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ON HALF-SPACE SOLUTIONS OF A MODIFIED HEAT EQUATION*

BY
D. E. AMOS
Sandia Laboratory, Albuquerque, New Mexico

In a recent paper on the foundations of thermodynamies, Gurtin and Williams [8]
showed that under certain physically reasonable hypotheses the first and second laws of
thermodynamics (for rigid heat conductors) are

i}l—fedv= —f q~nda—|-frdv,
dt Jp R R

if _[ an fz
di Rndvz e da + Rodv,

where e is the internal energy (per unit volume), q the heat flux vector, r the heat supply
(per unit volume), » the entropy (per unit volume), ¢ the conductive temperature, and
0 the thermodynamic temperature. They [8] also proved that in general the two tempera-
tures ¢ and 6 are equal. Subsequently, Chen and Gurtin [2] formulated a theory of
materials in which the two temperatures were unequal. They showed that for an isotropic
‘material the linearized version of the energy equation takes the form

co = kAp + ceAp + 7 1)

where ¢, k, and e are constants, ¢ being the specific heat, k¥ the conductivity and e the
temperature discrepancy factor since the thermodynamic temperature is related to the
conductive temperature by the formula 6 = ¢ — eAp. Furthermore, they showed that
if k is positive, then ¢ > 0.

Eq. (1) also arises in the theory developed by Barenblatt, Zheltov, and Kochina [1]
for flow through fissured rock. Its one-dimensional counterpart was derived by Coleman
and Noll [4] as governing the simple shearing motion of a fluid of second grade.

" The purpose of the analysis below is to contrast the one-dimensional case r = 0,
€ > 0 with the classical case, r = e = 0, for the half plane £ > 0 with boundary conditions
related to
oz, 00 =0 z >0,
e(0,5) =1 t>0.
The boundary value problem. The boundary value problem (Eq. (1) rescaled)
U, = U, + e, x>0, t>0, ¢20,
u(x,0) =0 z >0,

u(0,t) =1 t> 0,

@

u bounded,
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has a formal solution by separation of variables given by

u(r, t) =1 — gf got /e SIDUT g (3)
™ Jo v

This function formally satisfies the conditions of the problem, but a change of variables
w = av, z > 0 gives

wm, ) = 1 — 2[ e SDW @)
™ Jo w

which shows that the solution is disecontinuous at z = 0:

limuz, ) =1—e" %1 t>0

0+

(justification of the limiting process is given below). This result is in agreement with [1]
where, according to singular surface theory, the jump in the discontinuity decays accord-
ing to the right side of this relation.

If one attempts the construction of a generalized solution by introducing the initial
condition

u@z,0) =¢* a>0,2>0
in place of
u(z, 0) = 0,

the resultant solution as @ — « also goes to (3) or (4). On the other hand, specification
of analytic data in the form

u0,6) =1—¢* a>0, t>0

gives for a —» =

—_ _ g ® —v3t/(1+e€v?) sin vx__
u(z, t) = 1 ﬂ_/; e v——————(l T b dv 5)
or
= _2_x_2 f“’ —w2t/(z?+ew?) ___Sin w
u(z, ) = 1 e 2@ £ ) dw (6)

which does not satisfy u(z, 0) = 0 for x > 0, but
lim uy(z, &) = e/,
t—0+
The result in applying the Laplace transform to (2) under the assumptions that u(z, t)
and u,.(z, {) are continuous at ¢ = 0 is (5); on the other hand, the formal Fourier sine
transform solution with the assumptions that the v and u, — 0 as £ — « gives (3). These
two results have important implications for a numerical solution. In a physical applica-
tion one may choose the results of one of these solutions because of experimental corre-
lation with theory for longer times and distances even though a detailed knowledge of
the mechanism at = 0 and ¢ = 0 may be lacking.
Each of the functions listed in (3) and (5) is continuous in ¢ for fixed x and t. In partic-
ular, for e = 0 we have
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uo(x, t) =1 — gf e—v’ts_l_n_v_xdv
™ Jo v

= erfe (2—;75)

which is the solution of the classical heat conduction problem. The uniform convergence
on [0, é] can be seen by applying the Dirichlet test [11, p. 23] for conditionally convergent
integrals in the form

[ 46,016, 9 @

where

—23t/(z%+e€v?) t2e—v’t/(z‘+tv’)
o, €) = or —

1+ @+ &)1 +v)’

f, & = a —l—v) sinv.

