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Inverse Estimation of Mix-Typed Boundary Conditions
in Heat Conduction Problems

Ching-yu Yang*
National Kaohsiung Institute of Technology, Kaohsiung City 807, Taiwan, Republic of China

A sequential method is proposed to estimate various types of boundary conditions in the field of the
inverse heat conduction. An inverse solution is deduced from the proposed method that is based on a
numerical approach and the concept of future time. Special features about the proposed method is that
no preselected functional form for the unknown function is necessary and no sensitivity analysis is needed
in the algorithm. Furthermore, the mix-typed boundary conditions can be estimated in the proposed
method. Two examples are used to demonstrate the characteristics of the proposed method. The results
show that the proposed method is an accurate, robust, and efficient method to determine the boundary

condition in the inverse heat conduction problems.

Nomenclature

[A] = heat matrix

[B] = transient matrix

[C] = (/AD[K]17'[B]

[D] = inverse matrix of [K]

E, = f=o €

e = intermediate variable

h = convection heat transfer coefficient

K] = [A] + (VA9)[B]

G = heat flux

4o = value of temperature on I',

{R} = boundary vector

{R°} = vector of the unknown convection boundary

{R?} = vector of the unknown heat flux boundary

{R"} = vector of the unknown temperature
boundary

{R°} = vector of the known boundary condition

r = number of the future time

T = temperature

{T} = temperature vector

(T} = derivative of the temperature vector,
{dT/dt}

T, = value of temperature on I'z

T; = value of temperature at which convection
occurs

t = temporal coordinate

L] = unit row vector with a unit at i component

{u*} = unit column vectors with a unit at () th
component

|% = general spatial domain

X,y = spatial coordinate

Y = measured temperature

a, B,y e = intermediate variables

I, = boundary on which convection condition is
prescribed

r, = boundary on which heat flux condition is
prescribed

Iy = boundary on which temperature condition is
prescribed

A = random number
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At = increment of temporal domain

0 = vector from previous state and the present
known boundary

pC = heat capacity per unit volume

o = standard deviation of measurement error

e = unknown convection condition at ith grid

] = unknown heat flux condition at ith grid

T = unknown temperature condition at i%th grid

()] = vector from ¢™7, ¢*%, and ¢**

0 = sensitivity matrix

[1 = matrix

{} = column vector

L] = row vector

Subscripts

i, j, k, I, m, n = indices

ne = number of unknown grids of convection
boundary

n, = number of grids at spatial coordinate

n, = number of unknown grids of heat flux
boundary

nr = number of unknown grids of temperature
boundary

p = number of spatial measurement

Superscripts

exact = exact temperature

i,l,n = indices

i = grid number of the estimated convection
temperature

A = grid number of the estimated flux function

i = grid number of the estimated temperature
function

meas = measured temperature

Introduction

NVERSE heat conduction problems have been widely ap-

plied in many design and manufacturing problems, partic-
ularly when the direct measurements of the surface conditions
are not possible, such as the measurement of the heat flux or
temperature at the inner surface of a heated pipe, at the inside
of a combustion chamber, at the outer surface of a re-entry
vehicle, or at the tool-work interface of a machine cutting.
Through the inverse technique the unknown boundary condi-
tions can be deduced indirectly from the temperature mea-
surements at different locations within the medium.

The inverse problem is ill posed, which means that one of
the conditions on existence, uniqueness, and continuity of the



solution with respect to the measured data is not satisfied.' The
uniqueness and existence of the inverse solution have been
shown by Cannon® and Yang,’ respectively. However, the in-
verse solution is often unstable even if the measured data have
slight variations in the experimental measurements. Two im-
portant methods have been used to improve the stability of the
estimation. One is the regularization method* and the other is
the concept of future time.’> The regularization function penal-
izes large variations in the unknown quantities by adding a
term to the nonlinear least-squares error function. The concept
of future time makes assumptions about the behavior of the
experimental data at future time steps, which is added to the
measurement in the nonlinear least-squares formulation. The
analysis and application on the regularization method and on
the concept of future time have been discussed.’~'? Other meth-
ods used to solve the inverse problems based on the nonlinear
least-squares formulation include the iterative regularization
method,” the sequential regularization method,” dynamic pro-
gramming,” the mollification method," the adjoint equation
approach coupled to the conjugate gradient method,'® the New-
ton method,'® and genetic algorithms."

