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The enchanting charms of this sublime science
reveal only to those who have the courage to go
deeply into it.

— Carl Friedrich Gauss
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Analytical mechanics



Lagrangian mechanics

1.1 Generalized coordinates

Consider a N-body classical system. We define {q1, ..., g, } to be generalised coordinates
of the system if the position vector for each particle is completely described by these coor-
dinates (and explicitly time if necessary):

T; :ri(ql,...,qn,t) (111)

In 3D for example we should expect 6N such coordinates. Not all 6V of these coordinates
however have to be independent of each other, varying just one of these could have an
effect on the other coordinates too. This may for example be due to constraints on the
system: an isolated system must conserve the position of the center of mass, thus fixing
3N coordinates by default. The number n of independent coordinates is known as the
degree of freedom of the system. The space of coordinates q = (¢1, ..., g») is known as the
configuration space or phase space. For example, a rigid body with three or more mass
points has six degrees of freedom, three for the center of mass and three for the Euler
angles. This choice however is not unique, we could have also chosen any other set of 6
independent coordinates. Note that this reduction was only possible because the system
was rigid, the masses are all connected to each other, giving us 3(/N — 2) independent
constraints eliminating 3(N — 2) coordinates. Similarly, a compact disc rotating about a
fixed axis has 3 degrees for the center of mass and 2 Euler angles.

In general, if one can reduce via constraints the number of generalised coordinates in r;
to the degrees of freedom then the system is holonomic. More rigorously, a constraint is
said to be holonomic if it can be expressed as

flgi,t) =0 (1.1.2)

while it is non-holonomic otherwise. The constraint that a coin rolls without slipping for
example is non-holonomic, so is the constraint that all particles in a confined gas remain in-
side a box, while requiring that the distance between a bob on the end of a rigid pendulum
be fixed is holonomic. If ¢ is eliminated in the process of imposing a holonomic constraint
then the system is said to be natural, while if it introduces explicitly a dependence on time
then it is forced.




1.2. HAMILTON'S PRINCIPLE AND THE EULER-LAGRANGE EQUATIONS

To explore this further, let us differentiate (1.1.1)
b= 4 — 113
’ Zj: 90,7 " B (1.1.3)

Here ¢;’s are the generalised velocities and together with the general coordinates they
fully specify the configuration of the system at any future time. Note also that in the natural
constraint case, differentiating with respect to generalised velocity gives

8%1- . al‘i
9q;  0Og,

(1.1.4)

which is a very useful identity! If the system is natural we also see that the kinetic energy

takes the form )
1 .9 1 81‘7; . 6ri
is quadratic and homogeneous in ¢;, while if the system is forced it will also include non-
homogeneous terms.

1.2 Hamilton’s principle and the Euler-Lagrange equations

Every system has a characteristic function L(q, q,t), known as a Lagrangian, from which
we define the action functional

Slq] = / QL(CL q,t) dt, q(t1) = q,q(t2) = qq (1.2.1)

t1

for any given ¢1,t5. The constraint for the motion between ¢; and ¢ of the system is that it
minimizes the action functional, this is the Least action principle or Hamilton’s principle.

Note that the Lagrangian does not depend on higher order derivatives because the evolu-
tion of a system is fully determined by calculating the generalised coordinates and veloci-
ties.

The question of minimising an integral functional along the path between two points is a
classic problem in the calculus of variations (see the Mathematical methods volume), and
can be readily solved. We consider a small variation dg;(¢) in the coordinate ¢;(t) subject
to the boundary condition:

dqi(t1) = dgi(t2) =0 (1.2.2)

necessary to ensure that the perturbed path crosses the given end-points of motion. We



1.3. THE LAGRANGIAN

see that
9L oL
5S[q]—/t (8q5qz-+8qéq'i)dt (1.2.3)
0 (2 (2
“roL  d (OL tr q /OL
= |5 — =5 ) |9u — 5= )dai 1.24
/to [6% dt<8Qi>}6th+/to dt<6q‘i>5th ( )
bhroL  d (0L
= == — 2\ 77 ) |0%dt 1.2.
/to [3% dt<a(ji>:| 7 (1.2.5)

This must hold for arbitrary satisfying the boundary conditions, so the integrand must
vanish

oL d (8L
=7 (a_q) —0 (1.2.6)

These are the Euler-Lagrange equations, they are the equations of motion which minimise
the action as required by Hamilton’s principle.

1.3 The Lagrangian

Let’s consider a single particle under the influence of a net force F from time ¢, to ¢;. We
are interested in the following integral

t1 t1 1
I[q]=/ T(q,q,t) dt:/ imi'2 dt (1.3.1)

to to

and look at variations in the coordinate ¢;, such that d¢;(ty) = 0;(t1) = 0 so that the end-
points of the path are fixed. In other words we look at what happens to I when we slightly
deform the path integrated over. Using the same arguments as in the previous section, we

arrive at
thror  d /0T
5T[q) = [—<,>}5idt 132
) /to O0gq;  dt \0¢; 1 ( )

Moreover, note that the Work-Energy theorem requires

i1 1 t
51[q]=/ mt-étdt:/ SW dt (1.3.3)
to 2 to

so if we introduce the generalised forces F; such that

SW =" F;éq; (1.3.4)
J

then we finally find that

hrorT  d (0T h
— — — | = | |dqidt = F;6q;dt 1.3.5
/to [3%’ dt(a%>] ¢ /to E (139)



1.3. THE LAGRANGIAN

This must hold for any variation dg;(t) satisfying the necessary boundary conditions, so
both integrands must be equal to each other

d (0T or

— =) - =F 1.3.6

dt (3%) 9qi (1.36)
Suppose that F can be split into a conservative component, F* = —VV !, and a non-
conservative component F*“. Then we see that

d (0L 0L

— (=) - Z= —_ gne 1.3.7

dt <3éi> dg; " (137)

where L = T — V. But this is exactly the Euler-Lagrange equations (generalised to non-
conservative forces)! It follows that for the mechanical systems in consideration, the la-
grangian is given by

L(q,¢,t) = T(q,¢,t) = V(g, 4, 1) (1.3.8)

Note that sometimes even the non-conservative potential can be written as

ne  d (OV ov

Lot (3%) 9 (1.39)
in which case we get

d (0L oL

7 <an) T on 0 (1.3.10)

This derivation is easily extended to N-body systems, where i now runs over the degrees
of freedom rather than from 1 to 3.

Note that Lagrangians can differ by a total time derivative and still define the same phys-
ical system. Indeed, suppose that a system with n degrees of freedom has Lagrangian
L(qi, gi, t). Define a new Lagrangian by

. ) d
oF OF
= Ligdnt) + 2 4+ 9% 13.12
(g, i, 1) + 55 + 90, ( )

Then we see that

oL’ oL d (OF
_gb, e (on 13.1
0¢;  Og; * dt <a%> (13.13)
d oL d OL d (OF
i lyi that
dq;  dt \ 9 dq;  dt\ 9g; o

Iwe assume that V is independent of ¢; which is true for conservative forces, but not true in general. For
example the Lorentz force is velocity-dependent and so will its potential be too.
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as desired.

Moreover, we should also expect our equations of motion to be covariant under a change
of coordinates. Indeed the minimisation of the action along a path is independent of what
coordinates we use to describe the path, so even though the equation for the path will
change, it should do so only covariantly (so that the same physical path is described).
To check this, suppose we start with a Lagrangian £(q, q,t), and we perform a change of
variables so that ' = q'(q,t) <= q = q(q/, ). Using the chain rule we see that

T og = 13.
q aq; Gt T o~ g (1.3.16)
We will also need the following identity

AN * dqlot (1.3.17)
_q 2 aqj) 8(8%)
_qka(ﬁf(@qg " ai\ag (1.3.18)
_d(9g\_d 8%’)
dt (8q§> T di (aqg (1.3.19)

where we used (1.3.16) in going to the last step. Using the chain rule we also see that

oL _ 0Ly, | 0L 0,

0q; — 9q; 0q; "~ 04; dq (1.3.20)
and similarly
d (0L'\ d (0L 9
dt <8q’> T dt <8q'j8q;-> (13.21)
_d(0L\9d¢  OLd 3q'i>
o dt (8(Jj> c’)q; * dq; dt (aq;, (1.3.22)
_ d (OL\9q  OL dq
ot <8q'j> a¢ "+ 9 o4’ (1.3.23)
(1.3.24)
Therefore the Euler-Lagrange equations for a Lagrangian transforms covariantly (as a
scalar):
d(0U'\ oL [d(OL\ L]dq;
dt(@qg) - dq [dt (&qj) - 3%} oq. (1.3.25)

1.4 Examples

The best way to learn how Lagrangian mechanics works is solving a lot of problems. There-
fore, here we present some interesting examples of Lagrangians in action.
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Example 1: double yo-yo

We consider two homogeneous cylinders of mass m and radii r;, 72 connected with a string.
The first cylinder is fixed to a frictionless axis, while the lower one is allowed to fall so that
the string it is connected to unravels as it descends.

The first step is to set-up the coordinate system. At first it may seem like we have three
degrees of freedom, namely ¢1, p2 and z,. However, since the string is inextensible we
have the no-slip condition 2o = 71¢1 + r2¢>2, which we integrate to give 2o = rip1 + r2¢2.
Thus we really only have two degrees of freedom, o1, 2.

The second step is to obtain the Lagrangian. We see that the kinetic energy is

1. . 1. 1 ) )
T = §I1<p% + 51290% + im(rltpl + 7“2902)2 (1.4.1)

while the potential energy is
V = —mg(ri¢1 + ra¢2) (1.4.2)

We also have a non-conservative force, the tension in the string, Consequently the La-

grangian is

) 1. . 1. 1 . )
L(pi, ¢i) = 511% t3 205 + §m(7’1<ﬂ1 + 79p2)? + mg(rip1 + rags) (1.4.3)

The Euler-Lagrange equations then give the following equations of motion:

d

i <(Il +mri)ér + mT1T2¢2) =mgry (1.4.4)
d 2\ .

at (I2 + mr3y) s + mrirar | = mgrs (1.4.5)

which we rewrite as a linear system

(I + m7‘2)g251 + mrirops = mgry I + mr? mriry .. 1
1 _. — L g =mg (1) (146)
(I2 + mr3)@a + mrirags = mgr mrirey Iy +mrs o

—10 —
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The solution is found to be

Ig+mr2
p ik — (14.7)
Y1=49 2 3 <E.
(In+mri)(I2+mrs)
mrira — : 7717‘17‘2 2
Il—i—mT%
5o = i 148
$2=9 (Il—f—mr%)(lz—l—mrg) ( o )
mnriro — mrire
For a homogeneous cylinder, we have that I; = %mr% and I, = %mr%, so that
. . 9 2
T1¢1 = roge = 59 = =39 (1.4.9)

Hence the lower cylinder will fall down with an acceleration of % g, which is less than the
expected g, meaning that the tension force in the string must have been equal to T' = 2myg.
Example 2: particle sliding on rotating ring

A point particle of mass m is constrained to move on a frictionless circular wire of radius
R spinning with constant angular speed w about the vertical axis.

3

mvad

Firstly, the azimuthal coordinate ¢ of the mass is given by ¢ = w = ¢ = wt( mod 27).
We expect 6 to be the only remaining degree of freedom, the angle of the line between the
mass and the center of the ring with the vertical axis. The kinetic energy is

1 1 .
T = gm(wRsin 0)? + 5m(Re)2 (1.4.10)
while the potential energy is
V = —mgRcosf (1.4.11)
giving the following Lagrangian
1 1 :
L= imw2R2 sin? 0 + imR292 +mgRcosd (1.4.12)

— 11 —



1.4. EXAMPLES

The Euler-Lagrange equation reads
mR20 = mw? R? cos O sin @ — mgR sin 6 (1.4.13)

which simplifies to

- (w2 cosf — é) sin (1.4.14)

Unfortunately this equation cannot be solved further. Nevertheless we can still find some
interesting solutions, one of which are stationary solutions where 6(t) = o, the mass is
still relative to the ring it is sliding on. These are given by solving ¢ = 0:

<w2 cosf — ]g%> sinf =0 (1.4.15)

One solution is when 6 = 0, which corresponds to the mass starting at the bottom of the
ring. Similarly we also get § = 7 which corresponds to the mass starting at the top of the
ring. Due to absence of friction there is no force pushing it away, thus explaining these
stationary solutions. Note however that any small perturbation will suddenly produce a
net force which will change ¢, thus hinting that these solutions may be unstable. The other
solution occurs when ¢ < Rw? in which case

I > 2 (1.4.16)

COS@ZW, =\ g

This corresponds to the bead starting at just the ring angle so that the its weight is perfectly
balanced by the centripetal force produced by the rotational motion.

Let’s now look at the sensitivities of these stationary values to small perturbations. For
6 = 0, let us define §6 to be a small perturbation in 6. It follows that § = §6 and sin(66) ~ 56
and cos(d6) ~ 1. We then find that

50 = 2—9)59 1417
(-2 (1417)

Defining Q = \/w? — 4, if w? > % we find that
0(t) = 00(t) = Ae®™ + Be™ ¥ (1.4.18)

yielding unstable exponential solutions with characteristic life-time of 7 ~ &. If instead
w? < ¥ then
0(t) = 00(t) = Ae™* 4+ Be ™ (1.4.19)

so we get stable oscillations with frequency €. Similarly for § = 7 we find that sin 660 ~ —d0
and cos 06 = —1 so that

50 = (w2 + 2)59 (1.4.20)
so defining A = |/w? + £ we obtain another solution
O(t) = 7 + Ae™! + Be A (1.4.21)

— 12 —
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which is always unstable due to the positivity of the root in A.

For = cos™! (Rgﬁ) = 6y, we let 60 be a small perturbation. Again 6 = 50, but this time

we also have that

sin(fp + 660) =~ sin 6y + 6 cos Oy, cos(Oy + 00) = cos Oy — 66 sin O (1.4.22)
implying that

50 = —w?56sin 90( sin g -+ 59ng?> (1.4.23)

~—50(w? - g) 1.4.24

(-2 (1424)

For w? > 4, this is a simple harmonic oscillator with angular frequency Q = /w? — 4:
o1 (Y it —iQ
0(t) = cos <sz) + Ae"*" + Be™' (1.4.25)
while if w? < 4 we get an unstable solution

6(t) = cos™ 1 (chﬂ) + Aeft + Be™ (1.4.26)

Example 3: pendulum attached to rotating disc

The pivot of a simple pendulum is attached to a disc of radius R, which rotates in the plane
of the pendulum with angular velocity w.

We start in cartesian coordinates, where the pivot has position (R sinwt, R coswt) and the
mass has position (x,y) where

x = Rsinwt +lsinf, y = Rcoswt — [cos (1.4.27)

— 13—
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The kinetic energy then becomes

T = %m [((WR coswt + 16 cos 0)? + (wRsin wt — 10 sin §)?] (1.4.28)
= %m(szz + 6% + 2whRI cos (0 + wt)) (1.4.29)
while the potential energy is

V =mg(Rcoswt — L cosb) (1.4.30)

Therefore the Lagrangian can be written as

1 . .
L= im(wQR2 + 0%1% 4 2wORI cos( + wt)) — mg(R coswt — [ cos 0) (1.4.31)

yielding the following equation of motion

16 — 2lwR(A + w) sin(f + wt) = —glsin @ — 2lw RO sin(H + wt) (1.4.32)
We can simplify it to
6 — 2w2§ sin(f + wt) + %sinﬁ =0 (1.4.33)

In the small angle limit, we can write sin  ~ § and sin(6 + wt) ~ sinwt + 6 coswt yielding

6 — (szjl:i coswt — “?)0 = 2w2§ sin wt (1.4.34)

Example 4: particle gliding on cone

Consider a point particle of mass m gliding on the inside of a cone with aperture 26 and
friction coefficient .

Firstly, it is important to realise that the friction force on the cone is not conservative, and
thus we will have to include it manually in the Euler-Lagrange equations. We adopt the
coordinates r (distance from tip of the cone) and ¢ (azimuthal angle). Using the definition

— 14 —



1.4. EXAMPLES

of generalised forces we find
OW = F.0r + Fpof = —pumgsin 6(dr + rsin 060) (1.4.35)
implying that F, = —pumgsin 6 and Fy = —umgr sin? 0. The kinetic energy is
T = %m((d}r sin 0)% 4 %) (1.4.36)

while the potential energy is
V = mgrcosd (1.4.37)

Therefore, the Lagrangian can be written as
1 :
L= im((mb sin )2 + 2) — mgr cos 6 (1.4.38)

The Euler-Lagrange equations are

%(TQ sin® §¢) = —pugr sin® 6 (1.4.39)
P —r¢?sin? 0 + gcosf = —ugsin @ (1.4.40)

Firstly, note that L, = m¢r? sin? 0 so the first equation implies that

dL,
dt

= —pgrsin® 6 (1.4.41)

so if u = 0, then L. = [, is a conserved quantity. In absence of friction the first equation
simplifies to
L

mrsin® 0 =l = ¢ = —5 = (1.4.42)
so that 2
P — WzstH +gcosf =0 (1.4.43)
We seek solutions of constant radial distance r, and these are given by
12 1/3
F=0= r= <W) (1.4.44)

Example 5: sigma models
We consider a system with n degrees of freedom with a purely kinetic Lagrangian
1 b

a

L= ga(@)id (1.4.45)

— 15—
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where g,5(q) is a coordinate-dependent symmetric metric in configuration space which
we can assume to be invertible g*°g. = 6¢. The Euler-Lagrange equation for ¢’ reads

oL 1agjk ik oL . 891‘]‘ ke 189'k.‘.k
0d — 20 49 5g = 9l 9i; ¢’ + a1 =5 11 ( )
We now make use of the fact that —ZZZ ¢ = —%gqff §*¢* to write
i, 1(0gij  Ogik 39#)
R J W ZIIR N aigk — 1.4.47
9ii¢" + 2(aqk g og )T ( )
Dotting to the left with g% we are left with the equation of motion
o L 4i(09i;  Ogi Oy ‘k:) Yy
a | ~ ai J TRV sigk = 1.4.48
§* + 59 <8qk+0q1 g )14 (1.4.48)

The second term is a very familiar term from general relativity. Indeed we can define the

Christoffel symbol
1 i (09ij | Ogik 39‘k)
a _ — ai J _ J
=59 (aqk * o o (1.4.49)

and write the equation of motion as a geodesic equation

i* +T5.4"4° =0 (1.4.50)

This is not surprising at all, since the geodesic gives the shortest path between two points,
and the provided Lagrangian can be interpreted as the distance (squared) between two
points in configuration space when integrated over time.

