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Steady Two-Dimensional
Conduction: Simple and Double
Layer Potentials, Corner
Singularities, and Induced
Heat Flux

Two-dimensional steady-state heat conduction is possible outside closed boundaries on
which two isothermal segments at different temperatures are separated by two adiabatic
segments. Remarkably, previous research showed that the conduction shape factor for
the region exterior to the boundary is equal to that for the interior region, despite the
asymmetry and singularity of the boundary heat flux distributions. In this study, classical
potential theory is used for the temperature and heat flux distributions as a combination
of simple-layer and double-layer potentials, including the relationships between the val-
ues inside and outside the boundary curve. Isothermal boundaries exhibit an induced
heat flux that varies from point-to-point on the boundary. The induced flux integrates to
zero over each isothermal edge. Singularities of the heat flux are identified and resolved.
Computations that validate the theory are provided for mixed boundary conditions on a
disk and a square. Numerical fits to both the simple-layer and double-layer densities are
given for the disk and the square. The analysis explains why the interior and exterior con-
duction shape factors are equal despite wildly differing heat flux distributions, and the
results are compared to a previous study of this configuration. This paper also develops
fundamental concepts of potential theory and can serve as a tutorial on the subject.
[DOI: 10.1115/1.4055833]

John H. Lienhard V

Fellow ASME

Rohsenow Kendall Heat Transfer Laboratory,
Department of Mechanical Engineering,
Massachusetts Institute of Technology,
Cambridge, MA 02139

e-mail: lienhard@mit.edu

Keywords: heat conduction, potential theory, simple layer, double layer, induced flux,
corner singularity, shape factor, interior, exterior, two dimensional

U/E612.69/1 07 LEO/E/S | APd-ajoilE/IajSUBI)EaY/BI0"aWSE UONDB||00|e)BIpaWSE/:dllY WOl PapEojumMOd

1 Introduction 90
. . N — =0 scTIUTY A3)
In a previous paper [1], I studied the relationship between two- on

dimensional (2D) heat conduction inside and outside closed
curves, showing that the conduction shape factor had the same
value for the exterior region and the interior region. The primary
method of that study was conformal mapping, showing that the
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where n is the outward normal vector of 4 (Fig. 1(a)).
Steady conduction in the region R¢ exterior to ¢ (Fig. 1(b)) is

total heat flow between the isothermal sections of the boundary
was invariant under mapping. In this study, I address the local
heat flux distributions on the inside and outside of the boundary,
which can differ widely even though the total heat transfer on
either side is the same. I develop a boundary integral formulation
of the interior/exterior conduction problem, using methods from
classical potential theory, and I apply that formulation to identify
the relationship between interior and exterior heat flux, as well as
their connection to the shape factors.

Consider a region R bounded by a simple closed curve, %, that
contains two isothermal segments, I' and T, separated by two
adiabatic segments, I'{ and I'7. Let s be a point on %. Steady heat
conduction in R is governed by the Laplace equation for tempera-
ture, 0, scaledto —1 < 0 < 1

V20 =0 )

(@3]

g -4+l ser’
Tl -1 sere

Contributed by the Heat Transfer Division of ASME for publication in the
JourNAL OF HEAT AND Mass TRANSFER. Manuscript received May 27, 2022; final
manuscript received August 17, 2022; published online December 9, 2022. Assoc.
Editor: Yogesh Jaluria.

Journal of Heat and Mass Transfer

governed by the same equations, upon replacing n by the exteri-
or’s outward normal vector, n,, with the addition of a boundary
condition on the far field. In two dimensions, bounded steady-
state solutions exist only if no net heat transfer is transferred to
the region far from the object, so that heat flows only from the hot
segment, F”, to the cold segment of I'“. In this case, the far field
temperature 0> has a specific value between —1 and 1, as dis-
cussed in Appendix A and the final section of Ref. [1].

Classically, the Laplace equation in 2D can be solved by a wide
variety of techniques [2], including conformal mapping [1,3],
potential theory [4,5], Green’s functions [6], and separation of
variables. In addition, modern numerical methods, such as the
finite element method (FEM), allow quick solutions to the Laplace
equation even in relatively complicated domains. The goal of this
paper is to develop theoretical understanding, and analytical
boundary integral methods are the focus, with FEM used to exam-
ine model cases. In particular, we use integral equations based on
classical potential theory, rather than the Green’s function inte-
grals attempted in Ref. [1]. As Martinsson notes [7], the Green’s
function is known explicitly only on trivial domains, whereas
potential theory leads to integral equations with known kernels,
for which excellent numerical techniques now exist [8,9].

The conduction shape factor, S, in 2D provides the heat transfer
rate, O (W/m), between the hot and cold boundaries in terms of
the dimensional temperature difference, AT =T, —T., and

MARCH 2023, Vol. 145 / 031401-1

Copyright © 2023 by ASME; reuse license CC-BY 4.0

€202 YOIBIA G| UO Josn "Yoa L JO Isu] spesnyoessely Aq jpd”|LoyLEO


https://crossmark.crossref.org/dialog/?doi=10.1115/1.4055833&domain=pdf&date_stamp=2022-12-09

thermal conductivity, 4, as O = SAAT. For either the interior or
the exterior of %, the shape factor may be written as an integral on
I'" of the appropriate outward normal derivative of 0 [1]

s = J @ dl, interior to % (4a)
T 8"
9(’

S¢ = J 8— dl, exterior to% (4b)
I 8}1"

This paper develops a single equation that describes both the inte-
rior and the exterior heat flux on % in terms of potential densities.
With that equation, the interior and exterior shape factors are both
shown to equal an integral of the simple-layer potential density.

2 Preliminaries: Sources, Dipoles, and Gradients

This section briefly introduces several relationships that will be
used in other parts of the paper.

2.1 Fundamental Solution: E(x|¢). The fundamental solution
of the Laplace equation gives the potential at a point x caused by
a unit point source at a point # [2]

~VIE(dr) = o(x — ) &)
1 1 .
E(X‘I‘) :Elogm in 2D (6)

Obviously, E(x|t) = E(t]x).

We may find the integral of the normal derivative of the funda-
mental solution over the smooth boundary % of a region R using
the divergence theorem

J V2E(x|f) dx = —[ 5(x — t) dx (7
R JR

1 teR
OE (x|t

J a(x‘)d@.: “1/2 1e% ®)
% O 0 tEeR

The physical interpretation is straightforward. For example, if we
replace the potential £ with the dimensional temperature at x
caused by a heat source of power P at f, then —V>2T =
(P/2)6(x —t) and the leaving heat flux is —29T/dn,. The net
heat flow out of R through % is P if t € R and is zero for ¢ outside

(@)

%. When ¢ is on %, half the power is released outside %, with the
other half released inside ¢ and exiting % at other points.

In polar coordinates, consider x = (r, ¢) and ¢ = (ry, ¢,). Then,
with reference to Fig. 2, the law of cosines gives

|x — t\z = ré —2rrgcos(¢p — ¢g) + r? 9)

Thus, the fundamental solution in polar coordinates is

1 1 1 1
E(x|t) =—1o =—1Io
(] 2 8 |x —t| 4n g [13 — 2rrg cos(¢p — ¢bg) + 2]
(10)
The radial derivative is
oOE 1 2r — 2rg cos(¢p — ¢g) an

o~ A g~ 2rmocos(d — o) +17]

The fundamental solution also has this series representation (or
multipole expansion)

4nE(x|t) = —2logrs +2) rrl" cosm(d = ¢o)

re (12)
m=1
where r~ = max(r,rg) and r- = min(r, ry).
Letting |x| = r — oo holding ¢ fixed, with Egs. (10) or (12)
E(xl) ~ — - logr + =2 cos(¢h — ¢) + (13)
: 21 g7 2w r 0
OFE 1 1 r

5,2 08(9 — dg) — - (14)

o " 2w 2n?

2.2 Dipoles. A dipole is a source-sink pair of equal strength
brought to infinitesimal separation. If the source and sink are of
strength 1/¢ at a separation of ¢, the result of letting ¢ — 0 is a
unit-strength dipole. The dipole has a distinct orientation set by
the axis on which the source and sink are aligned. We may think
of a source at ¢+ &l approaching a sink at ¢ (Fig. 3). Call the
potential of this dipole D;(x|¢). In 2D

1 1 1
D;(x]t) =lim— (1 — 1 15
1(xle) sT(l)an(og X—t_e ¢ |x—t|) (15a)

~ cosy
T 2nx —

(15b)
Re

o X

(b)

Fig.1 Coordinates for the interior and exterior conduction problems: (a) interior problem and (b) exterior

problem
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Fig.2 Polar coordinates for the fundamental solution

where 7 is the angle between the vectors x —t and 1. Note that
Dy(x|t) = —=Dy(t]x).

2.3 Dipoles as Induced Gradients in Two Dimensions. The
gradient of potential at ¢ produced by a source at x is simply
V.E(t|x) = V,E(x|t), and this gradient is collinear with x —t
(pointing from ¢ to x). The derivative of E(x|¢) at ¢ in the direction
lis

OFE cosy

——=1- E=_—__—"""
al Vi 27|x — t|

= Dy(x|r) (16)
Thus, we may consider D;(x|r) as the gradient of potential (tem-
perature gradient) at ¢ in the /-direction caused by a point source
at x.

