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Abstract: A new sensitivity analysis scheme is presented based on explicit expressions for sensitivity
coefficients to estimate timewise varying heat flux in heat conduction problems over irregular
geometries using the transient readings of a single sensor. There is no prior information available
on the functional form of the unknown heat flux; hence, the inverse problem is regarded as a
function estimation problem and sensitivity and adjoint problems are involved in the solution of the
inverse problem to recover the unknown heat flux. However, using the proposed sensitivity analysis
scheme, one can compute all sensitivity coefficients explicitly in only one direct problem solution
at each iteration without the need for solving the sensitivity and adjoint problems. In other words,
the functional form of the unknown heat flux can be numerically estimated by using the parameter
estimation approach. In this method, the irregular shape of heat-conducting body is meshed using
the boundary-fitted grid generation (elliptic) method. Explicit expressions are given to compute
the sensitivity coefficients efficiently and the steepest-descent method is used as the minimization
method to minimize the objective function and reach the solution. Three test cases are presented to
confirm the accuracy and efficiency of the proposed inverse analysis.

Keywords: inverse heat transfer; steepest-descent method; sensitivity analysis; function estimation;
body-fitted grid generation; timewise varying heat flux

1. Introduction

Direct heat transfer problems are concerned with the determination of temperature distribution in
a heat-conducting body from known values for thermo-physical properties, geometrical configuration,
boundary conditions, and heat flux. In contract, inverse heat transfer problems (IHTPs) deal with
the determination of the thermo-physical properties, the geometrical configuration, the boundary
conditions, and the heat flux from the knowledge of the temperature distribution within or on some
part of the boundary of the heat-conducting body. Unlike the direct heat transfer problems which are
well-posed, the inverse heat transfer problems are ill-posed and inherently unstable and extremely
sensitive to measurement errors. Due to the ill-posed nature of IHTPs, these problems are widely
regarded as mathematically challenging problems and many methods have been proposed to address
the underlying challenges. Over the past decades, the numerical methods for solving the inverse
heat transfer problems have received much attention due to the ever-increasing power of computers.
Among the numerical methods used to overcome the instabilities in inverse heat transfer problems are
the iterative regularization methods. In these gradient-based methods, the inverse problem solution is
improved sequentially, and the number of iterations required to obtain a stable solution is set based on
the measurement errors using the discrepancy principle [1-3].

During the past decades, inverse heat transfer analysis has been extensively used to estimate the
constant and variable heat flux using temperature measurement taken at some points inside the heat
conducting body or on some part of the boundary of the body. In [4], a three-dimensional inverse heat
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conduction problem is solved to determine the unknown transient boundary heat flux in an irregular
domain using simulated temperature measurements taken at some appropriate locations and times on
different parts of the boundary. Then, the least-squares functional is minimized using the conjugate
gradient method. In [5], the inverse problem deals with the estimation of the space-dependent heat
flux in two-dimensional steady-state heat conduction problems in the presence of variable thermal
conductivity. The conjugate gradient method is used as a minimization method to minimize the
least-squares objective function. In [6], the inverse problem is concerned with the simultaneous
estimation of heat transfer coefficient and heat flux imposed on different parts of the boundary of
an eccentric hollow cylinder. The thermal conductivity of the cylinder varies with space and is not
considered constant. In [7], an inverse analysis is used to estimate an imposed heat flux on the inner
surface of a long cylinder in a transient heat conduction problem using the measured temperature
on the outer surface of the cylinder. In [8], a time-dependent heat flux applied at the inner surface of
a functionally graded hollow cylinder is estimated via inverse analysis. The simulated temperature
measurements are taken within the cylinder and the minimization of the functional is performed by the
conjugate gradient method. In [9], an inverse analysis is employed to estimate the unknown base heat
flux in an irregular fin made of a material with space-dependent thermal conductivity. The temperature
measurements are taken within the fin and the conjugate gradient is used to minimize the objective
function. In [10], using an inverse analysis, the heat flux applied on the high-temperature wall of an
engine is estimated. The thermal conductivity is a function of temperature and the imposed heat flux
is a function of time and position. In [11], the surface heat flux is estimated from two temperature
measurements taken inside a finite domain with temperature-dependent thermal properties using
a sequential inverse method. In [12], a time-dependent wall heat flux applied on the surface of a
solid medium is estimated using an inverse analysis in which the minimization of the functional is
performed by the Levenberg-Marquardt method. The temperature measurement data are obtained
from thermocouples embedded inside the solid medium.

Inverse problems can be regarded either as a parameter estimation or as a function estimation
approach [2]. The parameter estimation approach can be used whenever the unknown quantity can
be expressed by a few parameters. For example, the recovery of a constant thermal conductivity can
be viewed as a parameter estimation approach. However, if no prior information is available on the
functional form of the unknown quantity, then the function estimation approach should be used to
estimate the unknown functional form of the unknown quantity. To the best of the author’s knowledge,
this study is the first one in which the unknown functional form of a variable heat flux is estimated
by the parameter estimation approach through the simultaneous estimation of so many parameters
efficiently and accurately.

The function estimation approach to estimate timewise varying surface heat flux, when no a
priori information is available on the functional form of the variable heat flux, involves the solution
of sensitivity and adjoint problems which require additional mathematical developments and have
computational costs equivalent to that of the direct problem. In this study, the inverse problem is
formulated based on the parameter estimation approach to solve the function estimation problem of
the recovering of the timewise varying heat flux with no a priori information of the functional form of
the unknown variable heat flux.

