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Abstract. The transient temperature field resulting from a constant and uniform
temperature 7', (or time-dependent heat flux H = ht™'?) imposed at the surface of a
halfspace initially at uniform temperature 7', is considered. A temperature-dependent
thermal conduectivity variation, k(T) = k, exp [\N(T — T,)/T,], and a constant product
of density and specific heat, pC, arec assumed to be accurate models for the halfspace for
some useful temperature range. The problem is initially formulated in terms of the
dimensionless conductivity ¢ = k(T')/k, . Attention is then focused on the singular
problem resulting from the limits ¢, = ¢(7T',) | 0 and ¢, — . This work considers the
use of matched asymptotic expansions to solve the problem under the first of these
limits. In particular, Fraenkel’s interpretation [5] of Van Dyke’s method of inner and
outer expansions [6] is carefully applied to the problem under consideration. Besides
obtaining a uniformly valid solution to the problem, a particularly interesting explicit
result is deduced, namely

lim b = —(1.182754 - - -)(To/N)[pChko/2]"* + O(é, In ¢,).
$al0

1. Introduction.

1.1 The problem. This work is concerned with the solution for the transient temper-
ature field T'(z, ¢) in a halfspace initially at uniform temperature T, , where at time
{ = 0 a temperature T, # T, is imposed and maintained at the free surface r = 0.
As in the example problem of [1], a temperature-dependent thermal conductivity varia-
tion,

k= k(T) = ko exp [MT — To)/T0), (1

and a constant product of density and specific heat, pC, are assumed as accurate models
for the halfspace for some useful temperature range. A may be positive or negative.
This problem (with different interpretations for 7T, k, etc.) has also been studied in
[2], [3] and [4]. In those works results of the solution field for several values of k(T,)/k,
have been obtained.

In [1] we considered the use of regular perturbation expansions of the temperature
(or conductivity) field about its initial state. Here we are concerned with a singular
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perturbation solution to the problem when arbitrarily small or large surface conductiv-
ities (i.e. when arbitrarily large (hot) or small (cold) surface temperatures) are imposed.
After formulating the problem under such limiting conditions we will study the solution
under the former small-surface-conductivity limit. Results from [1] for moderate surface
conductivity (i.e., moderate \(T', — T,)/T,) and from the present work for arbitrarily
small k(T,) will be seen to have common regions of applicability.

The boundary condition on surface temperature could be replaced by an appropriate
boundary condition on surface heat transfer rate, H(f). As pointed out in [1], such a
(presumably unique) boundary condition is

H(t) = —k(T) aT/ox = ht™'%, x =0, (2)

where h, a constant, is a measure of the “amplitude’” of the heat transfer rate to the
material halfspace. This proportionality of H to ¢™'/? is, in fact, valid for any tempera-
ture-dependent conductivity material (with pC constant).

1.2 The governing equations and some remarks on the solution. It is convenient to
study the problem in dimensionless variables. Furthermore, for our assumed conductivity
variation with temperature, a dimensionless conductivity ¢ is a convenient dependent
variable. Thus we define

V=MI—-T)/To; ¢ =KkT)/k =expV. @)

We also define a dimensionless independent (similarity) variable », the dimensionless
(“amplitude” of heat transfer) parameter {, and the dimensionless surface conductivity
¢, , by

n = z[2tky/pC] "2,
¢ = —=MlpCho/27*/ T, , 4
¢.s = exp Vs = exp [)\(Tx - TO)/T()]'

In line with earlier remarks, the variable ¢ = ¢(y) can be considered as having para-
metric dependence on ¢, or on ¢ with some a priori unknown functional relationship
between these two parameters. Indeed, obtaining this relationship for any ¢, > 0 will
be one of the most significant results of this investigation.

The boundary-value problem governing ¢ is [1]

od’¢/dn® + nde/dn = 0;
dp(0)/dn = ¢ or ¢(0) = ¢,, and ¢(x) = 1. (5)

In [1] different expansions of ¢ about the ¢ = 1 state were considered. It was concluded
that the { expansion of ¢ given by

6 =1+ Z 6.7 (n), (6)

where in actual computation the above series was truncated after three terms, gave a
useful analytic approximation to the solution function over a significant range of the
{ or ¢, parameter,

As mentioned earlier, we will presently concern ourselves with the problem for
limiting small and large values of ¢, , i.e. arbitrarily large values of |V,| . Using the
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solution to such a problem together with the results from [1] given, say, by using the
three-term approximation to the series of Eq. (6), one would hope to deduce a useful
representation of the solution to our problem for arbitrary positive values of ¢, .

1.8 Restatement of the boundary-value problem. For the present purpose it is con-
venient to change our two-point boundary-value problem into an initial-value problem.
This can be accomplished by considering the solution to the one-parameter problem

Y&y /d2 + 2dy/dz = 0, —o < z< », (7)
dy/dz =1 and ¢ =1¢, at z = 0. (8)

We assume the solution, ¥(z; ¢,), to the above problem has been obtained for all 2z
and for arbitrary positive ¢, . Consistently with the above statement of the problem
for ¢, we also assume that such a solution has positive asymptotic values ¢ (=, ¢,) > ¢,
and Y(— =, ¢¥,) < ¢, as 2 — » and z — — o respectively. Then the solution can be
transformed to our desired ¢ solution to Egs. (5) as follows:

For ¢ > 0 or ¢, < 1 define

=T o), =2 ¢ = Yl ), 22> 0. )
For ¢ < 0or¢, > 1 define

C= =y (==, 9);  n=ct ¢ =4y¢Ee),  2<0 (10)

We will concern ourselves in what follows with the solution to the problem for ¢
as stated in Eqgs. (7) and (8).