If ¢ is on a surface, | may be selected as the normal vector at ¢,
n,. If both x and ¢ are on this surface and 1 = n,, cosy — 0 as
|x —t| — 0. Analysis shows that D,, (x|¢) is continuous at x=¢
when x approaches ¢ along the surface (as opposed to approaching
from another direction).

el
_1/81‘ +1/e

t+el

Fig. 3 Dipole coordinates

Journal of Heat and Mass Transfer

Similarly, the outward normal gradient at x produced by a
source at t is
OE(t|x)
ony

D, (t|lx) = 17)

From Egs. (15a) and (17), the outward normal gradient induced
at a point x on a 2D boundary by a source density a(z) at another
point ¢ is

cos(t — X, ny)

a(t)Dy, (t]x) dl, = a(t) 27|t — x|

dl; (18)

where cos(t — x, n,) denotes the cosine of the angle between vec-
tors t — x and n,. This expression may be integrated over the sur-
face that contains the source distribution, a(#), holding the vector
n, fixed, to find the outward normal gradient at the single point x
caused by the entire source distribution.

2.4 Gradient of a Dipole Potential in Two Dimensions.
Later, we need the gradient of a dipole potential in 2D. Suppose
that we have a unit dipole of orientation 1 at 7 and that we wish to
know the potential’s gradient in the direction k at point x (Fig. 4).
We find

0D, (x|1)
Ok

—k-V.D =k V, [—S57 (19)
27|x — t|

where 7 is the angle between the vectors x — t and 1. For conven-

ience, we may use polar coordinates (r,y) with origin at 7 and
r = |x — t|. Then

0 [ cosy 1 0 [cosy
Dy = — e 2
VD 8}'(27‘51‘)6 +r8y(2nr>e’ 20)

__[cosy B sin y
- (27rr2) © (27[1’2) & @D

Suppose that the unit vector k makes an included angle y with
respect to X — t: k = cos iy e, — sin/ e,. We find

OD(x[t) _ —cosycosy +sinysing _ cos(y +y)
ok 2mr? o 272

(22)

Fig. 4 Dipole gradient coordinates
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2.5 Some Properties of Harmonic Functions. For r > 0, the
separation of variables in polar coordinates gives

0(r,¢) =A+Blogr+ i(c 7

m=1

" et r™)cos(m + o) (23)

To have a bounded solution as r — oo, we require B=0 and
= 0. As consequences, ) — A = 0% as r — oo; and for every
circle r = constant, the average of 0 around the circumference is
0.
With these restrictions, the radial gradient is

a0(r > mc;,
(a’;, $) = Z ,mmc+1 cos(me + o) 24)
m=1

This gradient — 0 as r — oo.

In particular, for any circle centered on r=0 surrounding %
from the outside, the temperature on the circle is continuous,
bounded, can be represented by a Fourier series (cf. Sec. 3.3), has
the average temperature 0, and has zero average heat flux
through it.

3 Solution for the Interior and Exterior Dirichlet
Problems by a Simple-Layer Potential

In his famous essay of 1828, George Green showed that the
solution to the Dirichlet problem in the regions inside (R) and out-
side (R°) a 3D surface ¢ may be written as a simple-layer
potential [10]"

J a(§)E(x|¢) do; = {3(8) e (25)

where a(¢) is the solution of a Fredholm equation of the first kind
J a(&)E(s|¢)da: = h(s) sona (26)
g

Here, A(s) is the temperature distribution on ¢, which is the same
for the interior and exterior problem. No constraint is placed on
the normal derivatives to either side of the boundary, which need
not be equal.

The derivation of Eq. (25) defines a() as the difference
between the normal derivatives inside and outside ¢

00 o0°

a(é) = B—nc - o

tonao 227)

The function a(¢) may be considered to be a heat source distribu-
tion on ¢, with heat flowing out to each side.

In 2D, we need a minor modification of Egs. (25) and (26) to
account for the constraint on the far-field temperature. The deriva-
tion follows.

3.1 Modifications of Equations (25) and (26) for Two
Dimensions. Consider the exterior region (Fig. 1), R¢, and sup-
pose it to be bounded by the contour % and a very distant circular
contour of radius ry, on which & = (ro, ¢). We treat E(x|¢) and
0° (&) as functions of ¢ and apply Green’s second identity to these
functions

606 OFE
2pe _ pe % L — _pe .
J“ V20 - 0 2] ar: J on " e |
) (28)
o oF
+J0 { Jro - or o} roddo

'"Equation (25) is also referred to as a single-layer potential, and it is a special
case of a Newtonian potential.

031401-4 / Vol. 145, MARCH 2023

Here the subscript ¢ indicates that differentiation or integration is
with respect to the ¢ coordinate. The left-hand side simplifies

upon substituting Eqgs. (1) and (5)

o [Leer oE
o) = J Eone =" one| o)
o0° OE
*L { o ar }’(’d%

Now we let rp — oo. We know from Eq. (23) that 0° ~
0% + c1 cos(¢py + 01) /1o + c2co8(2y + 02) /r3 + -+ and that
A0° /Org ~ —cy cos(py + 1) /r3. Additionally, from Egs. (13) and
(14), E ~ —logro/2n and OE/Ory ~ —1/2mry. Thus

[ 90° OE logrg 2mry
ES e S8 gy ~ 0 = 2810 4 g T g
Jo { Jro 3"0} foddq ( 7o )+ 2y
(30)

Combining with Eq. (29) and setting n, = —n

a0°  , OF ~ 0 XER
J(,[ anfoa]‘”f” {08()() ver G

Upon adding this result to the analogous interior result (which
involves only the contour %)

~ _JO(x) xeR
J@E(Xlé)a(i) dlf + 9 - {ee(x) xe Re (32)

The solution by a simple-layer potential is known to be continu-
ous at ¢, so it follows that:

J E(s|&)a(&)dl: + 0° = h(s) sona (33)
(ﬁ

These results show that 0 is imposed by the far field in 2D.
In addition, as r = |x| — oo in Eq. (32), with Eq. (13)

J E(x|)a(8) di; — MJ (& dl: =0 forxe R (34)
% 2n g

so that 0°(x) — 0 as expected.

3.2 Two-Dimensional Contours With Zero Net Heat
Transfer. As noted, a 2D exterior conduction problem only has a
solution when there is no net heat transfer to the far field. Thus

90 a0°
L e dl: — L o dl: = La(f) dl: =0 35)
=0 =0

In the case of an entirely isothermal 2D boundary, A(s) = 0.
Then, from Eq. (33), a(£) =0, so that 0(x) = 0°(x) = 0> from
Eq. (32), and 90/9n = 90° /on = 0.

3.3 Example: Simple-Layer Potential on a Unit Disk. If
h(s) = h(¢) is continuous, we can represent it by a harmonic
series. To find the potential function, assume that
a(¢y) = cos(mey + a,,). Integration by parts, with Eq. (10), gives
us

27
JO E(1 $|1, go)a(do) deby + 0

_ Lrn sin(¢ — ¢y)sin(mepg + %)
0 [1 —cos(d — )]

(36a)

yy— dpy + 0
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and withv = ¢y — ¢

B 1 J2n—¢ sinvsin [m(v + ¢) + o) do + 6 (36h)

" 4mm 0-¢ (1 —cosv)

and letting z=e" dv=dz/iz,cosv=(z+%)/2,sinv=(z—%)/2i,
and doing several lines of algebra, we obtain a contour integral

i(mp+o,) ¢ ~m—1 1
_ S\y‘m{e J oz +) dz} 40 (36¢)
A

4mtm z—1
e'(m¢+xn,)
= Qm\ ——— (ni)(2) ¢ + 0 (36d)
dmtm
= 0% 4 cos(m + o) (36¢)
= m cos(m O e

Hence, when #h(¢) = cos(m¢p + o), we have a(¢p)=2m
cos(m¢ + o, ). Additional calculation gives 0 and 0° just as would
the separation of variables solution, Eq. (23)

21
0r, ) = JO E(r, |1, bo)2mcos(mep + o) ddpy + 0% = - -

i(mep+at,) m—1(,2 _
= Qm ¢ [ 212 -1 dz p + 0~
Jo ( )

2n z—r)(z—1/r

4 " cos(mep + o) forr <1
- r"cos(m¢p + a,,) forr > 1

(37

4 Heat Flux at the Boundaries

To evaluate the heat flux inside and outside %, we need to find
the local normal derivative of temperature on each side of the iso-
thermal boundaries. The derivative need not be the same inside
and outside because the isothermal section behaves as a perfect
heat conductor: heat can be redistributed within the boundary
without a temperature gradient. This strange behavior also leads
to the singularity of the boundary integral. As such, particular care
is needed in finding the limiting values of the temperature gradient
as the boundary is approached.

The boundary derivatives of the simple-layer potential have
been studied for at least two centuries, mainly in connection with
the electrostatic and gravitational theories. We develop the rele-
vant relationships briefly in this section, for their importance to
what follows, because the literature focuses on 3D rather than 2D,
and because classical potential theory is rarely used in the study
of heat conduction. We will work with complex variables to take
advantage of strong analytical tools.