1.5 The Electromagnetic Lagrangian

Suppose a particle of charge e (to avoid confusion with the generalised coordinates) moves
in a region of electric field E and magnetic field B. Then it is a well known fact that the
force on this charge will be given by the Lorentz force law

F=c(E+vxB) (1.5.1)
In what follows we will work in the Coulomb gauge with potentials ¢ and A satisfying
E=Vp, B=V xA (15.2)

The standard Lagrangian which yields the correct equation of motion is then

L= %mVZ +e(p(r,t) +v- A, 1) (1.5.3)

To see why, we employ index notation and write (1.5.3) as

1 A .
L= im(jiq'z +e(p+ ¢GAY) (1.5.4)

—16 —
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It then follows that
8L 8@ . 8./4])
—=el o +4q; 155
9qi e(aqz‘ Y 0q; (153)
d (0L , g
—| 5 | =md" +eA’ 1.5.
dt<8q’i> mq' +e (1.5.6)
and using some identities from tensor algebra we also find that
(v x B)' = ¢9F (€m0 A™) = (6167, — 6,87)¢;0' A™) (15.7)
= ;0" AV — ;A" = §;0' AT — A (1.5.8)
Consequently we find that
L S
gq =e(E;i+ (vxB)'+ A" (1.5.9)
and therefore ‘ '
mq' = e(E+v x B)’ (1.5.10)

1.6 Symmetries and Noether’s theorem

We define a constant of motion/conserved quantity J(q;, ¢;, t) to be a quantity whose total
time derivative vanishes

dJ <8J, 8J,,>+8J:0 (1.6.1)

@t~ \og ¥ ag,7) T

for all g; solving the Euler-Lagrange equations. This condition is known as an on-shell
condition, it requires the g¢;, ¢; to lie on the shell of solutions to the equations of motion.
This definition does not necessarily mean that a conserved quantity is time-independent,
but rather that as we move along a path in phase space which solves to the equations of
motion there is no variation in this quantity.

Importantly, one can relate conserved quantities of a Lagrangian to a special set of its sym-
metries. To define what we mean by a symmetry, let us consider a one-parameter family
of maps

©(A) 1 qi(t) = Qi(A\t), meR (1.6.2)

with Q;(0,¢) = ¢;(t). For an infinitesimal symmetry transformation we may define the
symmetry variation dg;(t) such that

ai(t) = Qi(t) = qi(t) + dqi(t) (1.6.3)

We then say that ¢ is a continuous symmetry of a Lagrangian L if for infinitesimal varia-

tions
_ dA

0L = L(Qi(A, 1), di( A1), 1) — L(Qi(A ), Gi(A, 1), 1) = "

(1.6.4)

— 17—
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so that the overall action is invariant up to a constant
ty (23 . '
S= [t Lig g t) dt = / dt L(Qs, Q1) di + A" (1.6.5)
ta ta
Noether’s theorem states that:
Noether’s Theorem: every continuous symmetry of a Lagrangian L gives rise

to a conserved constant of motion J.

Proof. Since ¢ is a continuous symmetry we can consider an infinitesimal transformation
qi(t) — qi(t) + dqi(t) (1.6.6)

We need the change § L of the Lagrangian under this map to be at most a total time deriva-
tive, so that the action will only change by a boundary term. Thus

OL oL

o= 9g, 000 5304 (167)
OL d OL d (0L dA
a <8q,- B cht%)é(Ji(t) T (aqﬁqz’(t)) = (1.6.8)

Since this applies to (gi(t), ¢i(t)) on-shell, we must require that the Euler-Lagrange equa-
tions are satisfied

d 0L OL
— == 1.6.
TR (162)
so substituting this into (1.6.8) we get that the first term vanishes, and thus
d (0L
- (8%5%@) - A) ~0 (1.6.10)
We have found that the following quantity
oL dA
J oG qi(t) where — (1.6.11)
is a constant of motion, as required by Noether’s theorem. O

Note that many textbooks actually use the stronger condition of requiring the Lagrangian
to be invariant under the symmetry, which usually occurs for systems with spatial trans-
lational and rotational symmetry. In this case we have that 6L = 0 and therefore

oL
J = 5z 0a() (1.6.12)

There are a wide array of commonly found symmetries which lead to the typical conser-
vation laws one encounters in Newtonian mechanics. These will be explored below.

— 18 —
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Time translational symmetry

We will consider the following map
e(A) 1 ¢i(t) = q(t+A) (1.6.13)

and assume that this is a continuous symmetry of the Lagrangian, which is definitely the
case when it does not explicitly depend on ¢. Assuming this, the infinitesimal variation of
this symmetry is

5qi(t) = Eqi(t) - 5(]1(75) = qu(t) (1.6.14)

and since the Lagrangian only depends on ¢;, ¢; we also find that

oL oL _. dL  dA

P % — A=cL (1.6.15)

Finally, using Noether’s theorem we find that

oL
J=""G —L=npid; — L 1.6.16
25, Pid ( )

is a conserved quantity, and is known as the Hamiltonian of the system correspondonging
to its total energy. Systems that conserve energy are known as conservative.

Space translational symmetry

We now consider space translations along the ith direction, defined by the following map
e(A) 1 qi(t) = qi(t) + A (1.6.17)

and assume that they are symmetries of a Lagrangian independent of the coordinate ¢;.
The infinitesimal symmetry variations are

oL

dgi(t) =e¢ = 0L = ea—q =0 (1.6.18)

Noether’s theorem then gives us the conserved quantity

J=—==pi
olil P

(1.6.19)

so the momentum conjugate to the direction of translation will be conserved. Intuitively,
this follows from Newton’s second law. If the Lagrangian is independent of a coordinate
¢i then the corresponding generalised force will also vanish, so

oL dpi
—=F=0= — =0 1.6.20
8q,~ dt ( )

by Newton’s second law, or equivalent the Euler-Lagrange equations p; = F;.
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Rotational symmetry

We now consider rotations about the axis n defined by the following map
©(A) 1 q(t) = q(t) + A\q(t) xn (1.6.21)

and assume that they are symmetries of a Lagrangian. In an isotropic system one can rotate
the coordinate system without affecting the Lagrangian. This can occur if for example the
Lagrangian only depends on q%,q; - q ; etc...The infinitesimal variations are given by

6q(t) = Gq(t) Xn — 5qi(t) = Heijkqj(t)nk (1622)
Consequently we get that the Lagrangian variation is given by

oL oL . d oL
oL = Heijk (8%%‘(15) + %qj(t)>nk = @ (Qeijkaq,iqj(t)nk) (1.6.23)

Requiring the Lagrangian to be invariant under rotations yields the following conserved

quantity
J = —€ijpiging =n - (r x p) (1.6.24)

which is just the component of angular momentum along n. If space is isotropic then this
will hold for any n so angular momentum will be conserved.

1.7 Small oscillations, normal modes and stability

Once we find the equations of motion of a system using the Lagrangian, unless they are
analytically solvable the most interesting thing to look at is the existence of equilibria i.e.
solutions q(t) = q, which are constant in time. Determining the stability of these equilibria
is yet another important question: if the system is slightly perturbed from this equilibrium
point, does it return to its initial configuration or is it driven away from it? It turns out that
to answer this question we must look at the dynamics of small angle oscillations.

Let’s consider a natural, holonomic conservative system with n degrees of freedom de-
scribed by the Lagrangian

L= T(@id; = V(a) (17.)

where T;; is taken to be symmetric without loss of generality (positions commute). We
define {q} to be normal coordinates of the system if 7;; is diagonal in these coordinates,
and since symmetric matrices are always diagonalisable this can always be done by moving
to the eigenbasis of T;;. By rescaling the normal coordinates one can then always write the

kinetic energy as

1.
T = i (1.7.2)

In the way we have written the Lagrangian, note that there can be terms in the potential
V(¢) which actually arise from the kinetic energy, but are nevertheless independent of ¢;
e.g. a centrifugal barrier. The Euler-Lagrange equations are

d 10Ty, ov
— (T ) — g = — 1.7.
dt( i(a)dj) 2 0y, qk4;j 4, (1.7.3)
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For q,, to be an equilibrium point we require all time derivatives of q to vanish so that

oV
0q;

=0 (1.7.4)

90

We can always shift our reference frame so that q, = 0, in which case a Taylor expansion
of the Lagrangian would yield

1 .1 9%V

L =Tt — —— .y 3 1.7.5
B i74iq; 9 8q¢8qj qiq; + 0<q ) ( )

q=0

where we ignored the potential at the equilibrium point V' (0), since the Lagrangian is de-
fined up to additive constants. We have therefore derived an effective quadratic lagrangian
near the equilibrium point which we can express as

L _177.-.'. ly.. i, Tij = Tij(q=0), Vi = oV (1.7.6)
eff = 9 ij4i4;j 9 5945, lij = Lij\qQ =VY), Vij = aQian oo .
or in matrix notation
1. . 1
Lt = 54' T4 - 59 Vq (1.7.7)
The equation of motion now become
Tiid; = —Vijq; <= q=-T 'Vq (1.7.8)

which is typical of a system of coupled oscillators. We therefore introduce the oscillator
ansatz q = Ae™! consisting of all coordinates oscillating at the same frequency w with
amplitudes A;. Such solutions are known as normal modes of the system, and any general
solution of the system can be written as a superposition all these modes. Substituting this
ansatz we see that

—WA=-T WA = (WP*T-V)A=0 (1.7.9)

The non-trivial solutions A # 0 can be found by solving the characteristic equation
det (w2T - v) =0 (1.7.10)
and the corresponding eigenvectors A can then be found by solving
(W T —V)A =0 (1.7.11)

Since both 7 and V are symmetric, they are always diagonalisable (by the spectral theorem
of linear algebra). Next note that 7!V is similar to T-12pT-1/2 whichis symmetric, and
thus also diagonalisable with n real eigenvalues and n linearly independent eigenvectors.
If w? > 0 then we obtain an oscillating mode, if w? = 0 we get a linear solution, while if w? <
0 we obtain an exponentially growing solution. It follows that if any of the eigenvalues of
T ~1V are negative then the equilibrium point has a linear instability in the direction of the
corresponding eigenvector, while if all eigenvalues are positive then the equilibrium point
is stable.
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The Canonical equations
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Rotational kinematics and non-inertial
frames

5.1 Orthogonal transformations

A three dimensional rigid body has 6 degrees of freedom,
these could be for example 3 degrees from the center of mass
coordinates and another 3 degrees specifying the orientation
of the body relative to some coordinate axes. Therefore, to
specify a rigid body’s orientation it suffices to fix a set of axes
to the rigid body, which rotates with it, and find the angles
that it makes with a set of axes that are fixed in the laboratory
frame.

X
For example, let ¥ be the lab coordinate system with coordi- >

nates (z1,x2,x3) and corresponding unit vectors (ej, ez, e3).
Similarly let ¥’ be the coordinate system rotating with the rigid body, with coordinates
(2}, xh, %) and corresponding unit vectors (e}, e}, e4). Given any vector g, it can be ex-
pressed as

g = gie; = g;e; (5.1.1)

To relate the coordinates in the ¥ and ¥’ frames, note that
g; =8 e;- = g;€; - e;- = Rjigi, where Rji = e;» - e; (512)

Here R;; are known as the direction of cosines, and form a matrix R. However, R;; is a
matrix with 9 entries in total, but we know that only three of these should be independent
of each other. We solve this conundrum by noting that g2 should take the same value in
both ¥ and ¥

g 8= 9i9; = (Rijgj)(Rirgr) = RijRitgigx = 0jk9;gk (5.1.3)

implying that
RijRix =01 <= RTR=1 = detR=+1 (5.1.4)

So the matrix R is orthogonal. It is a simple exercise to check that the set of orthogonal
3 x 3 matrices form a group under matrix multiplication, known as the orthogonal group
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O(3). Using the fact that

Rjz‘ = e} e — €; = Rjie} and e; = Rjiei (515)
we get that

e; - e; = (Ryer) - (Rjie)) = RipRjidp = RipRji = 05 (5.1.6)
so we see that orthogonal transformations maintain orthogonality.

Up until now we have been looking at the vector g as fixed in space, and the coordinate
frame as rotating with the rigid body. This is known as the passive point of view, and
corresponds to what the laboratory frame observer would see. Alternatively, one could
think of the coordinate axes as being fixed, and the vector as rotating. This is known as the
active point of view, and corresponds to what the observer on the rigid body would see.
These two points of views are perfectly equivalent, but are useful in different scenarios.

In the active point of view, we have that g = g;e;, and since the e; are fixed, we need to
transform g — g’ = gle; = R;jg;e; where

g; = Rijgj — g/ = Rg (5'1'7)

Note that in the passive picture, the unit vectors transformed contravariantly as e, = Rj;e;,
while in the active picture the coordinates transformed covariantly as g; = R;;g;. The
fact that the two quantities transform oppositely is simple to understand, if we require
the axes to be fixed then the transformation of the coordinates must be the inverse of the
transformation of the axes required for the coordinates to be fixed.

Returning back to (5.1.4), note that an orthogonal matrix has a determinant of either +1
or —1. A typical orthogonal matrix with negative unit determinant is

~10 0
=—1=|0 -10 (5.1.8)
0 0 -1

which symmetric and thus idempotent (due to its orthogonality). Since |71 = 1, it follows
that any matrix A can be written as A = IB where B = —A. Now suppose that A is an
orthogonal matrix with det A = +1. Then it follows that if B = —A then detB = —1.
Similarly, if det B = —1 then since B = IA we get that det A = 1. Therefore, there is a one-
to-one correspondence between positive and negative determinant orthogonal matrices.
Since I inverts the coordinates, this means that negative unit determinant transformations
are compositions of det{R} = +1 transformations and inversions, and are thus named
improper transformations since they convert left handed bases to right handed ones and
vice-versa. On the other hand, positive unit determinant transformations are called proper,
or rotations, because they maintain the parity of the coordinate axes. The latter form a
subgroup of the orthogonal group O(3), known as the special orthogonal group SO(3).
This cannot be said for improper rotations, since for example Il = 1 which is not improper,
violating the closure axiom of subgroups.

To understand why proper orthogonal transformations are the rotations we are so used to,
let’s consider two arbitrary vectors a and b. A rotation R can defined as a transformation
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5.1. ORTHOGONAL TRANSFORMATIONS

such that

R(a)-R(b)=a-b (5.1.9)
R(a) x R(b) =R(a xb) (5.1.10)

Therefore let R € SO(3) be a proper orthogonal transformation, and define

a’=Ra, b'=Rb (5.1.11)

It follows that
a’ . b, = a;b; = Rinikajbk = 5jkajbk = ajbj =a-b (5.1.12)

Similarly

(a’ X b/)z = e,-jka;b; = el-ijﬂkaalbm (5.1.13)

Now note that
eiijilemRkn = (det R)Elmn = €lmn (5114)

which implies
6ijk-er]%il-ij-Rkn = Gv'ijijkn = Ryi€1mn (5115)

Substituting this into (5.1.13) we find that

(@' x b'); = €k RjiRkmaibym = Rip€rimaiby, = (R(a x b)); (5.1.16)
as desired.
It turns out that rotations are the most general displacement that a rigid body can have

which fixes only one point. This is known as Euler’s theorem:

Euler’s Theorem: the most general transformation of a rigid body which leaves one
point fixed is a proper orthogonal transformation about an axis

through the fixed point.

Suppose the rigid body starts out in some configuration, is transformed using a rotation R
to some final configuration. We need to show that there will always be some point NV with
position vector n that is fixed by R. This amounts to proving that there exists some n such
that

Rn=n = det(R-1)=0 (5.1.17)

or in other words, R is always diagonalisable. We show this by noting that

R—1=R(1-R")=-RR-1)" (5.1.18)
= det(R—1) = —detRdet(R—1) = —det(R—1) (5.1.19)

and therefore det(R — 1) = 0.
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5.2 Euler angles

We know that to specify the orientation of a rigid body, one needs to fix a coordinate frame
to the rigid body and find the angle that its axes make with a laboratory coordinate frame.
The Euler angles are a special set of angles that are practically very useful in defining
the orientation of a rigid-body. Consider a set of axes e,. Then, any fixed origin rotation
of these axes can be parametrised using Euler Angles. This parametrisation consists of a
rotation around each axis:

e, R(9) el R©) el R) e, (5.2.1)

Firstly, we rotate the axes by ¢ about e3, so that e, = R(¢).s€, where

cos¢ sing 0
R(¢) = | —sing cos¢ 0 (5.2.2)
0 0 1

Secondly, we rotate the new axes by # about e} so that e/, = R(0),e}, where:

1 0 0
R(#) =10 cosf sinf (5.2.3)
0 —sinf cosf

Finally, we rotate the newest axes by ¢ about e so that &, = R(¢) e}, ,where:
cosy siny 0
R(¢) = | —sin® cosp 0 (5.24)
0 0 1

Visually this sequence of rotations amounts to

7
e3 e s 63 e:3 ei e 3
(,J> A . \
— q) ell e 2 ~
3 e” 3 rlp e
3
’
€ 2
) -
~ > e,
0
'/ ” ,”
e , e 1 //
Vs e Vs
e e1

Figure 5.1. Specifying a body’s orientation using Euler Angles

Thus, the rotation (x1,z2,x3) — (Z1,Z2,3) is represented by the following proper, or-
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thogonal matrix

cos 1 cos ¢ — cosBsin ¢psiny  costpsin @ + cosfcospsiny  sinfsiny
R =] —sintycos¢ — cosfsin ¢ cosp —sinsin ¢ + cosf cos pcosp cossind | (5.2.5)
sin ¢ sin 0 —sin f cos ¢ cosd

Its inverse (which is just the transpose) is:

cos 1 cos ¢ — cos B sin ¢psiny — sin cos ¢ — cos@sin pcosy sinfsin @
R~ = [ costsin¢ + cos O cos ¢psiny — sint) sin ¢ + cos § cos ¢ cosp — sin 0 cos ¢
cos Y sin cos 1 sin 0 cos 6
(5.2.6)

5.3 Infinitesimal rotations and SO(3) generators

Suppose g is some vector attached to a rigid-body rotating about an axis with unit vector
n. In an infinitesimal time the vector g will have rotated by some infinitesimal angle df to
a new vector g’ where

1 —n3d9 n2d9
g =g+ddxg=| nsdd 1 —nido|g, d6=don (5.3.1)
—nng n1d9 1

Letting d6; and df; be two successive rotations then to first order
g’ =g +dfy x g =g+ (d0; + dBy) x g+ o(dh?) (5.3.2)

implying that rotations about the same axis commute. Consequently, letting ] = (J1, J2, J3)
be the generator of rotations then we see that

R(dO) =1+ dbn -] (5.3.3)

we see that orthogonality requires
RT(dO)R(dB) = (1 4 dbn - J7)(1 + dén - J) (5.3.4)
=1+4dn-J'+)=1 = ' =-J;,i=1,2,3 (5.3.5)

Thus the generator of rotations must be anti-symmetric, and its most general form must
therefore be

n-J=|-a 0 v (5.3.6)
-8 =0
Comparison with (5.3.1) shows that
0 —n3 Ny

n J = ns 0 —n1 (537)
—MNn2 N1 0
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and since nj,ng, ng are independent we can define the following generators of rotations
about the =1, x2, x3 axes respectively

00 0 001 0-10
Jhi=|00-1], Ja=|000]|, Js5=[1 00 (5.3.8)
010 ~100 000

One can compute that these matrices satisfy the SO(3) algebra
[JZ', J]] = Ez’ijk (539)

Note that we can build any rotation (not just infinitesimal) using the SO(3) generators. To
see how, consider a rotation by an angle § about the axis n. Let us decompose this rotation
into NV infinitesimal rotations by an angle df = £. Each of these infinitesimal rotations
will take the form

R(dO) =1 + %n -] (5.3.10)
implying that
_ 6-J)"
R(0) = ]\}lm 1+ N (5.3.11)
—00

Since successive, infinitesimal rotations commute, we can write this limit as an matrix ex-
ponential

R(6) = %) (5.3.12)

5.4 Kinematics in rotating frames

Let R be the vector pointing to the rigid body’s center of mass, r and r’ denote the position
of some P fixed in the rigid body relative to the lab frame S and the rigid body frame S’
respectively. Now consider an infinitesimal segment of the rigid body’s motion in which
it rotates about an axis n (through the CM) by an angle df. This rotation produces a
displacement d@ - r of P in frame S’. The total displacement in S will thus be

dr=dR+df x v (5.4.1)
Dividing by dt we get a relation for the velocities of P in the two frames

v=V+4+wxr (5.4.2)

where V is the CM velocity and w = % is the angular velocity. This derivation worked
so well because we implicitly set our axes” origin to lie on the center of mass about which
P must rotate. Suppose we instead placed the origin of S’ a distance d from the center of
mass, forming a new reference frame S”. The position vector r”" of P in the new S” frame
willbe r” =t + d. Thus

v=V4+wxd+wxr’ (5.4.3)
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which suggests that we redefine the CM velocity in S” to be
V=V+wxd (5.4.4)

while the angular velocity remains the same w = w'. This is a crucial point, it tells us
that the angular velocity of a rigid body is independent of where we place our frame of
reference (as long as the frame rotates with it).

