Section 12.6: Non-homogeneous Problems

1 Introduction

Up to this point all the problems we have considered are we what we call homogeneous
problems. This means that for an interval 0 < x < ¢ the problems were of the form

where v; are constants and R is a function of « but not ¢. I would like to do the case where
it is a function of ¢ but the book does not and there is no time.

Here we have used the notation B;(u) to indicate our usual boundary conditions
BO(U) = aoux(oa t) + OqU(O, t)v B1(“) = ﬁ()ux(ga t) + ﬁlu(ga t)

Specifically then for Dirichlet boundary conditions we have Bgy(u) = u(0,t), Bi(u) = u(l,t)
and for Neumann conditions we have By(u) = u,(0,t), By(u) = u,(¢,1).

1.1 Non-Homogeneous Equation, Homogeneous Dirichlet BCs

We first show how to solve a non-homogeneous heat problem with homogeneous Dirichlet
boundary conditions

ur(z,t) = kg, (z,t) + R(x), 0<axz <l t>0 (1)
u(0,t) =0, u(l,t)=0
u(x,0) = f(x)



Let us recall from all our examples involving Dirichlet BC the Sturm-Liouville problem gives

nmw 2 .
Ao = —fin, fin = A Pn(z) = \/;SIH(,UJ”I).

To solve this problem we look for a function ¥ (x) so that the change of dependent vari-
ables u(z,t) = v(x,t) + ¢ () transforms the non-homogeneous problem into a homogeneous
problem. In particular we have

R=u; — kg = (0 + ) — k(v +1V)pe = vy — kvg, — k.

So if we want v; — kv,, = 0 then we need

1
"
- ——R.
k

In addition we want v to satisfy the BCs so we look for 1 satisfying:
1
W) =~ f(e), 0<w <L,
$(0) =0, ¥(¢)=0.

Notice this is a non-homogeneous second order constant coefficient boundary value problem.

At t = 0 we have v(z,0) = u(x,0) — ¢¥(z) = f(x) — ¥ (x) so the heat problem for v has a
different initial condition.

Thus, in order to solve (1) we need to solve the following:

V(@) = @), <z <L,

to obtain

u(z,t) = v(x,t) + ().

We already know how to solve the heat problem:

o
v(z,t) = Z cn€ o, (1),
n=1

Cn = /O Zvo(z)gon(:v) dz.



Before we turn to finding v let us make a very important remark.

Remark 1.1. The solution v approaches zero as t goes to infinity which means that
converges to a non-constant steady state, i.e., the solution consists of two parts which are
often referred to as the transient and the steady state.

u(z,t) =v(x,t) +(x) = P(x) as t — oo.

This is a very important property of the heat equation. Solutions tend to a equilibrium
solution., i.e., a solution for which u;(x,t) = 0 which means a solution of

0 = kg, + R(z), u(x,t) =0, u(l,t)=0.

Example 1.1. Find the steady state solution for the heat problem

up(x,t) = Uge(z,t) — 62, 0<zx <1, t>0
uw(0,t) =0, u(l,t)=0
u(x,0) = o(z)

As described in the remark the steady state problem is obtained by setting u; = 0 and
solving the non-homogeneous BVP

P'(x) =6z, 0<z<l,
¥(0) =0, ¥(1)=0

For this problem we apply the techniques from an elementary ODE class. Namely, we know
that the general solution is the sum of the general solution of the homogenous problem 1,
and any particular solution t,. The general solution of the homogeneous problem 9" (z) = 0
is ¥p(z) = c17 + ¢ and it is clear that 1,(x) = 2® is a particular solution. N.B. Remember
we learned two methods to find a particular solution: Undetermined Coefficients, Variation
of Parameters.

So we have ¢(z) = ¥p(x) + ¥p(z) = 1@ + c2 + 2°. Now we try to find ¢; and ¢ so that the
boundary conditions are satisfied. We need

0=1v(0)=cy, and 0=1(1)=c +1°

which implies ¢; = —1 and

Thus for every initial condition ¢ (z) the solution u(z,t) to this forced heat problem satisfies

lim u(z,t) = ¥(x).

t—o0

More generally we can give a formula for the solution of the steady state problem

//:_l

PR 9(0)=0, ¥()=0



using the method of variation of parameters.

First the general solution of the homogeneous problem " = 0 is ¢}, = ¢; + cox. So we next
need to find a particular solution y, and then the general solution is y = y + yp.