Classical developments of the boundary derivatives, in real var-
iables, are given by: Poincaré [11], Kellogg [4], MacMillan [5],
and Stakgold [2].

4.1 The Simple-Layer Normal Derivative as a Cauchy
Integral. To evaluate the normal derivative of temperature at the
contour, we consider the directional derivative of Eq. (32) in the

Fig. 5 Coordinates for directional derivatives in the complex
plane

Journal of Heat and Mass Transfer

complex z-plane, following Xu et al. [12]. We rename integrated
point ¢ as z € €, and consider the fixed point x € %, near s. We
can differentiate at under the integral with respect to x in the
direction n,. The angle between ng and the real axis is ¢, (Fig. 5).
Here, x, s, and z are points in the complex plane.

From Sec. 2.2

1 0 1 cos(z — X, ny)
Dy, (z, =——1 =
((5:9) 27 Ony o8 |z — x| 27|z — x|

) D -
B 2nlz—x| [ ¢ 2n(z — x) (38)

where the angle for the cosine in Eq. (38a) is ¢ — arg(z — x).
With reference to Fig. 5, dz = ¢*|dz| with ¢ = a(z) — n/2.
Continuing in the complex plane

(38a)

cos(z — X, Ny)

a0
o= La(z) 2l — 1] |dz| (39a)
ei(bﬂ
- L’a(z)‘){e = [ 1 (39h)
ei10 e*i&( dz
= J%ﬂ{e{a(z)m_)c)} (39¢)
= ‘.Re{giuﬂ d(_x)} (39d)
for d(x) defined as

_ L[ ae”

) =2 L P (40)

where a(z) is real valued.

4.2 Sokhotski-Plemelj Theorem. This theorem is well-
known in complex analysis and widely used in physics. Following
Muskhelishvili’s development [13], consider the contour integral:

_ 1 [ ez)d
O) = 2ni L Z—X @1

where ¢(z) is defined on a smooth contour % and bounded except
at a finite number of points. The integral defines an analytic func-
tion for x ¢ %; further, ® = O(|x|™") as |x] — co. When
X = s € %, the integral exists only in the Cauchy principal value
sense.

The Sokhotski—Plemelj theorem relates the limiting
boundary values of ® at a point s on % to the principal value of
the integral (f)

lim ®(x) = I%(p(x) —0—%711} o(z)dz

x—s* ¢ Z—X

(42)

where s* indicates approaches from outside the contour and s~
indicates approach from inside. The analysis requires that ¢ be
Holder continuous

lp(z1) — @(22)] < Clz1 — 2]* (43)

for all z in the domain of ¢ and non-negative real constants C and
w[13].

4.3 Plemelj Formulz for the Normal Derivative. Equation

(40) is a Cauchy integral, and its value is discontinuous across 4.
Assuming that the contour is smooth at s, Eq. (42) gives

MARCH 2023, Vol. 145 / 031401-5
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Cold Hot

(b)

Fig. 6 Perfectly conducting disk between vertical plates at 0 = =1 with adiabatic horizontal sides. MATLAB FEM
simulation for disk of diameter 0.5 inside 2 x 2 square. (a) Temperature distribution; (b) magnitude of flux vector
(lightest yellow is largest flux, darkest blue is zero flux); plus/minus signs indicate where the induced heat flux

entering the disk is more positive and more negative.

. _1 i 1 [ a(z)e™dz
1 =7 oy p AHC 44
xl»r?: dx) == 2a(s)e + 2ni L/ z—S “4)
Therefore
oo —io
im 20— 290) gl J a()e™ dz (45a)
x—s* Ong 2 2nil)y z—s

and by comparison to Eq. (39), the real variable expression, for &
and son @, is

" cos(& — s, ny)

induced gradient

dl (45b)

source gradient

As noted in Sec. 2.3, this kernel does not have a singularity at
¢ =s, so a principal value calculation is not required. In cases
such as corner points, a(z) may be singular, but those singularities
are generally integrable (see Secs. 6.1 and 7).

The normal derivative, Eq. (45b), includes a source term and an
integral representing gradients in the normal direction at s induced
by sources at other points & around the contour (cf. Eq. (18)). The
source a(s) is bisected by the surface. Half the source power exits
one side of the surface and half exits the opposite side, in the
opposite direction.” The induced gradient term depends on the dis-
tance to the source point, |& — s|, and the orientation of £ — s rela-
tive to the fixed point’s outward normal vector, n,. The integral
contains the contributions of the entire boundary. This induced
gradient has the same sign and is on either side of the boundary,
x — s=. The induced temperature gradient indicates the presence
of an induced heat flux.

4.3.1 More About Induced Heat Flux. The properties of the
induced heat flux are needed in Sec. 5.1, and so further discussion
is helpful.

The heat conduction problem has a strong analogy in electro-
statics: a surface heat source density, a(s), is analogous to a sur-
face charge density, and a temperature gradient (or heat flux) is
analogous to an electric potential gradient (or electric field). In

>Note that a source on a corner point will be divided between the two sides
according to the included angle, o, so that +1/2 becomes —(1 — «/2n) and +o/2n
[13].

031401-6 / Vol. 145, MARCH 2023

electrostatics, a surface charge distribution may be induced by
externally generated electric fields, through the redistribution of
charge over the conducting surface (see Kellogg [4] and Jackson
[14]). If the surface is perfectly conducting, it remains isopotential
even with a nonuniform distribution of surface charge. If the con-
ductor is not grounded, no net additional charge is acquired when
the surface charge is redistributed. Thus, the integral of the
induced charge density over the surface is zero.

Similarly, a surface heat flux distribution may be induced on a
heat conductor by heat sources elsewhere. This induced heat flux
adds no additional energy to the system, and consequently, the
induced flux integrates to zero over the conductor’s surface. Fur-
ther, a perfectly conducting surface has no resistance to heat flow
and remains isothermal even with a nonuniform surface heat flux.
If this conductor is simply one isothermal boundary of a larger
object, say with two nonconducting boundaries separating two
isothermal boundaries, the induced flux on each isothermal bound-
ary will integrate to zero separately because the induced redistrib-
ution of flux is confined to each isothermal boundary separately.

For visualization, Fig. 6 shows the temperature and magnitude
of heat flux outside a perfectly conducting disk placed between
isothermal vertical plates. For this disk, a(¢) = 0 (the boundary
contains no heat source distribution), and so Eq. (45b) shows that
the heat flux is composed only of induced heat flux. The induced
heat flux has high magnitude (yellow) at some points and tends to
zero (blue) at other points. The integral of this induced heat flux
around the conductor is zero, consistent with steady energy con-
servation. The conductor’s temperature depends on its shape and
position relative to the external source and sink but is easily seen
to be zero in the present case. If the disk were moved off center,
the temperature could be found by solving Eq. (26) with a(&) =0
on the disk.

To fix the perfect conductor to a specific temperature, we can
imagine it to be grounded in to a heat reservoir at that tempera-
ture. The reservoir adds or removes heat as needed to maintain the
temperature. This heat flow is distributed over the surface of the
conductor and appears mathematically as the heat source distribu-
tion, a(s).

The preceding discussion was for perfect conductors. In the
case of nonconductors, external heat sources (or electric charges)
induce dipoles on the surface of the nonconductor. These dipoles
balance out the local potential gradients (temperature gradients or
electric fields) caused by external sources. In the electrostatic
case, the net charge density induced is zero, even locally, because
dipoles have no net charge. In heat conduction, the induced
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dipoles add no net energy; and, they cancel the heat flux that sour-

ces elsewhere would otherwise induce, leaving the surface adia-

batic. A nonconducting object will develop internal temperature

(or potential) gradients. As a result, the temperature (or potential)

is discontinuous across a nonconducting boundary (cf. Eq. (49)).
We return induced flux in Sec. 5.1.

4.4 Special Cases of the Normal Derivative. In some special
cases, the integral in Eq. (45b) can vanish, as the following exam-
ples show.

4.4.1 Straight Lines and Parallel Plates. For a straight-line
segment of % with outward normal n, cos(& —s,n) = 0 if & and s
are both on that segment. The reason is that a dipole creates no
potential perpendicular to its axis. If we generalize to hot and cold
parallel plates of infinite length, the integral along the plate con-
taining s is therefore zero, and that along the opposing plate is eas-
ily shown to vanish in the limit of an infinitely long plate.

4.4.2  Circular Disk. For the case of a circular disk of radius
R, some trigonometry shows that cos(&—s,ny)/|E—s|
= —1/2%, and with Eq. (35), the integral in Eq. (45b) will vanish
at every s, leaving 90/9n; = —90° / Ony.

In this unusual case, the isothermal boundary has the same tem-
perature and temperature gradient on both the inside and outside.
This behavior is usually not seen in other geometries. (We estab-
lish a similar result for the adiabatic boundary of a disk in
Sec. 5.2.)

