Differential Equations

LECTURE 45

Heat Equation Problems

1. Review

In Lecture 40, we saw that product solutions to the heat equation with homogeneous Dirichlet
boundary conditions problem

U = kugy O<z<l t>0

w(0,8) = u(l,t) = 0 (45.1)

u(z,0) = f(z)

had the form , N
udaw:Bw4??“m%—r) n=1,23,... (45.2)

Taking linear combinations of these (over each n) gives a general solution to (45.1)

u(z,t) = i Bnef(nll)%t sin (@) ! (45.3)
n=1

l

Setting ¢t = 0, this implies that we must have

fz) = iB” sin (@) ;
n=1

in other words, the coefficients in the general solution (45.3) for the given initial condition are the
Fourier sine coefficients of f(z) on (0,1), which are given by

B, = ?/Ol f(x)sin (?) dzx. (45.4)

We also saw that if instead we have a problem with homogeneous Neumann boundary conditions
U = kugy O<zx<l, t>0
ug(0,t) = ug(l,t) =0
u(0,1) = f(x)
, the product solutions had the form

nm 2
Up(x,t) = Anef(T) M cos (@) n=20,1,2,3,... (45.5)

and the general solution to (1) has the form

"”m) (45.6)

1 = n )2
u(x,t) = §A0 + ZAnef(T) M cos (T

n=1

With ¢ = 0, this means that the initial condition must satisfy

f(z) = %Ao + ZA” cos (Zﬂ) ,
n=1
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and so the coefficients in (45.6) for a particular initial condition are the Fourier cosine coefficients
of f(z), given by

A, = ?/Olf(x) cos ("7 da. (45.7)

One way of thinking about this difference is that, given the initial data u(z,0) = f(x), the
Dirichlet conditions in (45.1) specify the odd extension of f(x) as the desired periodic solution,
while the Neumann conditions in (1) specify the even extension. This should make some sense: as
we've discussed, odd functions must have f(0) = 0, while even functions must have f’(0) = 0.

So, to solve a homogeneous heat equation problem, we begin by identifying the type of boundary
conditions we have. If we have Dirichlet conditions, we know our solution will have the form (45.3),
and all we have to do is compute the Fourier sine coefficients of f(z) (45.4). Similarly, if we have
Neumann conditions, we know the solution has the form (45.6) and we have to compute the Fourier
cosine coefficients of f(x) (45.7).

REMARK. Observe that for any homogeneous Dirichlet problem (45.1), the temperature distri-
bution (45.3) will go to 0 as t — oo. This should make sense: these boundary conditions have a
physical interpretation where we keep the ends of our rod at freezing without regulating the heat
flow in or out of the endpoints. As a result, if the interior of the rod is initially above freezing,
that heat will radiate towards the endpoints and into our reservoirs at the endpoints. On the other
hand, if the interior of the rod is below freezing, heat will come from the reservoirs at the endpoints
and warm it up until the temperature is all uniform.

For the Neumann problem (1), the temperature distribution (45.6) will converge to £ Ag. Again,
this should make some physical sense: these boundary conditions correspond to a situation where
we have insulated ends, as we’re preventing any heat from leaving the bar. Thus all the heat energy
will move around inside the rod until the temperature is uniform.

2. Examples

ExXAMPLE 45.1. Solve the initial value problem

U = 33Uy, 0<2<2 t>0
u(0,t) = u(2,t) =0
u(z,0) = 20.

This problem has homogeneous Dirichlet conditions, so our general solution is
> —3(M)2t . nmwx
u(z,t) = Z:l Bpe ”\27) "sin (T) .
n—=

The coefficients for the particular solution are the Fourier sine coefficients of u(x,0) = 20, so we
have
2 [? nmwr
B, = 2/0 20 sin (—g > dx

o)
= _ 10 (cos(nr) — cos(0))

_ = (1 + (_1)n+1)

nm
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and the solution to the problem is

40 K1+ (1) seZe?, nrx
PIELD SRR it PNl
u(x,t) e sin { —

EXAMPLE 45.2. Solve the initial value problem

Ut = gy O<z<?2, t>0
ux(()?t) = um(27t) =0
u(z,0) = 3z.

This problem has homogeneous Neumann conditions, so by (45.6) our general solution is

u(x,t) = %Ag + iAne_?’(%)Qt cos (%) :
n=1

The coefficients for the particular solution are the Fourier sine coefficients of u(z,0) = 3z, so we
have
9 [2
Ag == / 3rxdxr =06
2Jo

A, = 3/023xcos (%) dx

6x (mrac)+ 12 . (mr:v) 2
= |—— cos sin
nmw 2 n2m2 2 0
12
= cos(n)
12

= (1 n+1
—(=1)

and the solution to the problem is

312 = (1) _sa2e2
u(x,t)=2+7rz<7ze "3 tcos(?).
n=1

EXAMPLE 45.3. Solve the initial value problem

uy = du,x O<z<2m, t>0
u(0,t) = u(2m,t) =0

(2,0) 1 O0<ax<nm
u"L‘v =
r Tw<x<2w

We have Dirichlet conditions, so by (45.3) the general solution is

= x
ZBne n? sm(2>,
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and the coefficients are given by

9 T 2T
B, = o </0 sin (%) dx —F/7T x sin (%) da:)
2 (na:> T 2 (n:c) 27r+ 4 <TZZE) 2
= ——cos|— — —cos [ — ——sin | —
nmw 2/, nm 2/, n2m 2/,
2 ( (mr) (0)> 4 (n7) + 2 (mr) 4 . (mr)
=——(cos|—) — cos — —cos (nm —cos | — ) — ——sin | —
nmw 2 n n 2 n2m 2
2 4 2 4
= (eos () = 1) + S0 Deos () = sin ()
2 1 nmw nmw 2 nmw
2 (L on(5) ) v on () - e )
2 (5 (con () = 1) 2t oo () = 2 (5
and the solution is given by
=1 1 nmw nmw 2 nmw 2 nx
_ I oy _1\n+1 oy 2 e —n“t _: il
u(x,t)—2zn< 7T((:os(2> 1)+2( 1) cos<2> nﬂsm(2>>e sm<2>

O
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