7.38

1 7.38, §1 Asked

Asked: Find the ideal flow in a cylinder if the normal (radial) velocity at the perimeter is
known.

e

2 7.38, §2 P.D.E. Model

el

e Finite domain Q: 0 <r < 1,0 <9 < 27

e Unknown velocity potential u = u(r, )



e Elliptic equation

1
Vu =ty + —u, + —Ugy = 0
r r

e One Neumann boundary condition at r = 1.

We will try separation of variables.

3 7.38, §3 Eigenfunctions

If we substitute a trial solution u = R(r)O(¥) into the homogeneous P.D.E. w,, + u,/r +
ugy/1T? = 0, we get:
1 1
R'© + -R'©+ S RO" =0
r r
which separates into
2R// R/ @//

r E—{_rﬁ:_@: constant = \

Make sure that all r terms are at the same side of the equation!

Now which ODE gives us the Sturm-Liouville problem, and thus the eigenvalues? Not the
one for R(r); u has an inhomogeneous boundary condition on the perimeter » = 1. Eigenvalue
problems must be homogeneous; they simply don’t work if anything is inhomogeneous.

We are in luck with ©(¢) however. The unknown u(r,v) has “periodic” boundary conditions
in the ¥-direction. If ¥} increases by an amount 27, u(r,J) returns to exactly the same values
as before: it is a “periodic function” of 9. Periodic boundary conditions are homogeneous: the
zero solution satisfies them. After all, zero remains zero however many times you go around
the circle.

The Sturm-Liouville problem for O is:
-0" = )6

0(0) =0(2r)  ©(0) = O'(2n)

Note that for a second order ODE, we need two boundary conditions. So we wrote down that
both ©, as well as its derivative are exactly the same at ¢ = 0 and 2.

Pretend that we do not know the solution of this Sturm-Liouville problem! Write the charac-
teristic equation of the ODE:

Ead=0 — k=+iVA

Lets look at all possibilities:



Case A = 0:

Since k; = ky = 0:
©=A+ BvY

Boundary conditions:
0(0)=002r) = A=A+ B2r

That can only be true if B = 0. Then the second boundary condition is
Q'0)=0'2r) = 0=0
hence ©® = A. No undetermined constants in eigenfunctions! Simplest is to choose A = 1:

Op(1) = 1

Case A # 0:

We will be lazy and try to do the cases of positive and negative Aat the same time. For
positive A, the cleaned-up solution is

O = Acos (\/Xﬁ) + Bsin (\/XQ9>
This also applies for negative A, except that the square roots are then imaginary.

Lets write down the boundary conditions first:

00)=00271) = A= Acos (\/X27T> + Bsin (\/XZW)
0'(0)=0'(2r) = BV =—AVAsin(VX27) + BV \cos (VA2r)

These two equations are a bit less simple than the ones we saw so far. Rather than directly
trying to solve them and make mistakes, this time let us write out the augmented matrix of
the system of equations for A and B:

0

0

1 — cos (\/XQ?T) —sin (\/XQTF)
sin (\/XZF) 1 —cos (\/X27r)

Any nontrivial solution must be nonunique (since zero is also a solution). So the determinant

of the matrix must be zero, which is:

1—2cos (\/XQ?T) + cos? (\/XQTF) + sin? (\/XQ?T) =0

or

cos (\/XQ’/T) =1



A cosine is only equal to 1 when its argument is an integer multiple of 27r. Hence the only

possible eigenvalues are

If X is negative, cos (i\/ —)\27r) = cosh (\/ —)\27r) which is always greater than one for nonzero
A

For the found eigenvalues, the system of equations for A and B becomes:

0 00
0 00
Hence we can find neither A or B; there are two undetermined constants in the solution:

©,, = Acos(nv) + Bsin(nd)

We had this situation before with eigenvector in the case of double eigenvalues, where an
eigenvalue gave rise two linearly independent eigenvectors. Basically we have the same situa-
tion here: each eigenvalue is double. Similar to the case of eigenvectors of symmetric matrices,
here we want two linearly independent, and more specifically, orthogonal eigenfunctions. A
suitable pair is

0,,(Y)
6;,(9)

cos(n?)
sin(nd)

Total:
We can tabulate the complete set of eigenvalues and eigenfunctions now as:

Ao =0 Oy=1

AM =1 ©f=cos(¥) ©?=sin(?)
Ao =4 O} =cos(29) O3 =sin(20)
A3 =9 O} =cos(39) O3%=sin(30)
A =16 Of = cos(49) ©3% = sin(49)



4 7.38, §4 Solve

g/

We will again expand all variables in the problem in a Fourier series. Let’s start with the
function f(1J) giving the outflow through the perimeter.