Suppose we now wish to describe the position vector r of some point P fixed in space (not
the rigid body). Then we have
r=r;e; =re (5.4.5)

Taking the time-derivative we see that
T = e = rle, +r;é) (5.4.6)
We now define w, the angular velocity of the rotating axes e} with respect to e; to satisfy
e =wxe; (5.4.7)
If we take r; = R;;(t)r; then

T @ ST g ot = ek (548)

where we have defined w;;, = Rinkj. Note that w;;, defines an anti-symmetric 2-form w

since d
Wi = Rijki = %(Rijki) — Wik = —Wik (5-49)

since Ry (t)Ry;(t) = 0;;. Due to this anti-symmetry, the dual vector ! w of w;; is given by

1 1
w; = §€ijkwjk — W = §eijkwjkei (5410)
It follows that
¢ =wx e (5.4.11)
as desired. Consequently
F=17e,+wxr (5.4.12)

We define the velocity of the point P as seen from S to be

d
CTI — e (5.4.13)

S

and similarly the velocity of P as seen from S’ to be

d
d—; = ile! (5.4.14)

S/

!see differential geometry in Mathematical methods volume
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Consequently we see that
dr
dt

_ dr

= 4.1
o @ +wxr (5.4.15)

S

As expected, the difference in the measured velocities is equal to the relative velocity of the
two frames. Differentiating (5.4.15) we find that the accelerations in S and S’ are related
as

o ile] 4 210¢] + 18 (5.416)
d

= e + 27 (w x €)) + réd%’xe; (5.4.17)

= i€} + 2w X (7€) + w X (rie}) + riw x (w x €}) (5.4.18)

and thus we have found a relation between the accelerations in S and S’

i

d?r

dr
@ —|—2wa

+wXr+wx (wxr) (5.4.19)
S/ dt

S/

Using Newton’s second law, if the force experienced by P in frame S'is F = m% | then it
follows that

, d*r dr ,
F=m——| =F-2mwx —| —mwXrt—mwX (wXxr) (5.4.20)
———— Eulerforce  Centrifugal force

Coriolis force

S/

We see that in the rotating frame, particle S must experience three additional forces to
explain its motion. These are not physical forces, but merely an artifact of the fact that the
rotating frame is not an inertial frame of reference, and thus an additional set of fictitious
forces is required to agree Newton’s second law.

Centrifugal force

Not to be confused with the centripetal force which is very closely related to it, the cen-
trifugal force is the fictitious force which replaces the centripetal force in a rotating frame.

To understand the necessity of this force, consider a person standing on a rotating carousel.
From the lab frame’s point of view, the forces acting on the person are the gravitational
force pulling down, the normal force pushing up, and the friction force pulling in towards
the carousel’s center. The causes the person to move in a circular fashion with the carousel.
From the person standing on the carousel’s point of view, the non-fictitious forces acting
on it are again the weight, normal force and friction, which alone would cause the person
to drift towards the carousel’s center. This description does not match what the observer
sees, and indeed this is because there is an additional fictitious force, the centrifugal force
which pushes outwards. Since from the person’s point of view it is still relative to the
carousel, the centrifugal force must be equal to the friction force (the centripetal force) in
magnitude but opposite in direction:

2
Fcentrifugal = _Fcentripetal = mw re, (5421)

— 32—



5.4. KINEMATICS IN ROTATING FRAMES

As a more interesting example, consider what happens when we suspend a pendulum on
Earth at latitude m — 6, as shown below There will be a gravitational force pointing radially

inwards as well as an oblique centrifugal force of magnitude

F = —mRw?z x (2 x &) = —mRw?% x (cos f cos py — cos fsin X) (5.4.22)

= mRw?(cos A cos pX 4 cos O sin @y 5.4.23
y

We can without loss of generality set our axes so that ¢ = 0 without loss of generality, so
that F points in the z-direction, and the y-direction goes into the page. Then

F = mRw? cos O(cos &, — sin f€y) (5.4.24)
Consequently Newton’s second law implies that
mw?Rcosfsinf = Tsin¢ and mw?Rcos® 0 = mg — T cos ¢ (5.4.25)

The second equation implies that 7' = 74 — msz% and thus

mg tan ¢ = mw?R(cos? f tan ¢p+cos fsinf) = tan ¢(mg—mw?R cos® f) = mw?R cos Hsin 6
(5.4.26)
The angle ¢ the pendulum makes with the radial line is therefore

w2 R cos 6 sin 0

tan ¢ = (5.4.27)

g — w?Rcos? 6

Coriolis force

To understand the origin of this fictitious force, consider an observer standing on a carousel
rotating with angular frequency w. The observer starts to walk tangentially at constant
radius R around the carousel with speed V. From the laboratory POV, the observer is
moving at speed v + wR, so the friction force acting on their feet must be the centripetal
contribution

m(V+wR)*. (mV2

Ffriction = - R R + mW2R + 2mwv> ér (5.4.28)

Now consider the same situation from the observer’s point of view. The friction force
acting on them (which is the same in both frames) does not fully cancel out with the cen-
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trifugal force mw?R so that

mV?
= # mw?R — Fhiction (5.4.29)
m E, centrifugal

We are therefore in need of an extra fictitious force Fyyio1is = 2mwV' e, in order for Newton'’s
equations to give the correct acceleration.
Euler force

To understand why this force is necessary, let’s consider once more the rotating carousel.
Assume the carousel has angular acceleration w. Then in the lab frame, if the observer on
the carousel is to remain fixed to it, there must be an additional friction force Fiiction =
mRw. In the observer’s frame this is not accounted for, just like in the centrifugal force’s
case.

5.5 Motion on Earth

There are several interesting consequences of the fact that we live on a rotating planet, and
thus in a non-inertial frame of reference where fictitious forces play non-intuitive tricks.
Deflection of falling object

Consider an object

Cyclones
Foucault’s pendulum

5.6 Lagrangian in rotating frames
5.7 Angular velocity using Euler-angles

We can write the angular velocity using the Euler angle parametrisation. Consider a rigid-
body which in time dt moves from (1,0, ¢) to (¢ + di, 6 + df, ¢ + d¢). By definition we
must have that

w = el + fe| + des (5.7.1)

where e3, e/, €4 are shown in Figure 5.1. Using the rotation matrices, es is given in terms
of e/ by looking at the third column of R, and similarly e} by looking at the first column of
R(%) so that

e; = sin 0 sinye! + cos 1 sin Oe}) + cos fel (5.7.2)
e| = cosve] — sinyel (5.7.3)

Similarly, in the lab frame we get

el = sin @ sin ¢e; — sin ¢ sin fes + cos fes (5.7.4)
e = cos ¢e; + sin ¢ey (5.7.5)
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Defining
w = wye| +wyes + w.e3 = w, e + wyes + w.e3
then we find that
@y = ¢psinfsinp + 6 cosp Wy = 0 cos ¢ + 1) sin G sin ¢
wyzésinecos¢—ésin1/} and wyzésing{)—@bsinﬁcosgb
@, = + dcosb w, = ¢+ 1cosf
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Rigid body dynamics

6.1 Rigid bodies

A rigid body is a body where the distance between its constituent particles does not vary.
This body may be initially viewed as a discrete set of point-particles, and the passage to
the continuous limit is achieved by replacing sums with integrals using a mass measure
pdV replacing the individual particle masses.

We will use two reference frames, an inertial lab frame fixed in space and a non-inertial
frame fixed to the center of mass the of rigid body. Since the particles within the rigid body
maintain the distance between them, a rigid body has six degrees of freedom, three that
specify the position of the origin of the rotating frame relative to the lab, and three that
specify the orientation of its axes relative to the lab. Indeed it is easy to convince yourself
that given this data one could in principle draw a picture of the rigid body as seen from
the lab frame (the Euler angles).

6.2 The Inertia tensor

In order to write the Lagrangian of a rigid body, and thus investigate its dynamics, we
need to be able to write down its kinetic energy. Let the ith particle have mass m(") and
velocity v(?) in the lab frame. From the previous chapter we know that

v =V 4w xr® (6.2.1)

where V is the CM velocity and r(¥) is the position of the ith particle in the rigid body
frame. We then have that

IO = LTV TV om0 T s 62

For the middle term, we note that 3, V- (w x m®r®)) = V. (w xS, m(i)r(i)) = 0 since by

definition the center of mass is set at the origin, so that R = 3, m()1() = 0. Consequently

we are left with

_Lla2 1 DT 2 (0N _ (o . p@))2
T = MV +2§i:m [w?(r")? — (w - £?)?] (6.2.3)
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where M = )", m; is the rigid-body’s mass. The kinetic energy has been decomposed into

a translational component due to the CM motion, and a rotational component. The latter
can be written more succintly using index notation by noting that

m® [w2(rD)2 = (w - #0)2] = m® [wje; ()2 = (wyrl?) i) (6.2.4)

= ijkm(i) [5jk(r(i))2 — T](-l)r,(;)] (6.2.5)

Defining the inertia tensor | to be a rank-2 symmetric tensor with components

L = 3 m®[5;,(r)% — Tj(i>r,gi>] (6.2.6)
we then find that
7 = %MV2 + %wTTw (6.2.7)

Passing to the continuous case is not difficult, one replaces the sum over particles with an
integral

Ly = / Pl (r )2 — D1 qy (6.2.8)

As a matrix, | can be written as

= Sm(y?+22)  — S may — Y maxz
= S may S m(a?+ 22 S myz (6.2.9)
— 2 mrz —Ymyz Y m(z® +y?)

Moreover, note that since | is a second-rank symmetric tensor, it can be diagonalised by a
special choice of axes, known as principal axes of inertia. These can be found by solving
the eigenvector equation

In; = Ijn; (6.2.10)
Here the eigenvalues I; are the principal moments of inertia and 7; are the vectors yielding

the principal axes of inertia (in the basis in which 1 was expressed originally). Letting
D = (m1 m2 m3) then one finds that

B _ I, 00O
Ib=(0L o (6.2.11)
001

Iprincipal =D

The calculation of the principal moment of inertia is greatly facilitated if the rigid-body is
symmetric. Indeed, suppose the body has a plane of symmetry passing through the origin.
For simplicity let this plane be the zy-plane. Then we have that p(z,y, 2) = p(z,y, —2) and
thus by symmetry

I, = —/pxz dxdydz =0 (6.2.12)
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Similarly one finds that 7,, = 0 and so

= Iy Iy O
= | Iy Iyy O (6.2.13)
0 0 I
which clearly has an eigenvector
0
n=|0| = z-axisis a principal axis (6.2.14)
1

So we see that the vector perpendicular to the plane of symmetry is a principal axis of
inertia.

We can use this result to prove a more powerful theorem. Suppose a rigid body has a
symmetry axis (it is a solid of revolution) through the origin, and consider two planes
containing this axis. Then the vectors perpendicular to these planes, which can be chosen
arbitrarily as long as they are mutually orthogonal, will also be principal moments of in-
ertia. Setting z to lie on the symmetry axis, and z, y-axes to be in the plane normal to z.
Moreover, by symmetry p(x,y, z) = p(y, z, z) so we have that

I, = — /p(y2 + 2%) dedydz = — /p(ac2 + 2% dr dy dz = 1, (6.2.15)

where we changed coordinates x — y. In the case of a planar lamina then
I = / p(z® +y?) dedy = I, + I, (6.2.16)

which is known as the perpendicular axis theorem. If the lamina further has rotational
symmetry about the z-axis then letting I, = I, = I we get that I, = 2/. To summarise:

Symmetry and 1:ifa rigid body has a plane of symmetry, the vector perpendicular to
this plane is a principal axes. Any two mutually orthogonal vectors in the

symmetry plane are also principal axes with the same moments of inertia.

In our derivation of the inertia tensor, we assumed that the origin of S’ was the center of
mass. If instead we decided to place it a distance d away from the center of mass then by
substituting =} = x; + d; one easily finds that

Iy = Lip + p(d®60, — djdy,) (6.2.17)

which is known as the parallel axis theorem.

From now on we will ignore translational degrees of freedom unless otherwise stated, and
concentrate on the purely rotational motion.

The inertia tensor also allows us to write the angular momentum about the center of mass
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as
L= m't" x vl = V.3 mOr® + 3" mO® x (w x 1) (6.2.18)
- zz: mO[(r®) 2w — (r® Z w)r®] Z (6.2.19)
= im(i) [05(r D)2 = 1§01 Juge, (6.2.20)
L=lw (6.2.21)

which casts the rotational kinetic energy into
T=-L-w (6.2.22)

If we adopt the principal axes of inertia where L = I w; e+ Iawaes + [zwses then the kinetic
energy takes the particularly simple form

1 1 1
T = illwf + ifwg + 513w§ (6.2.23)

Let’s assume the rigid body has an azimuthal symmetry such that I; = I> # I3. Using the
Euler-angle formalism with the Euler axes {€;} aligned with the principal axes, then one
finds that

. . 1. . .
T = %Il(gf sin® 0 + 62) + 513(7# + ¢ cos 6)? (6.2.24)

6.3 Equations of motion for rigid bodies

Having discussed the energetics of rigid bodies we can now attempt to derive a set of equa-
tions of motion. Since a rigid body has at most 6 degrees of freedom we must seek for a
set of six equations. Three of these can come from applying Newton’s second law (conser-
vation of linear momentum) and another three can come from applying conservation of
angular momentum. The latter can be derived by differentiating L:

dL ~ dr(® . N dv(®
ab O ) () (i) o YV
i % m 7 x v\ 4 EZ m\Yr\Y x i (6.3.1)
N ‘ N dp®
_ (D)D) « (D) (i) ,, 2P
Ei:m v xv +Zi:r X = (6.3.2)
= 1 xf; (6.33)

where f; is the net force acting on the ith particle. Note that if no external forces act on the
rigid body then the torque due to internal forces will vanish by symmetry. Hence when
computing 3, V) x f; we can neglect internal forces. Letting the torque about the center
of mass be

=3 1) x ) (6.3.4)
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then we obtain

dL

— = 6.3.5

o (6.3.5)
This law, which looks eerily similar to Newton’s second law, expresses the conservation
of angular momentum. Using this law and the inertia tensor, we can find three equations
for the rotational degrees of freedom. For simplicity we align our axes with the principal
axes of inertia {e;}. This means that the frame we are working in is non-inertial, and the
time derivative of L = L;e; will have two contributions since both L; and e; evolve through

time. We find
dL dL dej dL]

- gty = et Lilwxe) (6.3.6)
implying that
dwy,
Tik=g + €mnwmInwr = 7; (63.7)

Here we used the fact that the principal moments of inertia are time-independent !. Now
we use the fact that the inertia tensor is diagonal in our frame so I,;; = I,,6,,; (no sum over
n) so that L1 = Ilwl, L2 = IQ(UQ, ngg. We find

Idw

i + €jmnwWmInwn = T (6.3.8)

or in component form
Lot + WQW3(I3 — Ig) =7
TIws + w3w1(11 - I3) =Ty (639)
I3z + wiwa (I — ) =73

These are known as Euler’s equations.

We could have derived the law of conservation of angular momentum using the Lagrangian
method too. Letting

1
L= Lw-U (6.3.10)

then oL 0L U

The Euler-Lagrange equations then y1e1d the conservation of angular momentum. To un-
derstand why we can identify —2Y with the torque, note that the the potential energy
change due to a system of part1cles each moving a distance 6t under the influence of a net

force £ is

i i i g ou
5U:Zf<>.5r<>zzf<> (6 x r) —502 x £ = g =7 (6312)

i

'this is true for any frame rotating with the body, not just the principal axes
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6.4 Rolling coin

We begin by discussing the motion of a coin of mass m and radius R on a plane inclined
at an angle « to the horizontal. Throughout its motion the coin can be assumed to remain
upright (perpendicular to the table). By symmetry, we see that the coin has a principal

axis perpendicular to its face with I3 = mTR2. By symmetry we can choose the other two

principal axes to lie in the coin’s plane, with I = I, = mTR2 by the perpendicular axis
theorem.

