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of the incident radiant energy can be reflected from the body boundary. The problem is
mathematically described by a nonlinear partial differential equation subjected to a nonlin-
ear boundary condition involving a Fredholm operator which arises from the non-convexity
of the body. In this problem the absolute temperature distribution is the unknown, as in
the case of a black body. The Kirchhoff transformation is employed to linearize the partial
differential equation, giving rise to new boundary conditions. The solution of the problem
is constructed by a proposed iterative procedure, employing sequences that involve the
temperature and the radiosity. The convergence is explicitly demonstrated. Besides, an error
estimate, for each element, is presented. It is remarkable that the results obtained for black
bodies are a particular case of this work. In other words, the results presented in reference
[1] consists of a particular case of this paper, obtained when the emissivity is equal to one.

1. Introduction

Although many times the black body assumption may be a good approximation for engineering purposes, thermal radiant energy is emitted,
absorbed and reflected by any real body. This article may be considered as a generalization of [1], aiming at a more realistic description,
since real bodies boundaries actually reflect part of the incident radiant energy.

When the body is surrounded by a rarefied atmosphere or when the temperature levels are high, this thermal radiation exchange must be
taken into account. As a first approximation, the body could be treated as a blackbody. Nevertheless, a blackbody [1] does not reflect thermal
radiant energy and, many times, this fact does not allow a good mathematical description for bodies in which the reflection is not negligible.
The simplest physical model for taking into account the reflection of thermal radiant energy is based on the gray body assumption. This
assumption may be regarded as an improvement of the black body hypothesis, since it takes into account the reflection of thermal radiant
energy. In other words, it is allowed that a part of the incident thermal radiant energy is not absorbed, but reflected.

When the body boundary is assumed to be opaque, a conduction heat transfer process takes place inside it, while a thermal radiation heat
transfer takes place from/to the body boundary.

In this work the body boundary is assumed opaque and gray. In other words, it is assumed that, after reaching the boundary, the incident
thermal radiant energy be divided into two parcels: one reflected and one absorbed (transferred to the inner part of the body by conduction
heat transfer).

Non-convex bodies are characterized by a direct thermal radiant energy interchange among non-neighboring points on body boundary, since
from all the energy coming from body boundary a portion of the emitted and a portion of the reflected thermal radiant energy reaches directly
the same boundary. This effect causes more complex boundary conditions [2], [3].
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Figure 1.2: A nonconvex body. Radiant interchange among points on the boundary must be accounted for.

The mathematical modeling of the energy transfer process in a gray body is the subject of this work, in which it is assumed that the body may
be non-convex and may have a temperature dependent thermal conductivity. The considered phenomenon can be found almost everywhere,
since most bodies are not convex and possess conductivities that depend on the temperature.

Thermal radiation heat transfer and conduction heat transfer coupling occurs on the boundary of the body, since the normal heat flux must be
continuous at any boundary point. So, an inherently nonlinear boundary condition must be satisfied.

In addition, conduction heat transfer is the energy transfer in the interior of the body. An elliptic partial differential equation [4] describes
this steady-state conduction heat transfer. This partial differential equation becomes nonlinear in case of temperature-dependent thermal
conductivity.

The thermal conductivity depends on the temperature [5], [6], [7], [8] and on the pressure [9] for all real materials. Under the rigid body
assumption, in some cases, these dependences may be disregarded. However in some cases, it is important to consider a temperature-
dependent thermal conductivity, since a body can experience large variations of conductivity [10],[11],[12],[13],[14].

Thermal radiant energy is emitted from all the points on the boundary of any real body because all the body points are at a temperature level
above the absolute zero. In addition, there is a reflection of thermal radiant energy from all the points on the boundary which receive any
thermal radiation.

This body may be represented by the bounded open set 2. When Q is not convex, a part of the thermal radiant energy emitted and/or
reflected from body boundary will reach, directly, the body, acting as an external temperature dependent heat source.

Assuming the body rigid, opaque and at rest, the energy transfer process inside Q occurs solely by conduction heat transfer.

So, there is a coupling between a conduction heat transfer (inside Q) and a thermal radiant heat transfer (from/to d€), concerning the energy
transfer.

The main objective of this work is to construct the solution for the steady-state energy transfer process in a gray body with temperature-
dependent thermal conductivity. Also existence and uniqueness of the solution of this solution are demonstrated.