As previously mentioned, most of the methods adopt the
nonlinear least-squares formulation in solving the inverse
problem. When the value of the unknown boundary condition
is assumed, this method executes a direct analysis to construct
a residual function, i.e., the error function, from the sum of
the squares of difference between the experimental measure-
ments and the calculated responses of the system. Therefore,
the iterative analysis is necessary to calculate the intermediate
value for the construction of the error function. A nonlinear
optimization process is needed as well to search for an im-
proved vector for the unknown boundary. There are a few
drawbacks in the preceding approaches. One is that the itera-
tive process in the computation cannot be avoided and the
other is that the inverse problem can only be solved in a non-
linear domain.

To solve the preceding problems, two whole domain meth-
ods, the reverse matrix method and the symbolic method, have
been developed.'®'” The features of the methods are that the
computation in the inverse analysis process can be done only
once and the problem can be solved in a linear domain. How-
ever, there are still problems in the preceding methods. In the
process of the reverse matrix approach, the inversion of the
heat matrix needs to be evaluated. This heat matrix is a square
matrix with a size that is the product of the discretized interval
in each coordinate. The size of the square matrix usually grows
to be fairly large, particularly when it is a multidimensional
problem. Even when the number of the discretized temporal
steps is moderately small, the dimension of the heat matrix is
still quite large. For example, when there are 11 mesh intervals
along with each spatial coordinate and 100 mesh intervals
along with the temporal coordinate in an inverse problem, the
dimension of the heat matrix of a plate is 12,100. Therefore,
the time spent in computation would be lengthy and the pro-
cess would become inefficient. To resolve the problem, a sym-
bolic approach has been adopted so that the inversion of the
heat matrix can be avoided and the computation in the process
can be done iteratively. However, in the process of the sym-
bolic computation, there are still some side effects. One is that
the growing size of the memory allocation is unpredictable and
the other is that the efficiency of the computing process is not
satisfactory.” Therefore, it is necessary to develop an efficient
inverse algorithm to solve the preceding inverse problems.

In this paper a sequential method combined with the concept
of the future time is proposed to solve problems that exist in
the reverse matrix method and the symbolic approach. A nu-
merical method can estimate various types of boundary con-
ditions sequentially without the sensitivity analysis. In the pro-
posed method, a closed-form is derived from a numerical
model to explicitly represent the unknown boundary condi-
tions. In the process of the derivation, a finite element differ-
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ence method,”"* combined with the concept of future time,’

is used to derive the result. The boundary condition is then

determined step by step along with the temporal coordinate.

Only the linear case is considered in this research. It means
that there are no temperature-dependent coefficients in the heat
equation or in the boundary conditions. The present analysis
can be utilized to associate linearized equations in the nonlin-
ear problems.

This paper contains five sections. In the first section, the
current development of the inverse technique in the inverse
heat conduction problems is introduced and the features of the
proposed method are stated. In the second section, the char-
acteristics of the inverse problem are delineated and the pro-
cess of the proposed method is illustrated. In the third section,
a computational algorithm of the method is proposed to be
implemented in the computer. In the fourth section, two ex-
amples are employed to demonstrate the use of the proposed
method; a discussion of the analyzed results is also presented
in this section. In the fifth section, the overall contribution and
possible applications of this research to the field of the inverse
heat conduction problems are concluded.

Proposed Sequential Method to Estimate
Boundary Conditions -
Problem Statement
The inverse problem is to find one part of the boundary
conditions in a two-dimensional body while the temperature
measurements at the other part are given. Consider a two-di-
mensional body that is subjected to the following three bound-
ary types (see Fig. 1): 1) The specified temperature T = T, on
I'7, 2) the specified heat flux g, = go on I',, and 3) the specified
convection g, = k(T — T) on I'.. The interior of the body is
denoted as V, and the boundary is denoted as ' =Tz U T, U
I'.. Furthermore, g, is the heat flux normal to the boundary.
The sign convention adopted here for specifying g, is that g,
> 0 if heat is flowing out of the body, whereas g, < 0 if heat
is following into the body. The transient heat conduction prob-
lem is governed by the following equations:

o ( oT\ . o (, oT T
(k=) + 2 (k) =pcZ, mwev @
6x< 6x> ay< 6y> PCo ) 0

&, y) €Ty )
&, y) €T, 3

xyeTl. @

T(x;, yi, 1) = Ty(xi, ¥ 1),
gn(Xs Yoo 1) = qo(Xis Y 1)s
4nXi, Y 1) = h[T(x;, yis 1) — THD)],

T, y» 0) = To(xi, y),  (y) €ET UV &)
where T represents the temperature field T(x;, y, ). k is the

thermal conductivity, and pC is the heat capacity per unit vol-
ume.

