ( )
where a subscript after f indicates a corresponding partial derivative.

For a nearly spherical interface of radius r, the mean curvature can be approximated
with the linearized expression

(4.4.19)

- A fsw
r2sin?0

involving first and second partial derivatives.

4.4.2 Directional curvatures

To compute the mean curvature of a three-dimensional interface, we consider the traces of
the interface in two conjugate orthogonal planes that are normal to the interface at a point,
and thus contain the normal vector, as depicted in Figure 4.4.1(b).

If k1 and ko are the curvatures of the two traces at that point, computed using formula
(4.3.5) with the x and y axes residing in each of the two planes, then the mean curvature
of the interface is given by

Kom = 3 (k1 + K2). (4.4.20)
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A theorem due to Euler reassures us that the mean value of the conjugate directional
curvatures is independent of the orientation of the two planes, provided that the planes
remain mutually orthogonal.

Principal curvatures

There is a particular orientation of the normal plane corresponding to maximum directional
curvature, Kmax, and a conjugate orthogonal orientation corresponding to minimum direc-
tional curvature, kmin. These are the principal curvatures of the interface at the chosen
point. The mean curvature is

1
Rm = 3 (’imax = ’imin)~ (4421)
In the case of a sphere, the principal curvatures and the mean curvature are equal.

Euler’s theorem states that the curvature in an arbitrary direction is related to the
principal curvatures by

K = Kmax COS> @ + Kmin Sin? a, (4.4.22)
where « is the angle subtended between (a) the tangential vector pointing in a chosen
direction, and (b) the tangential vector pointing in the direction of maximum curvature.
4.4.3 Axisymmetric interfaces

Next, we consider the geometrical properties of an axisymmetric interface, as shown in
Figure 4.4.2. The mean curvature is the average of the two principal curvatures: one is
the curvature of the trace of the interface in the oz (azimuthal) plane, corresponding to a
certain value of the azimuthal angle, ¢, denoted by k1, and the second is the curvature of
the trace of the interface in the conjugate orthogonal plane, denoted by k.

Description as o = w(x)

The shape of an interface in an azimuthal plane can be described by a function,

o= w(z), (4.4.23)
as shown in Figure 4.4.2(a). The unit normal vector is
1
n=—— (e, —w'e,;), (4.4.24)

V1+w?

where a prime denotes a derivative with respect to . The mean curvature is given by the

divergence of the normal vector,

d(one)
0o

1
Qi = == + = (4.4.25)
ag

ox

Making substitutions, we obtain

/

Uiy = —(ﬁ)/ + é 800(\/11W) (4.4.26)
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Figure 4.4.2 lllustration of an axisymmetric interface. (a) The second principal curvature at a point
in the xy plane is the curvature of the line representing the trace of the interface in a plane that is
normal to the interface and normal to the xy plane, drawn as a heavy line. (b) An axisymmetric
interface can be described by a function 2 = f(o). The second principal curvature is the curvature
of the line drawn with a heavy line.

Carrying out the differentiations, we find that
w” 1 1

or
1 w /
2 Ko, = W (ﬁ) o (4428)

The first term on the right-hand side of (4.4.27) is the principal curvature in an azimuthal
plane. The second term is the second principal curvature,

1
Ky = — Ro=oV1+uw?2=— =2, (4.4.29)

Ry’ sin¢  ng

where Ry is the second principal radius of curvature and the angle ( is defined in Figure
4.4.2(a). We have found that Ry is the signed distance between (a) the point where the
curvature is evaluated and (b) the intersection of the extension of the normal vector with
the x axis. If n, is negative, Ry is also negative.

In the case of a sphere, points A and B in Figure 4.4.2(a) coincide with the center of
the sphere, and both principal curvatures are equal to the radius of the sphere.

Description as x = f(o)
Alternatively, the shape of an interface can be described by a function

x = f(o), (4.4.30)
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as shown in Figure 4.4.2(b). The unit normal vector is given by

ne— (e, fe) (4.4.31)

N

where a prime denotes a derivative with respect to o. The mean curvature is given by the
divergence of the normal vector,

ong 1 d(one)
2 m — - . 4.4.32
" Jdr o OJo ( )
Making substitutions, we obtain
1 af’ !
i = == (=) . 4.4.33
o\t )" )
Carrying out the differentiations, we find that
1 1 /
26m = — f - f (4434)

CEFDEE e )

The first term on the right-hand side is the principal curvature in a meridional plane,

f‘// 1 ( 1 )/
o o ). 4.4.35
S e R AW ey .
The second term is the second principal curvature,
1 o o o
- R, = —— /1 2 = = 4.4.
K2 = 7. = VIH = = (4.4.36)

where Ry is the second principal radius of curvature and the angle ( is defined in Figure
4.4.2(b).

PROBLEMS

4.4.1 Mean curvature

(a) Compute the mean curvature of a periodic surface described by the equation
z = asin(kx) + bsin(ly), (4.4.37)

where a, b, k, and [ are given constants. State the units of each constant.

(b) Based on formula (4.4.20) and its accompanying interpretation discussed in the text,
show that the mean curvature of a sphere of radius a is equal to k,, = 1/a, whereas the
mean curvature of a circular cylinder of radius a is equal to &, = 1/(2a).

(¢) The sphere and the circular cylinder are two shapes with constant mean curvature.
Describe and discuss one additional shape.

4.4.2 Jump n traction in local coordinates

Derive the counterparts of equations (4.3.15) and (4.3.16) for a three-dimensional interface.
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%

Figure 4.5.1 The traction exerted at the three sides of a cubical parcel of a stationary fluid has only
a normal component defined in terms of the thermodynamic pressure, p.

4.5 Stresses in a fluid at rest

If a fluid does not exhibit macroscopic motion as seen by a stationary observer, that is,
the observable fluid velocity vanishes, the molecules are in a state of dynamic equilibrium
determined by the physical conditions prevailing in their immediate environment.

Consider a small cubic fluid parcel with all six faces perpendicular to the z, y, or z
axis, as illustrated in Figure 4.5.1. In the absence of macroscopic fluid motion, the traction
exerted on the sides that are perpendicular to the x axis must be directed normal to these
side. To demonstrate this by reduction ad absurdum, we note that, if this were not true, a
tangential component pointing in a physically indeterminate direction would arise. In the
notation of Section 4.2,

0 o0, 17 =0, 19 =0, (45.1)

where £(*) is the traction exerted on the right side of a face that is perpendicular to the
axis.

Similar arguments can be made to show that the traction exerted on the sides that are
perpendicular to the y or z axis are directed normal to these sides,

=0, o W= (452)
and

2 =0, 7 =0, 2 #0. (4.5.3)

If the size of the cubic parcel is infinitesimal, the fluid residing inside the parcel is

perfectly or nearly homogeneous and the non-vanishing components of the three tractions,

;x), f;y), and fz(z), must be identical. By definition, the common value of these normal
components is the negative of the pressure, p,
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We conclude that, in hydrostatics, the stress tensor introduced in equation (4.2.6) in terms
of three tractions is defined exclusively in terms of the pressure, and is given by

—p 0 0 1 0 0
o= 0O —p O0|=-p |0 1 0. (4.5.5)
0 0 —p 0 0 1
In compact notation,
o=—pl, (4.5.6)

where I is the unit or identity matrix shown on the right-hand side of (4.5.5).

Traction on a surface

As an application, we use expression (4.5.6) to evaluate the traction exerted on a surface
that resides inside or at the boundary a stationary fluid. Substituting (4.5.6) into formula
(4.2.10), we find that

f(x,n)=n-(—pI)=—-pn-1, (4.5.7)
and then
f(x,n) = —pn. (4.5.8)

The last equation results from the identity n-I =I-n = n. Equation (4.6.1) shows that the
traction exerted on a surface in hydrostatics is directed normal to the surface and points
against the surface, while the tangential component is identically zero.

Traction on a boundary

Substituting (4.2.20) into expression (4.5.6) to evaluate the traction on a boundary that is
immersed in, or confines a stationary fluid, we obtain

fb()undary _ ninward . (_p I) =—p ninward . I, (459)
and then

fboundary =—p ninward ) (45 10)

The last equality results from the identity ni"Ward . T = n'"Ward " Thys, the traction exerted
on a fluid boundary in hydrostatics is directed normal to the boundary and points against
the boundary, while the tangential component of the traction is identically zero.