Reference [1] may be considered as a particular case of the present work, which arises when the emissivity is equal to one (that means black
body).

The mathematical description for a gray body is much more complex than the description for a black body, due to the boundary conditions.
These boundary conditions must take into account that only a part of the incident thermal radiant energy is absorbed.

2. Mathematical description

The following partial differential equation [15], [16] describes the conduction heat transfer process inside 2, considering steady-state regimen

V- (kVT)+¢=0, in Q, k=k(T) Q2.1

in which ¢ represents a known nonnegative field (an internal heat source) and & is the thermal conductivity, a real positive-valued quantity
depending on the temperature 7 .

Since k = k(T'), equation (2.1) is not linear.

Considering a gray body, the thermal radiant energy emitted from a point on the boundary dQ (per unit time and per unit area) is given by
80\T3 |T. In this expression, the Stefan-Boltzmann constant is represented by o, while the emissivity is is represented by €, being such that
0 < &<1.When ¢ =1 the black body hypothesis is assumed [15]. The incident thermal radiant energy at a given point x € dQ (per unit
time and per unit area) is given by [17],

H=A(x) = /y o B KdS+5(x), K=R(xy) Vx € 90 2.2)

in which B = B(x) is called radiosity (the sum of both emitted and reflected energy at a given point on the boundary). In equation (2.2) two
effects are considered: the existence of an external thermal radiant source, s = §(x), and also the thermal radiation effect which emerges from
points on dQ and reaches the point x € dQ. The quantity T = 7'(x) in (2.2) stands for the absolute temperature at the point x € JQ.
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The kernel K depends solely on the shape of Q [17], being such that

og/ KdS=a(x)<p <1, Vx € 90 2.3)
yeEIQ

in which B is a constant.

The difference between the emitted and the absorbed thermal radiant energy is called thermal radiant heat flux from/to body boundary and is
expressed in this work as ggap. This difference is exactly the difference between the radiosity and the incident thermal radiation. In other
words,

4RAD =B—H on 89

B=¢eo|T*T+(1—-¢)H

in which (1 — ¢) is the reflectance, since the body is opaque [17]. In a more convenient form

B=B(x)ec|T(x)PT(x) +(1—¢) /y o B KdS+5(x), Vx €90 Q2.4)

Once T is known, equation (2.4) is a Fredholm integral equation of the second kind.

The continuity of the normal heat flux across the boundary is ensured when the normal conduction heat flux equals the thermal radiant heat
flux on 9Q.

In consequence,

q-n=—kVT-n=B—H, on dQ

V- (kVT)+¢=0 in Q

—kVT -n=B—H on 9dQ
B=eo|T3|T+(1—¢€)H on 9Q (2.5)

H=3[B]+ on 9Q

in which the unknown is the absolute temperature field 7' and the linear operator 3[B] is defined by
3[B] = / B(y)KdS, xcdQ
JyeoQ

3. The Kirchhoff transformation

In order to employ the Kirchhoff transformation, the first step is the definition of an operator X such that [18]

X(7] :/Otf(é)dé (.1)

At this point one can take advantage of the fact that V- (kVT) = V- (V). In this case, the following differential equation is satisfied by the
function @ = X|[T]

V- (Vo)+4=0, in Q (3.2)

Once ¢ is known, equation (3.2) is linear.
Considering any real material, the thermal conductivity k is always a positive valued function. Actually, for any material, the thermal
conductivity has a positive lower bound and the following inequality always holds

KT)>6>0 foranyT, &= costant

So, the existence of the inverse of the Kirchhoff transformation, denoted by 7' = X -1 [@] is automatically ensured.
At this point it is convenient to use the Kirchhoff transformation to express the considered problem (problem (2.5)) in terms of the variable @

V- (Vo) +¢=0 in Q
—Vo-n=B—-H, on dQ

B=eo|TPT+(1—€)H, on IQ (3.3)
H=3[B]+s, on dQ
T=x"0)
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in which the unknown is . It important to note that the determination of @ leads to the unique determination of the absolute temperature.
Problem (3.3) may be also represented as