Fig. 1 Two-dimensional body with various types of boundary
conditions.
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The inverse problem is to estimate the unknown boundary
conditions when the temperature field is measured at the
known boundary. In the paper of Hsu et al.” it was mentioned
that it is difficult to have an algorithm with the ability to es-
timate the heat flux and the surface temperature through the
same technique in the multidimensional inverse heat conduc-
tion problem. However, the proposed method cannot only es-
timate the different types of boundary conditions separately,
but it can also estimate various types of boundary conditions
simultaneously.

Method to Determine the Boundary Conditions

In this section a numerical formulation is used to represent
Egs. (1-5) where the boundary condition is expressed as a
vector form. The temperature distribution can be represented
as the function of the boundary conditions, and then, the con-
cept of future time is included in the proposed method. Finally,
the inverse solution can be represented as a matrix equation.

The proposed method uses a finite element method with a
linear triangular element to discretize the spatial coordinate.
By the conventional finite element procedure with n, grids at
t = t; (Ref. 15), Egs. (1-5) can be converted to the following
discrete form:

[BUT}} = {R}} — [AHT} (6)

where [A] is the heat matrix of the problem with n, dimen-
sions, [B] is the transient matrix of the problem with n, di-
mensions, {R;} is the boundary vector with n, components,
{T;} is the temperature vector with n, components, and {7}} =
(An(T;) = (dT;/de).

Next, we consider our finite element expression for {7} as
a backward difference at time #;. Therefore, we have

{T}} = (WAD{T}} — (VAD{T}-.} M

Here At is the increment of the temporal coordinate.
By substituting Eq. (7) into Eq. (6), we have the following
differential equation:

[KUT;} = (WVADIBUT;-1} + {R} ®

where [K] = [A] + (1/AD[B), {R;} = {R}} + {R]} + {R{} +
{R}, (R} is the vector of the known boundary condition,
{R]} is the vector of the unknown temperature boundary,
{R?} is the vector of the unknown heat flux boundary, and
{R;} is the vector of the unknown convection boundary.
When ¢ = ¢;, the temperature distribution {7} can be derived
from Eq. (8) as follows:
{T;} = (VADIK]'[BYT;-,} + [K17'{R)}
= [CHT;-\} + [DHR;} ®
where [C] = (1/AD[K]17'[B] and [D] = [K]™".
Similarly, the temperature distribution at t = 1, fu4y, ...,
t+,—1 can be represented as follows:
{T.} = [CHT,-,} + [DUR,}
{Tni} = [CHT,} + [DHR+1}
= [CP{T,-.} + [CIIDI{R,} + [DHR,..}  (10a)
{Thir1} = [CUTmsr—2} + [DH{Rpsr1}
= [CT{T,\-1} + [CYT'[DHR,} + [CT DRy}

+ -+ + [CIIDHRsr-2} + [DH{Rpsrn}  (10b)

Therefore, we have the temperature vector at (m + n) temporal
grid

{Toen} = [CY(Tpes} + D, [CYIDHRprni}
1=0
= [CT"{Tpor} + E [CYID{RS n-1)

+ 2 [CTIDY{RE i}

+ {Ront} + {Rovnt}) an

where »n is an integer and n = 0, 1, 2, ,r— L
After a unit row vector Lu’] multlphes to both sides of Eq.
(11), the temperature at i-spatial grid can be calculated as

T.,..=LdllCT T, .} + 2 L' [ CYIDIR 1}
=Llicy (T} + E Lu [CYIDURS -1}
+ 2 L lCIIDURE, -} + Z Lulic1DI(RS, -}
+ 2 Lu'l[CYIDHRS,,-1}
= LuiCTr* (T} + E L[ CYIDURS, -1}

+ 2 E L lCYIDI ('t} ¢Tt,,

+ 2 2 LulicrDitu?y 24, ,
+ 2 2 L Jic1iD1{u?} 65k, (12)
where
(Rt} = {u'é} Gt ARG} = O, (W dSH,,

J=1
"c N .
{Ropnmi) = O, (Y,
j=1

Here Lu'] is a unit row vector with a unit at i component; the
value of i is the grid number of the measured grid. {u'7},
{u'l} and {u*} are the unit column vectors with a unit at
ifth, zqth and #‘th component, respectively. Here, the values
of ¢7r , ¢ %, and %%, , are denoted as the unknown
boundaries of the temperature condition, the heat flux condi-
tion, and the convection condition, respectively. i, i/, and i’
are the gnd number of the locations of the estimated function

s %, and 5%, respectively. The values of ny, n,,
and n, are the number of the unknown boundary conditions
with respect to the unknown functlons ol . %, and
¢m+,, s> Tespectively.