4.5.1 Pressure from molecular motions

The hydrostatic pressure distribution established in a fluid at rest cannot be computed
working exclusively in the context of fluid mechanics. Additional information concerning the
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relationship between the density and the pressure for a particular fluid under consideration
is required.

Gases

Molecular thermodynamics states that the pressure of a small gas parcel is determined by
(@) the number of molecules residing inside the parcel expressed by the local fluid density,
p, (b) the kinetic energy of the molecules determined by the absolute temperature, T', and
(¢) the nature and intensity of the intermolecular forces due to an intermolecular potential.

For an ideal gas, intermolecular forces are negligible and the pressure derives from the
density and temperature in terms of the ideal gas law,

_RT

= . 4511
P=r P ( )

where M is the molecular mass, defined as the mass of one mole comprised of a collection
of N molecules;

N = 6.022 x 10%° (4.5.12)
is the Avogadro number;
R = 8.314 x 10°kgm?/(sec? - kmole - K) (4.5.13)

is the ideal gas constant; T is Kelvin’s absolute temperature, which is equal to the Celsius
centigrade temperature reduced by 273 units. The gram-molecular mass of an element is
equal to the atomic weight of the element listed in the periodic table, expressed in grams.

Liquids

Because liquids are nearly incompressible, the pressure can be regarded a function of the
density alone, independent of pressure. The computation of the hydrostatic pressure distri-
bution in gases and liquids will be discussed in detail in Chapter 5.

4.5.2 Jump in pressure across an interface in hydrostatics

Equations (4.3.11) and (4.4.4) provide us with expressions for the jump in the traction
across a two- or three-dimensional interface. If the fluids on either side of the interface are
stationary, the corresponding stress tensors are given by (4.5.6) in term of the pressure and
the jump in the traction is given by

Af =nY . (W) — @) =n® . [—pW T - (—pP 1)), (4.5.14)
where the superscript 1 or 2 denotes the choice of fluid. Simplifying, we obtain
Af = (p® — pWynW®), (4.5.15)

Because the jump in traction is normal to the interface, surface tension variations are not
accepted in hydrostatics.
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Comparing the right-hand side of (4.5.15) with the right-hand side of the force equilib-
rium equation (4.3.11) for a two-dimensional interface with uniform surface tension, v, we
find that

(2) 1)

B = =5 (4.5.16)

where k is the curvature of the interface. We have shown that the jump in the pressure
across a two-dimensional interface in hydrostatics is equal to the product of the surface
tension and the curvature of the interface.

Working in a similar fashion for a three-dimensional interface, we refer to (4.4.4) and
find that

pA =W =52k, (4.5.17)

where k,, is the mean curvature of the interface. We have found that the jump in the
pressure across a three-dimensional interface in hydrostatics is equal to the product of the
surface tension and twice the mean curvature of the interface.

Laplace’s law

As an application, we compute the jump in pressure across a spherical interface of radius
a representing the surface of a liquid drop or bubble. Designating the outer fluid as fluid 1
and the inner fluid as fluid 2, we find that the mean curvature is k,, = 1/a. Consequently,
the pressure jump across the spherical interface is given by Laplace’s law,

p®@ —pM =9 g (4.5.18)
The pressure inside a drop or bubble is higher than the ambient pressure due to the interfacial

tension by 2v/a.

PROBLEMS

4.5.1 Jump in pressure across a circular interface

Derive an expression for the jump in pressure across a circular interface of radius a repre-
senting the trace of a cylindrical thread in the zy plane.

4.5.2 Curvature of a soap film

Explain why the mean curvature of a thin soap film attached to a wire frame must be zero.

4.6 Constitutive equations

In the absence of macroscopically observable fluid motion, the traction exerted on a specified
side of a small fluid surface indicated by the unit normal vector, n, is given by equation
(4.6.1),

f(x,n) = —pn, (4.6.1)
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(a) (b)

Figure 4.6.1 (a) Stretching of a liquid bridge between two coaxial cylinders that are pulled apart
along their axes with velocity V. (b) Shear flow in a two-dimensional channel confined between
two parallel plates located at y = 0 and h; the motion is due to the parallel translation of the
upper plate with velocity V.

in terms of the pressure, p. In the presence of macroscopic fluid motion, this equation is
modified in two ways. First, the normal component of the traction is accompanied by a new
contribution that depends on the physical properties of the fluid and the nature of the fluid
motion. Second, a tangential component of the traction is established.

To understand how these new contributions arise from a physical point of view, it is
helpful to consider the tractions developing in two complementary flows: (a) an extensional
flow where the fluid stretches and elongates, and (b) a channel flow where the fluid is sheared
due to boundary motion, as shown in Figure 4.6.1.

Stretching of a thread

In one experiment, a thread of liquid is suspended between two rods forming an axisymmetric
bridge, and the rods are pulled apart with velocity V extending the thread, as illustrated
in Figure 4.6.1(a). A force is required to pull the rods apart and thus overcome the normal
component of the hydrodynamic traction imparted by the fluid to the tips of the rods, so
that

i (4.6.2)

where p is the pressure discussed in Section 4.5 in the context of hydrostatics, Our intu-
ition suggests that the faster the rods are pulled apart, the higher the magnitude of the
normal component of the traction. The greater the distance between the rods, the lower the
magnitude of the normal component of the traction.
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For most common fluids, a linear relationship exists between the traction, the velocity
of the rods, and the inverse of their distance, so that

o v
F5 = =p+ 2 prex (4.6.3)

f 9
where L is half the instantaneous distance between the rods and jieyt is a physical constant
associated with the fluid called the extensional viscosity of the fluid.

Shearing of a layer

In another experiment, a fluid is placed in a channel confined between two parallel plates.
The upper plate translates in the direction of the z axis parallel to itself with constant
velocity V', while the lower plate is held stationary, as depicted in Figure 4.6.1(b). A force
in the x direction must be exerted on the upper plate to balance the tangential component
of the traction developing due to the fluid motion, so that

) +£o. (4.6.4)

The faster the velocity of the translating plate, the higher the magnitude of the traction;
the greater the distance between the two plates, the lower the magnitude of the traction.

For most common fluids, a linear relationship exists between the traction, the velocity
of the moving plate, and the inverse of the distance between the plates, h,

\%4
ffw = Mshear 7 (4.6.5)

where fishear 1S & physical constant associated with the fluid called the shear viscosity of the
fluid.

4.6.1 Simple fluids

We have demonstrated by example that stresses develop in a fluid as a result of the motion.
To proceed further, we consider the tractions developing at the surface of a small fluid parcel
in motion and argue the following properties characterizing a simple fluid:

e If a fluid parcel translates, rotates, or translates and rotates as a rigid body, tractions
do not develop at the parcel surface.

e Tractions develop only when a parcel deforms.

e The distribution of traction over the parcel surface at any particular time instant
depends only on the type and rate of deformation of the parcel at that particular time
instant.

Our analysis of kinematics in Chapter 2 has revealed that a small spherical fluid parcel in mo-
tion deforms to obtain an ellipsoidal shape whose axes are parallel to the three eigenvectors
of the rate-of-deformation tensor given in Table 2.1.1. The directional rates of deformation
are equal to the corresponding eigenvalues.
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Table 4.6.1 Components of the stress tensor for an incompressible Newtonian fluid in Cartesian
coordinates.

Temperature (°C)  Water (cp) Air (cp)

20 1.002 0.0181
40 0.653 0.0191
80 0.355 0.0209

Table 4.6.2 The viscosity of water and air at three temperatures; cp stands for centipoise, which is
one hundredth of the viscosity unit poise defined as 1 g/(cm sec). Thus, cp= 10"2g/(cm sec).

With these observations as a point of departure, we proceed to relate the stress tensor to
the physical properties of the fluid and to the structure of the velocity field by a constitutive
equation.