Here d¢/dv < 0 is continuous in v for fixed ¢, F(v) = [; f(w, €)dw is bounded independent
of » and ¢, and ¢(v, ¢) — 0 monotonically in » and uniformly on [0, €] as ¥ — « since
dp/ov < 0and 0 < ¢ < 1/(1 + v).

Notice that this same analysis applies for ¢ or z on [0, {], [0, Z] or [0, ] X [0, ].

Series representations of (4) and (6). In this section we develop two series for (4)
and (6) which tend to complement each other in numerical evaluation. These series
consist of positive terms involving functions for which good numerical techniques are
available for computation. We start with (4) and write the exponential in the integral in
the form

_ v T/(X4en) Slﬂ _ T - (=)' fw v 'sinw
I—ﬁe Mo -1+ S [ dv

=1 + vz)”
where X = z/¢/>, T = t/e. The Fourier transform is available from tables [5, p. 68],
©  2m+1 _* __1\ym+n—1 n—1
v sinp (-1 /2 d (z"'e"'/') 0<2m<om—2 )

o G+ T T m—1! d!
and we apply this with m = n — 1. The Leibnitz rule for differentiation of a produet

(n) n
Lo ) = 3 (Moo

k=0

will expand the right side into a sum in terms of

EHHF P =~ D —2) - k+DF k=01, n—2,

= zn—l

=n—1,

—z1/3

and the derivatives of ¢

1Continuity of d¢/dv can be relaxed to continuity in v for fixed e in order to apply the proof.
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€)Y = —7©2: 1)

@"® = 8_"“<§;1m> (1 + 1/2)

or, more generally,

i

Q?k l( l/2) _:‘/g‘
ek e 1 e 1 1
[CI R sz(;ﬁé) = 2—2175[ Qai- 1<21/2) - ;Qék—l(zﬁ)]

and the polynomials @Q,,—, have the recurrence relation

(e—:‘/")(k)

Now,

Q@ = ~% Quei® = 5 Q@) k=

where Q,(z) = —z/2. A slight change in notation,

Quer(a) = (;f)k Po@) k=1,2

gives

(e-a'/’)(k) - ( CC) Pk l(x) —z1/2

with z = 1/2%, P_,(z) = 1, Po(z) = 1 and
Pu(z) = (1 + kx)P._ () + 2°P]_,(x) k =
The right side of (7) takes the form

g —Dre” E(n - I(c -1)1)v(kv) (zm)kP k- ‘(z‘l’f)
and with P_,(zx) = 1

—‘YE( 1)"T""Z‘: (=1* ()_():Pk_(l>

o i —k =Dk X

- 2 @) £ Sy

after changing orders of summation. A shift of index in the second sum, n = k + 1 4 p,
gives a series which is identifiable as an incomplete gamma function,

_1\k+1 - __("I)DTMHI — (—1)k*1 —vk
0" X hrn - fo .

w(r, ) =

The final form for u, is
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_x 1
u(zr, t) =e Z 2kk'Pk 1( )‘Y(k +1,T) ®
where P_,(z) = 1 and
vk + 1,1 = gy [ e

Numerical values (to a specified number of significant figures) for these gamma, functions
can be generated very efficiently by the procedure described in [6].

An explicit expression for P,(z) is easily obtained by examining the transform [5,
p. 67]

—z1/2 n—2
vsinp e n/2 @2n — m — 4)! V/m
o (40" dv = (n+ DI Zm!(n — m— 2)! 227
and comparing this with (7) for m = 0,
_vsinv_, (=1 r/2 ( )""‘ 1 ) YR
(Z + ) d (n _ 1)' 221/2 Pn—? 172 € .