Then, the temperatures at i-spatial grid at (m + n) temporal
grid can be expressed as follows:

n g
T =d + g + iy T.i}
mtn = Qpitn T Bntn YVosnam+1 Pt

=0 j=1

n ng n ne
n" iil i)
D Y BT D D Yt (13)

1=0 j=1 =0 j=1



where
G = L ICT T}
Birin = O L ICTIDHRS -}
1=0

Vit nmer = L ICTIDI {01}
¥t = L ICTIDW)
Yt s = LW J[CTIDI (")

We substitute the value of n from 0 to r — 1 into Eq. (13)

nr
T,=d,+ B, +

Jj=1

> Vi ot + Z Vil 55 + 2 bt

Jj=1

nr
i i il T,i) il T,
il = Oy + Bogy + E, (Vb imPmts + Vb ms1 D)
=1

+ Z (Vi1 %4,

L% il
+ 2 (Vi m b

i i
Qpiz + Bz

i _—
m+2 —

+ E ('Y:,:+2m¢‘m+2
+ E (AN

ne
+ iil c.i
(‘Ym +2,m ¢m +2
Jj=1

u-’ q
m+lm+1 ¢

it i
+ Vrirmer Ond)

il T, il i
+ Ymbome1 Pmts T VmbiomizPm'®)

+ Viomea 59

m+2,m+2

+ iy

Ymt2m+1 u

ii c,i] iil c,i
t Yoizme1 Pmsr + VYmsom+2 Pnc)

i i i
Toir—1 = Qpiry + Btr—t

nr

L J ) J

it T,ir it T,ix

+ §, Vs rtmtr—1 Pt + Vinor—tmer—2 Pmi
Jj=

L) oJ
T Tir cee
+ Yorr-tmir—3 Pmiz +

"q

SR A

Jj=1

il
SRV S A

i) T.i)
it ,
+ 7m+r—1.m ¢m+r-—l

qr’ isi)
d) + ym+r—l mtr—2 ¢m+l

ll,

iJ
-+ ‘Ym‘-’%r—l m¢,’;:r_|

ne
+ iil c,i] + iil il
Voo r—timtr—1 P Yonier—1m+r—2 Pt

c,ij .
+ 'YIn+r-lm+r—3¢m$-2 +

S YVihroim (14)

i
m+r-—-l

From the preceding derivation, we have

Qg iy — e
men - 'anilm =

bir — AT - ...
Ymtim+1 = Ymt2m+1 =

iy _
'Ym+n,m+n -

then

7m+r—lm+r 1= er—

i)

iy _
Ym+n+1m+n =

P )

— it — hLiT

= VYm+r-1m = €0
ik A
= Ymtr—1m+1 = €1

u;
= ‘Ym+r—l,m+n - en

i

iil u
g = hlg = cee = vq - q
7m,m - 7m+l.m 7m+r—lm e
ii i) ii) ii)
9 = = = = %
Ymrtm+1 = VYmrome1 Ymtr—1m+1 = €1
i o ]
v = /g = [ = euq
m+n,m+n m+n+1,m+n m+r—1,m+n n
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then
i
— g
Yt r=tmtr—1 = €r1
— A _ . iif il
ym3n - meflm - - 7m+r Im = eoc
il — il e e — A i
Ym+im+1 = Ymi2m+1 = = VYmir-rm+1 = €1°
i il R 1) iy
VYménmtn = YmSntimin = = VYmSr—1min = €,
then

" "
YVorser—tmtr—1 = €75 (15)

Here, the value of the first and the second superscripts of e
represent the measured and estimated grids. The value of the
subscript of e is the, future time step.

The values of e:.‘T, e, v and e in Eq. (15) depend on the
mgasured location and the estimated location. The values of
el’r, eli, and e:* count on the step number of future time but
not on the time step in the global tcmporal coordinate. In other
words, the values of e:,", e, and e are constants in each
evaluation step and they only need to be calculated once when
the locations of the measured points and the input boundaries
are fixed. On the other hand, the coefficients in Eq. (14)

o, and B,,., are derived from the previous state {T,,_,} and
the present known boundary {Ry.,—,}. Therefore, these coef-
ficients need to be evaluated at successive time steps.