4.6.2 Incompressible Newtonian fluids

The constitutive equation for an incompressible Newtonian fluid reads
o=-pl+pu2E, (4.6.6)

where p is the pressure, the coefficient p is the fluid viscosity, sometimes also called the
dynamic viscosity, and E is the rate-of-deformation tensor given in Table 2.1.1. Note that
the Newtonian constitutive relation respects the symmetry of the stress tensor discussed
at the end of Section 4.2. Explicitly, the components of the stress tensor are given by the
matrix equation shown in Table 4.6.1. The viscosity of water and air at three temperatures
is given in Table 4.6.2.

In the absence of flow, we recover the hydrostatic stress tensor defined in equation
(4.5.6), involving the hydrostatic pressure alone.

Unidirectional shear flow

As an example, we consider flow in a two-dimensional channel confined between two parallel
plane walls. The motion of the fluid is generated by the translation of the upper wall, as
shown in Figure 4.6.1(b). Physical intuition suggests that, at low and moderate velocities,
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the fluid will translate along the x axis with a position-dependent velocity u, varying along
the y axis; to signify this dependence, we write u, (y). Using equation (2.1.28), we find that
the rate-of-deformation tensor is given by

1 0 ddum
1
E - 5 d’U,;I; J . (467)
dy
Substituting this expression into the right-hand side of (4.6.6), we obtain the stress tensor
duy
PR
o = d’ll,_»l/- ‘ . (468)
4 dy D

The off-diagonal components involving the local slope of the velocity profile, du,/dy arise
as a result of the fluid motion.

The x component of the traction exerted on a fluid surface that is perpendicular to the
y axis, identified as the shear stress, is

duy

= UK Ty. (4.6.9)

f;y) = Oys
Physically, this traction can be attributed to the friction experienced by adjacent fluid layers
as they slide over one another with gradually varying velocities.

4.6.3 Viscosity

Strictly speaking, the viscosity of a Newtonian fluid is a proportionality coefficient relating
the stress tensor to the rate-of-deformation tensor, as shown in equation (4.6.6). However,
it is reassuring to know that this mathematical definition, established by phenomenological
observation, has a firm physical foundation. In fact, the viscosity is a genuine physical
property dependent on the local physical conditions, including the temperature.

As the temperature increases, the viscosity of liquids decreases whereas the viscosity
of gases increases, as shown in Table 4.6.2. This dichotomy is a reflection of the differ-
ent physical mechanisms that are responsible for the development of stresses in these two
complementary classes of fluids.

In the case of liquids, the viscosity is due to occasional molecular excursions from a
mean position to neighboring empty sites. In the cases of gases, the viscosity is due to the
relentless molecular excursions from regions of high velocity to regions of low velocity in the
course of random motion due to thermal fluctuations.

4.6.4 Viscosity of a gas

To demonstrate the relation between molecular and macroscopic fluid motion, we consider
a gas in unidirectional shear flow and derive an expression for the viscosity in terms of
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molecular properties. In the simplest kinetic theory, the molecules are modeled as rigid
spheres moving with the local fluid velocity defined in Section 1.4, and with a randomly
fluctuating velocity. The square of the average magnitude of the fluctuating component is
8 kT

7P = 2 4.6.10

ST E M (46.10)
where kg is the Boltzmann’s constant, 7' is the absolute temperature, and M is the molecular
mass. In the course of the random motion, two molecules occasionally collide after having
traveled an average distance equal to the mean free path, \.

Consider a macroscopically stationary gas with vanishing fluid velocity. The number
of molecules crossing an infinitesimal surface area during an infinitesimal time interval as a
result of the fluctuating motion is denoted by 7crossing. Using principles of statistical me-
chanics, we find that nepossing 1S proportional to (a) the number of molecules per infinitesimal
volume, defined as the number density n, and (b) the average magnitude of the fluctuating
velocity, v. It can be shown that

1 _
Necrossing = 7 N V- (4611)

The units of Nerossing are number of particles over time and length squared.

A molecule crossing a surface at a particular instant has collided with another molecule
above or below the surface at an average distance a. Using principles of statistical mechanics,
we find that

A, (4.6.12)

where A is the mean free path. Relations (4.6.11) and (4.6.12) have been derived taking into
consideration that, since the molecules move randomly in all directions, only one component
of the velocity brings them toward the crossing surface under consideration.

Relations (4.6.10)—(4.6.12) also hold true when the fluid exhibits macroscopic motion,
provided that the molecular velocity is computed relative to the average velocity at the
position where a molecule last underwent a collision.

Momentum transport

Shown in Figure 4.6.2 is a schematic illustration of the instantaneous distribution of molecules
in a gas undergoing unidirectional shear flow along the x axis. Without loss of generality,
we have assumed that the fluid velocity increases in the positive direction of the y axis. In
the course of the motion, gas molecules cross a horizontal plane corresponding to a certain
value of y, drawn with the heavy horizontal line, from either side. Because the x velocity of
molecules crossing from above is higher than the x velocity of molecules crossing from below,
2« momentum is transferred in the negative direction of the y axis. The rate of transport of =
momentum across a surface that is perpendicular to the y axis amounts to a hydrodynamic
traction, fi¥.
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Figure 4.6.2 A molecular model of a gas in shear flow is used to derive an expression for the viscosity
in terms of molecular properties, as shown in equation (4.6.17).

The rate of momentum transport defined in the last paragraph can be quantified by
setting
fW = - M (0L inets — Moossing¥a ), (4.6.13)

crossing “'x crossing “x /7

where u,, is the fluid velocity and the superscripts + and — indicate that the superscripted
variable is evaluated at a distance equal to a above or below the transport surface. Effec-
tively, the collection of molecules crossing the y plane during an infinitesimal period of time
are represented by model molecules distinguished by the following two important properties:

e The model molecules last underwent a collision at a distance a above or below the y
plane.

e The model molecules move with an average velocity that is equal to the local fluid
velocity evaluated at the position of the last collision.

Because the flow is unidirectional, the mean fluid velocity normal to a horizontal plane is
zero and the number of molecules crossing the y plane from either side during an infinitesimal
time period are equal,

o =n (4.6.14)

Nerossing — Merossing -
Combining equations (4.6.11)-(4.6.13), we obtain
O = MLng Ug —Up 4y (4.6.15)
i 7 2a 3

Since a is small compared to the macroscopic length scale of the shear flow, the fraction on
the right-hand side can be approximated with a derivative, yielding the final result
du,

: 1 o
W = 3 nMTA TR (4.6.16)
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Now comparing equations (4.6.16) and (4.6.9), we derive an expression for the viscosity
of a gas in terms of the number density, n, the molecular mass, M, the magnitude of the
fluctuating velocity component, v, and the mean free path, A\,

=5 nMTA. (4.6.17)

The units of the four terms on the right-hand side following the numerical fraction % are as
follows:

Particle Mass Length Mass

Length = —————, 4.6.18
X Leng Length Time’ ( )

X : X :
Volume  Particle Time
as required.

We have derived the Newtonian constitutive equation from molecular considerations
and obtained a prediction for the viscosity of a gas in terms of molecular properties.

4.6.5 Ideal fluids

If the viscosity of a fluid vanishes, the fluid is frictionless and is called ideal. The stress
tensor in an ideal fluid is given by a simplified version of (4.6.6),

o=—-pL (4.6.19)

However, in practice, no fluid is ideal and the absence of viscosity should be interpreted
strictly as insignificance of hydrodynamic forces or stresses associated with the fluid viscosity.
Viscous stresses are always important near solid boundaries, as discussed in Chapter 10. The
formal requirement for viscous stresses to be negligible will be discussed in Chapter 6 with
reference to the Reynolds number.

4.6.6 Significance of the pressure in an incompressible fluid

The physical interpretation of the pressure in the Newtonian constitutive equation (4.6.6),
or any other constitutive equation, is not entirely clear. Strictly speaking, the pressure is a
mathematical entity defined in terms of the trace of the stress tensor,

p= f% trace(o) = f% (Ozz + Oyy + 022). (4.6.20)

All we can say with confidence is that, as a fluid becomes quiescent, the dynamic pres-
sure reduces to the hydrostatic pressure computed from consideration of random molecular
motions.