4.5 Plemelj Formulz for the Integral of the Normal Deriv-
ative (Double-Layer Potential). In Sec. 5, we will need the
double-layer potential and its normal derivative. The double-layer
potential is an integral of the normal derivative of E(x|z), now
with a normal n, that moves along the curve during integration in
z (Fig. 5). We proceed as in the simple-layer analysis

1 01 1 cos(x—zn)
27 On, o8

i w "
- 2njx—z [ ¢ 27n(z — x) (46)

= —1. Continuing

D, (x,z) = (46a)

x—z| 27y —2

since arg(x — z) = 7 — arg(z — x) and €'

0q4(x) = L»b(z)D": (x,z)dz (47a)
. e,l‘(f)
_ _J%b(z)me{m} | @7b)

,J sted by L | _ Relg(x)} (@70)
% 2n(z—x) [ &
for real-valued b(z), —e™? = 1/i, and g(x) defined as

g(x):ij b@) 4, (48)

2ni Jyz —x

Equation (48) is a Cauchy integral, and it is discontinuous across
%. Assuming that the contour is smooth at s, and with b(s) real
valued, Eq. (42) gives

tim )= =25 e L =

b s) J cos — &, nC)
S omls—¢l

(49)
dl;

for n¢ the outward normal at the moving point &.

Journal of Heat and Mass Transfer

The double-layer potential 0, is discontinuous at €, but the nor-
mal derivative 90,/9n, has the same limit from either side (see
Poincaré [11], Kellogg [4], MacMillan [5], Giinter [15]). Kellogg
shows that, if the double layer potential b(z) has continuous sec-
ond derivatives, the difference of the normal derivatives to either
side tends to zero and that the limits of the derivatives exist at
the surface; Giinter provides a similar result.

Discontinuities of the higher derivatives of the simple
and double-layer potentials are discussed by Schmidt [16] and
Hinrichsen [17].

5 Mixed Boundary Conditions as Simple and Double
Layer Potentials

We now consider the configuration of primary interest, Fig. 1.
The boundary % consists of two isothermal segments, I and T,
separated by two adiabatic segments, I'{ and I'j. Let I'* =
r4urd and TP =T"UT®. The initial results follow from
Sec. 3.1. For the exterior region, we have as before

a0°  , OE o _ [0 XER
J/[— an:~ o ]d15+0 {0”()() e 6O

For the interior region, we have

00 OE 0(x) x€R
J[Eang Hﬁnj dle = {0 X € R¢ Gh

By adding the interior and exterior results, we get
[ 00 a0° OE 0(x) xeR
E(—— —(0—06 0 =< ., ]
JG { (ém: 8"5) (0-) 8nj dle + { 0°(x) xeRe
(52)

For ¢ € T“ the first term inside the integral is zero, and for ¢ € T
the second term inside the integral is zero. We define the single-
layer potential density as in Eq. (27), so that

a(¢) =

00/0n; — 00°Jom:  EeT
{0 ¢ ¢ (53)

el

We define the double-layer potential density as b= 0° — 0,
so that

b(é):{ge_(, 2215 (54)
Collecting all this
oo OE(x|¢) o [0(x) xeR
[, atopeiora + | o = e = {0 R
(55)

As before, these results show that 0> is imposed by the far field in
2D. The relationship of 0°° to the average temperature on % is dis-
cussed in Appendix A.

We now form boundary conditions on %. For the isothermal
boundaries, with s € T, the first integral in Eq. (55) is continuous,
but the second is not. We apply the Plemelj formule to the second
integral with Eq. (49)

|| atrEele) at
.

= %b(s) +f & 2B g oo —o) s6)

S
~—
=0on I"
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For the adiabatic boundaries, s € I'“, with Egs. (45b), (16),
and (17)

Ila(s) +ifr’a(f) 8E(£|S) dlcf

2 ong
=0on I'* (57)
.0 OE(x[¢&) _
wlim | T =0

The double layer potential has the same normal derivative for
either x — s~ (see Sec. 4.5), as is clearly required to satisfy
Eq. (57).

Equation (57) shows that, locally on the adiabatic edges, the
gradient of the dipole distribution exactly cancels the gradient
imposed by the sources on the isothermal boundaries. We may
think of the dipole distributions on the adiabatic edges as being
induced by the potential gradients of the sources on the isothermal
edges. .

In Eq. (56), the kernel of the integral on I'* has a logarithmic
singularity, while the second integral has a nonsingular kernel
(Sec. 2.3).> In Eq. (57), the first integral also has a nonsingular
kernel. The second term in Eq. (57), in general, is hypersingular;
but as previously noted, under appropriate conditions on b [4,15],
this limits of this normal derivative exist and are equal inside and
outside €.

The temperature gradient in the direction outwardly normal to
the isothermal contours, s € I, is

a0 1 OE(Zls) |
o —»-Ea(s) + La(f) on. dl; .
o[ . OB
o | b0 o de|

The normal derivative of the second integral has no singularity for
s € I'", in contrast to s € I'“. Integration of this equation over all
of % will show that the first and second terms are zero, as a result
of the zero net heat transfer requirement. Thus, the other two
terms, integrated over %, will sum to zero. Further, since these
last two terms cancel locally on the adiabatic boundaries, by
Eq. (57), we see that the integral of the two terms over the hot
boundary is equal and opposite to the integral of the pair on the
cold boundary (but note the stronger conclusion given in Sec. 5.1).
The temperatures on the adiabatic edges, s € I'“, are

a(O)E(s|) di T %h(s) v J b(e) 2619 4,

I n 5

0(s) = 0> +J

r

(59)

Equations (58) and (59) have two very important implications:

(1) On isothermal boundaries, the interior and exterior temper-
atures are by definition equal. Equation (58) shows that the
interior and exterior heat fluxes need not have locally equal
magnitudes on the isothermal boundaries.

(2) On adiabatic boundaries, the interior and exterior fluxes are
both zero. Equation (59) shows that the interior and exterior
temperatures need not be locally equal on the adiabatic
boundaries, as expected for a dipole boundary condition.

For convenience, the integral kernels are summarized in
Table 1.

5.1 Induced Heat Flux. Equation (58) provides the local
temperature gradient (taken in the outward normal direction) on
either side of an isothermal edge. The gradient consists of three
parts: (i) one-half of the heat source density at s (half to either

3As a result, we do not need to treat this integral as a principal value integral.
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side of the boundary); (ii) the gradient induced at s by the sources
at all other points on the boundary; and (iii) the gradient induced
at s by dipoles at all other points on the boundary. As discussed in
Sec. 4.3.1, the net induced heat flux on each conducting (isother-
mal) boundary is zero. Therefore, for the hot isothermal boundary

Jr” Jr',a(é) aE(é‘S) dledl

ony

L’ o, one dl; =0 for I isothermal

X—8

(60)

The limit should be continuous, as the integral is nonsingular for
x—seTMand & € I, except at the point where I and I'* inter-
sect. The same conclusion applies to the net induced flux on the
cold isothermal boundary, I'“.

We may pair this result with that previously established for the
nonconducting (adiabatic) edges, Eq. (57)

OE(¢&|s
[ a(e) 2251
JI N
40 J p(e) ZEE) dl:| =0 forse I'“adiabatic
0”«\' “ 8"5 x5t
(61)

As noted in Sec. 4.5, the normal derivative of second integral has
the same limit for x — s, but is undefined for x = s € I'“.

5.2 Mixed Boundary Conditions on a Disk. Consider a disk
with mixed boundary conditions (Fig. 7): the boundary in the first
quadrant is isothermal at 0(s) = 1, the boundary in the third quad-
rant is isothermal at 0(s) = —1, and the other two boundaries are
adiabatic. This problem was solved by Schwarz in 1869 using
conformal mapping [18].

For a circular disk, as in Sec. 4.4.2, the kernel of the integral on
a(&) in Eq. (57) reduces to a constant and the integral vanishes.
The integral in b(&) retains an x dependence, but the heat flux
boundary condition on the adiabatic sides is satisfied by b(&) = 0,
and Eq. (59) then indicates equal interior and exterior tempera-
tures on the adiabatic edges. Further, with b(¢) =0, Eq. (56)
reduces to a Fredholm problem for the potential on the isothermal
sections of the boundary, with a(£) = 0 on the adiabatic sides. In

Fig. 7 Isotherms and adiabats inside a disk with two isother-
mal edges and two adiabatic edges (black) [1]

Transactions of the ASME

d-sjone/lssuejeay/B10-awse uonos|jodjenbipawse//:dyy woly papeojumoq

€0 G¥L IU/EBLTLEY/LOVLED/E/S |/IP

€202 YOIBIA G| UO Josn "Yoa L JO Isu] spesnyoessely Aq jpd”|LoyLEO



Table 1 Integral kernels

Meaning

Primary symbol

Full expression Equivalent symbol

Potential at s caused by unit source density at &
Outward normal gradient at s caused by unit source density at &

Potential at s caused by unit outward-normal dipole density at &

E(s|E 1 1 E(&|s
(512) N (&ls)

OE(&ls) cos(& — s, ny) D, (&ls)
ong 27|E — 8]

OE(s[¢) cos(s — & n¢) Dy, (s1€)
ong 2nls — €|

The cosine of the angle between vectors a and b is denoted by cos(a, b).

addition, in this case, the heat flux outside and inside the isother-
mal edges are equal and opposite, given by Fa(s)/2 according to
Eq. (58). All these findings are consistent with the solution by
Poisson’s formula given in Ref. [1].