When ¢ = ¢, the estimated condition between ¢t = ¢, and ¢t =
t.-, has been evaluated and the problem is to estimate the
strength of the boundary conditions at ¢ = #,. To stabilize the
estimated results in the inverse algorithms, the sequential pro-
cedure temporally assumes that several future values of the
estimation are constant.” Then, the unknown conditions at the
future time are assumed to be equal, i.e.,

Tl _ g Tih _ ... i) T  _ 4 Til
m+1 = Pm+2 = = Pmir-2 = Qmir—1 = G
J
q‘ — = — 9!
m:}’-l - ¢m - ¢m+r 2= ¢m+r— - 4) ? (16)
c.i'L — c,ijc —_— .o cnlc c:‘- cxc
m+1 = m+2 = = m+r—2 = m+r—1 = ¢

Substituting Egs. (15) and (16) into Eq. (14), we obtain

T ; N nq j ’.C N N

. . . o) o Py P i J

Th= oy + Bt 2, ST + D eliient + D, el
j=1 j=1

=1

nr
Thor = Qe + Bhwr + D, (€57 + el Bl

Jj=1

n, ) n
+ 2 (egi‘; + eil.i;;)(b;,i; + 2 (euc uc d)“
Jj=1 Jj=1

e2 = Oy + Blura + Z (e + it + el pTir

j=1
+ 2 (el + el + el s + 2 (el + &b + i) i
J=1
T£n+r—l = a£n+r—l + B:n+r—1

+ 2 (€57 + el + et + -+ + eln) Pl
=

q
. L L J
+ 2 (el + et el + -

Jj=1

o 3+ ol

:oJ J
+ elfh)

4 Wil \ el
e o+ e an
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We define
T:n+k = ajm—k + Bﬁn+k

+ 2 (eu1-+ eu,«_*_ eur+ .+ e;‘.l"r)(b:}n’r

9
+ D (el + el + elit + oee + el

Jj=1

+ 2 (e”‘

uc + eu, + .- ut)¢cx, (18)

or

nr g . ne .
Tk = G+ Bhrs + O, ESFOLF + > Eiiigytin + > Ei g
Jj=1 Jj=1 Jj=1
(19)
where EXT = Sk ebiT, it = Tk e,

0’ ly 2,...,"_ 1.
Therefore, Eq. (19) can be expressed as the following form:

Eife =3k e and k =

YANG

e B2
- E,

E™s

where p is an integer and is denoted as the total number of
the measured points.

After the measured temperature Y} (measured at ¢ = ¢, and x
= x;) is substituted into vector @, the components of vector ®
can be found through a linear least-squares error method.
Therefore, the result is

® = (Q'Q)'Q%0 [¥3))

Therefore, the unknown boundary condition {RZ1}, {RZ},
and {R;} can be solved at successive time steps along with
the temporal coordinate. In other words, Eq. (21) provides a
sequential algorithm that can be used to estimate the boundary
conditions through increasing the value of m by one for each
time step because the estimated conditions depend on the mea-
sured temperature, the known boundary condition {R%}, and
the previous state {7,-,}. Moreover, the proposed method is
based on the finite element difference approach, and it can be
extended to use other kinds of numerical methods through the
proposed procedure.

Computational Algorithm

The procedure for the proposed method can be summarized
as follows: First, we choose r, the mesh configuration of the
problem domain, the temporal size Az, the measured grids, i.e.,
iy, iy, ..., i, and the estimated grids, i.e., i, i%, .. ., i77, iy, is

ize, and i}, i, .. ., iz. Then, matrix [B] and stiffness matrix
[K] of the finite element model are known. Thus, matrices [C],
[CT? , [CY and [D}, [C1[D], ..., [CY'[D] can be calcu-
lated in advance, and the values of Ei'r, Eie and Ei'c are
known before the calculation at each time step. After that, the
computing process includes the following steps:

Step 1: Let j = m and the temperature distribution at {7;_,}
is known.

Step 2: Calculate o,
Qfirts o vy OFy Ofry - .., Of4—y and B,, B, .-
Biis oo v Bir-1s -+ BPs B,H, ees Bl

Step 3 Collect the measurement Y,", jH, -

,+h ey j+r—l9 .- Y_;,

Step 4: Calculate <I> = L&T" &T'T . &T'T s P -
5 deie e -+ e I according to Eq. (21).