1.4 Solution for ¢ for large ¢, . A careful study of Eqs. (7) and (8) reveals that in
the limit ¥, — o our problem is identical to the regular perturbation problem treated
in [1]. In fact, considering the transformation

¢ = 'I//‘//s + ; End’n(s)(o)y §: = :t‘l/e_l/zy 7= iz‘l/a_l/z (11)

where top and bottom signs are for z > 0 and 2z < 0 respectively and where the functions
#.'> (1) have been reintroduced from [1] in our present Eq. (6), we find that the problem
for ¢ is given by

éd */di 4+ fd¢/d7 =0, 7= 0;
dé/dq = ¢, ¢ =1+ Zl ¢, ”(0) at 4 = 0. (12)

Here the limit ¢, — « corresponds to the limit { — 0. But the ¢ expansion representation
for ¢ of Eq. (6) which has been studied in {1] satisfies both the differential equation and
the boundary conditions of Eqs. (12). If we assume that the solution to our problem is
unique and that the expansion has a finite radius of convergence |¢g| (for all nonnegative
7) in the complex { plane, then within that radius of convergence the solution for &
is identical to the solution for ¢. Moreover, the ¢ expansion solution for ¢, i.e. the ¢,* (),
has been obtained in [1], an explicit analytic representation for the first three of these
functions being given in Eqgs. (33), (35), and (36) of that work.

In view of the above discussion we can dismiss the limit ¢, — o for now and con-
centrate on the limit ¢, | 0.

1.5 Solution for y for limiting small , ; some observaitons. In this and later sections
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we will be considering solutions for ¥ when ¢, | 0. To follow the development more
easily we introduce the small parameter designation e and use it interchangeably with
Y., e, e = ¢, .

An investigation of the initial-value problem for ¢ given by Egs. (7) and (8) reveals
that for the limit e = ¢, | O the solution involves a singular perturbation in the neigh-
borhood of z = 0. In other words, in the sense discussed by Fraenkel [5] there is no
single asymptotic expansion of the form

Y~ Z G (¥.),

where G,., = o(@,) for ¢ | 0, which describes ¢ with an error which is o(Gy) in the entire
interval — o < z < ® or even in some fixed, bounded neighborhood of z = 0. That
this is so becomes obvious, for example, from the following considerations.

Assume that ¥ can indeed be described by an expansion of the above form in some
fixed, bounded neighborhood of z = 0. If we use this expansion in Eq. (7), impose the
initial conditions of Eq. (8) and take the limit as e | 0, it becomes apparent that we
could take G, = 1 without loss of generality. Then ¢, = z + 0(2%). Now, for a nontrivial
¢, and in order that the condition ¥(0; ) = e of Eq. (8) be satisfied we can, again without
loss of generality, choose (; = e. Then

dz‘r”l/dz2 + (/¥o)ldd/dz — (1/¢o)(d/d2)¥,] = 0,
¢, =1, dy,/dz =0 at z =0

Using the above result for ¢, and the boundary conditions for ¢, in the above equation
for ¢, reveals that lim d*/y,/d2* = 1/z + 0(1/2), as z — 0. Without proceeding further
or in greater depth it is apparent that this last result is inconsistent with the boundary
condition, dy,/dz = 0 at z = 0. The problem is that if our earlier expansion form for
¥ is taken as valid for arbitrarily small e then it is not uniformly valid for z — 0. It is
for this reason that we cannot freely require boundary conditions at z = 0 to be satisfied
by the assumed asymptotic representation for ¢ even though for fixed nonzero z the
expansion may be a suitable representation of our solution function for limiting small
values of e. The actual boundary conditions for the ¢,(z) and the proper choices for the
(.(¢) must be deduced from a solution representation which s uniformly valid at z = 0.
Such a solution representation can be obtained in the stretched variable 2 = z/e. As
we will see, considerations of ¢ = ef(¢; €) together with y(z; ) will allow for a ¢ solution
uniformly valid for limiting small positive values of € and for fixed z/e > —1. A uni-
formly wvalid solution for small positive e and for arbitrary z < 0 will require further
coordinate expansion considerations. Such a solution will be the objective of another
investigation.

2. Solution for ¢ in the limit ¢ | 0 for z > —e.

2.1 Some assumptions and the matching principle. In view of the concluding remarks
of the last section we define

t=g—1=2/¢ ¥=y/e (13)

We designate £ as our inner variable and z as our outer variable, and rewrite the initial-
value problem for ¢ in the ¢, 3 variables. Thus

YAP/AY + e — Ddg/di =0,  $(1) = df(1)/dj = 1. (14)
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AssumprioN 1. We now assume that under the inner limiting process
e | 0 with 7 fixed in an interval 7, < § < #; (15)

(for some fixed g, < 1 and 7, > 1, both independent of €), ¥ has an inner expansion to
M + 1 terms of the form

M
1P = élp = ZO gm(e)lpm(g) + O[gy+1(€)]- (16)
We allow M to be any nonnegative integer and the {g,} (m = 0,1, ---, M 4+ 1) to be

an appropriate sequence of gauge functions such that ¢,,.. = 0(g.) as e | 0. We further
denote the series in Eq. (168) as H 4 (¢). Thus