5.2.1 Fredholm Equation for Schwarz’s Problem. We may
use these ideas to set a Fredholm problem for a(y), where  is the
angle around the perimeter of the a disk measured from the x-axis.
We know that b(1/) = 0 and that the heat flux boundary conditions
on the adiabatic edges are met. So, Eq. (59) reduces to the follow-
ing equation on the isothermal edges of the unit disk:

a(¥o) [+ 0<y<m)2
J an o8 21 —cos(y — )] 0 = { -1 m<y<3m/2
(62)

where we obtain E(s|¢) = E(1,y|1,,) from Eq. (10), and
I = T UT*. Continuing

7/
L/ a(4l€r0) 18 ST cos(y — )] V0
+J.in/2 a(41,/7/Io) log 2T — cos(¥ — )] Ay
/2
- JO/ a(;f:)) log = cosl(lp — dirg 63)
/2
+L/ awZ: ™ log I COS([/L Tl drq

)+l 0<y<m/2
-1 m<y<3n2

From symmetry, and because the cold edge is a sink, we expect
that a(y) = —a(y, + ). If we define

4nK (Y, o) = log 2 — 2 cos(y — )]
—log 2 —2cos(y — g + 7)) (64)
we may observe that K(, ) = —K({ + m, ). Hence, it will

be sufficient to solve the following first-kind Fredholm problem
on the hot edge:

/2
J U)Ky dipy =1 for0 <y <m/2  (65)

0

Note that the kernel is weakly singular at ¥ = ;. We return to
this equation in Sec. 7.1.

6 Singularities at Corners and Dirichlet-to-Neumann
Transitions

The FEM results in Sec. 7 contain singularities in the tempera-
ture distributions and simple-layer potential densities. This section
provides the theoretical form of those singularities.

Journal of Heat and Mass Transfer

6.1 Corner Singularities. Consider a corner or wedge shaped
region, and place the origin of polar coordinates (r, ¢) at the ver-
tex. If the included angle is f, and we have one edge that is iso-
thermal and one that is adiabatic, the solutions of the Laplace
equation, from Eq. (23), will be [19]

= n
O(r, ) =00+ > cpr'™cos(n, for n, =-—02m—1)
(r,¢) = 0o ’; (M) n =135

(66)

where the adiabatic edge is at ¢ = 0 and the isothermal edge is at
¢ = p. The derivative of 0 normal to a line of constant ¢ is

80 100 - g
on _rop Z Cntlyr™ " sin(1,,0) (67)
m=1

and for ¢ = f, the normal derivative becomes

00

5 =S (=) e (68)
n

¢=p m=1

When 1, < 1 (f > n/2), the derivative contains an integrable sin-
gularity as r — 0. For smaller f3, the derivative is nonsingular.

For the specific case of the interior of a square corner, § = /2
and 77,, = (2m — 1)

a0 = m+1 2(m—1)
= == (=D)""2m— Depr =—1 (69
on
¢=n/2 m=1
where the final equality (¢; =1, ¢,,=0 for m>1) is from my

knowledge of the solution: 0(r,¢) = 1 — rcos ¢ (note that n is
outward normal here).
For the region exterior to a square corner, ff = 3n/2 and

M = (2]’11 - 1)/3

00

a0 o~ 2= Vew (it 2ty
on

= (70a)
$=3m/2 m=1 3

cy 5¢41%/3

= T3an T3

(70b)

We may also consider a corner with a continuous Dirichlet bound-
ary condition, 0 = 0 (see Fig. 10(b) in Ref. [1]). Now

e m
0(r, ) = 0y + Cpr™ sin(1,,, for 1n, =— (71)
(r, ¢) = 6o MZ:I () n =
so that for ¢ = f§
a0 = m _
ol =2 (D e (72)
n o=p m=1
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For the interior of a square corner, § = 7/2 and 1, — 1 = 1; for
the exterior, f =3n/2 and 5, — 1 = —1/3, which is again an
integrable singularity.

6.2 Change From Dirichlet to Neumann Boundary
Condition on a Straight Section. For a straight segment that
goes from Dirichlet to Neumann at r=0 (e.g., locally on the rim
of a disk), f = mwand ,, = (m — 1/2), so that

00

o _ Z (2m —1)cy, (—l)mﬂrm%/z (73a)

p=n m=1 2

_ cy 3eart/2 Seyrdf?
2l 2 2

+e (73b)

Note that f# will have the same value inside and outside this seg-
ment, so that /ocally the interior and exterior gradients will have
the same dependence on r. Likewise, from Eq. (66), on the adia-
batic segment (¢ = 0) the temperature distribution inside and out-
side will be the same locally.

An extensive literature deals with boundary integrals and Fred-
holm problems near corners [8,19-21].

7 Finite Element Method Studies of Potential and
Induced Flux

In this section, we use FEM calculations to independently
explore the conclusions of Secs. 5 and 6 for mixed boundary con-
ditions on a disk and a square, with a focus on the integrals of the
simple and double layer densities.

7.1 Disk With Isothermal and Adiabatic Edges. We may
use MATLAB’s FEM codes to analyze the quarter-sectored disk
of radius # = 1 (Schwarz’s problem, Fig. 7). The resultant tem-
perature gradient along the hot isothermal side is shown in Fig. 8.
Convergence of the FEM model is discussed in Appendix B.

The singularity at each end of the isothermal section, from Eq.
(73b), is O(r~'/?); and if the angle around the disk is i measured
from the x-axis, we may set r = Y and r = #(n/2 — ) for the
two corners of the isothermal edge in upper left quadrant of
the figure. The computed temperature gradient may be fitted to the

10 T T

—— Local gradient (FEM)
g Least squares fit
---- Average gradient (theory)

Normal gradient, 96/0n

4/n

0 /4 /2
Angle, y

Fig. 8 Normal gradient, 36/dn, along interior of isothermal disk
edge in upper left quadrant. The calculated shape factor is
S' =0.9986. Least-squares curve lies on top of FEM curve.

031401-10 / Vol. 145, MARCH 2023

analytical form suggested by Eq. (73b), using MATLAB’s fitting
algorithms. A fit that accounts for the singularity at ¥y =0 and
W = /2, each to three terms, is
1
— +

90 100 . I I
o) e (/2 - w‘/z]
~0.1331 @) {wl/z +(n/2 - l//)l/z] 74
0.02553 G) [0 + (n/2 = )]

The root-mean-square error of the fit relative to the FEM data is
0.0041. This fit is plotted as a dotted curve in Fig. 8, but it lies
directly atop the FEM result.

Recall from Sec. 5.2 that in the special case of a circular disk,
the normal fluxes are equal and opposite on the interior and exte-
rior of the disk’s isothermal edges.

The average of Eq. (74) on 0 < y < /2 is

on )y On

4 4 32 4 5/2
— (1.069) = \/E —(0.1331)= <E) — (0.02552) = (E)
T\ 2 T \2 T \2

— (1_069)(2)\/% — (0. 1331)(2)\/2 — (0.02552)(2) (g) "

= 12718

oY) /2
= 2| 75)

(76)

For a shape factor St =1 [1] and AO = 2, the theoretical average
gradient is 2(2/n) = 4/n = 1.2732, indicated by a horizontal dot-
ted line in Fig. 8. The integrated result is lower by only 0.11%.

The computed temperature distribution along the adiabatic edge
of the disk, 0,, is shown in Fig. 9. The slope at the edges is con-
sistent with Eq. (66) for f = wand r = Z(n/2 — ) or r = =AY,
so that 6(r,0) = O, (y), for —n/2 < < 0. With MATLAB
curve-fitting routines, we again find coefficients that fit a polyno-
mial to the FEM results (plotted as a dotted curve atop the FEM
result in Fig. 9)

1 T I

— FEM
------ Least squares fit

Temperature, 6

~1 ! | !

—/2 -3n/4 0
Angle, y

Fig. 9 Temperature 0, along adiabatic disk edge in lower left
quadrant. Least-squares curve lies on top of FEM curve.
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Fig. 10 Heat conduction inside and outside a square with adiabatic horizontal sides, showing isotherms
and adiabats [1]: (a) interior region and (b) exterior region

0uc() = 1.071 [ (/2= )2 — "]
—0.1357 [(n/z — ) - 1/13/2] (77)

—0.0244 [(n/z _ ¢)5/2 _ 1//5/2}

The root-mean-square error of the fit is 6.4266 x 107>, The corner
solution fits the FEM result very well, despite the curvature of the
actual boundary. Relative to the corner solution, Egs. (66) and
(67), these fits suggest that ¢;=1.070, c;= —0.134, and
c3=—0.025.

The single-layer potential is defined as a = 90/9n — 90°/On
(Eq. (53)). For the disk, from Sec. 5.2, we know that
00°/On = —00/0n, and so the single-layer potential
a(y) = 200/0n.* Numerical evaluation of the integral in Eq. (65),
in MATLAB, using the a(y) fitted above, gives the expected con-
stant value of 1 to high precision: the average over ¥ of the inte-
gral is 1.0001 with a standard deviation of 0.00023.