The method of Variation of Parameters is used to give a particular solution ¥, for a problem
y"+ P(x)y + Q(z)y = R(z). It requires having a pair of linearly independent solutions of
the homogeneous problem, y; and y,. The formula is

yp(x) = —yl(x)/ y2§;}£§s) d8+y2(x)/ yliﬂsf)g)@ B W) = der [Z’lg ngl

In our case we take y; = 1 and y, = = and notice that the right hand side has 9 — 1/k)r(z)

so we have
1 =z
W (s) = det =1
0 1

i) = 1 (/OESR(S)dS—x/OIR(s)ds).

Then the general solution is

W(x) = % (/: sR(s)ds — x/ox R(s) ds> + ¢ + cox.

Next we apply the BCs to find ¢; and c,.
O:@Z)(O):Cl c1 = 0.
Next

0=w(0)=1 (/OesR(s)ds—K/OmR(s)ds) 4ol
Cy = é (—/OKSR(S)dS—i-f/OER(S)dS)
so we have

w(x)—%</OISR(s)ds—x/OzR(S)ds+% (—/OZSR(S)dS—l—f/OZR(s)ds)).

This can be considerably simplified by factoring out an ¢ to obtain
1 x x 0 0
P(r) = — (E/ sR(s)ds — azﬁ/ R(s)ds — x/ sR(s)ds + xﬁ/ R(s) ds) .
ke 0 0 0 0

in the denominator then combining the first and third integrals and the second and fourth
integrals. We have

é/ost(s)ds—x/oésR(s)ds:(é—:p)/omsR(s)ds+x/;sR(s)ds

This implies
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and , ,
—xﬁ/ R(s)ds + a:ﬁ/ R(s)ds = xﬁ/ R(s)ds.
0 0 T

Combining these results we have

w@%ﬁgQqu[QMﬁ@+xl%—ﬁR@mﬁ.

Collecting these results we have the following results.

has solution

W(z) = é ((e—x) /OISR@ ds+x/:(z— $)R(s) ds) |

1.2 Non-homogeneous Dirichlet Boundary Conditions

In this section we consider forcing through Dirichlet boundary conditions

ur(x,t) = kg, (z,t), 0<az <, t>0 (2)
u<0’t) = Y0; u(f,t) =N
u(z,0) = f(x)

In order to obtain a continuous solution we also need to impose the compatibility conditions

f(O) = 0, f(é) =M

Our method to solve this problem is to transform it to a homogeneous problem like we did
in the previous section. In order to do this we introduce the function

h(@) = 0+ 5 (1 = %0):

Then we introduce a new function v(z,t) by
w(z,t) = u(z,t) — h(z).
Our goal is to see what problem w(z,t) satisfies. To this end we note that

hez(x) =0 hy(x) =0

5



We see that
wy — kwg, = (u(z,t) — h(z)), — k (u(z,t) — h(x)),, =0

rxr

and

w(0,t) = u(0,t) =h(0) =v% =% =0, w(l,t)=u(l,t)—=h(l) =7 -7 =0.

w(e,0) = u(x,0) = hiz) = f(x) = (70 + 7(n =) = woa). (3)

Collecting this information we find that w(z,t) satisfies

wi(w,t) = kwge(x,t), 0<z <l t>0 (4)
w(0,t) =0, w(lt)=0

w(z,0) = wy(z)
So we can apply our earlier results to obtain a formula for w(z,t).

Once we do this (see below) we can obtain the desired solution from

u(z,t) = w(x, t) + h(x).

Then for the initial condition we compute

wo() = 3 bupa(@). (5)

where

¢
cn:/o on(T)wo(z) de. (6)

Combining these results we obtain

o0

w(x,t) = Z cneip, () (7)

n=1
and finally
w(z,t) = w(z,t) + h(zx).

Notice in this case, just as in the case of the non-homogeneous equation, that as t — oo all
the exponential terms in the sum tend to zero and we have

lim u(z,t) = h(x).

t—o0

This represents a nonzero and non constant steady state temperature profile.



1.3 More General Non-homogeneous Boundary Conditions

In this section we consider forcing through Neumann boundary conditions.

up(x,t) = kuge(z,t), 0<z <l t>0 (8)
w(0,t) =0, uz(l,t) + kyu(l,t) =7
u(z,0) = f(z)

The primary difference between this problem and that considered in the previous section
(i.e., (2)) is that we need a different function h.