Then, by summing in the reverse direction and replacing n — 2 by =,

P = 3 e Eml (o)

mZmlin— m!\2

The terms

X" 1
Fk—l(X) = 5% Pk—l<—X_> k>1

remain well scaled, even for very large X, but some rearrangement is necessary to ensure
that all factors remain scaled:

: 2k —r — D! X' .
Fun® = gt 2 TG = T A ©
where
A _kX@k =2 _ X Ik~ 1/2) X
1 = 22k—l(k!)2 = 27rl/2 P(k + 1) ~ 21r1/2k3/2
and
kE— r)2X
A.H=A,;((2—k_r3—(_)l—), =1,2, - ,k—1

The fact that u,(x, t) — 1 as T — « is shown by exchanging the order of summation
in (8) with the aid of (9) and noting that

Cp+r-—1! Tl , _ 1
’;0 22p+r '(T + p)' ./; dl) =

A second series for (4) can be obtained in which X and T essentially exchange roles.
This is done by adding and subtracting e~ on the right of (4) in the form

2 [Tsinv
e’ = —f — e T d.
1]

14 r
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Then

® ean/(Xa.‘.,z) 1] Slnvd .

u(z, ) =1—¢e

Expansion of the exponential this time leads to
2" & (XPT)” f’” sin »

o v( X2 + v2)n
This latter integral is evaluated by integrating the transform [5, p. 14]

cos vy V2 <y>n—l/2 y>0
n dl) = K”_l/g(ay)
o (@ + ) T'(n) \2a >0

w, ) =1—¢7 — dv.

T n=1 n!

on 0 < y < 1 after noting that

v Tm4w 1
K, 10 = (22> ¢ Z m! Tn — m) (23')"..

m=0
The result is
® sinw dv_ _ 1 = I'(m+n)
j; v(X2 + v )n - X2n "g m' F(n)2m+n 7(" m} X) (10)
and
=1—¢T— 9T " IT(m + n)y(n — m, X)
u(z,t) =1—ce ,;n mz;, 9" | Tn) (11)

U1..(Z, t) is also needed to compute the thermodynamic temperature for the results
in [2]. This can be done by using
X —

X

%MD__[OE+ E=2 0

+ ;’Y(k + L, D)[Fi-(X) — 2G:-(X) + Hk_l(X)]]

where
k
Fk—l(X) = Zl 4, ’
1 k
Glc—l(X) =3 erAr y
1
H, (X) = X ET(?' - DA, ,
r=1
or

—T

2 1" 2 D + gl = m, X)

ulzz(x! t) =1 n! ma0 2'”+"m! F(n)

where g(n — m, X) = X"""'ze'x[n —m — 1 — X]/T(n — m). Numerical results based
upon (8) and (11) and the corresponding formulae for u,..(z, ) are shown in [2].
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If we note

™

| — ¥ = 2X’ f” sin v
B o U(X2 )

from (10), expressions similar to (8) and (11) can be written down for u,(z, t). They are
Uz, ) = e ¥ +e* E 5 k'P" ,( )y(k, T)

and

_ _ _ < n n 1 —
U2(.'C, t) =1-—ce T(l —é€ X) — 2" ;1% Z.; F(m +1:ZI' -II‘_(n)I_(nl)2m:’Z+:|- l X)

Asymptotics for ¢ — 0. Since (1) was obtained by linearizing the heat conduction
theory in [2], one expects e to be small in a physical application. We therefore develop
the asymptotic expressions in e for u,(z, {) and u.(z, t). This we do by taking the Laplace
transform of expressions (4) and (6), expanding into power series in e and inverting them
term by term. Then for u,(z, t) we have

_ 1 2/ 224+ sinv e
(e, ) = s wJy 2% s’ +0° v dv = s(1 + es)
_1_2[°_ sinv _,
s wJdo v(s +0v°/2° )
l)n n 2n+lsn— Sln )
MR il e
where

s 1/2
7= (T—+ es) ’
Term by term inversion gives [5, p. 175]

x t n —p% /: ( ) v t
u,(z, t) = erfe (W) 2 1 nx2n+2 f BRI AL o sinv dv.