Step 5 Calculate {T;}.

Step 6: Terminate the process if the final time step is at-
tached. Otherwise, let j = m + 1 return to step 2.

a

a,+1, ey a]+r—l, s aj+19

Bj+r—l; Bj »

iy iy
s L j+r—1» Yj B

Results and Discussion

In this section problems defined from Egs. (1-5) are used
as examples to estimate the unknown boundary conditions.
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Two examples are used to demonstrate the proposed method
that can estimate the boundary conditions accurately. In ex-
ample 1, a heated fluid passes through a long pipe that has a
cross section with a circular inner surface and a square outer
surface. The measured temperature in example 1 is calculated
from Eq. (1-5) when the fluid temperature is preselected.
Three kinds of boundaries, i.e., the temperature of the fluid,
the quantity of the heat flux entering the inner surface, and the
temperature in the inner surface, are estimated from the tem-
perature measured from the outer surface of the pipe. In ex-
ample 2, a rectangular slab is insulated at all sides except the
top side. Three cases are discussed in this example. The mea-
sured temperatures in the first two cases are calculated when
three heat flux pulses with the triangular time history are ap-
plied to the top surface of the slab. In the first case, three heat
fluxes are assumed to be applied at the top surface of the slab
and they are estimated from the measured temperature at the
bottom surface of the slab. The results are compared to the
solutions of Woodbury and Thakur’s approach.” In the second
case, a mix-typed boundary, i.e., the temperature condition, the
flux condition, and the convection condition, is applied at the
top surface of the slab and the mix-typed boundary is estimated
based on the same measured temperature as case one. In the
third case, the desired temperature history at the sensors’ lo-
cations is preselected and the inverse problem is to choose the
proper input heat flux pulses to generate the desired tempera-
ture distribution at the preselected locations.

The simulated temperature is generated from the exact tem-
perature in each problem and it is presumed to have measure-
ment errors. In other words, the random errors of measurement
are added to the exact temperature. It can be shown in the
following equation:

T =T + Ao 22)
where the subscripts i and j are the grid number of spatial-
coordinate and temporal-coordinate respectively. 757" in Eq.
(22) is the exact temperature, T}, is the measured tempera-
ture, o is the standard deviation of measurement errors, and
A;; is a random number. The value of A,;; is calculated by the
International Mathematical and Statistical Library subroutine
DRNNOR,? and chosen over the range —2.576 < A, ; < 2.576,
which represents the 99% confidence bound for the measure-
ment temperature.

Example 1: Consider a long pipe with the cross section as
shown in Fig. 2. The values of the thermal conductivity and
the heat capacity per unit volume are k = 1.5 W/m °C and pC
=0.15 J/m’ °C, respectively. The adiabatic condition is applied
at the outer surface. It is initially at a uniform temperature Ty,
= 20°C, and then suddenly a fluid with a time-varying tem-
perature function 7;(f) (h = 50 W/m” °C) is applied to the inner
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surface. The temperature function 7x(?) is a triangular function
with time variables and can be expressed by the following
forms: Tx(f) = 20 + 100z, when 0 < ¢z = 1.0 s; and T((?) =
220-100z, when 1.0 <t = 2.0 s.

The temporal domain is from 0.02 to 2 s, with 0.02-s incre-
ments for the example. One thermocouple is located at the
outer surface of the pipe and is shown in Fig. 2. A finite ele-
ment model with 153 nodes and 256 elements is shown in Fig.
3, where symmetry about horizontal and vertical axis is used.
The outer boundaries along with the lines of the symmetry are

9 Sensor

0.6 m

—_—

]

Fig. 2 Cross section of a long pipe in example 1.

Fig. 3 Mesh configuration with 153 nodes and 256 elements for
a quarter of the cross section in example 1.