In order to find an appropriate function h let us examine the properties we desire. We want
a function that satisfy the following conditions:

ht = 0, hxaz = 0, h(O) = Y0, hx(€> + klh(é) =7-

We see that this first suggests h not depend on ¢ and since h,, = 0 we would have h(z) =
1 4 co. Applying the boundary conditions we would have

Yo = h(O) =C2, V1= h,(g) + k’lh(g) = Cl(]_ + k?lf) + k’lcg.

This implies
(1 = k1)

Coa =", €= (1+/{;1€) .

So we have h
h(x) _ (71 - 170)

) T + 7.

Next we make a change of variables u(z,t) = w(x,t) + h(z) and we find

wy(x,t) = kwee(x,t), 0<z <l t>0 (9)
w,(0,t) =0, w,(¢,t) + kyw(l,t) =0
w(z,0) =wo(z) = f(z) — h(z).

Notice once again that the initial condition wy is not just the original initial condition and
we obtain
w(z,t) = w(z, t) + h(zx).

The only thing that remains is to solve for w and we do this using an eigenfunction expansion.
In this case, due to the boundary conditions, we have Sturm-Liouville problem

" =Xp, ©0)=0, ¢'{)+kpl)=0.

We can readily show that the eigenvalues are negative since

l
AMlel* = /0 ' (@)p(@)dz = —|[¢|2 + ¢ (@)e(@)]y = ~ @I = kap(0)*.



So A = —p? and ¢(x) = acos(ur) + bsin(uz). To satisfy the first boundary condition we
need
0=¢0)=a = a=0, = ¢(z)=Dbsin(ux).

Then we need
0 =vp' () + k1p(€) = bucos(pul) + kybsin(ul),
which implies
Il
ki
This equation has infinitely solutions which diverge to infinity but we cannot solve for them in

closed form. We denote them, the associated eigenvalues and the normalized eigenfunctions
by

tan(pul) = —

fns  An =l Pa(T) = Knsin(pna).
Then the solution of our heat problem for w is

o0

¢
w(z,t) = Z cne o, (2),  where ¢, = / wo(z)pn(x) dz.
0

n=1
Now, once again, since the A\, < 0 (and tend to minus infinity) we have
sup |w(z,t)] == 0.
z€[0,¢]

Therefore we have

t—o0

u(z,t) = w(z,t) + h(r) — h(z).

1.4 Heat Equation with Conduction and Convection

Another variation on the heat equation is to add extra terms that correspond to heat con-
duction and convection.

u(z,t) = k(uge(z,t) — 2au(z,t), + bu(z,t)), 0<z<l, t>0 (10)
u(0,t) =0, (11)
u(l,t) =0, (12)
u(z,0) = p(x) (13)

There are many different ways to approach this problem. One such method would be to apply
separation of variable directly. The dissadvantange to this is that one gets a more complicated
ode for p(z) and there is a more difficult analysis of the eigenvalues and eigenvectors.

We will take a different approach which allows us to use our earlier work after a change of
dependent variables. So to this end let us define v(z,t) via

u(z,t) = e Ply(z,t), B =k(b—d>). (14)

Thus we have
v(x,t) = e” @By (2 1)
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and we can compute

v — kv, = o~ (az+pt) (_ﬁu + ut) —k [6—(ax+ﬁt) (_au + u‘r)]x
= e @) L(_Bu 4 wy) — k [—a(—au + ug) + (—auy + tg,)]}
= ¢~ (az+BY) [ur — k(ugw — 2au, + a®u) + Bul
= (a6 [ur — k(ugw — 2au, + a®u+ (b — a®)u)]
= e @0 oy, — k(ugy — 2au, 4 bu)] = 0.
Furthermore
v(0,1) = e Ptu(0,t) =0, v(l,t) =e @Byl t) =0

and
v(x,0) = e “u(x,0) = e “p(x).

Therefore, v(z,t) is the solution of

vi(,t) = kvg(x,t)
v(0,t) =0, v, t)=0
v(x,0) = e “p(x).

We have eigenvalues and eigenfunctions

_ ("™ _ _ /2
= (7)) =i, ¢n<x>—\/;sm<unx>

and we obtain the solution to this problem as

OO kAnt _: nmw : ¢ —ax
v(x,t) = ane sin (7x> with b, = | e “p(x)p,(x) dz.
n=1 0

Finally our solution to (10)-(13) can be written as

t) = ax—+3t bn kEXnt _: <T >
u(z,t) =e Z esin  —-w

n=1