V. (Vo)+¢=0 in Q
~Vo-n=eo|T]PT —&(3[B]+s) on 9Q

B=¢o|T]PT+(1—¢)(3[B]+s) on 0Q (3.4)
T=X"0)
3[B] = y€()QB(y)KaI& X €0Q

4. Constructing the solution of problems with nonconvexity effects

To reach the solution of problem (2.5), the sequences [CI>1 D2 D3 .] and [‘I‘l 2R Z .] will be constructed. Their elements are obtained
from

V- (V¥4 4=0, in Q
— (V¥ . n=go|d ! Po ! — (I3[0 +5), on IQ

Ot = eo|d TPt 4 (1-¢)(3[07] +5), on IQ 4.1)
o= xP]
i=1,2,3,...

in which

S[@i]:/ O'(y)KdS, x€dQ |, i=1,273,...
JyeoQ

and in such a way that

® = lim ¥ and T = lim &'

i—o0 i—oo

with ®° = 0 and ®° = 0. The existence of each element of the sequences is ensured from the coerciveness of the associated operator [19],

(11

Proposition 4.1. The solution of the problem (3.3), denoted by T and such that @ = X [T), is the limit of the sequence [®' & &3, ...]
whose elements are obtained from (4.1), with P =0and ®° =0.

Proof. (Part one).
The fields ®! and ¥! are non negative.
Since ¢ > 0, the following nonempty subset dQ~ may be defined

aQ~

{x€9dQ suchthat (V®')-n<0}

inf®! = inf®' = inf P! 4.2
Q Q Q-

and, from the boundary conditions of (4.1),
ec|®'Pd' —£(3[@°]+5) >0 on 9Q” = eo|®' D' —e5>0 on IQ”

®'>00n 0Q = i&f(blzo

Therefore, from (4.2),

.q;lA
‘PI:R[CDI]:/O KEYIE>0 on 00~ = W'>0in Q

and, from (3.1),

®'>0in O 4.3)
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Proof. (Part two). ' ) . )
The fields @ and W are such that di*! > @' and pitl >yl
From (4.1) it comes that

V- (VW ) =0, in Q
—(V@H @) .n=go|d POt — g0l P — (4.4)
—(e3[@] +5) — (e3[O "] +5), on IQ

Now the nonempty subset BQi_H may be defined as

Q. ={x€dQ suchthat (V@ — &) -n <0}

such that
inf(PiH! — @) = inf(P*! — @) = inf (P! — @i 45
IQ( ) lag( ) inf ( ) 4.5)

i+1

eo|® P! —eo]@/ P > £(3(0]-3[O']) on 90,

Therefore, considering that (4.3) is verified and 0 =0,

@' = 0| PR +(1-€)s>0 on 9Q = 3[0']>3[0° on IQ

Thus,

&2 —d! >0 on 29,

w2yl >0 on 90,
Hence, from (4.5)
inf(¥? — @) =inf(¥2 — W) = inf (P2 -¥) = ¥ >¢! inQ
Q Q. 209y

and, consequently

P2>D! on IQ and ©*>0' on IQ

The above procedure can be repeated in order to lead to the conclusion that ¥3 > W2 in Q, that & > &2 on dQ and also that ®° > @2 on
dQ. So, the following may be written,

pitl > gl i 0 , T > on IQ and ' >0 on IQ (4.6)

The above result (2.3) is very important because it allows ensuring that the sequences [¥!, %2 W3, .. ], [®!,®2 &3,...] and [0',0%,03,.. ]
are non decreasing.
O

Proof. (Part three). Convergence of the sequence [@!,@% @3, ...].
Now one should prove that the sequence [@!, 02,6, .. .] converges in the norm of L! (0Q). To achieve this objective problem (4.4) is
considered, allowing to conclude that

/a (ec|@ 1 P! — eo|d Poi)ds = e(®(y) — & (y))Kds
Q

XEJQ /yeaQ (

Considering the following property of the kernel K(x,y) = K(y,x), equation (2.3) enables to write

/ £G(\<I>i+l|3d>i+1f|¢>"|3<I>")dS§B/ e(@ -0 1ds 4.7
20 29

In addition, from (4.1)

0 -0 =eo(|@ D — | P+ (1—) (3]0 -3[O67?)) (4.8)
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Equation (4.8) enables to write