Letting z, y lie in the plane of the incline, the Lagrangian takes the form

1 mR?
L= _-m(i*+ 9% +

5 5 (wW? 4 w3 + 2w3) + Mgy sin o (6.4.1)

From the diagram we have that w3 = ¢ and w} + w3 = 62 so

1 R2. R2 .
L= m(i* +%) + mTe? + mqu? — mgysina (6.4.2)
We must also take into account the no-slip constraints
i — Rpsind =0, and § — Rpcosf =0 (6.4.3)

which can be done using the method of Lagrange multipliers. We find
a1z = 1,a19 = 0,a14 = —Rcos, azy = 1,a29 = 0,094 = —Rsinf (6.4.4)

1 2, 2 . .
L= §m(¢2+y2)+%92+%¢2+mgy sin a4+ (z—R¢sin )+ o (y—Rp cos ) (6.4.5)

The Euler-Lagrange equations read

mx = A1, mij = Ag +mgsina

mfgé = —R(A1sinf + \ysin 6)

From the third equation we quickly find that §(t) = 6y +Qt. Also, combining the constraint
equations with the first two equations of motion we get that

mi — mR(¢psin 4 ¢f cosf) = A\ — mR(dsinf + ¢ cos§) =0 (6.4.7)
mij — mR(¢cosf — dhsinh) = Ay + mgsina — mR(¢cosf — ¢hsinh) =0 (6.4.8)

so that

A1 = mR(Psin 0 + ¢ cos ) (6.4.9)
Ao = mR(dcos b — ¢Qcosb) — mgsin (6.4.10)
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We substitute these values of the Lagrange multipliers into (6.4.6) and find

o= —2<¢ — J sinacos 9) = ¢= gema cos(fp + Qt) (6.4.11)
R 3R
which can be integrated to yield
2gsin o
¢ = ¢o+wt — SO2R cos(fp + Q) (6.4.12)
Similarly, for « and y one finds that
. 2gsin « .
T = R(w + san ¢ 0) sin ¢ (6.4.13)
. 2¢gsin
Y= R(w + sar ¢ 9> cos 6 (6.4.14)
(6.4.15)
which can be integrated to yield
gsin« wR gsina |,
T =xg+ 30 t— |:Q + ?)T Sln(90 + Qt):| COS(00 + Qt) (64.16)
wR sina .
Y=Y+ |:Q + 93T Sln(90 + Qt):| sm(90 + Qt) (64.17)
(6.4.18)

6.5 Free spinning tops

Spinning disc

We consider a flat disc of mass m and radius R thrown almost horizontally. By symmetry,
one principal axis will be normal to the frisbee with I3 = mTR2 while the other two principal
axes can be taken to lie inside the plane of the frisbee, with [} = I, = I = %3 The Euler
equations of motion are

T + LUQW3(13 — I) =0 (651)
Twy + wlwg(l — 13) =0 (652)
Iyos = 0 (65.3)

From the last equation we immediately see that w3 is constant, so the “spin” of the frisbee
will remain the same as expected from the conservation of angular momentum. We define

I-1

Q
I

w3 (654)
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so that the first two equations become

ot =00 et =0 (6.5.5)
wo + Qwi =0 @2+Q2WQ:0
Therefore the angular velocity in the body frame is
w = (wp sin Qt, wg cos N, Q) (6.5.6)

To find the precession frequency we need to find what this vector looks like in the space
frame. Comparing (6.5.6) with (5.7.7) we see that

dsinfsiny + 0 cosp = wpsin Ot
dsinfsiny — siny) = wp cos Ot (6.5.7)
Y+ pcosh = ws

To simplify matters we align the lab frame axes so that L lies along the z-axis. Then since
the angle between w3é3 and z, which is just 6§, must be constant, we have 6 = 0. Also one
can see visually that ¢) = Q. Therefore squaring the first two equations and summing them
we get

wo w3 — Q

¢= sinf  cos0 (6:58)
and substituting Q = =%2.w3 we get
. I3ws
o= Teos 0 (6.5.9)

For a frisbee we have that 22]3 = 2I and if # < 1 then the small-angle approximation
implies that ¢ ~ 2ws, so the wobble of the frisbee will have twice the frequency of its spin.
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Fluid properties

7.1 Simple fluids

As Batchelor puts it: “A” simple fluid is a material such that the relative positions of ele-
ments of the material change by an amount which is not small when suitable chosen forces,
however small in magnitude, are applied to the material. That is, a simple fluid is a sub-
stance that flows (i.e. deforms continuously) under an applied force, irrespective of how
small this force is. Such forces are known as shearing forces, they change the shape of the
fluid without changing its volume. A fluid may resist this deformation, but this resistance
cannot overcome the shearing force, so the “resisting force vanishes with the rate of de-
formation”. Luckily, many fluids that we encounter daily such as water and air may be
regarded as simple fluids quite accurately.

Simple fluids may also be understood on a microscopic scale. It is well known that two
molecules in a substance interact following a van-der-Waals-like potential shown below:

Fluids and solid are known to have an average separation of order ry, and thus strongly
interact repulsively, while gas molecules have a separation of order 10ry, and thus very
weakly interact attractively. So, while in statistical mechanics one can often model gases
as perfectly non-interacting, in fluid mechanics we are not afforded the same privilege,
interactions are key:.

At this molecular scale the mass distribution is very uneven, with spikes centered near nu-
clei, and large regions of emptiness between molecules where the electronic wave-functions
have decayed. Working with such non-uniform distributions is a hopeless task, so it is of-
ten helpful to regard the properties of a fluid as independent of the fact that the molecular
distributions are quasi-discrete or continuous. This is known as the continuum approxi-
mation, and in the classical regime where low density quantum effects are unimportant it
is very successful.

We are therefore allowed to consider a fluid as a mass distribution that is generally con-
tinuous in space and time.

7.2 Forces acting on fluids
We distinguish between two types of forces acting on matter. One type, known as long-

ranged, slowly decrease as the separation of the interacting bodies is increased. As aresult,
long-ranged forces (or volume forces) are roughly constant over infinitesimal volume el-
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ements §°r and proportional to the size of this element dV. An example of a volume force
is the gravitational force.

The second type, known as short-ranged, decrease rapidly as the separation of the inter-
acting bodies is increased. They are only relevant when the separation is on the order of the
molecular separation, and thus are appreciable when there is physical contact between the
interacting elements. Therefore, short-ranged forces are exerted by a fluid element on an-
other fluid element across their shared boundary surface. As a result, short-ranged forces
(or surface forces) are roughly constant over an infinitesimal plane surface element d°r !
of the shared boundary, and proportional to its area dA. An example of a surface force is
surface tension.

The total volume force acting on a fluid’s volume element dV' centered at r with density p
at time ¢ is:
dF,o = F(r,t)pdV (7.2.1)

while the total surface force acting on a fluid’s surface element d A centered at r with normal
n at time ¢ is:
dF gy p = X(r,n,t)dA (7.2.2)

By convention, X is known as the stress exerted by the fluid lying on the surface element
that n points to, on the fluid lying on the side that n points away from. By Newton’s third
law X is an odd function in n, so ¥(—n) = —X(n).

Consider a tetrahedral volume element with orthogonal surfaces dA;, A2, § A3 oriented
with unit normals —x, —y, —z respectively, and an inclined surface § A oriented with unit
normal n. Surface forces from the rest of the fluid will act on this tetrahedron across each
of these surfaces:

OFgurf = X(n)0A + X(—x)0A1 + 3X(—y)6As + 3(—2z)0A3 (7.2.3)
Using the relations 04; = x-ndA,0A> =y -ndA,0A3 =z - nd A we find that:
(6Fsurr)i = [2(n) — (2;5:(x) + y;Zi(y) + 2;2%i(2))ny]0 A (7.2.4)

Now the total forces acting on the tetrahedral volume element are a combination of body
forces and surface forces:
(5m)a = 0F o + 5Fsurf (7.2.5)

As we make §V — 0, the LHS of (7.2.5) approaches zero, and so does the body force.
Therefore we need dF,,,.; — 0 as dV — 0:

This result tells us that the stress along a given normal can be decomposed into the stresses
along three orthogonal directions. We define the stress tensor:

Yij = 2;5(x) + v %i(y) + 2 %i(2) (7.2.7)

'technically this should be a volume element but the penetration depth of most surface forces is small
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yielding:
Ei = O'ijnj (728)

The stress tensor o;; gives the ith component of the stress exerted across a surface element
normal to the direction j. The diagonal elements o;; give the diagonal stresses (compres-
sion or expansion), while the off-diagonal elements o;; give the shearing stresses (defor-
mation while maintaining volume).

We now take the stress torque on a volume element’s boundary surface about a point O
within this element:

/ (I‘ X U)i -dA = /EijijO'klnldA (729)

where r gives the displacement of the surface element ndA relative to our reference point
O. We can use the divergence theorem to simplify this integral:

or;o do
/Q‘jk 8jlel dV = /Eijk <Ukj + 7 asl)d‘/ (7210)

We let the volume collapse onto O by keeping the boundary surface fixed, so that V" — 0.
The total moment and the rate of change of angular momentum scale as V4/3 while the
first term scales as V. Therefore, we need this term to vanish:

€ijk0k; =0 (7.2.11)

This relation establishes the symmetry of the stress tensor: 0;; = o;;. It is well known that
for any rank two symmetric cartesian tensor, three principal axes may be rotated so that
this tensor becomes diagonal in this basis. In other words, we can always orient our axes
so that the only stresses acting on the fluid are normal (such stress forces are known as
principal), a fluid can always be regarded as in a state of tension/compression in three
orthogonal directions.

Now consider a fluid of very small volume at rest. In the principal frame, the stress tensor
is diagonal, and we write it in the form:

%O‘ii 0 0 J11 — %O'ii 0 0
o=| 0 %04 0 |+ 0 oxm—305 O (7.2.12)
0 0 3oy 0 0 o33 — 505

The first term is a uniform compressive (normal) stress. Thus it tends to change the vol-
ume of the fluid, and can be resisted. The second term however is a shearing stress, and
thus cannot be resisted by a fluid since it maintains its volume, it only changes its shape.
Consequently, for the fluid to be at rest we need the second term to vanish, making the
principal stresses equal to each other:

t0; 0 0
o=| 0 %04 0 (7.2.13)
0 O %aii

Note that rotating away from the principal axes will give the same matrix due to the
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isotropicity of the principal stresses. As a result, , so only normal stresses are active! It
is thus useful to define the static fluid pressure as the normal stress p = —itro = —10;;
where the minus sign by convention means that positive pressure is compressive. There-
fore

055 = —p(sij (7214.)

The surface force across a plane element with normal n is given by —pn.

7.3 Static equilibrium in fluids

The total force on a static fluid is a sum of the body and surface forces. Newton’s first law
then yields:

/deV - /pndA =0 = /(,oF — Vp)dV =0 (7.3.1)
for any volume V' contained within the fluid. This is only possible if the integrand vanishes
inside the fluid, so the equilibrium condition in a fluid is:

Vp = pF (7.3.2)

For a fluid the shear stresses are not necessarily zero, so the equilibrium condition reads

Vp+ 5o =0 (7.3.3)

Suppose that the body force per unit mass F is conservative, with a potential ® so that
F = —V®. Then:

—pVOe =Vp = (Vp) x (V®) =0 (7.3.4)
so the unit normal vectors to the level surfaces of p and I and p must all be equal. Consider
for example the case of a gravitational force where F =g — ® = —g - r = gz. Then:

Vp=pg = p2—p1=pg (r2—11) = p2+pgz2 =p1+pgz (7.3.5)

This is just an energy conservation law stating that a change in potential energy pgze must
come at the expense of a pressure difference (we can’t have kinetic energies since we are
at rest). This result also implies that there are no sudden jumps in pressure within a fluid
or within the interface between two fluids. It follows that the surface of a fluid must be
horizontal, since any variation in height would give a pressure difference.

Note that due to the arbitrariness of the reference point O, we can in general write:

p(z) =c— pgz (7.3.6)

where z is measured vertically upwards from the reference point, and ¢ = p(0) is a constant
given by the pressure at z = 0. Suppose for example that the reference point is chosen to be
on the interface between an incompressible fluid and the atmosphere. Then the pressure
at a depth h in the fluid is given by:

p(h) = po + pgh (7.3.7)
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where py is the atmospheric pressure.

Example. An open vessel standing on a horizontal table contains a layer of an incompress-
ible fluid of density p;, floating on top of a layer of incompressible fluid of density p,. Let
S1 be the surface separating fluid 1 and the atmosphere, and let S, separate fluid 2 from
fluid 1. Suppose Q is a point at a depth h below the surface S;. Let the reference point be

S
M |H
h, Sz
20
OQ o
on Sy. Then for any h within fluid 2:
p2 = p1+ p2g(h — H) (7.3.8)
but p1 = pg + p1gH so we have that:
p2 =po + p1gH + p2g(h — H), H < h < 2 (7.3.9)

We often refer to the surface between two fluids as a free surface.

Submerged solids

Suppose a flat plate with sides of length a, b is submerged in a fluid of density p so that its
top edge is at a depth hy. We let the top-left corner A of the plate be the origin of our coor-
dinate frame. Consider an infinitesimal surface element dA with center @@ = (x,y). Since
pressure acts uniformly on this static system, the force on this element will be df(z,y) =
—p(x,y)dA = —(po + pg(ho + x))dA. Integrating over the plate we have that:

b a
£=—n [ [ oo+ polho + 2))dody = ~blpva-+ % (2hoa + %) (7.3.10)
0 0
CL2
= —ab {pg + pg <h0 + 2>:| n (7.3.11)

Note that this is just equal to the pressure p), at the center of the plate times the area of
the plate:
f=—puAn (7.3.12)

An interesting application of this result are canal lock gates. One can use the difference
in pressure between two bodies of water to block gates from opening in one direction.
Suppose we have a fluid of total depth H on side 1 of a gate of height I/ + ¢, and another
fluid of total depth % on side 2 of the gate. The gate has breadth b. Intuitively, we expect
the gate to be locked in the direction side 2 — side 1. Indeed the total force on side 1 is
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side 1 H
A i
h side 2
Y Y
given by:
b H b H+c
F —/ / [po + pg(H — z)|dzdx +/ / Po (7.3.13)
0 0 0 H
1
= b(H + c)po + 5png2 (7.3.14)

where we note that the force due to the fluid pressure is again equal to the bH times the
pressure at the midpoint of the gate in contact with the fluid pgZ. By the exact same
calculations:

1
Fy = 5pgbh2 + bpo(H + ¢) (7.3.15)
giving a net force of:
1
F = 5pgb(H2 — h?) (7.3.16)

directed from side 1 to side 2. For b = 3m, h = 2m, H =5m, and if the fluid is water, then
F = 3 x 10°N! If you ever find yourself in a sinking car, don’t try to open the doors right
away, wait for the water level to equalize and use the water pressure to your advantage.

Now suppose we fully submerge a cube of side length a so that its center of mass is at a
depth hg. The pressure force on the lateral sides of the cube cancel out. However, there
will be a net force due to the height difference between the top and the base of the cube:

f = pga®((ho + 2a) — ho)z = pga’z (7.3.17)
where z points upwards.

This force is known as the buoyancy force, and is a general case of Archimede’s principle:
a body submerged in a liquid at rest will experience a resultant force directed upwards
equal to the weight of the liquid it has displaced.

Indeed, suppose a body V with boundary surface S is submerged. Then:

f=— yﬁ pdS (7.3.18)
S

We also have that
Mg = / pgdV = / VpdV = 7§ pdS = —f (7.3.19)
% % S
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so we do indeed find that f = —Mg.

Atmospheric pressure

Throughout our calculations we have dealt rather mysteriously with the atmospheric pres-
sure po.

We cannot simply model the atmosphere as a fluid of constant density, since this would
imply after a short calculation that the atmospheric pressure vanishes at a height of just
8.4km!

Let us model the atmosphere more realistically as an ideal gas with equation of state:
p = pRT (7.3.20)

For an isothermal atmosphere, the temperature is constant implying % = B2 where po
and pg are the atmospheric pressure and density at some reference point (e.g. sea level).
Conesquently:

dp j%
= _pg=—1 7.3.21
dz Py o Pog ( )
which can be integrated to give:
__Pry — Ae—r9z/po
Inp = z4+c = p(z) = Ae (7.3.22)
Po

and using the condition p(0) = pg we find that:

p(2) = poeF92/P0 (7.3.23)

The isothermal model is much more accurate than the constant density model, but still
differs from experimental data at large heights. Suppose we now model the atmosphere

1.0

0.8

0.6

\, isothermal model

0.4+

Pressure (10° Pa)

real atmosphere

0.2 \
constant\
density model
0 5 10 15 20 25
Height above sea level (km)

as a perfect gas satisfying the power law p = kp” for some constants k,~y. Then:

1/~
p Po
P _P o, = p0(> 7.3.24
PPy Do ( )
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Then:
% _ mpv—l% — _pg (7.3.25)
— / P 2dp = _% (7.3.26)
— = %(7 —1) (7.3.27)
Using the ideal gas law:
p=pRT = T(z)= % =A- W;};)gz (7.3.28)

and using the condition 7'(0) = T we find that:

(v-1)g,

T(z) =Ty —
(2) =To R

(7.3.29)

7.4 Liquid interfaces

We define an interface as the boundary between two media with distinct molecular struc-
tures. Consider an interface between a liquid and a gas. Recall from thermodynamics that
a reversible isothermal process which increases the interface surface area by dA will re-
quire vdA work, where v is known as the surface tension. The tensile force is then ~dl
along the perpendicular to dl.

The tensile force acting on a surface S along a curve I' is given by:

F, = —ry% n x dl (7.4.1)
r

To see where this comes from, note that:

dW =dF-dx = —y(n x dl) -dx = —(dl x dx) -n = ~vdA (7.4.2)
as desired. Suppose the surface is defined by S : z — f(z,y) = 0 giving a normal n =
9 e)
( - (%v _a%} )
of of 0*f | 90%f )
F,=— — —dy+ —dz ) =y =5 + =5 |dA 7.4.
7 ’y&é( Ox y+8y x> 7<8x2+8y2 (7:4.3)
giving a pressure
0*f O0*f 1 1
_ N 7.4.4
P 7<3$2+32y> 7<R1 +R2> (7:44)

Equilibrium is only achieved when this outwards pressure is countered by an equal in-
wards pressure, known as a Laplace pressure:

1 1
= —_ 4+ — 7.4.5
p=7 ( Ry * Ry ) ( )
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We will discuss these effects due to surface tension more precisely in the next chapter.

— 53 —



Surface tension

8.1 Defining Surface Tension

It would be impossible for a person not to encounter the enthralling phenomenon that is
surface tension. From taking a shower to washing hands with soap, and even the movement
of foam when making tea, surface tension plays a central role, governing the dynamics and
statics of interactions between fluids.

To understand how surface tension occurs, imagine looking at a water droplet under
an immensely strong electron microscope, capable of clearly displaying individual wa-
ter molecules. Firstly, consider the water molecules at the center of the droplet. These will
feel cohesive forces from neighbouring water molecules. Hence, they will be "pulled" in
all directions and will experience no net force. Let us now consider water molecules at
the edge of the droplet, adjacent to the so-called "interface" surface (an imaginary surface
delimiting two phases, such as water and air). Clearly, these molecules will experience
both a cohesive force from neighbouring water molecules, but also adhesive forces from
the nearby air molecules. Due to the imbalance between cohesive and adhesive forces, a
net inward force will act on the outer layer of the droplet, giving it a spherical shape (see
Figure 2.1)

The outer molecules close to the inter-
face will feel both adhesive and cohesi-
Interface ve forces. Since cohesive forces over-
come adhesive forces for a droplet, we
must have an inward net force.