M
Hu() = 2 9u(99(9). (17)
AssuMpTioN 2. In a way similar to the above we assume that under the outer
limiting process

e | 0 with z fixed in the interval 0 < 2z, < 2 < (18)

(where z, is an arbitrarily small positive number, but independent of €), ¥ has an outer
expansion to N + 1 terms of the form

N
v = Z_: G,,(é)l,bn(Z) + O[GN+1(€>]- (19)
We allow N to be any nonnegative integer and the {G,} (n = 0,1, -+, N + 1) to be
an appropriate sequence of gauge functions such that G,., = o(G,) as ¢ | 0. Finally,

we denote the series of Eq. (19) as Ey(¢). Thus

Ex(¥) = Z:‘) Go(€)¥n(2). (20)

Note that whereas the gauge functions {g,} and {G,} introduced in the above
assumptions are not unique, neither are they arbitrary. In fact, they must be complete
enough to allow Eqs. (16) and (19) to be valid. As we will see, we can develop both an
appropriate sequence {g,} and the corresponding ¥,.(4), compatible with Eq. (16),
directly from the initial-value problem as stated in Eq. (14). As for obtaining a sequence
{G.} and corresponding ¢,(z) compatible with Eq. (19), these must be deduced from
Eq. (7) with the use of some valid principle for matching the inner and outer expansions
of ¢. Such a matching principle will supply the conditions (Jacking for want of the usual
initial or boundary conditions) required to solve for ¢ in outer variables (i.e., required
to solve Eq. (7)). Here we will assume Van Dyke’s matching principle [6] to be valid.
We utilize Fraenkel’s interpretation of this principle [5] which, for our unknown function
¥, we state as follows:

MarcHING PRINCIPLE. If assumptions 1 and 2 are correct for some sequence {g,}
(n=20,1,---,N 4+ 1) and some sequence {G,} (m = 0,1, ---, M + 1) then: (a) under
the outer limiting process defined in (18) the function H ;(y) has an outer expansion
to N + 1 terms of the form

Hy(y) = Z; Gu(©3. (@) + O(Gy.) ©29)
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where we denote the series of Eq. (21) as Ey[H »(¢)]. Thus

mwwwy=§a@mﬂﬁy (22)

(b) Under the inner limiting process defined in (15) the function Ey(¢) has an inner
expansion to M 4+ 1 terms of the form

Ex(¥) = WZ:O In(€) 8, (D) + O(gars1) (23)

where we denote the series of Eq. (23) as H ,[Ex(¥)]. Thus

M
Hy[Ex(¥)) = Z_% In(€) 80" (9). (29
(¢) The following equation is valid:

EvH u(P)] = HulEx(P)]. (25)

In practice, for a given N and M, Ey[H ,(¢)] would be obtained by taking the
function H () of Eq. (17), rewriting the ¥, in the outer variable and expanding them
on the basis of the outer limit, regrouping the terms according to the {@,} sequence,
eliminating all terms of o(Gy) and obtaining (if our above matching principle along with
its assumptions are correct) and expression of the form given on the right-hand side
of Eq. (22). H 4[Ex(¥)] would be obtained in an analogous way.

2.2 The inner expansion. Accepting the above assumptions 1 and 2 and assuming
the validity of the matching principle, we proceed to seek solutions for the terms of the
inner and outer expansions.

Setting M = 0 in the inner expansion of (16), we insert it in Eqs. (14), take the
inner limit and with full generality find that

gole) = ¢  Yo=¢ =1+2 (26)

The above procedure continued sequentially for subsequent M > 0 results in the
following conclusions.
The inner expansion of ¥ to M + 1 terms, relative to the sequence of gauge functions

{gm(e)} = {67"'*1}} (m = 1) 2) cte 7]L[ + ]-); (27)

is given by Eq. (16) if ¥, is given as in Eq. (26) and if subsequent ¢.,s, obtained sequen-
tially, satisfy

EH/ag = 1/ — 1) = h@), (1) = ddi(1)/dj = 0;
—(1/9) [(zﬁ — 1) df,../dj + ; 4, dzz/?m_p/dy?]

df)/dg =0, m>1; (28)

d2¢m/dz}2

ha(9),

provided the inner limit of (15) is restricted to ¢, > 0. In other words, Eq. (16) is valid
for all bounded ¥ > 0 (¢ > —1).
Besides the above solution for ¥, , three more of the ,, have been obtained. They are

bo=9/24+9ny+ 1/2 (29)
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g = ¥°/12 — 30°/4 + (3/29 In § — 39/4 + (1/2) In g + 17/12, (30)
§s = /144 — (1/12)9° In g + 79°/72 + 3/H9° In g — 29° — (1/2)§ In%)
+ (47/12)g In § — 229/9 + (5/3) In ¢ + 607/144 + 1/(8%). (31)

These ¥, , n = 0, 1, 2, 3, will be eventually utilized in the determination of the first
few terms of our outer expansion. With more work, any arbitrary number of subsequent
¥, could also be obtained at this point. As pointed out by Van Dyke [6], this is the nature
of singular perturbation sclutions to initial-value problems. Without further effort
it is apparent that all %,(§) and therefore all ¥, are analytic functions of 7 in the entire
complex 7 plane save for § = 0, at which point some and probably all ¥, , n > 0 have
an essential singularity. It is for this reason that we must restrict the inner limit, as
stated below Eqs. (28), to g, > 0. Furthermore, this singularity at 7, = 0 indicates that
in the inner variables, and in the limit € | 0, the study of ¢ will require other singular
perturbation expansions in the neighborhood of § = 0. As indicated earlier, such a study
will not be reported in the present paper.