7.2 Square With Isothermal and Adiabatic Sides. Suppose
that one side of a square has temperature 0 = 1, that the opposing
side has 0 = —1, and that the two separate sides are adiabatic.
The interior gradient is uniform and equal for the hot and cold
sides, from the easy solution for the interior of the square. The
integrals of the exterior heat flux over the hot side and over the
cold side must be equal and opposite for energy conservation.

We may observe from Fig. 10 that the adiabats, and thus local
heat fluxes, inside and outside the square are not the same. The
exterior flux is low in the center and increases greatly as the out-
side corners are approached. Further, the temperature variation
along the outside adiabatic boundary is not the same as that along
the inside adiabatic boundary: the interior has a linear temperature
distribution whereas the exterior changes steeply near the corners.

The exterior normal temperature gradient along an isothermal
edge of the square can be computed with MATLAB, as shown in
Fig. 11. Convergence of the FEM model is discussed in Appendix
B. Here, the numerical square is 2 x 2 with a temperature differ-
ence of A0 = 2. The shape factor for the exterior of a square is

“The function a(y) is continuously differentiable for 0 < < /2, and the
derivative is bounded on any closed subset of that interval, e.g., ¢ < < /2 —&.
From the mean value theorem, a() is Lipschitz continuous and, therefore, Holder
continuous on that subinterval. Near i = 0 and 7/2, the derivative is unbounded; but
we know these singularities to be integrable. We do not expect the
Sokhotski-Plemelj relation to apply at iy =0 and 7/2.

Journal of Heat and Mass Transfer

§¢=1 [1]; and, with the thermal conductivity normalized to
unity, the dimensionless heat transfer rate is Q.,, = 2.

7.2.1 Fitting Heat Flux and Temperature With Corner
Theory. Note that 90°/0n < 0 because the heat flows in the direc-
tion of the outward normal vector n. Corner theory, Eq. (70b),
superposed for the two corners, suggests fitting with this approxi-
mate form, where v € [—1, 1]

—90°/On =~ ¢, (1/3) [(v 1) (- v)_z/ﬂ

(78)

+c3(5/3) [(v + 1) 4 (1 - v)2/3]
(Note that the ¢, terms in Eq. (70b) cancel.) Using the FEM solu-
tion, we may fit the coefficients of the approximate form, yielding

—00°on = (0.8754)(1/3)[ (v + 1) + (1 =) ] ”

—(0.03087)(5/3) [(v 1) (- v)z/ﬂ

This approximation has a root-mean-square error of 0.0136, and is
plotted as a dotted curve in Fig. 11. The result is easy to integrate

+1 e .
_J a0 dv = (0.8754) [(V+ 1)1/3 (- v)1/3] 1
—1 on _ (80)
; 5/3 +1
—(0.03087) [(V + 1P —(1—v) ] B
— 4/3 8/3
= (0.8754)2*° — (0.03087)2 -

=2.2059 — 0.1960 = 2.010

which is within 0.49% of the expected value, Qexl = 2. The exte-
rior normal gradient can be compared to the interior normal gradi-
ent, which is 90/9n = 1 and is shown as a dashed line in Fig. 11.

The temperature on the external adiabatic side of the square,
Oqc, s shown in Fig. 12. The exterior temperature is clearly differ-
ent than the linear temperature distribution inside the square. A fit
t0 O, with u € [—1, 1], is

0:=09044 [(u+ 1) — (1 - )]
1

5/3 5/3
+0.07753(2u) —0.09277 [(u +1)7 = (1 —u) ] (82)

[ c3
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3 | | | | | | |

—— Exterior gradient (FEM)
------ Least squares fit

6 ---- Interior gradient (theory)

Exterior normal gradient, —06¢/dn
B~
T
|

Position, v

Fig. 11 Exterior normal gradient, —d6°/dn, along hot isother-
mal edge of square. The interior normal gradient, 30/dn =1 for
all y. Least-squares curve lies on top of FEM curve.

(Here, ¢, was constrained to make 0, = *£1 at the endpoints:
2¢; = 1 — ¢12'3 — ¢325/3.) This fit has a root-mean-square error
of 0.0025; it is plotted as a dotted curve in Fig. 12. The value of ¢,
for the temperature fit and the flux fit differ by 3.3%, likely as a
result of the limited FEM resolution of the flux singularity.

We have both the interior and exterior gradient, so we are able
to find the potential density, a(v), from its definition, Eq. (53),
with 90/0n = 1 on the inside and our fit for 96°/dn, Eq. (79)

a"(v) = 00/0n — 00° /on
= (0.8754)(1/3) {(v +1)7P (- v)‘2/3] +1 0 (83)

— (0.03087)(5/3) [(v 1) (- v)m]

Similarly, we have b(u) along the adiabatic edges from its defini-
tion, Eq. (54), along with 0° from Eq. (82) and 0 = u

1 | | | | I |

— FEM
------ Least squares fit

Temperature, 6

Position, u

Fig. 12 Temperature 0 along the exterior adiabatic edge of a
square. Least-squares curve lies on top of FEM curve.

031401-12 / Vol. 145, MARCH 2023

b(u) = 0° — 0
— (09044) [(w+ 1) — (1 =)'

— (0.84494)u — (0.09277) [(u + 1" = (1 - )*"]
(34)

7.3 Induced Flux on a Square: Kernels and Integration.
We may now evaluate Eq. (60) for the square. The configuration
is illustrated in Fig. 13. On the hot side, parameterize the location
of s with a coordinate 5. On the cold side, parameterize & by &,
and on the adiabatic sides, use &, and &,. All four coordinates are
€ [-1,1]. Then

cos(§ — s, ny) = cos(m — o) = —cos o = _ﬁ 85)
so that
OE(s) _cos(é—sm) 1 !
o eSSl AesE Ay ()]

(86)

This kernel would vanish if ¢ were on the hot side.
For one adiabatic side, as shown, with Eq. (22), letting I = n¢
and k = ny, so that y = fand y = ff + /2

PENG) | _0Di(s|&) _ cos(y+ )
mon: |, ok  2mw? (87a)
_ cos(2f + n/22) _ sin(2p) - 2SlnﬁCOSf &7h)
2mfs — &)| 2ns — & 2mls — &
_ 0+90-8&) 2 70
522
77:[(1 +87+(1-&) ]
And, for the other adiabatic side
2 _a _ %
885(2\51) _ 1-90-¢) -
e i+ (1-8)]
+1 +1
cold hot

-1 521 +1
ng

Fig. 13 Configuration for kernels on a square
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With these kernels, Eq. (60) can be written

JFQJ ;a(é)aEO(fJS) dlédls+L_Q OilJ.rgb(i)af;(nf) dl: »HSdls
:—JHJHaf(%) 1 das
-1l n[4+(§—&)2]
TpE) (L (=9)0-¢)
+J71J71 T [(1—§)2+(1—E)2}2
n (1+5)(1-¢) ; dkds
[(1+§)2+(1—%)2
[ e (153 e (559
)] 1 (1-¢) B
+J1”[(1—é’)4+(1—&)2}d6_0
(89)

We may use our fits for ¢ and b to evaluate these integrals
numerically. MATLAB produces for the first integral 0.548312
and for the second integral 0.538924. The difference, 0.00938763,
is 0.86% of the sum of the two values, comparable to the accuracy
of the fits for @ and b. We conclude that the net induced flux is
zero to within the accuracy of our fitted potentials.

8 Interior and Exterior Shape Factors Are Equal

The heat conduction shape factor may be evaluated with
Egs. (4), (58), and (60).
The shape factor for the interior problem is

S = J 9 dl; (90a)
l"f ans
:J J J C' ) dlzdl,
r rJe; s
(90b)
0E( 1)
+[r” \11}1}1 6n\J b(¢) o dlgdl,
_ J as) g, (90¢)
o 2

For the exterior problem, the normal vector changes sign

a6° C96°
e | Lo Lo 1
s Lg e di Jr}(f o 9la)
=J as) 4 fJ J | ) dldl,
r 91b)
) 8E(x|g)
, Lh im0 Jrub(é) e dicl
:[ as) g ©1c)
r 2
Thus
§¢ = J a(s) dly =§' 92)
O 2
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9 Comments on Lienhard (2019)

In my 2019 paper [1], I showed that the present integrals
Egs. (90a) and (91a) were invariant under conformal mapping and
consequently equal, as shown here using boundary integrals. The
present work additionally implies that the integral of the potential
density a(¢) is invariant under mapping.

The boundary integral analysis of the disk in Ref. [1] applied
the Poisson integral formula with the assumption that that temper-
ature inside and outside an adiabatic edge of the disk was the
same (when comparing Eqs. (13) and (17) in Ref. [1]). The results
of Sec. 5.2 in the present paper justify that assumption for the spe-
cial case of a disk, while showing that the assumption cannot be
used in the general case.

The Green’s function analysis in Ref. [1], for a Dirichlet
boundary condition, provides the correct Green’s and influ-
ence functions for the interior and exterior of the disk.
Unfortunately, the change of normal derivative between Egs.
(45) and (46) in Ref. [1] are not justified for cases other than
the disk. The present work, which properly accounts for dis-
continuities of the normal derivative, shows that the final
conclusion is nevertheless correct for arbitrary shapes
(Eq. (92)). In addition, Eq. (36) in Ref. [1], while correct for
the disk, does not hold in more general cases. The present
work, using known kernels rather than Green’s functions, rec-
tifies those shortcomings.