Gasseous

Molecules farther from the interface will
feel cohesive forces from nearby mole-
cules “tugging” from all directions.
Hence, we have zero net force as we
get closer to the center of the droplet.

Figure 8.1. Diagram showing dynamics behind surface tension in a droplet

One might wonder why a droplet doesn’t take a rectangular shape, or a pyramidal shape.
The answer lies in surface optimization and the tendency of nature to minimize potential
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energy. Indeed, surface tension v has units %, energy per unit area. It is the energy

needed to increase the droplet’s surface area. If insufficient force acts on the droplet trying
to increase its surface, then it will try to minimize it, "pushing" or "resisting" against any
such force.

To better illustrate this idea, consider an arbitrary volume of water. We are asked to create
a surface from that volume of water requiring the least effort. To do so, it is essential to note
that the molecules forming this surface will oppose resistance to any increase in surface
area due to cohesive forces, especially near the interface. In other words, the greater the
surface area of this surface, the more work will be done to construct it. To use the least
energy, the droplet will therefore have largest possible Volume-Surface ratio, trying to fit
in the volume of water in the smallest possible surface area (the problem of defining a
shape with the largest volume-surface ratio is known as the Isoperimetric Inequality). It can
be proven that the sphere has the largest V' — S ratio. Any liquid will naturally rearrange
itself into a sphere, as it requires the least energy (more formally, it has the least surface

energy).

Minimum PE.&———> Maximum PE.

energy to overcome surface tension F_.

The greater the surface of an object, the

more surface tension we must overco-
me to increase surface area. Hence, we
need to minimize surface area to create
a“least-effort” surface.

The sphere is the surface that minimizes

surface area for a given volume, and

hence requires the sphere would requi-

J/ Increasing the surface area requires

m Ah re the least energy to be formed. This
can be seen as a surface’s “potential
. energy” (surface energy).
Minimum Potential Maximum Potential
Ener < 7 Ener
9y AE = mgAh v

Surface energy is analogous to potential energy. Indeed, moving a ball
up a slope would require an energy iput. Similarly, increasing the surfa-
ce area of a surface also requires energy. Moreover, if we place a ball on
the slope, it will fall back down and minimize its potential energy. Simi-|
larly the surface will oppose the force trying to increase its surface
area., minimising its surface energy (energy required to form the surfa-
ce).

Figure 8.2. Analogy between surface energy and potential energy minimization.

By taking a spherical shape, the least work is required to increase surface area, the droplet
essentially minimizes its surface energy (the energy needed to create the surface). This is
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quite similar to a ball rolling up a hill. When we increase the surface area of a droplet, this
requires energy input, just like trying to roll a ball up a slope. If we release the ball on this
slope, it will try to minimize its potential energy, and fall back down. Analogously, the
droplet will try minimizing its surface energy, resisting against any attempt at increasing
surface area.

We can therefore define surface tension as the energy needed to increase the surface area
of a liquid by unit area. It may also be considered as the force acting against deforming the
surface per unit length. The higher the surface tension of a surface is, the less it is prone
to increasing its surface area.

As hinted earlier, surface tension governs several phenomena we observe daily. As soon as
we wake up, we usually go to the bathroom, and wash our face/hands. The reason we use
soap is not only because of its antibacterial qualities, but also because it reduces surface
tension of water. Thus, when coming into contact with our hands, water will be more
easily deformed, entering into the crevices and wrinkles on our palms, and removing dirt.
Another common way to observe surface tension is when making tea or coffee. Indeed, the
reader has probably noticed the formation of foam and bubbles on the surface of the liquid.
Usually, this foam collects either at the center of the surface, or at its circumference, for
reasons we will allude to later on. The goal of this chapter will be to develop the physical
laws describing surface tension, and related phenomena.

8.2 Deriving the Young-Laplace Equation

We shall now derive the Young-Laplace equation, without which most of the results in the
rest of the chapter wouldn’t be known. We will closely following the derivation given in
Siguel and Skjeeveland, (2015). Surface tension can be defined as the force per unit length ex-
erted on any fluid against increasing its surface area. Consider a curved surface, as shown
below, representing the boundary between a liquid region and a gaseous region (known
as the interface). Recall that when crossing this surface, there will be a change in pressure,
called the Laplace Pressure (see Fig 1.3). As we can see, the internal pressure must coun-
teract the outer atmospheric pressure, as well as the surface tension acting tangentially on
its surface. This means that the pressure inside the droplet will obviously be larger than
the outer pressure. Furthermore, this discontinuity in pressure when crossing the inter-
face may also be seen as an explanation of why droplets try minimizing surface area. The
internal pressure will keep increasing until it counteracts both the outward pressure and
surface tension, which can be done by reducing the surface area of the droplet.

For an infinitesimal patch of this surface, the net force Fp caused by the pressure difference
AP will be:

dFp = APdS = APdLidL> (8.2.1)
We can then use the fact that dL| = 2R1d6; and dLo = 2Ryd05:

dFp = APdS = AP(2Rydf;)(2Rydf;) (8.2.2)
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P, will increase until it balances out both the vertical
P component of the surface tension pressure, as well as P
Y the outer pressure P_ . Y

Hence, for a convex meniscus, we have that

Pcul < Pln

To do so, the droplet’s surface area must decrease.

Figure 8.3. Pressure inside and outside of a spherical droplet or convex meniscus

Consider the surface tension force acting on the patch. Since we defined surface tension ~y
to be the force per unit length acting on the patch, then the total surface tensile force acting
on it will be  x infinitesimal length:

dF\V = ~dLy, dF\® =~dL, (8.2.3)

We can now take the total components acting vertically against Fip. Since there will be two

forces of magnitude dFW(l) and two forces of magnitude dF7(2)

is:

, we get that this component

2dF(V sin 03 + 2dF? sin 6 (8.2.4)

Recall that surface tension acts tangentially to the surface. Hence, dFﬂgl) acts on the princi-
pal line 2, and dF§2) acts on the principal line 1.

We then use the small angle approximation sin z ~ z for simplification, and substituting
our expressions for dL1, 2:

dF,y = 7(2(2R1d91)d92 + 2(2R2d92)d91). (825)

For a static droplet, we must have that: dFp = dF). Hence:

Nm~—2
=N
AP — w (8.2.6)
P ———

and finally we reach the Young-Laplace equation:
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Figure 8.4. Infinitesimal patch over which surface tension acts along the edges

Young-Laplace Equation

AP = 'V(Ril + Riz) (8.2.7)

Let’s stop a moment to analyze what this equation represents. The term on the right, AP,
is the change in pressure when moving through the interface. On the right hand side, we
have an expression with units N - m~2. This tells us that the more curved a surface is (the
smaller Ry » are), the greater the Laplace pressure. This is expected, as we have a greater
component due to surface tension against which internal pressure must act against. This
widens the gap between pressure inside and outside.

Furthermore, as R; 2 — oo (we get a flat surface, a plane), we have that the Laplace pres-
sure decreases very quickly AP — 0. This makes sense, and agrees with the well known
result that the pressure difference acting on a flat surface must be zero for equilibrium to
be satisfied, a property that isn’t necessarily true for curved surfaces as demonstrated.

We extend our formula further, using some notions of differential geometry. Note that the
mean curvature of a surface at a point, H can be defined as the arithmetic mean of the
minimum and maximum curvature (principal curvatures):

H = %(/ﬂ + HQ) (828)

where k1, k2, the principal curvatures of the surface. This then clearly yields for our patch:

1,1 1

= —(— 4+ — 8.2.9
2 (R1 + Rg) ( )

where, as discussed earlier, Ry and R; are the radii of principal curvatures at point P.

AP = ~y(2H) (8.2.10)
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Using Frenet-Serret equations, we know that the mean curvature is:

1 . 1 VS
H=-3V-a=—|V. (W)\ (8.2.11)
which allows us to write more generally:
AP = —(V -n) (8.2.12)

This is a non linear partial differential equation, which relates the pressure difference
through an interface and the shape of the interface surface. For positive curvature (e.g.
concave meniscus), the Laplace pressure will be negative, whereas for negative curvature
(e.g. convex meniscus), the Laplace pressure will be positive. Oddly, for a convex menis-
cus, the pressure outside is actually greater than the pressure just under the meniscus. As
we will see later, the Young-Laplace equation is extremely powerful when solving prob-
lems for curved liquid surfaces. Three such problems are the floating body, the shape of
the meniscus and the profile of a water droplet. These can all be solved by utilizing the
Young-Laplace PDE.

Floating Bodies

We shall now adress the first problem introduced earlier, the statics of floating bodies,
using the approach in D. J. Vella, (2007).

Consider an object (such as a metal pin, which is denser than water) of sufficiently small
mass m "suspended" on a liquid. This object is not submerged, assuming the surface ten-
sion forces F), between the molecules of the liquid are strong enough not to let the interface
surface rip. However, the object displaces water to its sides, and will therefore feel a buoy-
ant force F'g.

Surface tension F_acts tangential to the interface, the surface of contact between the
T water and the immersed object. Hence, we expect the water surrounding the object to
form a contour C at the point where the object and the water come into contact. The
surface tension acts perpendicular to both the tangential and normal vector, as shown
below.
Intuitively, this is because the water surrounding the object will have surface tension
forces pointing tangentially upwards to the interface, similarly to a droplet of water
(consider the spherical droplet as the water surrounding the object.)

F = [[;t.nds

k.F = [, divin)ds

Figure 8.5. Body placed on a fluid depresses its surface, but doesn’t necessarily sink due to surface
tension and buoyancy.

Hence, for equilibrium we must have that F's + F,|| = mg, where F is the component
of F, acting vertically. Moreover, since pressure is defined as the force applied per unit
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surface area, F' = — [[; PdA. Using the Laplace-Young equation:
k-F,=F =~ / V-h dA (8.2.13)
Szy

where S is the surface of contact between the floating body and the liquid, the interface
surface. Furthermore, S, is the projection of S on the  — y plane, and Smy is R?\ Szy. We
could also derive this result using the definition of surface tension as the force per length
applied on the interface surface. Indeed, defining C' as the contact line between the object
and water expressed as an arc parametrized vector function r = r(), we get that:

F, = 7/ ixf dl (8.2.14)
C

We took the cross product t x fi because the surface tension force is orthogonal to both the
vector tangent to r and the normal to the liquid surface n. Integrating over C then gives the
length and direction over which surface tension acts. We can now evaluate the component
of the tensile force acting vertically:

Fy = ’y/ck- (i x @) dl (8.2.15)

This is equivalent to projecting the contact line on the = — y plane, forming C.,, and then
evaluating the component of the surface tension force acting vertically along fi. This new
path will have arc length !’ and normal vector n’ (this can be seen as transforming the
integral using | — !’ and t x n — n”) so that we get:

Fy = 'y/ - dll = 7/ f-dl (8.2.16)
T C

Ty Ty

We can now use the two dimensional Divergence Theorem to simplify this integral.

[2D Divergence Theorem| Let S be a region enclosed by a smooth curve JS, with
normal vector fi). Then, the following holds for any vector field F such that V-F # 0:

//V-F dA:/ F-dh (8.2.17)
S aS

Since C,, is simply the boundary of S, we can define ,S_’wy as R2 \ Szy, with boundary C_'xy

We then have that:
/ ﬁ-dl’:—/ —ﬁ-dl’:—/ V-n dA (8.2.18)
C C Szy

so that we finally reach:
Fy = —fy//s V-n dA (8.2.19)
zy
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as required. By taking into account buoyant forces, we can then write by balancing forces:

/ V- dA+— 9 (8.2.20)
5y ¥

Consider now the two fluids separated by an interface. Denoting the liquid density p, the
variation in vertical pressure between the two phases (liquid and gas) will be AP = pgh,
where £ is the depression in the liquid. We can then write:

//_ pgh dA =mg— Fp (8.2.21)
S,

where we have used the Young-Laplace equation. Let us now evaluate Fz, the buoyant
force acting on this object. We get using the Archimedean principle:

Fp = pghSs, (8.2.22)

Taking the ratio between the two yields:

F z
Fp _ Suy (8.2.23)
FV Sxy

This demonstrates that as the size of the object decreases, S,., will also decrease, and hence
this ratio will decrease. For smaller objects, such as needle pins, contrary to common belief,
buoyancy is not the main reason they float, it is surface tension. Thus, we can conclude
that objects with greater density than water can still float as long as they are small enough.

8.3 Capillary Action

Capillary action is another mechanism caused by surface tension, and leads to various in-
teresting phenomena, such as the formation of menisci and the shape puddles and droplets.

When a liquid is placed in a narrow tube or cylinder of sufficiently small radius, this liquid
may "rise" upwards. The adhesive forces overcome the cohesive forces, then the liquid
molecules will be pulled by the walls of the container, rising.

Jurin’s Law

Before we adress the meniscus problem introduced earlier, it is important to allude to the
phenomenon of capillary action to truly understand the mechanism behind which menisci
actually form, using two standard arguments to derive Jurin’s Law.

Let us consider a cylinder filled with water, of radius R. Assuming that the meniscus has a
spherical shape (we'll see later on how to more accurately define the profile of a meniscus)
with contact angle § with the cylinder’s walls. It can be shown that the radius of curvature
of the interface is Rsec§, so that the Laplace pressure is:

2y
AP = — 3.
Rsect (83.1)
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Furthermore, the Laplace pressure can also be defined as:

2
AP = Payyy — Pren = — RSZC ; (8.3.2)

Let us now consider two communicating vases as shown below.

Gasseous

Figure 8.6. Capillary rise for a concave meniscus

Since pressure at equal heights in communicating vases must be equal, it follows that the
pressure at an arbitrary height s under the water level is:

Py = Pagmy — pgs (8.3.3)
for the "outer" vase. For the inner vase, the tube, we have that:
Py = Pren — pgSo (8.34)

where s is defined as shown in Figure, Py, is the pressure at the meniscus. Equating
these two expressions finally gives:

Patm, — Pren = pg(s — so) = —pgH (8.3.5)

Using the Young-Laplace equation, we arrive at:

2

pgH = Rszc ; (8.3.6)

Rearranging we get Jurin’s famous law for capillary rise

Jurin’s Law
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I 2~ cos 6
Rpg

(8.3.7)

We could have also derived this result by equating forces as shown in J. Pellicer et al. (1995).
The weight due to the column of water must be equal to the surface tension forces acting
along the meniscus perimeter, causing the liquid to rise:

F, =2nRycosf = F, = npR*gH (8.3.8)

Again, we should check boundary conditions to see if our answer makes physically sense.

Jurin’s law tells us that H o Rip. The denser the liquid, the higher it will rise (there are
some exceptions such as mercury). Moreover, the narrower the tube, the greater the rise.

Both sound physically intuitive and are correct.

The Concave Meniscus (0 < 7)

Notice that the size of the meniscus plays a huge role in the derivation of Jurin’s law. As
seen earlier, the balance between cohesive and adhesive forces determines the shape of a
meniscus (more specifically the contact angle formed with a wall, which defines the shape
of a meniscus).

Consider once again a liquid placed in a tube. If liquid molecules are more attracted to
the walls than to other liquid molecules (when adhesive forces overcome cohesive forces),
one intuitively expects the meniscus to be concave. The molecules at the edges will be
"dragged" upwards by adhesive forces, similar to a water column in a capillary tube would
rise. Nearby molecules will move alongside as a result of cohesive forces. This may be
easier to imagine if we interpret the cohesive forces as "chains": if the molecules at the
edges move upwards, nearby molecules will move too. As we get farther from the tubes,
these effects become more and more negligible, until they are null at the center of the
container.

Instead, if the cohesive forces overcome the adhesive forces, then the meniscus will have a
convex profile (similar to a droplet or puddle), since liquid molecules will try to "clump"
all together, amassing near the center of the meniscus. Another major consequence is that
we will have the "opposite" of capillary action, capillary fall. Instead of rising, the liquid
molecules will try to "stick together”, and actually fall (often observed in mercury). It
follows that the equations governing puddles, droplets and menisci will be the same, as
the conditions leading to their formation are identical.

Observe the right side of a meniscus in a cylinder containing a liquid columns. We will
set z = 0 as the height at which the meniscus "converges" towards, and denote the contact
angle with the wall of the cylinder as 6, as shown below.

Using (8.3.5), and following Berg, 2009, we can write that:

AV - = —pgz (8.3.9)
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Gasseous

Figure 8.7. Profile of a concave meniscus

which can be used to define the shape of the meniscus. Indeed, if we define the surface of
the meniscus as f(z,z) = z — h(z), then:

Vi 2—hy(x)x

a= = 8.3.10
VAT Vit R (8:3.10)
and we finally reach:
_hmm
V- A= # ~ —hg(T) (8.3.11)

(14 hy(2))2

for hy(z) < 1. Substituting into (8.3.9) we get the second order partial differential equa-
tion:
0%h
~Ygz2 = P9h, he(0) = —cotd, (8.3.12)
whose solution is:

h(z) = Acot e (8.3.13)

where \ = | /plg is the so called "Capillary length". This is another fundamental variable in

the study of capillarity.! This expression gives the profile of a meniscus at a distance x from
the wall of the container. As the capillary length increases, we expect that meniscus to be
more curved (see next section), which agrees with our expression. A similar argument
holds for the contact angle 6.

Some profiles for concave menisci at different contact angles are given.

Capillary Length )\ and the shape of puddles

Consider a water droplet or puddle on a solid surface. We then know that the Laplace
pressure at two points A, B inside this droplet, of radius of curvature R4, Rp respectively

'We could have derived a similar result for a convex meniscus (6 > %), by applying the initial condition
h.(0) = tan 0, giving as a solution:

h(z) = —Atanfe” > (8.3.14)
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40 ——
50 ——
70

Height/h

L 1 L
0 2 4 6 8 10
Distance from wall/x

Figure 8.8. Menisci for contact angles 40°, 50°, 70°, setting A = 1

is then:

2 27y
A= Ry 5= R ( )

We then have that the pressure difference between these two points is:

1 1

This is equal to the vertical hydrostatic pressure difference pgh, where h is the height dif-
ference between the A and B. Equating the two yields:

1 1 h
(PTA . }TB) — pxs (8.3.17)

Using dimensional analysis, we can conclude that the term - must have units of [L)% so
that we may define the capillary length as:

_ |
A= \/; (8.3.18)

The physical interpretation for this value is the distance over which a liquid-gas interface
is curved. Thus, it follows that capillary length plays a vital role in determining the shape
of a droplet or puddle. This is evident when analyzing cases where h = \.
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Casel: h > A
For droplets where i > )\, we then have using (8.3.17) that

— ——>>0 (8.3.19)

It follows that the radius of curvature at point B will be greater than at point A. This means
that the curvature decreases as we move upwards, and hence we expect the top part of the
droplet to be flat, and become more curved as we move downwards.

Case2: h < A

Using our physical intuition, for h < X we expect the droplet to have a spherical shape.
Indeed, using the same procedure, we get that:

- x (8.3.20)

This means that the radius of curvature between any two arbitrary points A, B inside the
droplet is the same. Hence, we must have a spherical droplet.