In view of the essentially complete state of our inner expansion for ¥, we now turn
our attention to the problem of determining the outer expansion.

2.3 The first term of the outer expansion. Using the outer expansion of (19) with
N = 0in Eq. (7), we take the outer limit, and find that without Joss of generality three
possibilities exist for an admissible G, and ¢, , viz. (1) 1/G, = o(1) as ¢ | 0 and ¢, =
C; + C,2, where at least one of C, and C, is nonzero; (ii) G, = 1 and ¢, is a nontrivial
solution of Yod®yo/d2® + 2, = 0; and (iii) G, = o(1) as e | 0 and ¢, = C, # 0. In order
to deduce the correct result from these possibilities we use our matching principle for
M = N = 0. From (b) of this principle we immediately find that (i) is not a solution.
From (b) and (c) we find that (iii) can also be dismissed. We therefore focus our attention
on (ii) and we require ¥, to be a nontrivial solution of

Yol Yo/d2" + zdyy/dz = 0. (32)

Assuming ¥, to be an analytic function of z in some fixed neighborhood of z = 0, we
can write E,(¢) = ¢, = Z,,=O°° a,2". Rewriting F,(¢) in the inner variable, taking the
inner limit and eliminating all terms of o(g,) for arbitrary M, we find H ,[F,(y)] =
G0+ Domeo” Gm@nsd""". Comparing to the required form of H y[E,(y)] as per Eq. (24),
it becomes clear that we must take @, = 0. Thus, for any nonnegative M we have

M M
HM[EO(\b)] = Z gmam+lém+1 = E am+lzm+l‘ (33)
m=0 m=0

Taking M = 0 in Eq. (17) and using our results for ¥, as given in Eq. (26), we find
H,(y) = ¢ = e(2 + 1). Rewriting Hy(¢) in outer variables, taking the outer limit and
eliminating all terms of o(G,), we find

E\H,(¥)] = = (34)

Applying Eq. (25) of our matching principle for M/ = N = 0 and using Eqgs. (33) and
(34), we conclude that a, = 1. With a, and a, in hand we finally summarize and establish
the following results for G,(e) and ¢,(z).

It is consistent with our matching principle to take

Gu(e) =1 (35)
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and to take y,(2) as satisfying
Yol Wo/d2” -+ 2dgn/dz = 0, Yo(0) = 0, dye(0)/dz = 1, (36)

where, in some neighborhood of z = 0,

Yol2) = i a2 (37

Using Eq. (837) in Egs. (36) yields the result
a, = 1, a, = —1/2,

n—2

—[n(n — DI (0 — Da,-, + Z (m—mn —m — Dani@n). (28)

fi

a,

Besides obtaining these latter analytic results for ¢, , we have also found ¢, from a
numerical integration of Egs. (36). I'rom this we specifically find the result

Yo(o) = 0.714844- . - . (39)

A plot of ¢,(2) is presented in Fig. 1.

Before leaving the Gy , ¥, results, it is interesting to point out that with ¥, , ¥, , and
¥, in hand, our matching principle can be immediately invoked in the form E,[H ()] =
HylE,(y)], M = 1, 2, and 3. In cach of these three applications we obtain, happily,
verification of our solutions for a, , a, , and a;, as given in Eq. (38).

2.}, Governing equations for subsequent terms of the ouler exrpansion and their homo-
geneous solution. With the results for ¢, and ¥, we can now proceed to study higher-

1.0
Yo/ ¥ol®)

—_ w7/ w()
N8t
EY NG
8
z
~ 6
~
z
§ al 'Jlo(m)=0,7l4844,..
§ w, (®)=1.42969...
= wz(oo)=o,753|73..‘
~N
o
3> 2

0 ] | 1 | i )

0] 1.0 20 30

z

Frg. 1. Plots of ye(2), wi(z) and wq(z).
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order terms in our outer expansions. Using the outer expansion of (19) in Eq. (7) se-
quentially with N = 1, 2, ete., we find that

oe{‘pn} = dzll/n/dz2 + (z/‘//O) d‘l’n/dz - (Z d\l/o/dz>¢n/¢02
= pae), 7n>0. (40)

where p; = 0 and where, for example, the first three nonzero p, and corresponding G,
will be given by

P = —(W/¥o) &Y/d, G = G
Prea = —[¥1 A¥o/d2" + Yo 0" /d21 /W0, Guio = GiGy
Prrasr = — (W1 A¥u/de® + Y5 AY,/d2°)/ o Griarr = G105, (41)
if G,°/(G.Gy) = o(1) as )0,
— (/W) AYo/de,  Grvysr = G
if G,G,/G,* = o(1) as €[]0, or
= (Y2 Ie/d2 + ¥y AU/ + by PN o, Crarr = G

Here, m > 1, ¢ > 1 and r > 1 are (presently unknown) integers.
To study solutions for the ¥, we must first investigate solutions to the homogeneous
equation

il

(W@} =o. (42)

According to our above knowledge of ¢, , this linear homogencous, second-order dif-
fercntial equation for W(2) possesses a regular singular point at z = 0. Moreover, using
the well-known theory of such differential equations [7], we can find that independent
solutions w,(z) and w,(z) to Eq. (42) are given by

w,(2) = Zin: be't! (43)
wy(z) = w,(2) Inz + h(z) (44)

where w,(z) and h(z) are analytic functions of z in a neighborhood of z = 0 (the same
neighborhood of analyticity as ), i.e.

hiz) = i ¢ (45)

n=0

and where, specifically, the first few b, and ¢, have been found to be
by = 1, b, =0, b, = —1/12, b, = —1/72, -+,

C():]., C1=O, Cy = _‘1/2, 63:1/24,"‘.