In the case of compressible gases, an equation relating the pressure to the density to
the temperature can be derived working in the framework of equilibrium thermodynamics,
as discussed in Section 4.7
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PROBLEMS

4.6.1 Flow in a channel.

Consider steady unidirectional flow in a channel due to the translation of the upper wall, as

depicted in Figure 4.6.1(b).
(a) Perform a force balance over a rectangular fluid layer confined between two y levels to
show that, if the pressure is uniform, the shear stress féy) must be independent of y.

(b) Having established that féy) is constant, solve the first-order differential equation (4.6.9)
for u, in terms of y subject to the no-slip boundary conditions u,(y = 0) = 0 and wu,(y =

h) =V, and evaluate fw(y) in terms of u, V, and the channel width, h.

4.6.2 Extensional flow

(a) Consider a two-dimensional extensional flow in the xy plane with velocity components
Uy = &x, uy = =&y, (4.6.21)

where £ is the rate of extension with units of inverse time. The corresponding pressure field
is uniform throughout the domain of flow. Confirm that the fluid is incompressible, sketch
the streamline pattern, and evaluate the stress tensor.

(b) Repeat (a) for axisymmetric extensional flow with Cartesian velocity components
U, = &x, Uy = 7% &y, Uy = —= £. (4.6.22)

(¢) The axisymmetric extensional flow discussed in (b) describes the motion inside the
thread illustrated in Figure 4.6.1(a). Assuming that the fluid is Newtonian, compute the
force necessary to pull the rods apart with velocity V in terms of the half-length of the
thread, L, the fluid viscosity, i, and the cross-sectional area of the rods, A.

4.7 Pressure in compressible fluids

Consider a small fluid parcel of a compressible gas with volume V. To decrease the volume
of the parcel by a differential amount, dV', we may apply an external pressure, p, by way of
an ideal frictionless piston. The differential work required to carry out this reduction is

W = —pdV = —pndv, (4.7.1)

where n is the number of moles contained in the parcel and v is the specific volume defined
as the volume occupied by one mole of gas; by definition,

V = nv. (4.7.2)

In our experiment, dV and dv are both negative due to compression, while dW is positive.
In the case of expansion, dV and dv would be both positive, while 6/ would be negative,
indicating that energy would be released instead of supplied.
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The notation §W emphasizes that the differential work can be computed only after the
frictional properties of the piston have been specified. In formal thermodynamics, we say
that W is an inexact differential.

Part of the work in compression or expansion is spent to increase the temperature of the
parcel, T, by a differential amount, dT, and therefore the internal (thermal) energy of the
parcel, U, by a differential amount, dU. The remainder of the work escapes as a (negative)
process-dependent heat loss, 6Q).

Energy conservation for a closed system in the absence of significant kinetic or potential
energy requires that

dU = oW +6Q, (4.7.3)
which can be rearranged as
oW =dU — Q. (4.7.4)

A certain change in internal energy, dU, can be achieved by different combinations of §W
and Q) satisfying this equation.

Reversible process

To quantify the heat loss in the case of a reversible process, we write
0Qrey = T'dS, (4.7.5)
and obtain
Wiey = dU —T°dS, (4.7.6)

where S is the entropy. Dividing this equation by the number of moles of the gas, n, we
obtain

OWrey = du — T'ds, (4.7.7)

where

W U S

w=—, u=—, §=— (4.7.8)
n

are the specific work, specific internal energy, and specific entropy.

Now substituting into (4.7.7) the expression dw,ey = —pdv and rearranging, we derive
a process-independent differential relation in the absence of inexact differentials,

du =Tds —pdwv. (4.7.9)

If the specific volume of a gas is made to change by the same small amount, dv, according
to two different processes, the corresponding changes in the specific internal energy, du, and
specific entropy, ds, will be such that equation (4.7.9) is satisfied in both cases.
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Ideal gas

The specific internal energy of an arbitrary gas depends on the temperature, T', and specific
volume, v. Due of the absence of intermolecular forces, the specific internal energy of an
ideal gas depends on the temperature alone. The change in the specific internal energy is
given by

du = ¢, dT, (4.7.10)

where ¢, is the specific heat capacity under constant volume. Substituting this equation
into the balance equation (4.7.9) and rearranging, we find that

Cy p
= —dT + = d1 7.
ds T dT + Tdu, (4.7.11)
which shows that
Co _ (ﬁ) _ (4.7.12)
T aT 7)/

that is, the ratio ¢, /T is the partial derivative of the specific entropy with respect to the
temperature under constant volume. For a mono-atomic ideal gas, ¢, = % R. For a diatomic
ideal gas, ¢, = gR.

Change of entropy

Now solving the equation of state for an ideal gas, pv = RT, for the pressure, and substi-
tuting the result into (4.7.1), we find that

d/
Sw=—pdv=—RT . (4.7.13)
v
Substituting this expression into the balance equation(4.7.11), we obtain
dov dT
—R— =c¢, — —ds. 4.7.14
v “ T ’ ( )
Rearranging, we derive an expression for the change in the specific entropy,
dr d
ds=c, o= + R, (4.7.15)
T v

applicable for an ideal gas.

Next, we treat ¢, as a constant and integrate (4.7.15) between two states labeled A and
B to derive an expression for the difference in entropy,

T
As=sg —5sp =c, In B RIn U—B, (4.7.16)
TA VA
which can be rearranged into
T Cy R
As=sg—sp =1n [(—B) (U—B> } (4.7.17)
A UA
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For example, in the case of constant pressure, pg = pa, we use the equation of state to
write vg/va = T /Ta and

T
As=c,In=2, (4.7.18)
Ta

where ¢, = ¢, + R is the specific heat capacity under constant pressure.

Isentropic compression or expansion

In the case of a constant entropy (isentropic) reversible process, sg = sa, the general
equation (4.7.17) for an ideal gas yields

(%)(%)R =1 (4.7.19)

and thus

TR = A (4.7.20)

)

where A is a constant. This equation provides us with a relation between the specific volume,
v, and the temperature, T. Introducing the density, p = M /v, we write

T¢ = Bp¥, (4.7.21)

where M is the molecular weight and B = A/M" is a new constant. Using the ideal gas
law expressed in the form

_ Mp
=R

T (4.7.22)

we eliminate the temperature and thus obtain a relation between the density and the pressure
in an ideal compressible gas in isentropic transition,

p= Dp", (4.7.23)

where D is a new constant and

wtR ¢

C?) CU

k= (4.7.24)

is the heat capacity ratio.

Speed of sound

The square of the speed of sound, ¢, is given by the formula

2= (%) (4.7.25)
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The right-hand side is the derivative of the pressure with respect to the density at constant
entropy. Using (4.7.23), we find that

Z=Dkpt 1 =2, (4.7.26)
P
and then
RT
2
2_ BT 4.7.27
7 (4.7.27)

The higher the temperature, the faster the speed of sound, in agreement with physical
intuition.

PROBLEM

4.7.1 Speed of sound in the atmosphere

Use equation (4.7.27) to predict the speed of sound in the atmosphere regarded as an ideal
gas with k£ = 1.4 and molecular mass M = 28.97 kg/kmole at 25° C.

4.8 Simple non-Newtonian fluids

The Newtonian constitutive law for an incompressible fluid, expressed by equation (4.6.6),
describes the stresses developing in a fluid consisting of small molecules. Fluids containing or
consisting of macromolecules, such as polymeric solutions and melts, and fluids containing
suspended rigid or deformable particles, exhibit a more complicated behavior described
by more involved constitutive equations. Examples include pastes, bubbly liquids, and
biological fluids, such as blood.

To derive a constitutive equation for a non-Newtonian fluid, we consider the motion of a
small fluid parcel and seek to establish a relation between the instantaneous traction exerted
on the parcel surface, expressed in terms of the stress tensor, o, and the entire history of
the parcel deformation. In the simplest class of materials, the traction depends only on the
instantaneous rate of parcel deformation expressed by the rate-of-deformation tensor, E.

A distinguishing feature of a non-Newtonian fluid is that the relation between the stress
tensor, o, and the rate-of-deformation tensor, E, is nonlinear. In contrast, the corresponding
relation for a Newtonian fluid is linear.