Table 1 Relative average errors of example 1

Boundary type o=1 o=2 o=3 o=4 o=5
r=1

T’ 0.0183103 0.0366202 0.0549304 0.0732405 0.0915506

FRON 0.572224 1.14445 1.71667 2.2889 2.86112

T,@)° 0.0163671 0.0327343 0.0491014 0.0654686 0.0818357
r=2

T; () 0.0161656 0.024767 0.0350491 0.0458406 0.0567729

qo(®)° 0.183193 0.361092 0.538992 0.716892 0.894791

T,(0)° 0.0163269 0.0240779 0.0339474 0.0442764 0.0547265
r=4

T:(2)" 0.0467445 0.0454533 0.0455837 0.0484361 0.052402

qo®° 0.103026 0.167819 0.232642 0.297465 0.362287

T,(D° 0.0482717 0.0468967 0.0466952 0.0491658 0.0529662

*Convection boundary. °Heat flux boundary. °Temperature boundary.
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insulated because no heat can flow across them. Three types
of boundary conditions are discussed in this example. First,
the convection temperature T;(f) is estimated when the tem-
perature history is available in the sensor location. The heat
flux go(#) entering the inner surface and the temperature 7,(f)
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Fig. 4 Estimation of a) the convection temperature pass through
the inner surface in example 1, b) the heat flux in the inner surface
in example 1, and c) the temperature along the inner surface in
example 1.
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along with the inner surface are then estimated separately ac-
cording to the temperature measurement at the sensor location.
To investigate the deviation of the estimated results from the
error-free solution, the relative average errors for the estimated

solutions are defined as follows:
ezt Z f—f

i | S @

where f is the estimated result with measurement errors, f; is
the estimated result without measurement errors, and », is the
number of the temporal steps. It is clear that a smaller value
of € indicates a better estimation and vice versa.

When measurement errors are considered, the relative av-
erage errors of the estimated results are shown (Table 1),
whereas r = 1, 2, and 4. The results show that the heat flux
estimation is less accurate than those of the temperature esti-
mation in the temperature boundary or in the convection
boundary. In other words, the heat flux estimation is more
sensitive to the measurement error than the temperature esti-
mation. For example, when o = 1 and r = 4, the value of ¢ is
0.103026 in the heat flux estimation, but 0.0467445 in the
convection condition estimation and 0.0482717 in the temper-
ature condition estimation. It is also interesting to investigate
the relationship among the average relative error £, the stan-
dard deviation of measurement errors o, and the number of
the future time r. In the flux condition estimation, it does not
matter if the value of o is one, two, three, four, or five, a better
estimation appears when the number of future time increases.
However, in the estimations of convection boundary and tem-
perature boundary, when the number of future time increases,
the estimated results are not necessarily satisfactory. For ex-
ample, when o = 1 and 2, the best estimation is r = 2 and the
worst estimation is 7 = 4; when o = 3 and 4, the best estimation
is » = 2 and the worst estimation is r = 1; when o = 5, the
best estimation is » = 4 and the worst estimation is r = 1.

When o = 0 and r = 1, the estimated results have approxi-
mated the exact solution in the convection boundary estimation
(Fig. 4a). The estimated result appears as a quarter sinusoidal
function and a triangular function in the flux condition esti-
mation and the temperature condition estimation, respectively
(Figs. 4b and 4c). It satisfies the physical phenomenon of a
pipe with inner fluid that has a uniform temperature with a
triangular time-varying form. Furthermore, the estimated re-
sults with the measurement error are also shown in Fig. 4. In
general, large errors make the estimated results diverge from
the error-free solution. For example, the results shown in Fig.
4a have the maximum deviation from their exact solutions
when o = 5. Moreover, it appears that the results in Figs. 4b
and 4c have a similar trend as that in Fig. 4a.

Example 2: Consider a rectangular slab in which all sides,
except for the top side, are insulated. The values of the thermal

Boundary 2
Boundary 1
Boundary 3
1
A Sensor 1 Sensor 2 Sensor 3
L 1m J
L a

Fig. 5 Boundary conditions, the locations of the sensor, and the
dimensions of the slab in example 2.

Fig. 6 Mesh configuration with 222 nodes and 360 elements for
the rectangular slab in example 2.
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Fig. 7 Estimation of the a) multiflux pulses in example 2 when o = 0 and r = 1 and b) when o = 0.0198 and r = 2. c) Estimation of the
mix-typed boundary conditions in example 2. d) Comparison of the calculated temperature from the mix-typed boundary conditions with
the measured temperature from the multiflux pulses in example 2 when o = 0 and r = 1. e) Designed flux pulses to generate a sine,
constant, and cosine temperature distribution at sensors location in example 2. f) Comparison of the calculated temperature from the
designed boundary conditions with the measured temperature from the preselected boundary conditions in example 2 when o = 0 and
r=1.