(46)

We have incorporated the above analytic results for w, () and w,(2) in obtaining these
functions from numerical integrations. In particular, since w,(2) is analytic at z = 0 and
since, according to our results of Eq. (46), it has known initial conditions, there was no
particular difficulty in numerically integrating

Llw ()} =0, w,(0) = 0, dw,(0)/dz = 1 “n
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simultaneously with the integration of the governing initial-value problem of Egs. (36)
for ¢, . Furthermore, the function w, , although poorly behaved at z = 0, can easily be
formed as per Eq. (44) from the analytic function w, and h. Indeed, from £{w,} = 0, and
from Eqgs. (44)-(47) we find that & satisfies
= Y 2 — _— y
Lih} = w,(1/2 1/¢0) — (2/2) dw,/dz, (48)
h0) =1, dh(0)/dz = 0.
wi(2), h(z) and, as a consequence, w,(z) have been found (simultancously with ¥,(z)) by a
numerical integration of the initial-value problems of Eqgs. (36), (47) and (48). From this
effort we specifically obtain the results
w () = 1.42969 - - - | we(w) = 0.753172 - - - | (49)
The functions w,(z) and w,(z) are plotted in Fig. 1. A(z) is plotted in Fig. 2.
In view of all the above we conclude that
¥a(2) = C,"wi(2) + C."wale) + Ta(2), (50)

where the €, and C,™ are constants to be determined (by our matching prineiple) and
where ¥,(2), a particular solution to £{¥,(2)} = p.(2) can be explicitly written as [7]

1,0 = —w) [ wnOp@) de/ Al ®), wild)

t wae) [ 0, @0 de/ AL, @), 10 (51)
where Alw,(z), wo(2)] = w, dw,/dz — w, dw,/dz = Wronskian. From the governing
I
E O t M T T -1
.2 |
z

W (0)-w, (@) In(z) —

Fia. 2. Plot of h(z).
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equation (42) for w, and w, it is a simple matter to deduce an explicit result for A and its
reciprocal. Thus we have found

A= —dye/dz = — D na", 1/A = ) 62"
n=1 n=0 (52)
So=—1, 8, =—2 (m+ Danss 6en, n>1
m=1

2.5 A solution attempt for ¥, (2). Since p, = 0, it is clear that ¢, is given by Eq. (50)
where ¥, = 0. With this knowledge we can now proceed to invoke our matching principle
in order to establish both an appropriate G, and the values of ¢, and C,‘".

From our above results we can write £,(¥) = ¢, + Gi{C;"w, + C,""w,]. In an
attempt to form H ,{F,(y)], we proceed to rewrite E,(¢) in the inner variable, and take
the inner limit. Then item (b) of our matching principle requires C,‘" = 0, and, with
full generality, allows us to take G; = ¢° where ¢ > 11s an integer.

We now proceed to study the various matchings E,[H ()] = H 4[E,(¥)] in order to
determine ¢ and C,". Starting with M = 0 we take H,(y) as seen above Eq. (34),
rewrite it in the outer variable and take the outer limit. It then becomes apparent that
g = 1if item (a) of our matching principle is to be valid for M = 0, N = 1. Finally,
in an attempt to impose item (¢) of the matching principle we find that it is impossible to
complete the mateh E\[H ()] = HE,()I!

In a development similar to the above we have found that the various matchings
involving E\[H »(¥)] = H 4[E,(y)] are also not possible for 3/ = 1 and 2, and are not
likely for larger M. We therefore conclude that the matching principle is not valid for the
combination N = 1 and M arbitrary. In this regard it is timely to mention that the suc-
cess of the Van Dyke matching principle in every application for arbitrary M and N has
been noted by Fraenkel to be less than universal [5].

2.6 The solution for y,(z) and ¥,(2). As mentioned earlier, our selection ¢y = 1 was
with complete generality and, indeed, we still anticipate the possibility of evaluating
higher-order terms of the outer expansion by using our matching principle. Since the
principle was not applicable for N = 1, we proceed to the case N = 2, disregarding all
tentative results mentioned in Sec. 2.5,

Whatever the correct order of G,(¢), we tentatively assume that G.(e) is such that

Gi°(e) = o[Gy(e)] as €] 0. (53)

Then, as per Egs. (41), p, = 0 and ¢, and ¢, are given by Eq. (50) where ¥, = ¥, = 0.
Thus

Ex(¥) = ¥ + G0, M wi(2) + 0 wa()] + Go()[C1 P wi(e) + C:% wa(@)]. (59)

To form H ,[E,(¥)] we rewrite E,(y) in the inner variable, take the inner limit and
obtain the expression

@ © oo
gm+1 (1) gmt1 (2) s+l
E JuOnid" "+ C, Z g.Ghb2" + C, Z GnG:2b,8"
m=0 m=1 m=0