4.8.1 Unidirectional shear flow

In the case of two-dimensional unidirectional shear flow along the z axis, the Newtonian
shear stress, given by

duy
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can be generalized by allowing the viscosity to depend on the magnitude of the shear rate,
|du, /dy|, where the vertical bars indicate the absolute value. If the viscosity decreases as the
shear rate increases, the fluid is shear-thinning or pseudo-plastic. If the viscosity increases
as the shear rate increases, the fluid is shear-thickening or dilatant.

Physically, the dependence of the viscosity on the shear rate is attributed to changes
in the configuration of molecules, changes in the shape and relative position of particles
suspended in a fluid, and to the spontaneous formation of internal microstructure due to
intermolecular force fields and other particle interactions.

Power-law fluids

The shear stress developing in a certain class of non-Newtonian fluids in unidirectional
shear flow can be described by the Ostwald-de Waele model. In this model, the viscosity is
proportional to the magnitude of the shear rate raised to a certain power,

n—1

; (4.8.2)

duy,

dy

K= Ho

where pi is a reference viscosity and n is the power-law exponent. When n = 1, we obtain
a Newtonian fluid with viscosity po; when n < 1, we obtain a shear-thinning fluid; when
n > 1, we obtain a shear-thickening fluid.

Substituting (4.8.2) into expression (4.6.9), we derive an expression for the shear stress,

dug
dy

n—=1 duy,,

fiy) = Oyx = M0 (483)

dy

When n = 1, we recover the Newtonian shear stress.

4.8.2 Channel flow

As an application, we consider flow in a channel due to the translation of the upper wall with
velocity V', as illustrated in Figure 4.6.1(b). Performing a force balance over a rectangular
fluid layer, we find that, if the pressure is uniform, the shear stress, oy, is independent of
y and the right-hand side of (4.8.3) is constant (Problem 4.5.1).

The fluid velocity at the upper wall located at y = h is equal to the wall velocity, V,
while the fluid velocity at the stationary lower wall located at y = 0 is zero. Integrating
equation du,/dy = ¢, where ¢ is the constant shear rate, and using the aforementioned
boundary conditions, we derive a linear velocity profile with shear rate

du, V

= —, 4.8.4
dy h’ (4.84)

independent of the value of the power-law exponent, n.

Although the velocity profile is linear for any value of n, the magnitude of the shear
stress depends on n, as shown in equation (4.8.3). This distinction emphasizes that the
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Y, du,/dy

Figure 4.8.1 Rheological response of a Bingham plastic showing a yield-stress behavior in unidirec-
tional flow.

kinematic appearance of a flow does not necessarily reflect the magnitude of the stresses
developing in the fluid. Two flows that are kinematically identical may support different
stress fields.

4.8.3 Yield-stress fluids

A class of heterogeneous fluids, called Bingham plastics, flow only when the shear stress
established due to the motion exceeds a certain threshold. Examples include pastes and
concentrated suspensions of fine particles. An idealized constitutive equation between stress
and shear rate for this class of materials is

du,

&y =0 if oyl <m0 (4.8.5)

and

duy,

dy

f;y) = Oyg =T0+ 14 if loys| > 0, (4.8.6)
where 1 is the viscosity and 7y is the yield stress. The relation between the shear stress and
the shear rate is represented by the solid line in Figure 4.8.1.

As an application, we consider the familiar unidirectional flow in a channel confined
between two parallel walls, generated by exerting on the upper wall a force, F', parallel to
the x axis. If the fluid is a Bingham plastic whose rheological behavior is described by
equations (4.8.5) and (4.8.6), a shear flow across the entire cross-section of the channel will
be established only if the externally imposed force F' over a certain length of the channel,
L, counteracting the shear stress, oy, = F/L, is greater than the yield-stress threshold, 7.

Assuming that this occurs, we treat oy, as a constant, solve equation (4.8.6) for du, /dy,
and then integrate with respect to y subject to the boundary condition u,(y = 0) = 0 to
obtain a linear velocity profile,

— 7). (4.8.7)
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The velocity at the upper wall is
uy(y =h) = — (Z —70)=V. (4.8.8)

In practice, equation (4.8.8) allows us to estimate the values of the physical constants u and
7o from laboratory observations.

PROBLEM

4.8.1 Yield-stress fluid

The relation between the shear stress and shear rate for a class of yield-stress fluids in
unidirectional flow is described by the broken line in Figure 4.8.1, where ~. is the critical
shear rate.

(a) State the equations describing this rheological behavior.

(b) Compute the shear stress established in a channel with parallel walls, where the upper
wall translates with velocity V' while the lower wall is held stationary.

4.9 Stresses in polar coordinates

We have discussed tractions and stresses in Cartesian coordinates. In practice, it is often
convenient to work in cylindrical, spherical, or plane polar coordinates, with the benefit of
reduced algebraic manipulations and ease in the implementation of boundary conditions. In
this section, we define the components of the stress tensor in polar coordinates and relate
them to the pressure and to the corresponding components of the rate-of-deformation tensor
using the constitutive equation for an incompressible Newtonian fluid.

4.9.1 Cylindrical polar coordinates

Consider the cylindrical polar coordinates, (z, o, ¢), depicted in Figure 4.9.1(a). The trac-
tion exerted on a small surface that is perpendicular to the x axis, £*), acting on the side
that faces the positive direction of the z axis, can be resolved into its cylindrical polar
components as

where e, e,, and e, are unit vectors pointing, respectively, in the axial, radial, and az-
imuthal direction. Note that the orientation of e, is constant, whereas the orientations of
e, and e, change with position in the flow.

The traction exerted on a small surface that is perpendicular to the distance from the
x axis, £(?), and is thus parallel to the axial and azimuthal directions at a designated center
of the surface, can be resolved into corresponding components as

£0) = f ey + fD ey + e, (4.9.2)
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(a)
y
GGG C.
t\ - NXO-
OoX o
/6 XX
\ Gc(p (p6>—>6(px .
z
(b)
Tea = 7P T 20 Gy Tzo = 0o =1\ 5, Oz
o o (%+18uz) Gur = —p4 2 Ougy
TP — \,OT*,UI 8LU 0'8(,0 ) oo — P iu‘ao_
Ogp = Opo = (Ug(ui>+laug) Opp=—D+2 (l%+&>
op = Tpo =1 o\ o o dp )’ v = 7P ® o Oy o

Table 4.9.1 (a) Physical depiction of the components of the stress tensor in cylindrical polar coor-
dinates and (b) expressions for the components of the stress tensor in a Newtonian fluid. Note
that the stress tensor remains symmetric in these coordinates.

The traction exerted on a small surface that is normal to the azimuthal direction, f(¥),
can be resolved as

£0) = fP e, + fP e, + fg(f) e,. (4.9.3)

Stacking the coefficients of the unit vectors on the right-hand sides of (4.9.1)—(4.9.3) on
top of one another in a particular order, we obtain the cylindrical polar components of the
stress tensor,

féL) f(s:l;) fé(l?)
(0ap) = | £ 17 15|, (4.9.4)

AN

where Greek indices stand for z, o, or ¢. We have used large parentheses instead of the
square brackets to indicate that the matrix shown in (4.9.4) should not be misinterpreted
as a Cartesian tensor.

Now we define

gas = [, (4.9.5)
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where Greek indices stand for x, o, or ¢. With the convention expressed by (4.9.5), the
cylindrical polar components of the stress tensor are collected in the matrix

(Uaﬁ) = Ocz Ogo  Ooggp . (496)

Opz  Opo Tpp
This matrix should not be misinterpreted as a Cartesian tensor.