/(;Q((a" —@has= /9930(|¢f|3¢f — o P s + /‘;Q(l —£)(3[0 ] - 3[O2))ds

and, from (2.3), the following inequality comes

o —@! dS</ eo(|@ P — @R as + / 1—&) (@' —02)ds
/(m( ) < | (| [P ) ﬁ'm( ) )

Now, taking equation (4.7) into account, the following holds

/lm(ca’e@f—l)dsgﬁ/ms(@i—‘ f®i‘2)dS+B/(QQ(lfe)(®i" _ @ 2)ds

and, hence,

i il -1 @i-2
/99(6 ® )ngB/aQ(G) @ 2)ds

Since ®+! > @' there is a contraction, ensuring the convergence of the sequence [®',®2,@3,...] in L' (9Q).
In addition, for any integer i > 0

1O —&l|p1a0) = /89(6"+1 ~©')ds < p /(;g ®'ds = Mp’ 4.9)

in which M is a positive constant. Therefore it follows that

0~ =1im@® on dQ, with O~ cL'(9Q)

i—oo
O

Proof. (Part four). Convergence of the sequence [d>1,<I>2,d>3, ...] on the boundary.
At this point the convergence of the sequence [®! D2 D3 .] can be demonstrated . Aiming to this, one can consider again (4.4), to write

eoq>i+‘3q>i+1—ecc1>i3cpidsz/ / e(®/(y)— 0" !(y))Kds
| (eole™| @Peas= [ [ @) -6

Inequality (2.3) allows to write

/ (so\@"“Pq)i“—sa|c1>"|3c1>")dsgﬁ/ e(® -0 1as
2Q 2Q

giving rise to

i—1
, , .. i 1-¢
o(|@F P! — | o )as < Mp , i=1,2,3,...
/a(2 (|77 |D'|"®)dS < MP - Be

In addition, considering that @1 > @i >0, it comes that

i—1
. A A , A 1-¢
+1 4 _ +1 4 .
(9™ — ]| 14 50)) _/{m\q:’ — @] ngMﬁ’(l_ﬁe) L i=123,...

The convergence is quite obvious for 8 = 0. According to reference [20] there is a contraction for 0 < B < 1. So, since ®' must belong to
the Banach space L*(9Q), the sequence [®',®?,®3,...] converges in this space. This allows concluding that

O* =1lim® on IQ, with & e L*(0Q)

i—yoo
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Proof. (Part five). The limit of the sequence [‘I“1 R2R ER .] is a solution of (4.4).
From problem (4.1), the limit of the sequence [¥!, W2 %3, .. ], expressed as by ¥*, may be represented as the solution of

V- (VE)+4=0 in Q
f(V‘I—‘“’).n:sc]&"[‘{’”]ﬁ(&‘ﬂ‘l—‘“})fE on 9%

in which E = E(x) is a known function defined on the boundary as follows

E =¢(3[0%]+s) :e(/

@“’KdS—b—s) on 0Q
JyeoQ

Therefore it may be concluded that @ = W, limit of the sequence [‘Pl 2N Z .], is a solution of problem (3.3), thus demonstating the
solution existence. The uniqueness of the solution is demonstrated in the next step.
O

Proof. (Part six). The limit of the sequence corresponds to the unique solution of (3.3).
To demonstrate that the limit of the sequence [‘P' N2 .] is the unique solution of (3.4), one can assume the existence of a field u,
which is supposed different from W, and satisfies

V- (Vu)+¢=0in Q
—Vu-n=eohv—e(3[g+s) on IQ

z=eolvPv+(1—€) (3] +5) on 9Q (4.10)
v= X"

[ = / A(y)KdS, x€9Q
yEoQ
Defining the nonempty subset dQ,, as

0Q, ={x€9dQ suchthat (Vu)-n<0}

And, reminding that (V v)-n < 0 on dQ;;, it comes that

infu=infu= infu and infv=infyv= infv 4.11)
Q IQ aQ; Q aQ 2Q,

ec|v]*v—¢e(3[z]+5) >0 on 9Q;
z=eolvPv+(1—€)(3[z]+5) on 0Q; (4.12)
v= X"

Since the quantity s is nonnegative and (4.11) is verified, (4.12) leads to

eo|vPv—e(S[]+5) >0 on 9Q; and z=¢eo|Pv+(1—¢) (3 +s)