10 Summary and Conclusions

We have considered heat conduction inside and outside 2D
closed curves that have two isothermal segments at different tem-
peratures separated by two adiabatic segments. We have formu-
lated the mixed boundary value problem using simple and double
layer potentials, under the condition of zero net heat transfer to
the far field. The results found are:

(1) The outward normal temperature gradient for the region
interior to an isothermal boundary is the sum of one-half
the local boundary source density and integrals represent-
ing the gradient induced by sources and dipoles on other
parts of the boundary (see Eq. (58)). For the region exterior
to that boundary, one-half the source density is subtracted
when computing that same gradient.

(2) The induced flux has the same magnitude and orientation
for the regions interior and exterior to the boundary. The
flux of the local source density flows away from the bound-
ary on each side. As a result, the combination produces
unequal normal heat fluxes on the regions interior and exte-
rior to an isothermal segment of the boundary. In addition,
the temperatures are unequal for the interior and exterior of
an adiabatic segment (see Eq. (59)).

(3) In the special case of a circular disk, the induced flux is
zero, with the results that: (a) the outward normal fluxes are
equal and opposite on either side of an isothermal section
and (b) the temperatures are equal on each side of an adia-
batic segment (Sec. 4.4.2).

(4) The integral of the induced flux over the length of either
the hot or the cold boundary is zero for either the interior or
the exterior region (see Eq. (60)). This behavior is analo-
gous to the behavior of the induced charge on an
ungrounded conductor in electrostatics.

(5) Numerical solutions for the source density, a(¢), and the
dipole density, b(¢), are given for a circular disk
(Schwarz’s problem) and for a square. The numerical
results accurately fit the theoretical forms for corner singu-
larities and show an induced flux that integrates to zero
(Sec. 7).

(6) Potential theory, like conformal mapping [1], shows that
the interior and exterior conduction shape factors are equal
(see Eq. (92)).
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(7) An adiabatic boundary at a large but finite distance from %
will produce nearly the same exterior behavior as the solu-
tion for 6 — 6> as r — oo (Appendix A).

Nomenclature
Roman Letters

a = simple layer (source) potential distribution,
Eq. (53)
b = double layer (dipole) potential distribution,
Eq. (54)
% = boundary contour
¢, = coefficient of corner series, Eq. (66)
D(x|f) = potential at x of dipole with orientation / at 7,
Eq. (15a)
dl = differential length along contour
E(x|t) = potential at x of source at z, Eq. (6)
e,, e, = unit basis vectors in polar coordinates (r, y)
h(s) = dimensionless boundary temperature
Hiax, Nies = FEM parameters, see Appendix B
k = unit vector in the & direction
KW, 1) = see Eq. (64)
1 = unit vector in the / direction
m = summation index
n = unit normal vector
O = heat flow rate (W/m)
0., = dimensionless heat flow rate out of square
r = radial coordinate
R = region inside curve
% = radius of disk
R¢ = region exterior to curve
5,8 = point on contour, vector to point
S = shape factor, Eq. (4)
t, t = point in the plane, vector to point
T = dimensional temperature (K)
u, v = Cartesian coordinates, Fig. 10(a)
X, X = point in the plane, vector to point
z = point on % in the complex plane

Greek Symbols

o, O, B, 7, 0, = angles (by context)
I' = section of contour
d(x — t) = Dirac delta function
¢ = a small number
n. = see Eq. (66)
0 = dimensionless temperature
0, = see Eq. (47a)
/ = thermal conductivity (W/m-K)
¢, & = point on %, vector to point
o = surface in 3D
¢ = angle in polar coordinates
¢, ® = see Eq. (41)

Superscripts and Subscripts

a = adiabatic
ae = adiabatic edge

¢ = cold
e = exterior
h = hot

i = isothermal, or interior

oo = atr — oo
0 = polar coordinate for 7 or &
"= coordinate for point

Acronyms

FEM = finite element method
2D = two dimensions
3D = three dimensions
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Appendix A: Far-Field Temperature, Mean Tempera-
ture on %, and Adiabatic Outer Boundary

Consider first the far field (|x| =r — o). Beginning with
Eq. (55)

0 (x) = 0% +[ a(O)E(E) di; +J p(e) 22U 4y

Jri re On¢

we may introduce the far-field asymptotic forms of the two ker-
nels for » — oo from Egs. (13) and (14) to write

0° (x) ~ 0% + J a(?) {filogr +i?cos(¢ — o)+ } dl;

21 21
(A2)

i

+Lub(é){ i—i"—°cos<¢—¢o>—-~} di; (A3

C2mr 2n2

where x = (r, ¢) and & = (ry, ¢), and applying Eq. (35)

) 1
=0"+ %Jr‘a(é)ro cos(¢p — ¢y) dle (Ad)
,LJ b(E) dl; + @(l) (A5)
27r Jra : r?

Because 1/r is not a solution of the Laplace equation in polar
coordinates (cf. Eq. (23)), we must have [b(&)d¢ = 0. It follows
that the far field of temperature is:

0 (x) = 0 +LJ'r’_a(g)r0 cos(h — o) dl + @(%2) (A6)

27nr

The integral may be adjusted with trigonometric identities
|| a@rcos(s — au)ai
o

= [ ,a(f)ro(cos ¢ cos ¢y + sin ¢ sin ) dl; A7)

i

= cos qﬁJ a(&)rocos ¢ dl: + sin d)J. a(&)rosin g di;
i
=Acos¢ + Bsin¢ = Ccos(¢p — «)

where A and B are defined as indicated, C? = A2+ B? and
tano = B/A. Thus, the far field decays to 0™ plus a dipole of
strength C and orientation o (cf. Eq. (15a))

Ccos(¢p — o)

0°(x) = 0>
*) + 2mr

1

+ @(—2) asr — oo (A8)
r

Now consider the average temperature on %, noting Eq. (56)

J 0°(s) dl; = HWJ dls—i-J J a(&E(s|¢) dl dls
@ % @)1 A9)
9E(32) (

+ b(& dl:dl
J{fjr ©) Ong :

The last two integrals are, in general, not equal to zero. However, in
cases with sufficient symmetry, they can be zero; and then the far
field temperature required for zero far-field heat transfer is simply
the average temperature around the perimeter. As an example, con-
sider the square shown in Fig. 10(a): the effect of the single integrals
of a and of b on points s to the left of x =0 is clearly opposite to their
effect on points to the right of x =0. According, the contributions of
each of those integrals to the integral on s around ¢ will cancel.
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Table2 Convergence of FEM results inside the disk

Hmax %eff N

0.1 0.9999 0.9069
0.05 0.9999 0.9314
0.01 0.9999 0.9692
0.005 0.9999 0.9782
0.005 0.99999 0.9788
0.001 0.9999 0.9963
0.001 0.99999 0.9986

And, as a counterexample, suppose that one isothermal bound-
ary of the square is replaced by a deeply and densely V-grooved
isothermal boundary at the same temperature. The corrugated
boundary has a much greater length than the boundary it replaced,
but much of that boundary will have low heat flux. Consequently,
although the lengthy corrugated boundary will dominate the aver-
age temperature on ¢, the total heat transfer may not be much
increased. The far-field temperature for which heat flows only
between the isothermal boundaries is not as strongly affected.

Finally, we note that Eq. (A8) shows that the heat flux decays as
©(1/r?*) for r — ooc. Thus, an adiabatic boundary at a finite distance
from & will closely approximate the result for 0 — 0> as r — oo.

Appendix B: Finite Element Method Convergence

Convergence of the FEM model for the disk is shown in
Table 2, for S (or 90/0n) approaching the theoretical value of
one. Here, H,,x is the maximum mesh size of the FEM mesh.
Mesh convergence to S =1 is rapid. A radius % < 1 is used for
interpolation of the FEM calculation onto the curve defining the
disk edge, so as to avoid NaN errors. The number of interpolated
grid points, N5, was set to 1001 after testing grid convergence.
The results in Figs. 8 and 9 are for Hy,x = 0.001.

For the square, the FEM code has some difficulty capturing the
singularities at the corners. The first approach was to apply the code
used for Fig. 10(b), which simulates the full perimeter of the square
(see description in [1]). Table 3(a) shows the result of successive
mesh refinements for that code (only Hy,,c shows slow grid conver-
gence), where O, is the dimensionless heat flow out of one isother-
mal edge of the square. The mesh used was not adaptive, and the
simulations were slow to converge. (The 0.005 mesh required a 66
million node FEM computation, taking about 4 h on a laptop.)

Table 3 Convergence of the uncorrected FEM results outside a
square toward the theoretical value of Q¢ =2: (a) full-square
simulation and (b) quarter-square simulation

Hinax Nres Qexl
(a)
0.4 2001 1.1346
0.2 2001 1.3052
0.1 2001 1.4446
0.05 2001 1.5588
0.025 1001 1.6512
0.025 2001 1.6513
0.0125 1001 1.7262
0.0125 8001 1.7275
0.005 2001 1.8047
Hinax R Qex[
(b)

0.0500 6 1.650
0.0500 8 1.591

0.0500 9 1.576
0.0500 10 1.565
0.0500 11 1.557
0.0500 12 1.551

0.0050 9 1.8252
0.0025 9 1.8712

Journal of Heat and Mass Transfer

The code can be improved by switching to a quarter-square
simulation, with a circular outer boundary of radius # and N,.s =
2001 (Table 3(b)). The region simulated is substantially smaller,
allowing a finer mesh to be used without exceeding MATLAB'’s
maximum matrix size of 32 GB. At large radius, the solution is
essentially isothermal, and value of # =9 seems adequate to
maintain the outer boundary condition accurately.