Newtonian fluids

The stress components in an incompressible Newtonian fluid derive from the constitutive
equation (4.6.6) as shown in Table 4.9.1(a). To derive these relations, we may write

£ =5, e, + Ozy€y + 0z €, (4.9.7)
for the axial component,

£ = £ cosp + &) singp (4.9.8)

= (oypes+oyyey+oy.€.) cosp+ (0.n€p +0.y€y+0..€,) sing,
for the radial component, and

£9) = —f®) sinp + £*) cos g (4.9.9)

=—(oyz €y +0oyyey +0y.€;)sinp+ (0,56, +0.y€, +0..€;) cosp,
for the azimuthal component. Substituting
€, =€, COSp — €, sinp, e, =e, sinp + e, cosp, (4.9.10)
and consolidating terms multiplying the unit cylindrical polar vectors in (4.9.7), we obtain

O(uy cos ¢ + u, sin @)
Ox

. Ouy . Ouy

Ogo = Ogy COSQY + Oy SINQY = [4 (cosgo —— +sinyp —) +
y 0z

(4.9.11)

and

%) oy O(—uy sing + u, cos p) ’
0z ox

(4.9.12)

. . Ouy
Opp = —Ogy SINQ + 04, COS P zu(—smwafy +cosp

which reproduce the second and third relations in Table 4.9.1(b). The rest of the relations
can be derived working in a similar fashion. More expedient methods of deriving these
relations are available.!

LPozrikidis, C. (2011) Introduction to Theoretical and Computational Fluid Dynamics. Second Edition,
Oxford University Press.
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Table 4.9.2 (a) Physical depiction of the components of the stress tensor in spherical polar coordi-
nates and (b) components of the stress tensor in a Newtonian fluid. Note that the stress tensor
remains symmetric in these coordinates.

4.9.2 Spherical polar coordinates

Consider a system of spherical polar coordinates, (1,6, ¢), defined in Table 4.9.2(a). The
traction exerted on a small surface that is normal to the distance from the origin, acting on
the side of the surface that faces away from the origin, f("), can be resolved into its spherical
polar components as

£ =t e, + 1§ eg + 1) e, (4.9.13)

where e,, eg, and e, are unit vectors pointing in the radial, meridional, and azimuthal
directions.

The traction exerted on a small surface that is normal to the meridional direction
corresponding to the angle 0, and is thus parallel to the radial and azimuthal directions,
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£ can be resolved as

10 = fO e, + £V e + fP e, (4.9.14)

The traction exerted on a small surface that is normal to the azimuthal direction, and
is thus parallel to the radial and meridional directions, £(#), can be resolved as

£f0) = e, + fé“’) e + fy) €,- (4.9.15)
Stacking the coefficients of the unit vectors on the right-hand sides of (4.9.13)—(4.9.15)

on top of one another in a particular order, we obtain a matrix containing the spherical
polar components of the stress tensor,

R PR A

(0ap) = | £ O 0|, (4.9.16)
() () (%)
Jr Jo Jo

where Greek indices stand for x, o, or ¢.

Now we introduce the standard two-index notation for the stress tensor, writing

Oap =

5, (4.9.17)

where Greek indices stand for r, 6, or . With the convention expressed by (4.9.17), the
matrix containing the spherical polar components of the stress tensor is given by

Ory Org Ory
(Uaﬁ) - Tor J90 00y . (4918)
Opr  Opf  Opp

This matrix should not be misinterpreted as a Cartesian tensor.

Newtonian fluids

The stress components for an incompressible Newtonian fluid derive from the constitutive
equation (4.6.6) as shown in Table 4.9.2(b).

4.9.3 Plane polar coordinates

Consider a two-dimensional flow in the zy plane and refer to the plane polar coordinates,
(r,0), depicted in Table 4.9.3(a). The traction exerted on a small segment that is normal
to the distance from the origin, acting on the side facing away from the origin, ("), can be
resolved into its plane polar components as

f(r) = fr(r) e, + f9(7) ey, (4919)

where e, and ey are unit vectors pointing in the radial and polar direction.
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Table 4.9.3 (a) Components of the stress tensor in plane polar coordinates (r, 6) and (b) components
of the stress tensor in a Newtonian fluid. Note that the stress tensor remains symmetric in these
coordinates.

The traction exerted on a small surface that is normal to the direction of the polar angle
6, and is thus parallel to the distance from the origin, f(®), can be resolved as

f(e) = fv(‘O) e, + f0(9> eg. (4920)

Stacking the coefficients of the unit vectors on the right-hand sides of (4.9.19) and
(4.9.20) on top of one another in a particular order, we obtain the plane polar components

of the stress tensor,

A )

0 o |- (4.9.21)
< 1O

Next, we introduce the familiar two-index notation,

gas = [, (4.9.22)

where Greek indices stand for r or §. With the convention expressed by (4.9.22), the matrix
containing the plane polar components of the stress tensor is given by

(0ap) = ( e 00 ) : (4.9.23)

Oor 000

This matrix should not be confused with a Cartesian tensor.
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Newtonian fluids

The stress components for an incompressible Newtonian fluid derive from the constitutive
equation (4.6.6) as shown in Table 4.9.3(b).

PROBLEM

4.9.1 Plane polar coordinates

Work as discussed in the text for the cylindrical polar coordinates to derive the Newtonian
constitutive equations in plane polar coordinates shown in Table 4.9.3.

4.10 Boundary conditions for the tangential velocity

In Section 2.10.1, we discussed the no-penetration boundary condition over impermeable
boundaries and interfaces between immiscible fluids, involving the normal component of
the fluid velocity. Viscous fluids obey an additional boundary condition concerning the
tangential component of the fluid velocity.

4.10.1 No-slip boundary condition

Under most conditions, the vast majority of fluids satisfy the no-slip boundary condition
requiring that:

e The tangential component of the fluid velocity over a solid boundary is equal to the
tangential component of the boundary velocity.

e The tangential component of the fluid velocity is continuous across an interface be-
tween two immiscible fluids.

The no-slip boundary condition has been confirmed in the overwhelming majority of appli-
cations and is the standard choice in mainstream fluid dynamics. Combined with the no-slip
condition, the no-penetration condition requires that the fluid velocity is equal to the local
velocity of an impermeable solid boundary and continuous across an interface.

Physical origin

The physical origin of the no-slip boundary condition over a solid surface has not been
established with absolute certainty. One theory argues that the molecules of a fluid next to
a solid surface are adsorbed onto the surface for a short period of time, only to be desorbed
and ejected into the fluid. This relentless process slows down the fluid and effectively renders
the tangential component of the fluid velocity equal to the corresponding component of the
boundary velocity. Another theory argues that the true boundary condition is the condition
of vanishing shear stress, and the no-slip boundary condition arises due to microscopic
boundary roughness. Thus, a perfectly smooth boundary would allow the fluid to slip.
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4.10.2 Slip boundary condition

Exceptions to the no-slip boundary condition arise in the case of rarefied gas flow, high-
pressure flow of polymer melts, flow near a three-phase contact line where a solid meets
two liquids or a gas and a liquid, and flow past interfaces consisting of dual or multiple
molecular layers that may exhibit relative motion, yielding a discontinuous macroscopic
velocity. The no-slip boundary condition is sometimes relaxed in numerical simulations to
prevent singularities stemming from excessive idealization. One example is the development
of an infinite force on a sharp plate scraping fluid off a flat surface.

Consider steady unidirectional flow in a channel with parallel walls driven by the parallel
translation of the upper wall along the x axis with velocity V', as illustrated in Figure 4.6.1(b).
In this case, we may specify that the fluid slips over the lower wall such that the slip velocity,
uz(y = 0), is related to the wall shear stress by

L L /0u
g = 0) = = 7 :ozf( I) , 4101
where the constant 3 is the slip coefficient and L is a reference length identified, for example,
with the channel width. As § tends infinity, the slip velocity tends to zero and the no-slip
boundary condition prevails. The slip length is defined as ¢ = L/p.

Rarefied gases

In the case of a rarefied gas, the slip coefficient, £, and slip length, ¢, can be rigorously
related to the molecular mean free path, A, by the Maxwell relation

A o

Z =BK, = :
BKn= 52—,

7= (4.10.2)

where K,, = A\/L is the Knudsen number and o is the tangential momentum accommodation
coefficient (TMAC) expressing the fraction of molecules that undergo diffusive instead of
specular reflection. In the limit o — 2 we recover the no-slip boundary condition, 8 — oco.
In the limit ¢ — 0 we recover the perfect-slip boundary condition, 8 — 0.

PROBLEM

4.10.1 Flow in a channel with slip

In the case of shear-driven channel flow illustrated in Figure 4.6.1(b), the pressure is uniform
and the shear stress o,, is constant, independent of y. Assuming that the slip condition
applies at the upper and lower walls, derive expressions for the shear shear and velocity
profile of a Newtonian fluid in terms of V| h, u, and the slip length, ¢.