= olv’v> (32 +5) on 09, (4.13)
3 3
= opPvzon 00, = G‘ inf v‘ inf v > inf = G‘infv‘ infv > infz
IQ;; 2Q; IQ; aQ 1 9Q IQ
In addition, from (4.12) and (4.13), it comes that
infz > €infz+ (1 —¢€) > inf (S 4.14
infz > einfz + ( )_99( [2]) (4.14)

Since,
inf (3[z]) > f(x)inf or some X € dQ
inf (3[2) = A)inf  for som
from (4.14), one can state that
infz >inf (3[z]) > 7 (x)inf x €9Q
aQZ > (m( [ZD >7( )aQZ for some

in which 0 < 7 (x) < B. Therefore,
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infz>0 = infv>0 = infv>0
20Q 2Q Q
Now, considering (3.1), the following holds
infv>0 = infu>0 = v>0in Q@ = u>0in Q
IQ Q
Combining (4.10) with (4.1), gives rise to
Vo (V—9")) =0 in Q
—(V(u—¥*")) n= eo(|v\3v— \q>i+1|3q>f+1) - £<S 2 —3[®"]) on 9Q
7—@F! = so(\v\%_ \qaf“Pcpf“) t(1-¢) (S B —3[@1) on 9Q 4.15)
v=R"1u, & =X
3z :/ S(y)KdS, x€0Q
[2] oo (¥)
3[0] = / Oi(y)KdS, x€aQ
yeoQ
Defining the nonempty subset dQEH! as
QQLH = {x € dQ such that V(u — ‘I’i“) n< O}
it comes that
inf (u— W) =inf (u— W) = inf (u—9H!
A=) = i (=) = (u=w)
So,
u>wtl on 8QL+1 = u>¥tl iy 0 foranyi
and, accounting for (3.1) it comes that
u>P* in Q@ — > in Q foranyi (4.16)
Since
£G<\v|3v7 it \3<1>f+1) - s(S[z] 75[@)1']) >0 on Qi
and (4.6) and (4.16) hold, the following must also hold
z2>0 ondQ = v>Ptl oy 8954“ =
= u>¥tl on 8fo1 = u>¥*t nQ =
= >t i Q = z>0t moQ =
Therefore, the following result can be ensured
220 on dQ = u>Y* in Q and v>d*! in Q , foranyi 4.17)
Since ®° = 0 on dQ, (4.17) yields
u>¥” and v>® in Q and 7> 0% on IQ (4.18)

The existence of the limits ¥*°, > and @ allows to write (4.15) , for i — oo
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V- (Vu—-¥))=0 in Q

—(v (uf‘I’”))~n:80‘<\v\3v7\¢>°°|3d>°°> 76(5[473[@“}) on 9Q
2=0° = g0 (W07 ) + (1-¢) (S} - S[O7]) on 00 4.19)

], @ =x7w

S[Z]:/yeagf(y)KdS, x €00

3[@ ]:/yame) (y)KdS, x€dQ

Problem (4.19) allows to write

/,m{ec( o) —e (3~ 310]) Jas -0

/ag dS /&Q eo |v\3 \q>°°|3c1>°°>4(5[475[@”])}515 (4.20)

in which

/;Q (S[z] —3[e” ])ds /Xam (/y;m <2(y)@(y)K>dS> ds < B/{m (z—©)ds 4.21)

Therefore, combining (4.20) with (4.21)

7—07)dS < z—0%)dS 4.22
./asz ( ) <P 2Q ( ) ( )
From (4.18) and (4.22), since 0 < 8 < 1, it can be concluded that

7=0% on JIQ
Hence,

v=>0% in Q

and the difference u —W* is zero everywhere (that means u = ¥ in Q), since it is the unique solution of the well-known Dirichlet problem

(4]

V- (Vu—¥")) =0 in Q
u—¥>=0 on 9Q

Therefore, the temperature 7', which is the solution of (2.5), is such that

T=lm¥P =% in Q

i—o0

while @(w = X[T]) is given by W* and B is given by @*.