The Laguerre polynomial,

1 l( —n + 1), (t/x2)k 2k
"L"(‘( ) Zo G+ 1! Kk U

together with

© ot 2k seje (_1)n+k7rl/2 x2 n+k+1 ) z
+2k+1 _—v?%t : -z
/; " e " sinvdy = TomEEE \ € Hesnio141 -—(zt)uz ,

gives

x A @ n =1 D (—1)* ( z )
u,(z, t) = erfe <2t1/2> (21r)1/2 "z; 9 kE — k!_2k_‘ Hespink4n (2t)1/2

where He,(z) is a Hermite polynomial given by
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{n/2] m_n—2m
(=D"x
= | —_— —_—
He,(@) = n! 2 o n — 2m)!

m=0

Some numerical experiments indicate that the first term works well for large ¢ but applies
sooner for large .
A similar analysis for u,(z, f) gives

x —x3/(4t 2\'? & (= n)k l)k x
uy(z, t) = erfe <§1—ﬁ>+6 7 )<7r> ;(‘)1) 2y o H€2n+2k-1<W§)'

Some comments on a numerical solution. Although for ¢ = 0 the solution of the
boundary value problem (2) is closely approximated by the difference scheme
uitt —wy AW j=12,--- N
- 2
At (Az) n=1,2,

u; =0, j=1,2,.---N, w=1, uy,=0n=12 .-,
the foregoing analysis shows that if the analogous difference scheme
Wit — g AW L AT — AW j=1,2,--- N
At T (Ax)® (Az)® At n=12

ugEO: i=12,---N, u, =1, uy+ =0, n=12 -,

for (2) with e > 0 converges, it can be expected to approach u,(z, ). u.(z, {) would also
be produced by starting with

ug(z, 0) = e, u:(0, t) = 1.

Thus, if one wishes to produce u,(z, t), consideration must be given to other conditions.
One expects from the analysis that either of the pairs

Jlu,(x, 0) =e {u,(x, 0)=0
u, (0,8 =1 (0,8 =1—¢*"

will produce u,(z, ¢) if @ is chosen commensurate with Az. If « is too large then wu, is
produced. In practice « = 1/Az works very well. (@ = 1/Az = slope of the line connect-
ing u(0, At) = 1 with u(Az, 0) = 0.) These observations were confirmed by some numer-
ical experiments with Az and At as low as .001, with ¢ = .01, .1 and .5.

The proposed (implicit) difference scheme yields the usual tridiagonal system of
equations for u}*',j = 1,2, .- - , N which is easily solved by recursion {10, p. 198]. This
numerical scheme can be expected to be unconditionally stable since for

+

uln, ) = 2 0@, m)e”™™ = (=1

the amplification factor in a von Neumann type analysis is bounded by one,

vryn + 1) (Az)? + 4esin® (r Az/2)

oir,n)  (Az)® + 4(e + Af) sin® (r Az/2) <1

0 <

A Taylor expansion shows the difference scheme to be consistent with the differential
equation as At and Az — 0 with an error O(At) + O[(Az)®]. On finite intervals, stability
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and consistency imply convergence, and under suitable hypotheses it seems reasonable
that a convergence proof could be constructed for the infinite interval.
The difference scheme which is explicit for e = 0

witt — ) AN AT — A
At T (Ax)® (Az)® At

gives, in a similar analysis, the stability condition (Az)?/2 > (At — 2¢). Thus, if At < 2¢,
this is always satisfied. For ¢ = 0, the standard stability condition is obtained. This
scheme is also consistent with the differential equation, but there is no numerical advan-
tage over the first scheme since this is still implicit for ¢ > 0.