4.11 Wall stresses in Newtonian fluids

Combining the no-slip boundary condition discussed in Section 4.10.1 with the no-penetration
boundary condition discussed in Section 2.10.1, we derive remarkably simple expressions for
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Figure 4.11.1 Flow over a plane wall subject to the no-slip boundary condition. The wall shear stress
is proportional to the slope of the velocity profile with respect to distance normal to the wall, in
this case y. The normal stress is equal to the negative of the pressure.

the Newtonian traction exerted on a solid surface, called the wall stress, amenable to a
simple physical interpretation.

Consider a viscous flow above a stationary flat solid surface located at y = 0, as il-
lustrated in Figure 4.11.1. The no-slip boundary condition requires that the tangential
components of the velocity, and thus their derivatives with respect to z and x, are identi-
cally zero over the surface,

Ouy ou., Ouy ou.,

where all partial derivatives are evaluated at y = 0. The no-penetration boundary condition
requires that the normal component of the velocity, and thus its derivatives with respect to
z and x, also vanish over the surface,

Ouy Ouy
—= =0, —~ =0, 4.11.2
ox 0, 0z 0 ( )

where all partial derivatives are evaluated at y = 0. Thus, six of the nine components of
the velocity-gradient tensor vanish over the surface.

Shear stress
The two components of the Newtonian shear stress exerted on the surface are given by

Ouy . % Ou,  Ouy

evaluated at y = 0. Using (4.11.2) to simplify (4.11.3), we find that
Ouy u,
—u Ty = pt (4.11.4)
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evaluated at y = 0. Equations (4.11.4) reveal that the wall shear stress is equal to the slope
of the tangential velocity with respect to distance normal to the wall multiplied by the fluid
viscosity in any flow, not just in a unidirectional flow.

Normal stress

The Newtonian normal stress exerted on a solid surface is given by

u
Oyy =—D+21 8717 (4.11.5)
evaluated at y = 0, where p is the pressure. Since the fluid has been assumed incompressible,
we may use the continuity equation (2.9.2) to write

Ouy Oou,  Ou,

i (4.11.6)

evaluated at y = 0, and then invoke the first and fourth equations in (4.11.1) to find that
Ou, /0y = 0. Expression (4.11.5) thus simplifies to

Tyy = =P, (4.11.7)

which shows that the normal stress exerted on a solid surface is equal to the negative of the
pressure.

Generalization

The results displayed in equations (4.11.4) and (4.11.7) apply even when a surface translates
with a constant or time-dependent velocity. Moreover, these results apply when a surface is
curved, provided that the zx plane is tangential to the surface and the y axis is normal to
the surface at the position when the shear and normal stress are evaluated.

PROBLEM

4.11.1 Vorticity at a no-slip surface

Show that the component of the vorticity vector normal to an impermeable wall vanishes,
and thus the vortex lines are tangential to the surface. Hint: Use the second and third of
equations (4.11.1).

4.12 Interfacial surfactant transport

An impure interface between two immiscible fluids is sometimes occupied by a molecular
layer of surfactants affecting the local surface tension, v. Dividing the number of surfactant
molecules residing inside an infinitesimal surface patch centered at a point by the surface
area of the patch, we obtain the surface concentration of the surfactant, I'. The higher the
surfactant concentration of the surfactant, the lower the surface tension.
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Fluid 1

Figure 4.12.1 Point particles along a two-dimensional interface are identified by a parameter £ that
increases monotonically but in an otherwise arbitrary fashion along the interface.

Surface equation of state

For small surfactant concentrations, a linear surface equation of state can be assumed re-
lating v to I' according to Gibbs’ law,

Y0 I
= 1-8—=— 4.12.1
1=1_50 -8 (4.12.1)
where 'y is a reference surfactant concentration and =g is the corresponding surface tension.
The dimensionless physical constant

B =RT Lo (4.12.2)
’Y{:
expresses the sensitivity of the surface tension to the surfactant concentration, where R is
the ideal gas constant, T' is the absolute temperature, and ~. is the surface tension of a
clean interface that is devoid of surfactants. More involved surface equations of state for
moderate and large surfactant concentrations near saturation are available.

Interfacial convection-diffusion

The molecules of an insoluble surfactant are convected and diffuse over the interface, but
do not enter the bulk of the fluid. Our objective in this section is to derive an evolution
equation for the surface surfactant concentration determining the local surface tension and
thus the jump in the traction across an interface.

4.12.1 Two-dimensional interfaces

Consider a chain of material point particles distributed along the inner or outer side of a
two-dimensional interface. We begin by labeling the point particles using a parameter, &,
so that their position can be described in parametric form as X(§) at any time, as shown
in Figure 4.12.1.

Let ¢ be the arc length measured along the interface from an arbitrary point particle
labeled &y. The number of surfactant molecules residing inside a material test section of the
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interface confined between £y and £ is

L(E,) 33 Y}
ne.t) = | o T D) = [ e g ae (4.12.3)

where ¢’ is an integration variable. Conservation of the total number of surfactant molecules
inside the test section requires that

o glo) ~a(®) (1.12.9)
where ¢(€) is the flux of surfactant molecules along the interface due to diffusion, and
the time derivative is taken keeping £ fixed. Substituting the expression for n from the
last integral in (4.12.3), and transferring the derivative inside the integral as a material
derivative, we obtain

13
| i (1€ ) @€ = ateo) ~ ) (112.5)

where D/Dt is the material derivative. Now taking the limit as £ tends to &, we derive a
differential equation,

D ol dq
— (=) =—-=. 4.12.
5i (T %) = 3¢ (4126)
Expanding the material derivative of the product on the left-hand side, we obtain
DI" o¢ D so¢ dq
- (=) = -2, 4.12.
Dt 9 Dt(ag) ¢ (4.12.7)
Interfacial stretching
Next, we use the Pythagorean theorem to write
ol 0X\2 Y \211/2
5 = Kaig) i (75) } 7 (4.12.8)
and compute the material derivative
D s0¢ 1 1 0X D 10X aY D oY
— =)= |2——=(— 2——|(—)|. 4.12.
Dt(&f) 2 00)0¢ [ o0& Dt(@f) 193 Dt((‘)i)} ( 9
Interchanging the material derivative with the £ derivative, and setting
DX DY
D7t = Uy D7t = Uy, (41210)
we find that
D af 1 8X a7L:1: 8Y 3uy
E(a?) = 20j0¢ (ng o 9 oe ): (4.12.11)
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where u = (ug, uy) is the fluid velocity. Rearranging, we obtain

D (86) 1 90X Ju 040X Ou 0f, Ou

bi(5e) = 5j5 ¢ a€ =o€ ot 9¢ = 5e b ar° (4.12.12)

where t = 90X /01 is the unit tangent vector shown in Figure 4.12.1.

Evolution equation

Substituting the last expression into (4.12.7), we obtain

DI ou dq
4Tt — =22 4.12.13
Dt U ae T o (4.12.13)
which is the targeted evolution equation for the surfactant concentration.
Fick's law
The diffusive flux can be described by Fick’s law,
or
=—-Dy,—, 4.12.14
q o ( )

where Dy is the surfactant surface diffusivity. Substituting this expression into (4.12.13),
we derive a convection—diffusion equation,

DI 't 8u78( 9%)

. b = 4.12.15
Dt ol al ( )
In practice, the surfactant diffusivity is typically small.

Stretching and expansion

It is illuminating to resolve the velocity into a tangential and a normal component,
u=1ut+u,n. (4.12.16)

Noting that t -m =0, t-t = 1, and n-n = 1, and using the Frenet relations (4.3.5) and
(4.3.9),
dt dn
— = —Kn, — =k t, 4.12.1
U K1, = Ft ( 7)

we compute

du _ duy
o ot

on  Ouy

t @ = W + H/un, (4.12.18)

+ U, t-

where £ is the interfacial curvature. Substituting this expression into (4.12.15), we obtain
the evolution equation

br Ous 0 ( ar). (4.12.19)

pr T (Gg Trun) = 55(De g
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The first and second terms inside the parentheses on the left-hand side express, respectively,
the rate of change of the surfactant concentration due to interfacial stretching, and the rate
of change of the surfactant concentration due to interfacial expansion.