Gasseous Gasseous
h=V(v/pg)
YLG |
A EEE TN
|
YGS
Y Solid Solid

Y6 €05 0 = Y55 = Vg

Figure 8.9. Comparison between puddles with » > Aand h < A.

One might now wonder how to calculate the maximum height of a droplet on an ideal
smooth hydrophobic surface. We have that the net energy density or net force per unit
length acting on the contour of the three phases(solid, liquid, gas), the interface, must be
null. If we denote the surface tension of the solid-liquid, liquid-gas and gas-solid interface
as vsryLayas, and the contact angle as 6, then balancing force per unit length between
these three phases:

YsL + YL cos 0 = ygs (8.3.21)

which can be rearranged into the Young equation (not to be mistaken with the Young-
Laplace equation):

Young Equation

cos§ = 1G5 —ISL (8.3.22)
YLG

As the surface tension between the liquid and gas phases increases, the angle of contact
must decrease. This agrees with Young’s equation. Since surface tension is essentially how
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much a surface pushes against increasing its surface area, if surface tension is greater, we
expect its surface area to get smaller and smaller, causing a decrease in contact angle.

Going back to the derivation in subsection 2.3.2, we can write:

— pgx = Y9r0 () 5 (8.3.23)
(14 g2(2)%)2
Substituting ¢ = g,(x), we can solve this ODE:
L 4
——pgh® = +C 8.3.24
2P = g ( )
=~vcosf+C (8.3.25)
We can now set initial conditions i (6 = 0) = 0, so that C' = —~. Finally, we have the result:
2y
h=/—(1—cosb) (8.3.26)
Py
which can be rewritten using Young’s equation:
2
h = \/ — (v =68 +sL) (8.3.27)
P9
The same result can be rewritten as
. /0
h = 2\sin (5) (8.3.28)

Observing figure 2.9, notice that we can define a spread factor S as the difference between
the surface energies trying to "spread"” the droplet (pointing outwards), and the surface
energies pointing inwards:

S=7+7sL —Gs (8.3.29)

=22 (8.3.30)
pg

This makes sense from a physical standpoint. Indeed, one would expect that for a puddle
of droplet to have a greater maximum height, it would be "pushing inwards" more than it
would be "pushing outwards". In other words, the greater the spreading parameter S is,
the more spherical we’d expect the droplet to be. This agrees with (8.3.30). To conclude,
we provide a table to summarize our results on menisci.

so that we finally reach:
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Concave Meniscus Convex Meniscus

h(x) = Acot fe™ > h(x) ~ —Xtanfe” >

honaz = i—g(l —sinb) | hmaz = i—g(l —cos )

Rmaz = Acot 6 hmaz = Atan

Table 8.1. Table Summarizing Shape of Menisci

8.4 Minimal Surfaces

Consider a soap film produced when immersing a frame into a water-soap solution. Since
we have no change in pressure when moving through the interface layer, it follows from
Laplace’s equation that the mean curvature of this soap film must be zero. Such types of
surfaces that minimize surface area by having zero mean curvature at all points are called
minimal surfaces. Indeed, A. Presley (2012) gives the definition of a minimal surface as:

A minimal surface is a surface whose mean curvature is zero everywhere.

They are given by the solutions to the minimal surface equation:
Minimal Surface Equation

(—Vf
v <(1+!Vf\2)%) 0 (8.4.1)

Quite obviously, a simple plane would satisfy this equation. Another solution is the Heli-
coid, the second non-trivial solution to be discovered after the Catenoid (see Fig. 2.10).

Note that, except for the plane, all other solutions of the minimal surface equation will have
non-zero curvature at some points. However, they average out at every point to be zero.

2We could have also derived the formula for a concave meniscus. Consider:

1 2 Yq tan @ .
—Zpgh?® = +(C=~———— + (C = ~sinf
2 1+q2 7\/l—l—tan29 7

Using the initial condition that h(g = co0) = 0:

h = ’/ﬁ(l—sine)
P9

One could have also used trigonometric identities and have shown that:

2 2 2 .
h = \/pg(l —cost = \/pg(l —cos(90 — ) = \/pg(l —sin0)
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Catenoid forc=3

Schwarz Minimal Surface

Z — axis

(b)

Helicoid for k=1

Z — axis

Figure 8.10. a) Plot of a Catenoid b) Plot of Henneberg Surface c) Plot of Helicoid

Moreover, all these surfaces have a "soap film frame", the frame that contains the set of all
points the surface must contain, while still minimizing its surface area. For the Catenoid
and the Helicoid, these frames are quite easy to imagine. The former is generated when
immersing two elliptical rings parallel to each other in soap, whereas the latter is formed

when using a helix.
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9.1 Describing moving fluids

We now turn our attention to the non-static case. We will deal with the distribution of
the fluid velocity v = v(z, y, 2, t), which together with the fluid pressure p(z,y, z,t) and
density p(x,y, z,t) fully determine all physical properties of the fluid. Indeed the funda-
mental equations of fluid dynamics which express conservation laws are expressed using
these quantities.

0.2 Mass conservation

One important conservation law that applies to fluids is the local conservation of mass. Let
us consider a region V of space, so that [}, p d’r gives the total mass of the fluid contained
within this region. We also have that pv represents the mass per unit area (cross-section)
per unit time passing through this region, so that pv - dA gives the mass per unit time
flowing through the surface element dA. When integrated over 0V this gives the total
fluid mass flux through the region. For mass to be conserved in } we need the rate of
change of the mass in V summed with the mass flux out of V to be equal to zero. Therefore

a/pd3r+§£ pv-dA =0 (9.2.1)
at Jy oV
We can use the Divergence theorem to write the surface integral as a volume integral
dp 3
— +V-(pv) | d’r=0 (9.2.2)
vy \ ot

Since this must hold for any V, the integrand has to vanish

op B
o +V-(pv) =0 (9.2.3)

This equation is known as the continuity equation, it states that any local change in den-
sity must be accounted for by a net divergence of mass flux. In other words fluid must
be displaced out of a region for the mass within this region to change. Expanding the
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divergence allows us to write the continuity equation as

gj—i-pv-v—i-v-Vp:O (9.2.4)

The quantity pv has played a fundamental role in this discussion and thus deserves its own
name. It is known as the mass flux density j, it is a vector field whose direction gives the
direction of the fluid’s motion, and whose magnitude yields the mass flux per unit time to
a surface perpendicular to v.

9.3 Velocity conservation

We again consider some arbitrary region V in the fluid. The total surface force acting on
this volume is given by

Foure = _¢ b dA = _/ Vp d31‘ (931)
oV v
so using Newton’s second law one finds that
d
pd—‘t’ +Vp=0 (9.3.2)

If we also had volume forces £, e.g. gravity then we would find

dv

P T VP =t (9.3.3)

This is a conservation law! It says that any local change in the velocity of the fluid must be
accounted for by a pressure gradient. Unlike previously however, we have a full derivative
in time rather than a partial derivative. This poses some problems because in general r will
be time dependent, and therefore v = v(r(t), ¢).

We reason as follows: what we are interested in is the change in velocity dv in an infinites-
imal time interval dt. There will be two contributions, one due to the change dr in position
during dt yielding a change in v, and the other due to the change in time (at constant r)
directly/explicitly yielding a change in v. The second contribution is easiest to work out,
it is just % |rdt. The first contribution, on the other hand, is given by

ov ov ov
— — — 3.4
dx8x+dy8y+dzﬁz (9.3.4)

which is just the inner product of the directional derivative and the displacement dr: !

dr- Vv (9.3.5)
Therefore we find that 5
dv = a—:dt +(dr-V)v (9.3.6)

and therefore

'recall that n - V f gives the change in f along n
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9.3. VELOCITY CONSERVATION

dv  Ov
% = E i (V 0 V)V (937)

We define % in this context to be the convective derivative, it yields the time derivative of
anything as we travel along with the fluid. The convective derivative is extremely useful

as any local conservation law can be written as ‘é—’? =0.

Substituting (9.3.7) into (9.3.3) we then get Euler’s equation of motion

ov 1
rm + (v-V)v+ ;Vp =0 (9.3.8)

It is important to note that throughout this derivation we have not taken into account any
sources for energy dissipation such as viscosity. Therefore Euler’s equation only holds for
ideal fluids, which are completely characterised by p and p. Moreover, since there is no
heat exchange in the fluid the motion we have described is reversible and adiabatic, or in
other words isentropic: dS = 0. Since the entropy is constant we can write

as S
E:0:>E+(V.v)520 (9.3.9)

which, together with the continuity equation yields the entropic equation of continuity

d(pS) _ 9(pS) _
0 - o T V- (pSv) =0 (9.3.10)

For isentropic processes the specific enthalpy h satisfies the thermodynamic relation dh =
Tds + d—[f’ = %p. Therefore, if the flow is steady (so that we are at equilibrium), then

Vh = tvp (9.3.11)
p

This allows us to write Euler’s equation as

% +(v-V)v+Vh=0 (9.3.12)

Yet another useful form of Euler’s equation comes from applying the vector identity

1
§Vv2 =vXx (Vxv)+(v-V)v (9.3.14)

then Euler’s equation takes the form (letting w =V x v)

0 1
V+V(h+v2> —vx (Vxv)=0 (9.3.15)
ot 2
2Here's the proof
v x (Vx V)" = €% vjepmdv™ = (8,82, — 55,8 )v;0'0™ = é@i(vmvm) — 09"’ (9.3.13)
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or, taking the curl of both sides

Oow
5= VX (vxw) (9.3.16)

In the presence of an external body force F then Euler’s equation takes the form

%+V<h+%v2) = (9.3.17)

This equation holds for both compressible and incompressible fluids, but does not take
into account viscous flow.

As with all PDEs, a particular solution can only be found if we are also given sufficient
boundary and initial value conditions. For ideal fluids in contact with a solid surface with
unit normal n, it is implicit that n - v = w where w is the speed of the surface. If instead
we are dealing with two immiscible fluids forming a boundary, then we must require the
pressure and n - v to be continuous across the boundary.

9.4 Energy conservation

The energy per unit volume of a fluid is given by

1
ipUQ + pe (9.4.1)

where € is the specific internal energy. We are interested in the rate of change of this energy
with respect to time

(1 , _ 1 2@ @ 9(pe)
at(va +p€) =5V 5 + pv 5 + BT (9.4.2)

To compute the last partial derivative we use the First law of thermodynamics

de = Tds — pdv = Tds + %dp (9.4.3)
to yield
d(pe) = pTds + (e + p)dp = pT'ds + hdp (9.44)
p
and thus o(pe) 5 5
pe p s
=h— +pT— 4.
a ot TP (9:4.5)
We can use the entropic continuity equation to write this as
d(pe) _, Op
=h— —pI'(v- 4.6
o hBt pT(v-V)s (9.4.6)
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Similarly, we can massage the rest of (9.4.2) by using the continuity equation and Euler’s
equation:

O (30%) =30 (v) v Vo v (v VW (947)
= —%’UQV < (pv) — pv - V(;UQ + h) +pTv - (Vs) (9-4.8)

where we used Vp = pVh — pT'Vs. Finally, the condition for energy to be conserved
becomes

t(2pv —|—pe> = (21) —|—h>V (pv) — pv V(Qv +h (9.4.9)
or more simply
_é <_1 2 ) . { V<_1 2+h>] =0 (9.4.10)
7\ gPY +pe|+V-|p 5 = 4.

This is yet another conservation law, it tells us that any change in the energy of the fluid
contained within a region must be accounted for by an energy flux divergence.

9.5 Bernoulli’s equation

In the case of steady flow (defined by a time-independent velocity field v(z, y, z)), Euler’s
equations simplify a great deal into

V(;yQ + h> —vxw=0 (9.5.1)

We dot to the left with 1, the unit vector tangent to the streamline at every point in the fluid,
and using the fact that &Y = 2% = 0 we then find that

1~V(2v —|—h>—0=> dl(2v +h>—0 (9.5.2)
or in other words 1
5112 + h = cnst. along a streamline (9.5.3)

If we also add an external body force with potential ® then we get
Lo
7° + h+ ® = cnst. (9.54)

which is known as Bernoulli’s equation, it applies along any given streamline of a steady,
inviscid fluid with a conservative body force acting on it. If we further add the constraint
of constant density then we end up with

Lo P _
5Y + p + ® = cnst. (9.5.5)
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9.6 Momentum conservation

We can try to combine the mass conservation and velocity conservation to obtain a mo-
mentum conservation law. In index notation we find that

2 (o) = o2 2 (9.61)
—-puge = oo = 062
= — o (i) — b = ST (9.63)
where we used the stress tensor
Oik = POV + 0jp < o = pv V + pl (9.6.4)

The physical interpretation of this stress tensor is best understood by integrating (9.6.3):

% / puidir = — }zﬁ oird Ay, (9.6.5)

so just like the static case the stress tensor component o;;, gives the ith component of the
momentum flux per unit time passing through an area perpendicular to the z4-axis. This
time however, the presence of dynamics added a velocity term pv ® v. We therefore see
that

0
(V) +V o =0 (9.6.6)

is a conservation law for momentum!

9.7 Circulation conservation and Vorticity

Let I' be a closed contour within the fluid at some instant in time, and let

C = }év -dl (9.7.1)

be the velocity circulation around I'. This curve will be composed of the fluid particles at
some instant, so as the particles move the contour will also move with the fluid. Since we
are interested in the time derivative of the circulation, it will be helpful to rewrite the line
integral as

C= lim ) v-or (9.7.2)

N—oo
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It follows that
dac . Xrdw d(81y,)
o7 = Aim kz:% {dt - Or + v - y7 } (9.7.3)
— lim %{dv’“ Sty + 5v } (9.7.4)
 Nooo =0 dt k k o
dv
=¢ — -dl 9.7.5
b5 975
since the line integral of a full differential vanishes. Using % = —Vh we then get that

jt (§£V dl) §’§ (Vh) - dl (9.7.6)

So we find that the velocity circulation is a conserved quantity

i(ygv dl) Z(/w-dA>=O (9.7.7)

Note that we used Euler’s equation to write %¥ as a gradient, so this result again only holds
for ideal fluids. The quantity w is known as vort1c1ty

The conservation of circulation also yields another important result. Consider pathline in
a fluid on which the vorticity vanishes at some point. Suppose we draw an infinitesimal
circular contour around this point, then by Kelvin’s theorem as this contour moves along
the pathline the vorticity will not change and be equal to zero. Importantly, in the case of
steady flows where streamlines and pathlines coincide, we find that if the vorticity van-
ishes somewhere on a streamline then it is zero on the entire streamline.A flow where w
vanishes everywhere in space is described as irrotational. Note that the situation where
the fluid flow encounters a solid surface is more complicated because we can no longer
draw circular contours around pathlines sufficiently near this object.

If the fluid velocity field is irrotational, then it can be expressed as the gradient of a velocity
potential: v = V¢, which must satisfy Laplace’s equation:

Vi =0 (9.7.8)
Consequently Euler’s equation becomes
99
i = 7.
V( N + 2+ h) 0 (9.7.9)

and thus dotting to the left by &, the tangent vector to an arbitrary curve in the fluid, we
find
9¢

o + “v? 4 h = c(t) (9.7.10)

where we can rescale the RHS by redefmmg the potential. For steady flows the potential
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does not vary in time and we get that

1
51)2 +h = c(t) (9.7.11)
which is Bernoulli’s equation for potential flows. If we further assume constant density
and a body force F then

1

Sv% i—j td=c (9.7.12)
Unlike the more general Bernoulli equation, (9.7.11) applies anywhere in the fluid! The
reason this happened was we did not have the pesky v x (V x v) term which would not
have vanished when dotted with the tangent vector to any arbitrary curve, but only to
streamlines.

To summarise, we have that at constant density, inviscid flow with conservative body force

— 1,2
Type of flow b=zv"+L+0
steady, rotational is constant along a streamline
steady, irrotational is constant along any curve in the fluid
unsteady, irrotational | = —%—‘f + ¢(t) along any curve in the fluid

9.8 Applications of Bernoulli’s equation

Let’s take a large tank containing an inviscid liquid at constant density p, depth z4, and
with the free surface at rest and at atmospheric pressure pg. We puncture a small hole in
the tank at a height zp from the bottom, and ask ourselves what the speed of the liquid is
as it exits this orifice.
|
ZA L

.

—>» URB
B

|‘
< >

Assuming that the water is constantly added so that the depth is constant at z4 then the
flow is steady with the only body force being gravity, which is conservative. For such fluid
flows we know that Bernoulli’s theorem can be applied (only unsteady rotational flows
don’t have a Bernoulli-type relation). Let’s take point A to lie on the free surface so that it
can be connected to point B on the hole via a streamline. We then find that

1
51)]23 +po+ 928 =po+9gza = vp =1/29(24 — 2B) (9.8.1)
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Let’s now assume that the tank is not replenished constantly so that the free surface moves
down at a constant speed 24 = v4. Since the flow is no longer steady, we cannot expect
Bernoulli’s equation to apply anymore. However assuming that the free surface is suffi-
ciently large compared to the hole’s surface one can still approximately apply Bernoulli.
This time we find that

1
SVt o+ 978 = Svh +po+gza (9.8.2)

The continuity equation also requires that
V454 = vpSp (9.8.3)

where S4 and Sp are the areas of the free surface and of the hole respectively. Combining
the two equations we find that

12 5%) _ _ | 200z~ 2p)
21)3( 5 )= 9(z4 —2B) = vp = T (53/54)° (9.84)
Qualitatively we may phrase Bernoulli’s equation as
high (low) speed implies low (high) pressure (9.8.5)

We can demonstrate this principle quite easily by performing the following experiment.
We take a horizontal, uniform circular pipe which contracts for a short length, and is con-
nected via three small vertical tubes, two connecting in the large diameter region and one
connecting in the small diameter region. We then let a gas flow through the pipe and place
a small amount of fluid in the three small tubes. When the gas passes through the contrac-

gas flow

tion of the pipe it must accelerate by the continuity equation. This implies that the middle
vertical tube will experience a smaller air pressure compared to the other two, causing the
fluid to rise. This basic experiment is a miniature model of a paint spray can. As air is
pumped through a contracted pipe, connected via a tube to a paint reservoir, the paint
will rise up the tube and be carried by the air flow forming droplets.

Let’s put these words into equations. Consider a pipe with cross section S4 except for a
small region where it contracts to a cross section Sg. As an ideal fluid flows through this
pipe the continuity equation imposes that

’UASB = UBSB (986)
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where v4 and vp are the fluid velocities at A and B. Along any streamline between A and
B we also find that

1 1
5PVA +Pa = Spvh+pp (9.87)
so that &
1 5 A
PB —PA = 2PUA< — 5123> (9.8.8)

This is the pressure difference between the free surface in the tube connecting to A and the
free surface in the tube connecting to B. If the fluid rises by a height i then pg —pa = pgh

implying that
h—v‘%‘<15‘%‘> (9.8.9)
2 S% e
is the rise in height of the fluid in the middle tube.