A solution for continuous boundary and initial data. For convenience we super-
impose two solutions u and v to form w = u 4 v where formally we solve

n+1

+ ¢

Uy = Up, T €Uy Ve = Vop F €pre
U(O, t) = ¢(t)’ 90(0) = 0, U(O’ t) = f(O):
u(x) 0) =0, 1)(113, O) = f(l‘),

and supply sufficient conditions for the existence of a continuous solution with appro-
priate continuous derivatives in > 0, ¢t > 0. Then w satisfies

W, = Wy + W,
w(0, ) = f0) + () t2>0, 0 =0,
w(z, 0) = f(x) z 2> 0.

The Laplace transform for u yields i(z, s) = o(s)e”

and
_ ( s )1/2
1=\1+e -

Since the exponential is not a transform, we cannot use the convolution theorem directly.
Instead, we write @(z, s) = s@(s)e”“/s and then convolute

_ t , 2 © e—ﬂ’(t—r)/(l+eﬁ’) sin Bx dﬁ}
w0 = [ o (’){1 -2 B + ) ar

by inverting around a contour in the upper half s plane indented around the cut from
—1/¢to 0. An exchange of integrals, followed by integration by parts with (5) for ¢ = 0,
gives the candidate

® where @(s) is the transform of o(f)

® e—B’(t—‘r)/(l+¢ﬁ’)B Sin Bx

e, 2 [
ue, 0 = o0 + 2 [ o) [ e d .

For v, a formal Laplace transform solution yields

oz, ) = O, ) + ¢ + 2 [ VS — g sinpads (12)

while a formal Fourier sine transform solution yields

o5, = (e, 0+ 2 [ 019 sin s d 1)
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where f is the sine transform

o = [ " 1) sin 8 d

and u,(z, {) is taken in the form (4). These are equivalent if one assumes conditions which
will ensure the inversion of f to f. Actually (12) is preferable since the value and limiting
form for v(z, f) at = 0 are unambiguous, the integral being uniformly convergent in the
neighborhood of £ = ¢ = 0 with only mild restrictions on f. The inequality

le-ﬁ’l/(1+¢ﬂ’) — e

1
ISW’

obtained by bounding the maximum in ¢ for fixed v, helps in bounding the integral
independent of x and ¢ for the Weierstrass M test.

It is easily seen by integrating the sine transform by parts twice that two differentia-
tions with respect to = can be performed,

8 _ e
BZ

and differentiation with respect to ¢ does not hinder the convergence of the integral.
However, in order to satisfy the differential equation, f”/(z)e”*/* must be cancelled by the

inversion of e”*“””. Conditions to guarantee the inversion of the Fourier integrals, in
addition to

@ [ —Brt/(1+e -
(e, ) = JOU = )+ J@e = 2 [T i@ sinpras, a9

lim f(z) = lim {’'(z) = 0, @, ¢’, '’ continuous,

z—0 z—0

are key hypotheses for this analysis (7, pp. 12, 16].
Notice that enhancement of the convergence by adding and subtracting f(z)e™*/* can
be done for u,(z, t) in (4), making a numerical quadrature more feasible:

fm (e—d”/(ueﬂ’) - e-t/e) S_..iz B dg = i (—1)" fmﬂ)f [e_ﬂat/(l+eﬂ’) _ e—t/e] ISiE Bl dB
o n=0 nr

with an error bound after N terms (integral truncated at (N + 1)) asymptotic to

@t N 4+3
2er” (N + 1)*(N + 2)°

Then

ad (n+1) = .
wz, ) =1—¢"° _7% Z (—1)"/ [P /s ¢ E;_B_l ds.

n=0 ar

It is worthwhile to note that the alternating series bound retains O(1/N®) convergence
while a direct estimate for the truncation error in the form

Yo

= B
v fwm, B@® + °)

gives O(1/N?) convergence.
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