+ Cz‘”[c:1 + D guGibaIng + ¢, 8" + 20 (g,.G, In e)b,,,é"'“:l
m=0 m=

+ C,"® [02 + Z GnGa(bn In 2 + ¢ )8™ + Zo (gnGs In e)b,,,é"‘“].
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We now assume, for the moment, that ¢ = o[G,(¢)] and, of course, GG;(e) = o[Gy(e)] =
o(1). Then, since €, G,(¢), the largest term of the above expression, cannot be canceled
by any other terms, and since it also cannot be ordered according to the ¢, (as would be
required by (b) of our matching principle), it is clear that we must require €,V = 0.
Furthermore, the terms of the coefficient of C,’, which clearly cannot be ordered
according to the g, , can be canceled so as to give proper form as per (b) if we take
G, = GyIneand C,'"” = —C,". Consistent with our original assumption of Eq. (53),
further application of item (b) of the matching principle allows us to take G, = € with-
out loss in generality and finally to take €, and €, to be arbitrary constants.
In view of the above, we have

HylE(¥)] = Goz — "G, , M = 0

M M
= G()(E am+12m“) + GI<CI(1) Z bm<1zm>
m=0 m=1

M
+ GZ{_CI(I) + Z [Cl(mbmﬂ - Cll(l)(cm + b,.:In 2)]zm} ’ M > 0;

m=0

C.'"V, €, are arbitrary constants, (/;(e) = eln e, Go(e) = e (55)
With G, G, and G, we are now able to form
EyHo(Y)] = 2+ € = Go(e)z + Gale), .V 2 2. (56)
Then, using Egs. (55) and (56) and requiring (¢) of our matching principle to be satisfied
for M = 0, N = 2, we obtain
c,'"V = —1. (57)
Similarly, with M = 1, .V = 2 we find .
EJH,(Y)] = Gz — 2°/2] — 2G,(e) + (a(e)[l — 2z + zInz]. (58)

We can, happily, complete the match F,[H,(¥)] = H\[E,(¢)] with the use of Egs. (55),
(57) and (58) provided that

¢, = —1. (59)

Since H,(y) and H () are also at our disposal, it has been verified that, when taking
M = 1and .V = 2 or 3, our matching principle is entirely consistent with the above
results of this section which can be summarized as

Gile) = elne, Gyle) = €
ie) = —wie), o) = —wie) + w.le),

where w,; and w, were determined in Sce. 2.4.

Although the presently available three-term outer expansion for ¢ (along with the
inner expansion results of Sec. 2.2) will be adequate in studying the significant singular
phenomenon under consideration, it would be an attractive feature of this investigation
if further results could be obtained. In lieu of a general solution to the apparently in-
tractable problem of obtaining results for all terms of the outer expansion, any indication,
heuristic or otherwise, of answers to the following questions would be of interest in this
regard: (i) What is the order of error in the available three-term outer expansion, i.e.,

(60)
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what is O(G,)? (ii) Will the matching principle continue to have application when non-
zero particular solutions ¥, are engaged in the determination of subsequent ¢, ? (iii) If
the matching principle continues to have utility in the determination of any number of
higher-order terms in the outer expansion of ¢, what general rule of application must be
followed?

In the next section question (i) will be precisely answered and question (ii) will be
partially answered (i.e., for the first three nonzero ¥,(2)). A heuristic answer to the last
question will finally be presented.

2.7 Higher-order terms of the outer expansion. Having obtained the ¢, and appropriate
G, forn = 0, 1, and 2, we now turn our attention to obtaining these functions for n = 3.
As it turns out, attempts to deduce such results by using the matching principle are futile
in a sense similar to that discussed in Sec. 2.5. In particular, if we assume that G,° =
€In® e = o(G;), Gs = o(Gy) = o(e) (i.e., that p; = ¥; = 0), then one can show that no
nontrivial solution for ¢; (as per Eq. (50)) which satisfies (b) of our matching principle is
possible. If, alternatively, we assume, with complete generality, that Gy = G,* = ¢* In® ¢
(recall from Eq. (41) that G5 can be no smaller) then, after deducing the appropriate
particular solution ¥, , one can again find, in a similar way, that no solution for y,
(as per Eq. (50)) will satisfy our matching principle.

In view of the above we conclude that the matehing principle is not valid for N = 3.
If it is to be valid at all for determining subscquent terms in the outer expansion then it
is clear from the above paragraph that some grouping of the next few terms must be
determined together (e.g., as in our determination of G, and ¢, together with G, and ¢,).
It has been noted by Van Dyke ([6], p. 201) that logarithmic terms in ¢ multiplied by
algebraic terms involving some power of ¢, in the type of expansions that are being
considered here, are intimately related to purely algebraic terms containing the same
power of the perturbation quantity, and that they must be regarded as together con-
stituting a single step in the process of successive approximation. For the matching
principle of Sec. 2.1 to be generally valid in our problem it appears that this may indeed
be a strict requirement. Again, this was seen to be the case in our earlier determination of
G, = elne ¢, and G, = ¢ ¢, . Moreover, as indicated in Eq. (41), we are certain that
terms of order G,* = € In’ ¢, (1G, = € In eand G,° = ¢ must eventually enter our outer
expansion.