As a final application let’s look at the flow of an inviscid fluid over a solid surface. For
example, the steady flow of an inviscid constant density liquid past a sphere of radius a is
given by

a? a?
v(r,0) = Ucos@(l - 743>r - Usin0(1 + 27“3>0 (9.8.10)

Note that as r — oo then v — U/(cos fr — sin 66). Also,

r ro rsin 0¢
Vxv= Or o Op (9.8.11)
Ucos@(l—‘;—g) —Usin@(r—i—%) 0
a’ ad
—rsine[—Usin9<1—3)+Usin9(1—3”45—0 (9.8.12)
r r

so the flow is irrotational. In the absence of body forces, and assuming that the pressure
at infinity is po, then we may apply Bernoulli’s equation to the point (r, §) along any curve

p(r.0) Po

1 2 _ 1
5 (v(a,0))” + P 2U + p (9.8.13)
Note that 9
(v(a,8))? = ZU2 sin? @ (9.8.14)
implying that the pressure distribution on the sphere is
1 2 9 .2
p(r,0) = po + ipU 1-— 1 Sin 0 (9.8.15)

9.9 Open channel flows
Open channel flows are fluid flows whose cross-section is not completely determined by

the shape of the solid boundary confining the liquid (usually a fluid flowing through an
open pipe). Open channel flows can get quite complicated, so we will assume that
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(i) theliquid is inviscid and has constant density

(ii) the flow is steady
(iii) the channel is straight with a rectangular cross-section of constant width
(iv) the flow is uniform

Suppose that the depth of the ligid is i, and the width of the channel is b. The continuity
equation implies that h1bv; = hobvs along any point in the channel, and since the width b
is taken to be constant we get that the flow rate per unit width

@ = hv is constant (9.9.1)

Lets apply Bernoulli’s equation along a streamline on the free-surface of the liquid where
the channel is horizontally flat, then:

1

Po + ~v% + gh = cnst. (9.9.2)
p 2

and since py, p are both constant, the first being equal to the atmospheric pressure, then

we find that )

E = ;}— + h is constant (9.9.3)
g
Here E is known as the specific energy. Using () = hv as a constant of motion then we
alternatively get
’ 3 2, @
E=_—+4+h = hW—-Eh"+ — =
2gh + * 2¢g
This cubic equation has at most three real roots, one of which is always negative and thus
unphysical. Therefore for any given £ and @ there are either two possible values of the
water depth, just one or none. If instead the channel slopes upwards then

0 (9.9.4)

’1)2

H=— 9.
2 thET (9.9.5)

where h, r are defined as shown below.

Z4 z=h+4+r

>
>

x

datum level z =0

Plots of E as a function of i are known as specific energy curves. We see that usually E
takes a minimum value Eoin at some critical height he.
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Emin 7

Figure 3.5
E
E = Enin
Emin 1 :
he h
Figure 3.6
E
E < Enin
Emin =
h
Ui

If E > E,.n then there are two physical solutions hi, hg for
the water-depth. One, hy corresponds to a deep but slow wa-
ter flow, while the other, 1, corresponds to a shallow but fast
water flow. If instead £ = E,,;, there is only one physical
water depth, the critical depth h. with critical speed v, = h%
Finally if £ < E,,;,, there is no possible flow.

Finding the critical depth is simple, one need only to mini-
mize E. In the case of a flat channel we find that

dE 2 2\ 1/3
and therefore
3 2\ 1/3
Ve = (gQ)l/Ba Enin = 5 (C‘?g) (997)

The Froude number F'r is defined as

3/2 , 2\ —1/2 [72 3/2
pre e (M) o (1) o)
gh h g g h
so if F'r < 1 then we get deep, slow flows, known as sub-

critical flows while if F'r > 1 then we get shallow, fast flows,
known as supercritical flows.

Let’s now consider the case where the channel is not horizon-
tal, as shown below

ZA

A

o
—)h1
—>

Once again the continuity equation requires

Instead, Euler’s equation gives

and defining £ = ﬁz + h then

U1h1 = U2h2 (999)

Q* Q*
——4+hi=—5+h 9.9.10
QQh% + QQh% thrtT ( )
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Let A; denote the specific energy E; for an upstream subcritical flow. If r is sufficiently
smallie. 'y — Ep,;;, > r then the decrease in the specific energy by r yields a new point A,
whose specific energy satisfies Ey > E:p, s0 that we get a downstream subcritical flow.

E
7 < E1 — Enin
E 4
Y 1
r} \ -
* E; f -
As _
\ | subcritical e —> subcritical
2| ! fo —> |h1 > he hz>hc—>ﬁ0
i C | W — (U1 <ue U2 < uc—> w
0 ha h r < E1 — Enin

If instead r = Ey — E,,ip, then A, is on the critical point and the downstream flow will be
critical. If r is further increased beyond E; — E,,;, then the upstream conditions are not
sufficient to sustain a critical flow downstream, thus breaking down the steady flow in the
figure above. Because all the fluid cannot go over the rise there will be an increase in the
upstream depth which will increase £y — E,yi,, (pushing A; to the right) until steady flow
can be re-established. This occurs when F; — E,,;, hits the value of », which will induce a
critical downstream flow.

E
r < E1 — Enin
E A
N 1
r} |
Y B [ ——
Az
‘ —
| s > N
E.. | \\ ! fsl“bcrltlcal —> |hy > he |hy > ho—> subcritical
‘min o] | ow o fu < ?2 < uc—> ow
f S
© ha  h r < Bi — Buin

A similar argument can be used for supercitical flow. Note however that if £ < E,;, then
it is not possible to have any flow. So if the jump in the channel height is too large then
steady flow cannot be established anymore. In the case of subcritical flow this just resulted
in a . However, if the flow is supercritical this mechanism cannot work anymore. In such
cases the flow suddenly jumps to subcritical (this is known as a hydraulic jump).

As an example, consider the steady flow in a horizontal channel with a triangular cross-
section. The continuity equation requires

vih?tana = vphitana = @Q = vh? = cnst. (9.9.12)
Therefore, using Bernoulli’s equation along a streamline on the fluid’s free surface then

1)2 Q2
E = — h =
29 + 2gh*

+ h = cnst. (9.9.13)
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?

\

‘4—}—»
Q

The critical depth can be found by minimising £

2 202\ /5
1— 2%)5 =0 = h.= (Q> (9.9.14)
ghie g
The critical velocity is then
2 1/5
vy = % _ (5’4Q> (9.9.15)

9.10 Vorticity

Let us construct a model for the air flow in a tornado. We make the observations that inside
a tornado there is a cylindrical column of air undergoing rapid rotation, while outside this
column the air speed decreases dramatically. A suitable velocity vector field for such flows
is thus

0 <
u= { Lres, =4 (9.10.1)

%eg, r>a

where €2; and ), are the angular velocities inside and outside the tornado respectively.
Note that the velocity vector field cannot be discontinuous at r = a in a steady state so

Qa = 2 Qy = Oy’ (9.10.2)
a
and therefore
917‘99
u= {QWQ e (9.10.3)

Let’s now take the limit A — 0 and Q — oo while maintaining the circulation x = 27Qa?
constant. We are therefore making the vortexlocalised at the origin.In this limit the velocity
field reduces to

K
= — 104
u 27rre9,r7£0 (9.10.4)

Note that V x u = 0 for # 0, implying that the circulation of u about any path C not enclos-
ing the origin will vanish. Similarly, the circulation of u about any path C enclosing the ori-
gin will just be equal to . This can be seen by taking two paths C; and C; and making two
small cuts infinitesimally close to each other. The new closed path S = A; A2 D2 B2 B1 D1 Ay
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with boundary C does not enclose the line-vortex, so that

ygw-dlzo = /u-dr:/ u-dr—/ u-dr=0 (9.10.5)
S C Cy Co

since w = 0 on S. Taking C; to be a circle centered at the origin of radius r, so that its
circulation is x, then we find that

/ u-dr==k (9.10.6)
Cy

This model of an infinitesimal localised vortex is known as a line vortex. The stream func-
tion for a line vortex is given by solving

1% _

1 o _ &k
rof

_R (9.10.7)

0 and =
an or 2mr

The first implies that ¢ = ¢y + f(r) and while the second implies that f(r) = —g-In7, so
that

W(r)=c— % Inr (9.10.8)
It will be convenient to consider the streamfunction with ¢ = 5~ In a so that
K . T
=——1In-—- .10.
Yr)=—-n (9109)

By the principle of superposition, given two line vortices then the overall streamfunction
will be the sum of the individual vortices” streamfunctions.

Y
T P(.’E, y)
K &7
q
a
T2
[0) x
a
¢)—kK
(b)

For example, if we have two vortices of circulations £« at (0, +a, 0), with axis of rotation
parallel to the z axis then

b=—21mt e (9.10.10)
2T T2

where r; and r; are the distances from the top and bottom vortices respectively. To find
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the streamlines, let’s set ¢ = 0 for simplicity, in which case

2
K 1 ] AmM
——In—=M = —ée "
T
2

i (9.10.11)

In cartesian coordinates we find that 7{ = 2% + (y — a)? and 73 = 22 + (y + a)?, so letting
47 M

=€ k
M+1\>  4Ma?

P2+ y—a)?—a@®+(y+a)?)=0 = 2°+ <y+ Mi_ 1a> = ﬁ (9.10.12)
Aslong as M # 1 then the streamlines are functions with center at (O, %a) and radius
r = | 2]\%“ | If M = 1 then 7 = 72, which is yet another streamline, and corresponds to
the z-axis.

Line vortices can also be used to model fluid flows past solid objects. For example, suppose
a fluid flows past a rigid cylinder of radius a. The fluid flow can be decomposed into a
streaming behaviour described by a stream function and the swirling motion described by
a line vortex.

For steady flow of an inviscid, constant density fluid, Bernoulli’s equation implies that the
pressure at a point B on the cylinder satisfies

1, 1/ k)
- — Z o =M 10.1
p+ gou p+2p(2m) (9.10.13)

where M is a constant. The pressure distribution thus reads

pK?

P(%H):M—m

(9.10.14)

Since this pressure distribution is constant, the force due to fluid pressure on the cylinder
must be zero. Let’s now try to add the streaming motion to our study.

The streamlined flow past a cylinder is given by the following streamfunction

2 .
= Ursing— 0S8 (9.10.15)
T
and the corresponding velocity vector field is
a? a?
u= U<1 - 2) cos fe, — U<1 + 2) sin fey (9.10.16)
r r
from which it follows that w = 0.
ygu-dr—/cwdA—O (9.10.17)
c S
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Adding the line vortex stream-function we find that

2 .
W = Ursinf — w n % 1n2 (9.10.18)

and thus

a? a?\ | K
u=U(1—-—)coste, —U(1+ — |sinfey — -—ey = u-dr=—-x (9.10.19)
r T 2nr C

around any path C enclosing the origin. Now taking B to be the point (a, #) on the cylinder
then we find

u(a,0) = — <2Usin9 + ”)e@ (9.10.20)
2ma
SO
1, 1 2 . 9 K2 2Uk sin 0
p(a,d) + Pl p(a,d) + 2p[4U sin“ 6 + 12 — ] =M (9.10.21)
and thus ) . .
_ 1 9 . 9 K 2U K sin
p(a,0) =M 2p{4U sin” 6 + 1n2a? — ] (9.10.22)

This pressure is not constant and homogeneous over the cylinder’s surface. Its upward
component will generate a lift force while its horizontal component will generate a drag
force. The lift force per unit length can be computed as

™
Hiee = / —psinf adf = poQUﬁ /sin2 0do = prU (9.10.23)
o 2" ma
since the other terms in p are even in 6. This latter fact is important, because it means that
for the lift force to exist we need the term 2U25% which couples the swirling motion with
the streamlining behaviour, it cannot exist without both dynamics. Note that the constant
M is physically insignificant (as it should be) since it vanishes upon integration. Note
that the lift force is proportional to the fluid density, velocity and circulation as one would
expect.

Similarly the drag force per unit lengthis given by

fife = / —pcosf adf =0 (9.10.24)

9.11 Incompressibility

Another important case where equations of motion are simple enough is that if incom-
pressible fluids i.e. p is constant in time and space. The equation of continuity takes the
form

V-v=0 (9.11.1)
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so the fluid velocity field must be divergenceless. For two-dimensional flow where v is
constant along one direction then
Ovy  Ovy
— +—=-=0 9.11.2
Ox + oy ( )

This condition is satisfied by defining a streamfunction ¢ such that

_ oy 0y

Vy = Fy, Uy = % (9.11.3)

The streamfunction allows us to compute the shape of streamlines, which we write math-
ematically as curves y(z) = x, by imposing that v be tangent to the streamlines:

dy vy _ .
i — dy =0 = Y(z,y) =c (9.11.4)

Therefore, setting the streamfunction to an arbitrary constant will yield a streamline. The
constant is fixed by providing a point on the desired streamline.

The equation of motion also simplifies to

ov 1
E +(v-V)v= —;Vp +g (9.11.5)

Notice that dw = d—;’ = w = £ + cand thus Bernoulli’s equation becomes

1
v+ g tgr=c (9.11.6)

Combining irrotational flow with incompressible flow we get Bernoulli’s equation over all
of space:

v+ 5 =0 (9.11.7)

If g is constant then the maximum pressure pmax Occurs at a stagnation point, where the
fluid velocity vanishes, and takes the form

1

Pmax = Po + §PU2 (9118)

where pg and u are the fluid’s pressure and velocity at infinity.
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Navier Stokes equation and Viscous
fluid flow

10.1 Reynolds number and convection vs diffusion

Suppose we have a fluid of density p and coefficient of viscosity u flowing over a cylinder
of radius a, such that at long distances away from the cylinder the fluid speed is U. The
Reynolds number Re associated to this flow is given by

_ pUa
1

Re (10.1.1)

Flows for different Reynolds numbers are shown below We see that as we increase the

= — =
o ==

(b) Re: 20

(a) Re: 1072

m
=0 =
a\/\j

(C)M

104
(d) fRe: 10 (e) Re: 10°

Reynold’s number the flow becomes increasingly more complex and turbulent. One can
understand these different behaviours as competitions between convection and diffusion
transport processes of vorticity in the fluid, the former characterised by fluid elements
moving and transporting the vorticity with them, while the latter is characterised by the
viscosity (internal friction) between the fluid particles breaking away the vorticity of the
fluid.
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To understand how vortices can arise in the first place, consider the following flow past a
cylinder.

non-zero velocity

velocity is
zero at solid
boundary

non-zero velocity

For a viscous fluid, the adhesive forces between the fluid molecules and the solid boundary
particles are much stronger than the cohesive forces. As such, we can formulate a no-slip
condition where the fluid velocity at the solid boundary must vanish. Away from the
surface however the fluid velocity is non-zero, and this steep velocity gradient produces
vortices in the neighbourhood of the solid boundary. Once a vortex has formed, it can
be transported convectively by the fluid particles, or diffusively due to internal friction
mechanism, in which case it is dissipated away.

Suppose we hold (i, a, p constant and vary U, the main flow speed. At small U, there is
little difference the velocity gradient near the solid boundary is shallow so few vortices will
be generated. Furthermore, dissipation will be the principal transport process, far more
prevalent than convection as each fluid element will not travel far. Therefore the vortices
will generally have a very short lifetime. As a result the flow will look steady and orderly.

Let’s now increase U. Now the velocity gradient is larger so vortices can start forming near
the solid boundary. Also, convection starts to become more prevalent and diffusion will
have less time to dissipate vorticity. This will produce a boundary layer where vortices are
confined to, outside of which diffusion is strong enough to dissipate them away:.

A further increase in U will enhance convenction and reduce diffusion, leading to insta-
bilities in the bound vortices which will start to grow in side and interact with each other.
This will result in one of the vortices breaking off, and forming what’s known as a Karman
vortex streets:
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10.1. REYNOLDS NUMBER AND CONVECTION VS DIFFUSION

To put this analysis in quantitative terms let’s use dimensional analysis to find relevant
time-scales for vorticity according in the regimes where convection or diffusion dominate.

Let’s set
t = pu*pPU7a’ (10.1.2)

We have three different units, M, L,T and four unknowns, implying that several different
combinations can be found. Noting that

=M -L7 T [p)=M-L3 [U=L-T' [a] =L (10.1.3)
we find that
a+p=0 a=—4 a=-0
—a—-30+7+0=0 = v+6=28 = (6=0+1 (10.1.4)
—a—y=1 f=1+~ y=p5-1

Setting f = 1thena = -1, § =2, y = 0sowe gett = %. If3=0thena = 0,6 =
1,7=—1sowegett= §. Finally if 3 = —1 thena = 1,6 = 0,7 = —2so thatt = ,T!}?' To
summarise, we have found that the following time scales may be relevant

a’p a  p

=P ¢ B
p ' U pU?

(10.1.5)
To determine which one of these is characteristic of convenction, note that the time it takes
for a fluid particle with speed U to cross the cylinder is 2% so t, = £ is the convective
time scale. For diffusion, we should expect the corresponding time scale to decrease with
viscosity, since the larger 1 is the less it will take to dissipate a vortex. Consequently we
find that t; = pﬂﬁ is the diffusive time scale. Note that

le

Re = —
tq

(10.1.6)

so the Reynolds number is a measure of the competition between convection processes
and diffusion processes. We now see that if we want the vorticity to remain confined near
the cylinder then we need the time it takes for vorticity to be transported convectively to
be much smaller than the time it takes for it to be dissipated. Therefore

o

a
te>ts = > o = Re>1 (10.1.7)

just as we explained previously in words.

Lets now look at vortex shedding in more detail. Suppose a vortex has been shed from a
fluid flow, and is carried by convective transport. Let’s also take a large curve surround-
ing both the cylinder and the shed vortex. By Kelvin’s theorem (applicable at the initial
stages), the circulation around this curve must remain constant. Since the shed vortex has
non-zero circulation once it reaches the large curve, the flow around the cylinder must
compensate with an opposite vortex. Since fluid mass will be moved upwards, this will
generate a downward force on the cylinder. This will in turn shed a vortex which swirls
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in the opposite direction to the first vortex, thus repeating the argument. Throughout this

7/ compensating
/ 3 5 —K \
. circulation \ ‘
: © n

~ < zero circulation_ -

— —

process the cylinder experiences periodic forces moving it sideways. If the frequency of
this force matches the natural frequency of the cylinder then we achieve resonance. This
can lead to disastrous consequences, such as the collapse of the Tacoma bridge.