F0) = fo+ 3 fLeos(nd) + 3 f2 sin(n)

This is the way a Fourier series of a periodic function with period 27 always looks.

Since f(19) is supposedly known, we should again be able to find its Fourier coeficients using
orthogonality. The formulae are as before.

JiZo f(9)1d0
fO = 27 2
12712 do

(the bottom is of course equal to 27,)

L 3T £(9) cos(ndd) dv

fn - fglOCOSZ(nﬁ)dlg ( 1,2,. )
s JFE fO)sin(d)dy
fi= 127, sin?(nd) dv) (n=12...)

(the bottoms are equal to 7.)

Since I hate typing big formulae, allow me to write the Fourier series for f(#}) much more
compactly as

F0) =3 £104(0)



where ©) = cos(nd) and ©? = sin(nd). Also, all three formulae for the Fourier coefficients
can be summarized as

I, J(9)04(9) dv
2%, O2(1) v

fi (n=0,1,2,...;i=1,2)

For n = 0, only the value ¢ = 1 is relevant, of course; O} = cos(09) = 1 = 6,. There is no
02 = sin(09) = 0.

Next, let’s write the unknown u(r, ) as a compact Fourier series:

u(r,0) = Yl (1O ()

We put this into P.D.E. u,, + u,/7 + ugg/1? = 0:
) ) 1 ) ) 1 ) )
ST Ul () OL0) + L S (L) + D (1)) () =0

Using the Sturm-Liouville equation ©¢(9)” = —\O! (¥), where A was found to be n?, this
simplifies to

) ) 1 ) . 1 ) )
Dt (r)" €L, (0) + — 3w, (r) €, (9) = 5 3 n*u (r)©;,(9) = 0

We get the following ODE for u’ (r):

_ 1 . 2
uh (r)! + S (1) = () =0

or multiplying by 72:

r2ul (r) 4+ rul (r) — nul (r) = 0

This is not a constant coefficient equation. Writing down a characteristic equation is no good.

Fortunately, we have seen this one before: it is the Euler equation. You solved that one by
changing to the logaritm of the independent variable, in other words, by rewriting the equation
in terms of

p=lnr

instead of . The r-derivatives can be converted as in:

du, _ duydp _ du 1

n

dr— dpdr dpr

Pufy  d [duj1] d [dui] 1 dul 1
dr2 dr|dpr| dr|dp|r dpr?



d[du]dpl duj 1 d*uf 1 dui, 1

:d—p dp | drr dprQ— dp? 2 dp 12
The ODE becomes in terms of p:
d*u! :
n n*ul, =0
dp?

This is now a constant coefficient equation, so we can write the characteristic polynomial,
k? —n%? =0, or k = 4n, which has a double root when n = 0. So we get for n = 0:

= A+ Bip=A\+ ByInr

while for n # 0: ' 4 ' '
=A e+ Be " =Ar"+Br"

Now both Inr as well as ™™ are infinite when 7 = 0. But that is in the middle of our flow

region, and the flow is obviously not infinite there. So from the ‘boundary condition” at r = 0
that the flow is not singular, we conclude that all the B-coefficients must be zero. Since
r? =1, all coefficients are of the form A’r" including the one for n = 0.

Hence our solution can be more precisely written

u(r,d) =Y ALrer (9)

n,t

Next we expand the boundary condition u,(1,9) = f(J) at » = 1 in a Fourier series:
>_nAL0,(0) =3 f,0

producing ‘ '
nA, = f,

For n = 0, we see immediately that Ay can be anything, but we need f, = 0 for a solution to
exist! According to the orthogonality relationship for fy, this requires:

/j”f(ﬁ)dﬁ:o

Are you surprised that the net outflow through the perimeter must be zero for this steady
flow?

For nonzero n:

and our solution becomes

where Ay can be anything.



5 7.38, §5 Total

Let’s summarize our results, and write the eigenfunctions out in terms of the individual sines
and cosines.

Required for a solution is that:

/jﬂfw)cw:o

Then: 1 o
fi== /Hf(ﬁ) cos(nd) 9 (n=1,2,...)

1 27
2= /wa) sin(nd)d9  (n=1,2,...)

u=2A,+ i {fé:: cos(nd) + fgt: Sin(nﬂ)}

n=1

where Ay can be anything.

6 7.38, §6 Notes

(The material in this section is elective).