Stretching of a flat interface

Consider a flat interface situated along the x axis, stretched uniformly under the influence
of a tangential velocity field, u, (z). Identifying ¢ with & and setting x = 0, we find that the
transport equation (4.12.19) reduces to

DI’ duy 0 ( 81“)'

* Ox

Dr + or  or (4.12.20)

The material derivative can be resolved into Eulerian derivatives with respect to x and t,
yielding

or or Ou, 0 or
St T2 = — (Ds %) (4.12.21)
or
or  o(u,I) 0 or
or _ 9 (p %y 4.12.22
ot " ow Ox (D‘S 81‘) ( )

In fact, this equation could have been derived directly by performing a surfactant molecular
balance over a differential control volume along the z axis, taking into consideration the
convective and diffusive flux.

In the case of a uniformly stretched interface, u, = kx, where k is a constant identified
as the rate of extension. If the surfactant concentration is uniform at the initial instant, it
will remain uniform at any time, governed by the linear equation

dr

— +kI'=0. 4.12.23
s ( )
The solution reveals that the surfactant concentration decreases exponentially due to dilu-

tion,

T(t) = T(t = 0) exp(—kt). (4.12.24)

Expansion of a circular interface

Now consider a cylindrical interface with circular cross-section of radius a centered at the
origin, expanding under the influence of a uniform radial velocity, u,(t), in the absence of
circumferential motion. In plane polar coordinates, (r,6), the transport equation (4.12.19)
with constant diffusivity becomes

DI' . u _ Dy 0T
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In this case, the material derivative is the partial derivative with respect to time, yielding

or [ D, 0°T
S o et Rty (4.12.26)
ot a a? 062
If the surfactant concentration is uniform at the initial instant, it will remain uniform

at any time, governed by the linear equation

dr Uy

— 4+ —=0. 4.12.27

dt a ( )
In the case of expansion, u, > 0, the surfactant concentration decreases exponentially due
to dilution.

Interfacial markers

The material derivative expresses the rate of change of the surfactant concentration following
the motion of material point particles residing on a selected side of an interface. In numerical
practice, it may be expedient to follow the motion of interfacial marker points that move
with the normal component of the fluid velocity and with an arbitrary tangential velocity,
v;. If v; = 0, the marker points move normal to the interface at any instant. The velocity
of a marker point is

vV =u,n-+uvt. (4.12.28)
By definition,

br dr or

—_— = — i — V) — 4.12.2
Dt~ ) g ( 9
where d/dt is the rate of change of the surfactant concentration following the marker points.
Substituting this expression into (4.12.19), we find that

dr or oy ) 0 or
T + (ur — vt) 5 +F(W +ruy) = 50 (DS (%), (4.12.30)
which can be restated as
dr' 9(uI) or 0 or
sl gy — I — ). 4.12.31
o g T = 5(0 ) ( )

The second term on the left-hand side is the derivative of the interfacial convective flux.

4.12.2 Axisymmetric interfaces

Next, we consider a chain of material point particles distributed along the inner or outer side
of the trace of an axisymmetric interface in an azimuthal plane, and label the point particles
using a parameter, £, so that their position in the chosen azimuthal plane is described in
parametric form at any instant as X(&), as shown in Figure 4.12.2.



4.12 Interfacial surfactant transport 237

Figure 4.12.2 Point particles along the trace of an axisymmetric interface in an azimuthal plane are
identified by a parameter £. The angle x is subtended between the x axis and the straight line
defined by the extension of the normal vector.

Let ¢ be the arc length measured along the trace of the interface from an arbitrary point
particle labeled &y. To derive an evolution equation for the surface surfactant concentration,
we introduce cylindrical polar coordinates, (z,0,¢), and express the number of surfactant
molecules inside a ring-shaped material section of the interface confined between &, and &
as

L(€,t) BY

13
n(€, t) :%/ L€, t) o(¢)) de(e’) :27r/ D(E ) S o(e)de. (4.12.32)

Jugot) o’

Conservation of the total number of surfactant molecules inside the test section requires
that
on
ot
where ¢ is the flux of surfactant molecules along the interface by diffusion, and the time
derivative is taken keeping ¢ fixed.

27 (0 (&) — 04(€) ), (4.12.33)

The counterpart of the balance equation (4.12.6) is

D tel4 9(oq)
—(I'(&,t t) == ) =— , 4.12.34
oy (PEnoten 55) = =5 (4.12.34)
and the counterpart of equation (4.12.13) is
br ou  u, 1 9(oq)
- e+ 2= = 4.12.35
or Tt ) = (4.12.95)

In deriving this equation, we have set Do /Dt = u,.
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In terms of the normal and tangential velocities, u,, and u;,

Dbr Ouy 1 0(oq)

Uy
F —_— — p— . .
Dt + I ol ot o ) o ol (4.12.36)
where k is the curvature of the interface in a meridional plane. Substituting
Uy = Up SINY — Up COS X, (4.12.37)
we find that
Dr Ou;  cosy sin 1 9(0q)
5+ (5 - : n)=-= : 4.12.
Di g g e o (4.12.38)

where the angle x is defined in Figure 4.12.2. The sum of the terms inside the inner
parentheses on the left-hand side is twice the mean curvature of the interface, 2x,,. The
first two terms inside the outer parentheses can be consolidated to yield the final form

br 1 O(ouy) 1 9(oq)

ﬁJrF(a BY] +2Kmup ) = —=

The first term inside the parentheses on the left-hand side expresses the rate of change of
the surface area of an axisymmetric material ring.

(4.12.39)

Marker points

An evolution equation for interfacial marker points can be derived working as in Section
4.12.1 for a two-dimensional interface. The result is

dr or 1 O(ouy) 1 d(oq)
C - & (= D ko Uy ) = —— , 412.4
ap T ) g TS = +2hmun) = -~ = (4.12.40)
which can be restated as
dl' 1 9(ou.l) or 1 9(0q)
= 4= | gy, = == 4.12.41
it To o Vtar TlEmun =0 5 ( )

When the marker points move normal to the interface, v; = 0, the third term on the right-
hand side of (4.12.41) does not appear.

4.12.3 Three-dimensional interfaces

The equations derived previously in this section for two-dimensional and axisymmetric in-
terfaces can be generalized to three-dimensional interfaces.? The normal component of the
marker-point velocity over a three-dimensional interface must be equal to the normal com-
ponent of the fluid velocity, but the tangential component can be arbitrary. The general
form of marker point velocity is

v =u,n+ Vtangcntial7 (41242)

2Yon, S. & Pozrikidis, C. (1998) A finite-volume/boundary-element method for interfacial flow in the
presence of surfactants, with applications to shear flow past a viscous drop, Computers € Fluids 27, 879—
902.
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where vtanegential ig ap arbitrary tangential component. When vtangential — o the marker
points move with the fluid velocity normal to the interface alone. When vtavgential — y_q; n,
the marker points are point particles moving with the fluid velocity.

Adopting Fick’s law for the surface diffusion, we find that the evolution of the concen-
tration of an immiscible surfactant following the motion of interfacial marker points takes
the form

dr .
T+ Ve (@) = vE YD D2k, un =V, (DY), (412.43)

To define the various terms, we introduce the tangential projection matrix, P =1 —n ® n,
with elements

J J J

where ¢;; is Kronecker’s delta representing the identity matrix and the symbol & denotes
the tensor product. Subject to this definition,

u;=P-u (4.12.45)
is the component of the fluid velocity tangential to the interface and
Vs=P-V (4.12.46)
is the surface gradient.
In the case of two-dimensional flow, depicted in Figure 4.12.1, or axisymmetric flow,

depicted in Figure 4.12.2, equation (4.12.43) reduces to (4.12.41) or (4.12.31) by setting
Vtangential = t.

PROBLEMS

4.12.1 Ezxpansing spherical interface

Derive an evolution equation for the surface concentration of a surfactant over a uniformly
expanding spherical interface.

4.12.2 Transport on a flat interface

Simplify equation (4.12.43) for a flat interface in the xy plane.
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