The above ideas suggest that we seek ¢, , ¢, and ¢, together under the following
assumptions:

Gyle) = € In® ¢, Gi(e) = € In ¢ Gs(e) = €. (61)
Then ¥5(2), ¥4(2), and ¢5(2) are given by Egs. (60) and (51) where, according to Eqgs. (41),
ps(e) = —[¥ ¥ /de’) /o = —[w, dw,/dE)/ Yo
Pale) = — [ IYa/d* + Y d,/d2")/ Yo
2ps(2) + [wy dwo/d” + w, A, /d2)/ Yo
— [ @/d2") /Yo = —Ds(e) + Pale) — [w, d*rwa/d2"]/ o .

(62)

Il

Ps(2)

In order to establish the validity of our matching principle for N = 5 we will require
the result of imposing the inner limit on the sum of the particular solutions, G;¥, +
G, ¥, + Gy¥, . To find this result we write this last expression with the ¥, in their integral
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representations as per Eq. (51). We then rewrite the entire expression in the inner
variable. Finally, with full use of the analytic results for ¥,, w,, and % (i.c. their ex-
pansions about z = 0) we perform the integrations and eventually establish the result:
Under the inner limiting process,

5 5
Z_: GY, = HM(Z Gn‘I’n> + 0(g.u+1) (63)

where H (> G.4.) is the inner expansion to (arbitrary) order M of Y. G.¢,, and is
given by

5 M
H M( Gn\ll,,) = D g.(e8,()8" ! (64)
n=3 m=0

where 0,(2) = 0; 0,,(3) = a,, + B.1n 2 + v, In* 4, m > 0, and where the following ., ,
B , and v,, have been determined:

a; = B, =1, 0‘2=71=72=73=O,
o = —T7/4, B, =3/2, B;=1/2.

In view of the above result we can now write #;(y) in the inner variable, take the
inner limit, and establish that item (b) of our matching principle requires

01(3) - 02(3) - C2(4) — 0’ Cl(-l) — __CZ(-’)). (65)

Using these results, we can now form explieit expressions for all the H ,[Es(¢)]. We are
now in a position to invoke item (¢) of our matching principle for arbitrary M and V = 5.
Taking M = Oresults in an identity. Taking 47 = 1 and then 3/ = 2 yields the results

¢, =0, €% =-2 (66)

Finally, a partial check of our results and of the validity of our matching principle for
N = 5isin evidence when the condition H,[l,(¥)] = E;[I,(y)] is invoked and is found
to yield an identity.

Having obtained the above results, it would be a straightforward task to complete
the ¢35, ¥4, ¢¥s solutions as per Eq. (50) by evaluating the ¥, , ¥, , ¥, , say, by a numer-
ical integration of their governing equations. The initial conditions of these ¥, functions
along with their general behavior near z = 0 would be required in order to proceed with
such integrations. These could be obtained from the solution forms of Eq. (51) with the
use of the known behavior of ¢, , w, , w, and A ncarz = 0.

In summary, the first two of the questions posed at the end of See. 2.6 have been
answered to the pledged degree of fullness. In answer to the last of these questions, it
appears that our matching principle may be valid for every .V such that

N=M+MM+1)/2 M=01,--- (67)

where for every such N and corresponding M the generated ¢, s to be used in the match
can be taken as

M InY (o), M " (o), -, € (68)

2.8 Composite erpansions for . At this point we are in possession of early terms
of expansions for ¢ which are valid cither under the inner limit or the outer limit. A
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single expansion, or sequence of expansions of increasing accuracy, valid under both the
inner and outer limit, would be of considerable value in the actual representation and
computation of this function. Such expansions, constructed from our Ex(y), H »(¥), and
EL[H ()], can be conveniently given by [6]

vV M = Ey(WH u(W)/Ex[H v (¥)) (69)

for every N where our matching principle was applicable. Indeed, from all that has
preceded it follows that for every such N

PR {O(gMH) under the inner limit, 70)

0(Gy.:) under the outer limit.

In view of the above we can construct the following two successively more accurate
uniform approximations for y:

¥, 0 = Yol2)le/z + 1]
Y, &7 = [Yo(e) + ¢ In ey (2) + eya(2)]

[z —22/2 L (1 —2) 4+ €1 4+ 2/¢) In (1 + z/e)] (1)
[z —2°/2+ el —2+2Inz) —z2Ine€
In the next section two uniformly valid successive approximations for ¢ will be obtained
from the above composite expansion estimates for ¢ by using the transformation of (9).
3. The solution for ¢(5), 0 < ¢, < 1.
3.1 The relationship between ¢, and ¢.  From (9) it is clear that ¢ = ¢,¥(=; €). Using
this and Eq. (70), it is possible to determine the existence of functions ' *' such that

N
llm € = e[N'M] + 0[¢5GN+1(¢6)]; 6[N'M]/¢a = Zo KnGN+I(¢a)' (72)

$sl 0

By using the results of Sec. 2 it follows that
" /b, = Yo(®);

(73)
€2 /o, = Yo(@){1 + Yi(@)p, In o, + [¥i(@) In Yo(@) + Yo )]e.}.
Furthermore, since ¢ = [#,/¢]'/* we can use the above to obtain the following ¢, ¢,

relationships:
lim ¢ = . + 0(¢, In¢,), Co= Yo V() = 1.182754... ; (74)
$sl 0

lim 2[1 — ¢/¢] = di(=)¢, In g, + [Yi(=) In Yo() + ¥u(=)]e,

$sl O

+ 0(¢,” In’¢,)
= (—1.42969...)p, In ¢, + (—.19659...)¢,
+ 0(¢.” In® ¢,). (75)

Thus, the dramatic result is obtained that arbitrarily small imposed surface conductivity
results in a dimensionless amplitude of heat transfer which approaches a fixed bounded
value, .. By using Eq. (75), ¢, has been plotted as a function of 1 — ¢/¢. in Fig. 3.
Included in Fig. 3 is, further, a similar plot determined from several numerical in-
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Fig. 3. The relationship between ¢ and ¢.

tegrations of the exact initial-value problem, Eqs. (7)-(8). A final estimate for the ¢, , ¢
dependence, also plotted in Fig. 3, has been obtained from the four-term regular per-
turbation solution approximation of Eq. (6) (i.e., where the series has been truncated
after three terms [1]).