The results in Figs. 11 and 12 are for Hp, = 0.005,
Nies = 1001, and # = 9 on a half-square model.

The gradient computed by the FEM code at the last few grid
points near the corner goes to an unphysical value of zero: the
actual gradient vector is undefined at the corner, but its magnitude
tends to infinity as the corner is approached along an isothermal
edge. A simple correction to the integral for Q.,,, addressing the
lost area near the corner, can be made as follows. We integrate
the fit Eq. (79) from —1 to a position slightly away from the singu-
larity, —1 + dy. That area is ~(0.8754)(8y)"/>. Then, the numeri-
cal integration of the FEM result may be confined to |y| < 1 — dy;
and when ‘2(0.8754)((5y)'/3 is added to the numerical integral,
we obtain Q. = 2.0202, with the following MATLAB inputs: Hpax
= 0.005, Nyes = 1001, oy = 0.01, and #=9. The uncorrected
value is Q. = 1.8213, and the theoretically known value is
Qe = SAO = 2. The distance dy must be large enough to avoid the
unphysical gradient, 0, that the FEM code returns at |y| = 1.

References

[1] Lienhard, J. H., V, 2019, “Exterior Shape Factors From Interior Shape Factors,”
ASME J. Heat Transfer-Trans. ASME, 141(6), p. 061301.

[2] Stakgold, 1., 1967, Boundary Value Problems of Mathematical Physics, Vol. 2,
Macmillan, New York.

[3] Nehari, Z., 1952, Conformal Mapping, McGraw-Hill Book Company, New York.

[4] Kellogg, O. D., 1929, Foundations of Potential Theory, Verlag Von Julius
Springer, Berlin, Germany.

[5] MacMillan, W. D., 1930, The Theory of the Potential, McGraw-Hill Book
Company, New York.

[6] Morse, P. M., and Feshbach, H., 1953, Methods of Theoretical Physics,
McGraw-Hill Book Company, New York.

[7] Martinsson, G., 2014, CBMS Conference on Fast Direct Solvers, Dartmouth
College, Lectures 1 and 8, Hanover, NH, accessed Oct. 17, 2022, https://math.
dartmouth.edu/~fastdirect/

[8] Atkinson, K. E., 1997, Boundary Integral Equations on a Piecewise Smooth
Planar Boundary (Chap. 8, Cambridge Monographs on Applied and Computa-
tional Mathematics), Cambridge University Press, Cambridge, pp. 384-426.

[9] Atkinson, K. E., 2012, “Boundary Integral Codes for the Planar Laplace Equa-
tion on Interior or Exterior Regions Having Dirichlet or Neumann Boundary
Conditions,” MATLAB Codes for Planar Regions, Software package, Univer-
sity of Iowa, Ames, IA, accessed Oct. 24, 2022, https://homepage.divms.
uiowa.edu/~atkinson/laplace.html

[10] Green, G., 1828, An Essay on the Application of Mathematical Analysis to the
Theories of Electricity and Magnetism, Author, Nottingham, UK.

[11] Poincaré, H., Le Roy, E., and Vincent, G., 1899, Théorie du Potentiel Newto-
nien: Lecons Professés a la Sorbonne Pendant le Premier Semestre 1894-1895,
Georges Carré et C. Naud, Paris, France.

[12] Xu, Y., Chen, H.-L., and Zou, Q., 2004, “Limit Values of Derivatives of the
Cauchy Integrals and Computation of the Logarithmic Potentials,” Computing,
73(4), pp. 295-327.

[13] Muskhelishvili, N. 1., 1946, Singular Integral Equations: Boundary Problems
of Function Theory and Their Application to Mathematical Physics, P. Noordh-
off N.V., Groningen, Holland.

[14] Jackson, J. D., 1999, Classical Electrodynamics, 3rd ed., Wiley, New York.

[15] Giinter, N. M., 1967, Potential Theory and Its Applications to Basic Problems
of Mathematical Physics, Frederick Ungar Publishing Co, New York (Origi-
nally published in French in 1934. This edition is an English translation of a
later Russian edition).

[16] Schmidt, E., 1914, “Bemerkung Zur Potentialtheorie,” Mathematische Abhand-
lungen H. A. Schwarz Gewidmet, J. Springer, Berlin, pp. 365-383 (Mathemati-
cal Treatises dedicated to Hermann Amandus Schwarz by friends and students
on August 6, 1914 to mark the 50th anniversary of his doctorate).

[17] Hinrichsen, J. J. L., 1935, “Note on Potential Theory in n-Space,” Am. J. Math.,
57(4), pp. 921-927. B

[18] Schwarz, H. A., 1869, “Uber Einige Abbildungsaufgaben,” J. Die Reine
Angew. Math., 70, pp. 105-120.

[19] Igarashi, H., and Honma, T., 1996, “A Boundary Element Method for Potential
Fields With Corner Singularities,” Appl. Math. Modell., 20(11), pp. 847-852.

[20] Atkinson, K., and De Hoog, F., 1984, “The Numerical Solution of Laplace’s
Equation on a Wedge,” IMA J. Numer. Anal., 4(1), pp. 1941.

[21] Kobayashi, S., Nishimura, N., and Kawakami, T., 1984, “Simple Layer Poten-
tial Method for Domains Having External Corners,” Appl. Math. Modell., 8(1),
pp. 61-65.

MARCH 2023, Vol. 145 / 031401-15

U/E612.69/1 07 LEO/E/S | APd-ajoilE/IajSUBI)EaY/BI0"aWSE UONDB||00|e)BIpaWSE/:dllY WOl PapEojumMOd

€0 Gvl ]

€202 YOIBIA G| UO Josn "Yoa L JO Isu] spesnyoessely Aq jpd”|LoyLEO


http://dx.doi.org/10.1115/1.4042912
https://math.dartmouth.edu/~fastdirect/
https://math.dartmouth.edu/~fastdirect/
https://homepage.divms.uiowa.edu/~atkinson/laplace.html
https://homepage.divms.uiowa.edu/~atkinson/laplace.html
http://dx.doi.org/10.1007/s00607-003-0072-4
http://dx.doi.org/10.2307/2371029
http://dx.doi.org/10.1016/j.ymssp.2016.09.007
http://dx.doi.org/10.1016/j.ymssp.2016.09.007
http://dx.doi.org/10.1016/S0307-904X(96)00091-1
http://dx.doi.org/10.1093/imanum/4.1.19
http://dx.doi.org/10.1016/0307-904X(84)90180-X

	s1
	FD1
	FD2
	FD3
	l
	FD4a
	FD4b
	s2
	s2A
	FD5
	FD6
	FD7
	FD8
	FD9
	FD10
	FD11
	FD12
	FD13
	FD14
	s2B
	FD15a
	FD15b
	1
	s2C
	FD16
	FD17
	FD18
	s2D
	FD19
	FD20
	FD21
	FD22
	2
	3
	4
	s2E
	FD23
	FD24
	s3
	FD25
	FD26
	FD27
	s3A
	FD28
	FD29
	FD30
	FD31
	FD32
	FD33
	FD34
	s3B
	FD35
	s3C
	FD36a
	FN1
	FD36b
	FD36c
	FD36d
	FD36e
	FD37
	s4
	s4A
	FD38a
	FD38b
	FD39a
	FD39b
	FD39c
	FD39d
	FD40
	s4B
	FD41
	FD42
	FD43
	s4C
	FD44
	5
	FD45a
	FD45b
	s4C1
	6
	FN2
	s4D
	s4D1
	s4D2
	s4E
	FD46a
	FD46b
	FD47a
	FD47b
	FD47c
	FD48
	FD49
	s5
	FD50
	FD51
	FD52
	FD53
	FD54
	FD55
	FD56
	FD57
	FD58
	FD59
	s5A
	FD60
	FD61
	s5B
	7
	FN3
	s5B1
	FD62
	FD63
	FD64
	FD65
	s6
	s6A
	FD66
	FD67
	FD68
	FD69
	FD70a
	FD70b
	FD71
	FD72
	1
	T1
	s6B
	FD73a
	FD73b
	s7
	s7A
	FD74
	FD75
	FD76
	FD77
	8
	9
	s7B
	s7B1
	FD78
	FD79
	FD80
	FD81
	FD82
	10
	FN4
	FD83
	FD84
	s7C
	FD85
	FD86
	FD87a
	FD87b
	FD87c
	FD88
	11
	12
	13
	FD89
	s8
	FD90a
	FD90b
	FD90c
	FD91a
	FD91b
	FD91c
	FD92
	s9
	s10
	app1
	FDA1
	FDA2
	FDA3
	FDA4
	FDA5
	FDA6
	FDA7
	FDA8
	FDA9
	app2
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	2
	3