560

conductivity and the heat capacity per unit volume are k = 1.0
W/m °C and pC = 0.4 J/m’ °C, respectively. The adiabatic
conditions are applied to the left, right, and bottom surfaces.
It is initially at a uniform temperature 7, = 0°C over the slab,
and then three boundary conditions are suddenly applied to the
top surface of the slab (Fig. 5).

The temporal domain is from 0.1 to 2 s, with 0.1-s increment
for the example. Three thermocouples are located at the bottom
surface of the slab (Fig. 5). A finite element model with 222
nodes and 360 elements is constructed and shown in Fig. 6.
The measurement temperature errors are set within —0.051 to
0.051, which implies that the average standard deviation of
measurements is 0.0198, i.e., o= 0.0198, for a 99% confidence
bound.

In the first case, three heat fluxes with the triangular time
history are assumed to be applied at the top surface of the slab
and they are estimated from the measured temperature at the
bottom surface of the slab. When measurement errors are not
included, the results have good approximations (Fig. 7a).
When measurement errors, i.e., o = 0.0198, are included the
estimated results remain satisfied (see Fig. 7b). The same case
has also been done by Woodbury and Thakur,” who used a
method based on a discrete Duhamel’s Theorem and Beck’s
function specification method. From the results, it appears that
the maximum deviation is about 0.5 in their paper, while it is
only about 0.15 in the present research. In other words, com-
pared with the research by Woodbury and Thakur (Figs. 6 and
8 in Ref. 25), a more favorable result can be approached
through the proposed method in the present research.

To further test the applicability of the proposed method, the
same measurements from case 1 are adopted to estimate a
problem with mix-typed boundary conditions, i.e., the temper-
ature boundary, the heat flux boundary, and the convection
boundary (h = 50 W/m® °C). The results show that the pro-
posed method is able to estimate the mix-typed boundary con-
ditions (Fig. 7c). To confirm the accuracy of the estimated
results, we substitute the results from o = 0 and r = 1 into the
process of the direct analysis. The results show that the direct
solution has a good match to the measured temperature (Fig.
7d).

In the last case, the proposed method is used to design a set
of input flux to generate an expected temperature history at
the desired locations. For illustration, the desired temperature
distribution is a sine function at sensor 1, a constant temper-
ature at sensor 2, and a cosine function at sensor 3. The de-
signed heat fluxes are shown in Fig. 7e. The generated tem-
perature field and the expected temperature field are also
shown in Fig. 7f. It shows that the temperature field generated
from the designed fluxes is in good agreement with the desired
temperature field.

All numerical calculations from examples 1 and 2 are per-
formed on a personal computer with a Pentium-133 CPU.
When [C] and [D] are available [Eq. (11)], the CPU time
needed in example 1 is under 1.04 s when r is equal to 1, 1.95
s when r is equal to 2, and 3.74 s when r is equal to 4. In
example 2, the CPU time is under 0.65 s and 4.35 s forr = 1
and 2, respectively. Therefore, the proposed method is very
fast.

It can be concluded that the proposed method is an accurate,
robust, and efficient method to determine the boundary con-
ditions in inverse heat conduction problems.

Conclusions

A sequential method has been introduced for determining
the boundary condition in the inverse conduction problems.
The inverse solution is represented as a closed form derived
from a finite difference element method when the temperature
measurements are available. Special features about this method
are that no preselect functional form for the unknown function
is necessary and no sensitivity analysis is needed in the algo-
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rithm. Two examples have been illustrated based on the pro-
posed method. In the first example, the accuracy of the esti-
mated results in the different types of the boundary conditions
are investigated. The results show that the heat flux estimation
is more sensitive to the measurement error than the tempera-
ture estimation. The relationship among the average relative
errors, the standard deviation of measurement errors, and the
number of the future time steps is also investigated. A larger
number of the future time steps is needed to get a more ac-
curate result when measurement error is larger. Furthermore,
the estimated results with different measurement errors are also
discussed; it indicates that large errors make the estimated re-
sults diverge from the error-free solution. In the second ex-
ample, the accuracy of the estimation is more satisfactory than
that in past research. Furthermore, it also shows that the pro-
posed method can treat the problem with the mix-typed bound-
ary and the proposed method can be used to design a set of
input flux to generate an expected temperature history at the
desired locations. In conclusion, from the results in the ex-
amples, it appears that the proposed method is an accurate,
robust, and efficient inverse technique. The proposed method
is applicable to the other kinds of inverse problems such as
source strength estimation in the multidimensional inverse
conduction problem.
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