10.2 Newton’s model of viscosity

Consider a fluid flowing through a pipe steadily from left to right. At time ¢ = 0 we place
a line of massless particles to keep track of the fluid flow, and observe that the fluid speed
seems largest near the middle of the pipe, and smallest near its solid boundary. This is
unccounted by the inviscid fluid theory where the particles should all move together and
maintain their shape. The explanation for this phenomenon lies in the fact that fluids are

e line of
¢ particles

fluid flow

Y

@ t=0 () >0
viscous and there are internal friction forces acting within the fluid. We note that the par-
ticles form a parabolic shape and do not move at all at the edges of the pipe. Such pictures
of the velocity of the fluid against transverse position is known as a velocity profile. The
velocity profile is vertical in an inviscid fluid and parabolic in the viscous case.

Consider a viscous, incompressible fluid between two plates, the upper plate moving with
speed U relative the the lower plate which is fixed. The continuity equation implies that
the fluid velocity obey u = u,(z)x.

Now consider two points P = (z, z) and Q(z, z + dz), and suppose that after time Jt the
fluid particles originally at these points have moved to P’ and @’. We see that for small 6«
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(so sufficiently small 6¢ and 0z) then

AQ" (u+du)dt —udt  du-ot

oo~ tana = PO 5 == (10.2.1)
Consequently the rate of deformation, 4 is given by
da  du
— = 10.2.2
dt  dz ( )

Finally,assuming the shear stress o is proportional to the rate of deformation, then

da du
=p— = — 10.2.3
TN T @ (1023)
For unsteady flows it can be shown similarly that
ou
= p— 10.2.4
0= po ( )

This is Newton’s model of viscosity and fluids satisfying this law are known as Newto-
nian fluids. If a Newtonian fluid with velocity u = u(z)z is placed between two parallel
plates in the yz-plane, with the left plate held fixed and the right plate moving upwards
with constant speed U, then the fluid will start moving with the plate due to shear stress.

The shear stress on a surface parallel to the yz-plane at x = zgis 7 = ,ug—g . The force

acting to the right of an area A of the plane is 7Az, while the force acting to the left of the
plane is —7Az.

Now consider a Newtonian fluid with constant density and viscosity flowing between
two infinite horizontal plates a distance h apart, lying in the zy-plane. We assume that
the velocity and pressure are independent of y and the flow is in the z-direction only,
and dependent on z,t as required by the continuity equation. We can therefore write the
velocity field as u = y;(z,t)x. We will also ignore body forces for now and add them at
the end.

Let’s consider an infinitesimal fluid element centered at () and its cross-section through @
The surface forces acting on each face of the element are either pressure forces, pointing

H z
T G Ay (@2t %62)
| ! -
E : F " ﬂ]kl 7i
D| L/ ok
52 _ - S C (zfééz.,z)-p—i» Q(;:,z) 1pi—-(z+%§z,z)
- oy .
z1 A 6£E B ]pk Al
—7i
y (x.,z; %62) Ay
0] z 5

(a) (b)
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radially inwards, or shear stresses, pointing tangentially. The surface force acting on each
face of the block will be

Fi = [-p(z+0x/2,2)é; + o(z + 6x/2, 2)€,]0ydz (10.2.5)
Fo = [7(z, 2+ dz/2)e, — p(x,z + dz/2)e;|0xdy (10.2.6)
F3 = [p(z — dz/2,2)é; — o(x — dx/2,2)e,|0ydz (10.2.7)
Fi=[-7(z,2 —z/2)e; + p(x,z — §z/2)e,|0xdy (10.2.8)

Newton’s second law applied to the infinitesimal fluid element then gives

duy

a e, =F +F,+F3+F, (1029)

poxdydz

Resolving this equation into components, we find that

dug dp Ot

0o Op
0=~ (10.2.11)

This describes the translational motion of the fluid, but the rotational degrees of freedom
have not been taken into account. The torques on each face are given by the shear stresses
only, they are given by

T = —%O’(.ﬁlf +0x/2, z)0xdydz €, (10.2.12)
Ty = %a(:{:, z+02/2)0x0ydz &, (10.2.13)
T = —%a(az —0x/2,2)0xdydz &, (10.2.14)
T = %a(az, z2+02/2)0x0ydz e, (10.2.15)

Consequently letting the fluid element have moment of inertia I = & pdzdydz[(6z)%+(62)?]
then

1 1 1
ﬁp[(éx)2 4+ (62)%|w = —i(a(x +0z/2) +o(x —0x/2)) + 5(7(3: +9z/2) + 7(x — 6x/2))
(10.2.16)
Taking the limit as dx, 6z — 0 we finally arrive at 6(z, z) = 7(x, z). Therefore
do Ot 0%y
=9 = M = 0 (10.2.17)
since the speed u,, only depends on z. It then follows that
Ip
— = 10.2.1
5 0 (10.2.18)
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so pressure only varies along x. To conclude we find that

Ouy op 0%,

=—— +pF +p’ 10.2.19
Pt T ax P T g2 (10219
where we included a body-force per unit mass F; acting along é,.
If we consider a steady flow with a constant pressure gradient % = —C, then we see that
0* C
0=C+ 22 — y(z)=-—2>+ A2+ B (10.2.20)

022 24

10.3 The Navier-Stokes equation

One can easily extend the discussion of the last section and obtain the Navier-Stokes equa-
tions

d
pd—l: = —Vp+ pF + uV3u (10.3.1)

or alternatively

0 1
’0<81tl + V(2u2) —ux w> =—-Vp+pF — uV x w (10.3.2)
The Navier-Stokes equations alone are not sufficient to describe mathematically any New-
tonian fluid. Indeed one must also provide suitable boundary conditions. For example, if
the fluid is in contact with a solid boundary moving with speed U and with unit normal

n then we must require

u- n]boundary =U-n (10.3.3)

or else the fluid would pass through the solid boundary. We also have another empirically
verified condition, known as the no-slip condition, which states that a viscous fluid has
no tangential velocity relative to a solid boundary next to it. Therefore

u x n]boundary =Uxn (10.3.4)

These two conditions combined together imply that

lyoundary = U (10.3.5)

For example, consider a viscous fluid flowing in a stationary cylindrical pipe of radius a.
We find that
u(a,0,¢) = 0v0 € [0,7), ¢ € [0,2) (10.3.6)

There is one exception to these boundary conditions. Consider a fluid-fluid interface with
the upper fluid stationary relative the the fluid below. The stress-free boundary condition
implies that the shear stress at the interface be zero so that

Oy
0z

= 0 at interface (10.3.7)
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Fluid motion in a pipe

Consider a fluid flowing steadily through a pipe with circular cross-section and radius a.
Ignoring the influence of gravity, the azimuthal symmetry of the configuration suggests
that there should be no ¢-dependence. Since the pipe is stationary, we find that

U =uU, =u, =0r=a (10.3.8)

There also can’t be a radial velocity component u, since the fluid is confined. Consequently
the continuity equation yields

ou,
0z

=0 = u, = u,(r) (10.3.9)

Now the Navier-Stokes equation in cylindrical coordinates gives

Op ~ 10p B
ou, Ou,\  Op 9
which reduces to
op  10p
o = o0 =0 (10.3.12)
Op d?u, 1du,
0= —a + /l( dr2 + TdT‘) (10313)

assuming body forces (such as gravity) are negligible. The first two equations imply that
p = p(z), and since u, depends on r only we find that the two terms in the third equation
must each be constants. Hence p(z) = py — Cz and

duz | 1du,  C

— =0 10.3.14
dr? r dr + 1 ( )

This is just a Cauchy-Euler equation ! with general solution

2
ws () = —(“;Z 4+ Alnr+ B (10.3.15)

Since u, must be bounded at defined at » = 0, we have that A = 0. Moreover, u,(a) = 0
implies that B = (;1—“2 and so
' C
2 .2
wr) = @(a — ) (10.3.16)

where C is given by the pressure variation in the pipe that is driving the fluid. To see how
well this fares with experimental results, let’s calculate the volume flow rate (velocity flux)

Isee Mathematical methods volume
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through the pipe’s cross-section

a T 4
Q= / / wor dr df = ”805 (10.3.17)
0 —

Thus the flow rate is proportional to the pressure drop along the pipe and as the fourth
power of its radius. This matches the experimental observations made by Hagen and
Poiseuille.

10.4 Approximate Navier-Stokes

Fluid injection problem

Consider a viscous fluid of constant density p and viscosity x flowing through a channel of
width h formed by two parallel porous plates. The fluid flows due to a constant pressure
gradient C, and is also injected through the bottom plate with constant speed V" and sucked
towards the top plate with the same speed.

We assume that the flow is steady since all external parameters causing the fluid flow are
constant. Also, we assume the plates are sufficiently large for edge effects to be negligible,
making the velocity field constant at different points along the plates. Finally, we also
ignore body forces. We set our axes so that the flow is along z and the plates are normal
to the z-axis. Consequently u = u;x + v,z and the boundary conditions are

u(z=0)=u(z=h)=Vz (10.4.1)

Since the fluid is incompressible we find that

Ougy | Ou,
ot =0 (10.4.2)

Since the fluid flow is the same along the plates, the first derivative must vanish, implying
that u, is independent of both z, z, and thus must be constant v, = V.

The Navier-Stokes equation along x is

Ouy Ouz\  Op Puy  0%uy

which simplifies to
du, d?uy, _ Op

pV o Maz T o (10.4.4)
The Navier-Stokes equation along z and y is
Op dp
e S s = 10.4.
9y~ 0,0 = p=rl) (10.4.5)
Therefore, we find that since Vp = —C then
dug I
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This is a second order constant coefficient ODE, which together with the no slip condition
uz(z = 0) = uy(z = h) = 0 can be solved to give

C eRez/h pVh
p=—(z—hS ") Re=2"" 10.4.7
¢ pV('Z eRel) T (1047)

The solutions for different Reynolds numbers are shown below. We see that as we increase
Re the maximum velocity umax is achieved at larger and larger z-values, causing the drop
of ug(z) to 0 at z = h to get steeper and steeper. The solution far from the top plate also
starts looking more linear, as one would expect from an inviscid model.

z
solution
for small Re
X > = oV
solution
. for large Re
0 U1

Indeed in the large Reynolds number limit (that is in the inviscid limit) then

6Rez/h -1 _ _Re eRez/h -1 e—Re(l—z/h) _ _Re

_ e Re(1_s
R ¢ R = = ~ e Re(1=2/h) (10.4.8)

so we get that
C

~ W(z — heRe(l==/h)) (10.4.9)

Uy
Thus when z < h the velocity component u, = p%z varies linearly in z, and is the solution
to the inviscid Navier-Stokes equation:

du,

\%
pdz

= C, up(0) = ug(h) =0 (10.4.10)

There’s a problem here, the ODE is first order and yet we have two conditions to be satis-
fied. Note also that the general solution is

uzy(z) = p?/z +A (10.4.11)

s0 if u,(0) = 0 then A = 0 in which case u,(h) # 0. Similarly if u,(h) = 0 then A = —/%l in
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which case u,(0) # 0. Therefore the no-slip conditions cannot be simultaneously satisfied
in the inviscid model. Indeed, for a low-viscosity fluid the problem cannot be solved by
just setting 1+ = 0. This is because in the neighborhood of the plate at z = h, the second
d;:f is very large and so even if ;1 is small the resulting term 1 d;Z“; still isn’t
negligible. This narrow region where ud;“; is sufficiently large is known as a boundary

layer.

order derivative

Dimensionless Navier-Stokes equation

We saw the significance of the Reynolds number in the fluid injection problem. Since in
most cases the Navier-Stokes equations cannot be solved exactly, obtaining a large Reyolds
number approximate Navier-Stokes equation can prove very useful.

The ODE for the fluid injection problem was

duyg Ay
pV 5 Mgz = C (10.4.12)
We choose the following characteristic variables
o = % and u’ = UT; (10.4.13)
and get that
pV2dut VvV d*u
— - = =C 10.4.14
h dz*  h? dz*? ( )
or equivalently
du; 1 d*u}
L =C"4 — 10.4.15
dz* Re dz*2 ( )

« _ hC
where C* = VI

Flow past an object

We now consider the flow past an object such as a sphere with a characteristic length a,
such that far upstream the fluid has uniform speed U. We can define the following dimen-

sionless variables

U; T
u; = — and z; = —
U a

aswell as t* = t/T and p* = p/ P where T, P are undetermined for now. Then the Navier-
Stokes equation along x

(10.4.16)

Oy, O, Oy Oy, 10p /0%, O0%uy 0%u,
i (e 1O B 10.4.17
ot tu ox +uy8y tu 0z p8x+p<8x2+6y2 +8z2> (10 )
becomes
a Oul Ouy Oug Ouyg P op* 1 (0% 0%l O*ul
UT ot* Tl Ox +y Ay s 0z _pUzax*+Re(8x*2 Oy*2 + 82*2> (10.4.18)
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It is clear that if we choose T' = % and P = pU? then we find that

ou, Ouy Ouy Quy  Op* 1 (0% 0%l O%u
ot T Urop T, TUg, T Top T Re<ax*2 T T 82*2) (104.19)

Just like in the fluid injection problem, if we are in the high Reynolds number regime and
far away from the object then one can ignore the Laplacian term and find a solution to

v, D 10.4.2
o oy Ty TUg, T T or (10.4.20)

Near the object however (within the boundary layer) the Laplacian term becomes too large
to be ommitted and a full solution must be found. This must then be stitched together with
the solution far from the object.

10.5 Dominant viscosity flow

Lubricants work thanks to viscosity. One important application of flows with dominant
viscosity is in slider bearings, where lubricants are important in reducing friction between
mechanical components.

We assume that the lubricant is a Newtonian viscous fluid with constant density and vis-
cosity. We also assume that the bearing is flat and that the fluid flows in the xzz-plane with
no y-dependence and no velocity y-component u,. We also consider the steady state flow.
We set our axes so that the slider of length [ has a profile defined by z = h(z) and where
the bearing guide moves with constant speed U.

The continuity equation is

Ouy ~ Ouy
— =0 10.5.1
Oz oy ( )
Instead the Navier-Stokes equations are
Ouy Oug\  Op %u;  0%uy
ou, ou, dp u,  O%u,
y— ) = —— — 10.5.
p(u oz tu 62) 8z+'u(8x2 +822) (1053)
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with boundary conditions
uz(z,0) = =U, uz(x,0) = uy(x, h(x)) = ug(z, h(z)) =0 (10.5.4)
Moreover, ignoring edge effects then we also have that
p(0,2) = p(L, 2) = po (10.5.5)

To reduce the Navier-Stokes equation into a dimensionless form, we introduce the follow-

ing variables
. T .z . U u, L

x_ D
= — = — = — Z? = 5 = — 1 oJe
x 70 % hl,uz 7o U * i P P (10.5.6)
for some characteristic pressure P. We then obtain

h? ou;; ou;; h? P Op* po (k3 O*E  O%uk
St O (At AP s A B S ——2 - 10.5.7
L2 (uI ox* T 6z*) L2 pU? Ox* * pLU <L2 Ox*? 8z*2) ( )
h? o} o} P Op* wo (h3o*u:  O%ul
1 * z * 2\ - _ 1 z z 10.5.
L? (um oz* T 82*) pU?2 0z* + pLU <L2 Ox*? 82*2> (1058)

Assuming % is small and recognising that pLLU = g then we find that the approximate
Navier-Stokes equations are

_fﬁ P op* i@%;

L2 pU? 0x*  Re 0z*2
P op* 1 0%u:
0= 550 * Re 57 (10.5.10)

(10.5.9)

To determine what P is, we could make it equal to pU? just as in the case of a flow past
an object. However, in our case we have two characteristic length scales so we should not
make the characteristic pressure depend on U only (which is characteristic along the z-
direction). Any expression of the form P = pU?L%/h$ will also do the job. If a > 2 then
the pressure gradient term will obviously dominate since h; < L. One would then find
that the pressure gradient is constant % = 0. Together with p(0,z) = p(L, z) = po this
implies that a constant pressure is predicted, which does not match observations. Indeed

it is the pressure generated by the flow that makes lubricants useful. If & < 2 then the

pressure gradient is negligible implying that 3622“21 = 0. This is unfortunately a violation of
conservation of mass, as we shall see soon. We are left with a = 2 and therefore P = 2 thQL ’ .
1
We are left with
op* 1 9%u*
0=— — z 10.5.11
Ozx* Re 0z*2 ( )
L2 a * 1 82 *
0= P o’ (10.5.12)

_hig ox* + Re 9z*2

Since L >> hy, the second equation reduces to % and therefore p = p(z). The first equation
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now looks like
o2 _1dp
022 pudx
where we reverted back to dimensional variables. Since the LHS is dependent on x and =
while the RHS depends on z-only we find that

(10.5.13)

ug(z,2) = ;Lj];zQ + f(z)z + g(x) (10.5.14)

Using the boundary conditions we get g(z) = —U and

1 h? dp
fa)=3 <U _ de) (105.15)
and so ey
- _E\_MaepEi, 2
ug(z,2) = U(l h) 2 drh (1 h) (10.5.16)

This is still not very useful as we don’t know what p(z) is. To determine it we can calculate
the volume flow rate which, by the law of conservation of mass, must be constant. We get
that taking a cross-section at some = with h = h(x) then

h h 2 3
z h® dp z z Uh h® dp
= cdz = — 1—-=)————(1—— =————— (10.5.17
“ /o“ * /0{ U< h) 2udwh< hﬂ =% Tmpa 109

and thus

dp  12u (1
P <2Uh(x) + Q) (10.5.18)
We can integrate this with respect to x from 0 to L and note that () must be constant to find
that . .
1 dx dx
p(L) —p(0 20212H<U/ +Q/ ) (10.5.19
o) 2" Jy GwE T2 TP )
and hence
1 Gy
Q= UM (10.5.20)
Jo (h(z))?

The volume flow rate can be completely determined by the shape of the bearing gap so it
can be assumed to be known. Then the pressure can be calculated by solving

dp U 20Q
which yields
L U Q
= — . . 2
) =~ (i * )+ (10522)
If we take z = h(x) to be a straight line then h(z) = h; + hQZhl x and hence
L L
L
/ di’“"2 - / de S = (10.5.23)
o (h@))*  Jo (h+a(ha—h1)/L)>  hihy
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and
/L dv /L dz _ L(hy + hy)
o (h(x))? Jo (h1+z(hy—hi)/L)? 2hih3
implying that
Q:_l L 2h?h3 _ uh
U hihy L(hy + h2) hi + he

Substituting this into our expression for p(z) one finds that

—h(l’)(hl + hg) + hihs
plx) = —6,uUL< ) +C
o (1 ()25 — 1)
Since p(0, h1) = pp we find that
_ 6uUL LC
R
finally giving an expression for the pressure
h h(x) — h2)
p(a) = o gy (L= I(0)

(h3 —

The total load per unit length (along z) that the bearing can carry is given by

L 2
6uUL
/O (p — po) (o — )2

10.6
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h)(h(z))?

2(hg — M)
hl ho + hq

(10.5.24)

(10.5.25)

(10.5.26)

(10.5.27)

(10.5.28)

(10.5.29)
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