It may be interesting to see exactly how functions are similar to vectors. Let’s start with a
vector in two dimensions, like the vector ¥ = (3,4). I can represent this vector graphically as
a point in a plane, but I can also represent it as the ’spike function’ in the first figure below:

frx)

—l —
M2 ——

o —

i X

The first coefficient, vy, is 3, giving a spike of height of 3 when the subscript, call it ¢, is
1. The second coefficient vy = 4, so we have a spike of height 4 at ¢ = 2. Similarly, the
three-dimensional vector v = (3,4, 2) can be graphed as the three-spike function in the second
figure. If I keep adding more dimensions, going to the limit of infinite-dimensional space,
my spike graph v; becomes a function graph f of a continuous coordinate z instead of 1.
You can think of function f(z) as a column vector of numbers, with the numbers being the



successive values of f(z). In this way, vectors become functions. And vector analysis turns
into functional analysis.

To take the dot product of two vectors v and w, we multiply corresponding coefficients and
sum:

—

U-w

Il

~
Il
o

V;W;

For functions f(z) and g(x), the sum over ¢ becomes an integral over z:

(F.9)= [ F@gte)de

Since we now have a dot product, or inner product, for functions we can define the “norm”
of a function, ||f|| = \/(f, f), corresponding to length for vectors. More importantly, we can
define orthogonality for functions. Functions f and g are orthogonal if the integral above is
Zero.

For vectors we have matrices that turn vectors into other vectors: a matrix A turns a vector
¥ into another vector Av. For functions we have “operators” that turn functions into other
functions. For example, the operator 9*/dz* turns a function f(z) into another function
f"(x). Among the functions of period 27, a function such as cos(nz) is an eigenfunction of

this operator:
82
—— cos(nz) = —n? cos(nx)

0x?

The eigenvalue is n?.

Symmetry for matrices can be expressed as ¢ - (Aw) = (A¥) - @ because this can be written
using matrix multiplication as 77 Aw = ¥7 ATw, which can only be true for all vectors ¥ and 10
if A= AT. And since (f,d%g/0x?) = (0>f/0x?, g), as can be seen from integration by parts,
02 /0x? is a symmetric, or “self-adjoint”, operator, with orthogonal eigenfunctions.

How about orthogonality relations? Given eigenfunctions X,,, we have seen that you get the
Fourier coefficients of an arbitrary function f(z) by the following formula:

S Xpdr (X f)
[ X2dr T (X, Xa)

I

But where does this come from? Remember that we get the coordinates in the new coordinate
system, (here, the Fourier coefficients f,), by multiplying the original vector, (here f(x)), by
the inverse transformation matrix P!.

S

2= P



Now the transformation matrix P has the eigenfunctions as columns:
P=(X; X X3 ...)

Since the eigenfunctions are orthogonal, you get P~! by simply taking the transpose, so:

fi X7 (X1, f)
fo| X5 B (X2, f)
fs | 7| X5 )= (X3, f)

giving f, = (X,,, f). The difference from f,, = (X,, f)/(Xn, X,) above is simply due to the
fact that we usually do not normalize eigenfunctions to norm 1.

Note: I simply told you that the proper orthogonal eigenfunctions for the double eigenvalues
in 7.38 are cos(nx) and sin(nz), but I could actually have derived it from Gram-Schmidt!
There is really nothing new for PDE, if you think of it this way.

7 7.38, §7 More Fun

Our final result was
u=Ag+ > {fn— cos(nd) + fi— sm(m9)}
n=1 n n

We can write it directly in terms of the given f(x) if we substitute in the expressions for the
Fourier coefficients:

u=Ap+ Z / ) cos(no) dgb— cos(nd) + / @) sin(no) dgb:; sin(nd)

We can clean it up by combining terms and interchanging integration and summation:

o0 TL

u= A+ /27T Z { [cos(ng) cos(nd) + sin(ne) Sln(nﬁ)]} flo)do

wm Aot /2”{ > 2 cos(nld - ¢]>} £(6)ds

n=1

This we can clean up even more by giving a name to the function within the curly brackets:

u= Ao+ [ Glro - 6)1(6)do



Nice, not? We can even simplify G by converting to complex exponentials and differentiating;:

G(T‘, 19) - Z T_ COS(m9) = Z {r_emﬂ + r_e—inﬁ}

i nT — 2nm 2nm
0 n n 9 —i
27?%? = Z {r‘l (rew) + 1 (re “9> } =7 —67“6“9 1 —6re—“9

The last because the sums are geometric series.

Integrating and cleaning up produces

G(r,v) = —zi In (1 — 2r cos(¥) + r2)

™

So, we finally have the following Poisson-type integral expression giving u directly in terms of
the given f(¢), with no sums:

1

27
u(r,v) = Ag — %/0 In (1 — 2rcos(¥ — ¢) + 7’2) flo)do

Neat!