5. On the difference between the solution and the i-th element of the sequence

At this section the goal is present a tool that enables verifying whether the element @ is sufficiently precise for simulation purposes. Aiming
at this goal, one can consider problem (4.15), replacing u by w, v by T and z by B, as follows

V- (Vie-¥")) =0 in Q

7(v(w7wf+')).n:eo(m3r EaE q>’+1) e( 3[@’) on 9Q
B—®i+]:£G<\T\3T—|<bi+l\3d>i+l) 1—8( S[®’> on 9Q
T= ’l[a)], ' = X9

(B = / V)KdS, x€0Q
ye



Journal of Mathematical Sciences and Modelling 27

Since V- (V (0 —WPit! )) is zero everywhere, the boundary condition yields

/8Q8<G|T|3Tf|<1>i+1|3d>i+1>dS:/)(eaQ </yeaQ£<B(y)(:)i(y)K>dS>dS

and, therefore,

3o it Bayit] < s
/898<G|T|T o1 P >dS_/3/39£(B @)ds (5.1)

Since

/aQe(Bf@")dS:/aQSGOTPTf|<1>i+'|3<13i+'>d5+/(99(178)<S[B]75[®"}>dS 5.2)
Combining (2.3), (5.1) and (5.2), one may write
/ég (olrPT —ol@* !} q>'+1)ds</3/ e(5-0) dS+B/ e(0! - @')as
/ ( @’“)ds</ so(m T—|ot!P d>i+1)dS+ (5.3)
+/3/ ®’+‘ @l dS+[3/ 1*8)(3 ®’+1)dS

Inequalities (5.3) allow to write

/(;Q (B—@"“)dSs %/{m (@"“ —@i)dS

then, from (4.9)

L, (B-e)as< %/;Q@M 0')ds < fj;/ ©'ds

From (4.1), when i = 1, it comes that

/K.ZQdV = /{;Q <£G|CI>1\3cpl —,gs)dS_g_/ag <®1 _

Therefore,

/ (B— @’ d st (5.4)
IQ
and, from (5.1),
/(;, (G|T\ T— G|CD’| <I>’ / qu+/ st (5.5)
JoQ
Since T > &', inequality (5.5) yields
17 = @149 < BT .6)

in which H I 14(aq) Tepresents the usual L*(d€) norm and C is a constant defined as

1/4
o= (l_lﬁ (fgq'dV+faQst>)

If the kernel K is bounded, estimate (5.6) may be improved. In this case, a nonempty subset 89':1 can be defined as

Q! ={x€dQ suchthat V(w—¥"").n<0}

Therefore,
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sup (a)—‘Pi+1) = sup (a)—‘Pi+1) = sup (a) —‘I’Hl)
Q IQ ()Q’;::

and

(G‘T‘ T— 6|q>t+l| q)l-H) /

[ o ( Bly) - & (y)K> s ondQ't

Considering that the kernel is bounded and € > 0, one may conclude that

SITPT - o|@™ POt < sup K/ (B)-6/(y))ds ono0if!
XEJQ,yedQ €0Q

and, accounting for inequation (5.4)

. . i+1 R
ITPT — | Pait! < sup aQ( ( P / qu+/ st ) on dQIT!
X< ,¥e

Since T > &1 it comes that

. i+1 X
T-dt' <C sup  (K) P on QQ’L]_
XE0Q,yedQ o

and the supremum of 7 — ®+! on 89';’_:_ is such that

A 1/4 gt 1/4
sup (T—@d)<cC sup  (K)
Q! XEIQ,y€0Q o

Also,
sl _?3‘3'(/ ke [ "§>_i§‘3 ([ ieuz) <
<[ (o)) (o, (0 ) < (o (7)) (1)

and

Sgp< ‘P’“) sup (/(;ch(é)dé—/oq)i+l @(é)dé‘) = sup (/()T/?(é)c@)

Now, considering that

sup(a)f‘l—"*]) 2( inf I%(&)) sgp(quDH'l)

Q 0<€<oo

It may be concluded that

sup
Q

SUP0<§<WIA<(§)) ;
(qu)m) < ({ sup (K) (ﬁ;l

(inf0<§<,xfc(§)> XEJQ,yedQ

|7 = @] o < CB'* 5.7)

(o= L))

This could also be expressed as

In (5.7) C represents a nonnegative constant, which is given by
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and ||

SuPO<§<m]A<(€)> ; 1/4
C— ( { sup (K)(T(/quV-‘-AQst))}
(iﬂfo<§<ooi<(5)) xeon s o

H 1=(q) Tepresents the norm of the supremum.

In order to emphasize the relevance of this result, it is important to notice that any real surface K(x,y) is bounded.
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