The data presented in Fig. 3 illustrate the dependence of ¢, on ¢ forall0 < ¢, < 1 or
0 < ¢ < ¢, . While this figure can be considered to be a working plot, data of particular
interest may be reproduced from the most judicious calculation indicated. In this regard
it is of interest to note that the one-term estimate for [1 — ¢/¢.], available from Eq. (75)
and accurate to O(g,), always appears to be superior to the two-term estimate.

3.2 The solution for ¢(n; ¢,). From (9) it follows that ¢ = y¥¢,/e. Using (70) and
(72) in this, and defining (since 1/¢ = (¢/¢,)"*> and z = 4/¢)

ZIN.M] = n(elN,M]/d’a)l/Z, (76)

we can show that

¢<77;¢s) = d)s‘l/[N,M](ZLV,M]y 6(N.M])/EIN.M] + {0[¢sGN+1(¢s)] . (77)
O[In ¢3GN+1(¢5)]
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Here upper and lower error estimates are for the inner and outer limit, respectively
(where ' *( =) and ¢,¥,( © ) replace € and z, respectively, in our previous definitions of
these limits). Setting N = M = 0in KEq. (77) and using Eq. (71), we obtain

S Ing,

é(n, ¢.) = bolnde'*(2)dsths *(@)/n + 11/do(®) + 0{¢ (78)

¢, In® ¢s

A more refined estimate for ¢ is also available to us by setting N = 2, M = 1in Eq. (77)
and using our result for ¢'*'"' of Eq. (71).

The ¢ field has been computed and compared for different values of ¢, using the two
available estimates of Eq. (77), numerical integrations of the exact equations for ¢ and,
finally, the available four-term approximation of the regular perturbation solution for ¢.
The results are presented in Fig. 4.

From Fig. 4 it appears that there is no practical advantage in using the composite
expansion estimate which uses ¥'*'"! over the much simpler estimate of Eq. (78). Using
this latter estimate, an error of less than 59, in ¢ is guaranteed for ¢, < .0243 throughout
the entire range 0 < n < . (The error is reduced to a maximum of 0.5% with the ¢*""
estimate.) For 1 > ¢, > .0243 the four-term regular perturbation approximation yields a
solution with an error of less than 39, in ¢ for all 0 < n < . It has been finally, and
most dramatically, deduced that this latter regular perturbation approximation yields an
estimate which has an error of less than 8 percent in ¢ for all 0 < ¢, < 1 in the entire

¢
0. XK -
' Sy big ¢, 20243494
AL AND T
\II J¢s =0
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.01 0. 1.0
1'

Fig. 4. Plot of ¢ as a function of » with ¢, as a parameter.
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range 0 < 5 < «. We have therefore shown that this estimate together with the pre-
viously deduced ¢, , ¢ relationship comprises a useful complete solution to the boundary-
value problem that has been considered in this investigation.

4, Summary and conclusions. An approximate solution to the heated halfspace
problem introduced in Sec. 1.1 and 1.2 has been obtained. In particular, this work, which
has studied the behavior of ¢ under the surface conductivity limit ¢, | 0, has resulted in
a solution for the relationship between ¢, and ¢ (see Sec. 3.1). Such a result was obtained
by solving an auxiliary problem for ¢, introduced in Sec. 1.3, by Van Dyke’s method of
matched asymptotic solutions. It was concluded that the limit ¢, | 0 corresponds to the
limit ¢ T ¢, = 1.182754 - -- ., Further, a solution for ¢ uniformly valid for all 0 < 4 as
¢, | O has been obtained from the above-mentioned solution for ¢ (see Sec. 3.2). By
using this solution, it has finally been shown that (for calculating the ¢ field, given ¢,) the
range of utility of a four-term truncated regular perturbation solution for ¢ can be
extended to 0 < ¢, < 3.70 [1] provided 89, errors in ¢ are acceptable. (The accuracy of
this representation in the range 1 < ¢, < 3.70 was shown in [1].)

For materials with essentially constant pC and a conductivity variation which can be
accurately modeled as per Eq. (1) within a useful temperature range, the results obtained
here and in [1] allow for simple estimates of the solution to the heating problem con-
sidered. When this temperature range includes the point of material melting or sub-
limation, ete., the results of our solution would yield a bound on the “amplitude’ of
H = ht™'? type of surface heating within which the integrity of the surface woul 1 be
assured and outside of which the degradation of the material surface would be guar-
anteed. The results of this work would also provide useful temperature or heat-transfer
bounds in heated, variable-conductivity material types other than those considered here.
It is finally anticipated that the solution provided herein will find appropriate application
in understanding other concentration-dependent diffusion phenomena.
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