To do so, a two-dimensional transient heat conduction equation subjected to appropriate initial
and boundary conditions (with Neumann and Robin conditions at boundaries of a general irregular heat
conducting body) is solved using an explicit scheme. Initially, the two-dimensional irregular domain is
transformed into a regular computational domain, and all computations needed to solve the direct
and inverse problem equations are performed in the regular computational domain. A body-fitted
grid generation method (here the elliptic grid generation method) is used to mesh the physical
domain, and the finite-difference method, a method chosen for its easy-to-implement feature, is used
to approximate the derivatives of the field variable (temperature) at the grid nodes by algebraic
expressions. A novel, efficient, accurate, and very easy to implement sensitivity analysis scheme
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is developed to compute the sensitivity (Jacobian) matrix by employing the chain rule to relate the
temperature at the sensor place and the timewise varying wall heat flux applied on the part of the
domain boundary. As mentioned above, the inverse analysis using the proposed sensitivity analysis
scheme is not involved with the sensitivity and the adjoint equations, thereby reducing the associated
development efforts and the computational costs significantly. The main novelty of the proposed
sensitivity analysis is that all sensitivity coefficients can be computed efficiently in only one direct
problem solution (during the transient solution), with no need for the solution of the sensitivity and
adjoint equations (to compute the gradient of the objective function with respect to the variables),
irrespective of the number of unknown parameters, which is extremely large in this study. A nonlinear
least-square formulation is used to define the objective function and the steepest-descent method with
an appropriate stopping criterion specified by the discrepancy principle is employed to minimize the
objective function and recover the unknown functional form accurately. Three test cases are presented
to reveal the accuracy and efficiency of the employed inverse analysis. In this study, three different
measurement errors will be considered. As will be shown, the proposed inverse analysis is not strongly
affected by the errors involved in the temperature measurements and the unknown timewise varying
heat flux can be recovered with good accuracy.

The inverse analysis for the transient heat conduction problem presented in this study is sufficiently
general; that is, it can be used to estimate the timewise varying wall heat flux applied on part of the
boundary of a general irregular two-dimensional region (a heat-conducting body) with both Neumann
and Robin conditions at the boundaries as long as the general two-dimensional region can be mapped
onto a regular computational domain.

2. Governing Equation

The heat-conducting body shown in Figure 1a is made of a material of constant thermal conductivity
kr, density p, and specific heat ¢, and is initially at the temperature Ty. For the time f > 0, a timewise
varying heat flux 4(t) is applied at the boundary surface I';. Convective heat transfer is imposed
on boundary surfaces I';,i = 2,3,4 with corresponding heat transfer coefficients h;,i = 2,3,4 and
surrounding temperatures T, i = 2,3,4.

hy, TOC2
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heat conducting body
(physical domain)
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constant thermal conductivity: kT
density: P
specific heat: ¢

(@) ®)

Figure 1. Arbitrarily shaped two dimensional heat-conducting body (physical domain) subjected to
a timewise varying heat flux §(t) on surface I'; and convective heat transfer on surfaces I';,i = 2,3, 4
(a) and the corresponding computational domain (b).
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For this problem, the two-dimensional transient heat conduction equation with no heat
generation is

PT(x,y,t)  PT(x,y,t IT(x,y,t

The boundary and initial conditions are

Ty, t) _ilt)

on boundary surface I'1 (x, ) )
&1’11 T
dT(x,y,t ; .
M = —E(Tr.(x, y,t)— Too.) on boundary surface T;(x,y),i =2,3,4 (3)
on; kr\ ! !
T(x,y,0) = To(x, y) in physical domain Q(x, y) 4)

where t is the time. Since the heat conduction problem is concerned with an irregular body, the irregular
shape (the x and y physical domain) is mapped onto a regular one (the £ and 1 computational domain).
The elliptic grid generation method is used to mesh the domain. Then, the heat conduction equation
and its associated boundary and initial conditions can be transformed from the (x, y, t) to the (&, n, t)
variables [2,13]. The transformation gives

a T(Em) PT(Ent) PT(Ent)
[ 9z V=" | "k ot

where V2& = P(&,1) and V21 = Q(&, n) are grid control functions. If P(&, 1) = Q(&, 1) = 0, a smooth
grid over the physical domain is generated. Thus, Equation (5) becomes

27 (& 2 2
0(3 T(Ent) 2‘33 T(Em, t) *T(En,t)

92 B +vy I pcdT(&,n,t) |
7 :ETm1<£<M,1<17<N,fort>0 (6)
where
o= x% + y%
B = xexy + yeyy
7
BERe )

J = xgyy —xpye  (Jacobian of transformation)

are the coefficients obtained from the elliptic grid generation method. The transformed boundary and
initial conditions becomes

(}W(yaT(;]n, t) _ﬁBT(g?, t) ))r t?k(;)

(]1 (9T(5,T],) 8 (é,n,))) :_@(T(g,n,t)—Tooz)atl<£<M,r]:N,fort>0 )

atl<&<M,n=1, fort>0 (8)

VY v an J kr
_1 a’T(é/ T]/ 5/ T]/ ))
- Mt) = Teo t1 N,&E=1, fort>0 10
(]\/a(a 85 N 57] ) 3)3 <n< & ort > ( )
1 ( IT(&m,t) 5,17, ))
- sy - 00 tl N, :M,f t 0 11
(]\/a(“ oc . T(&m,t) ,atl<n<N,¢& ort > (11)

T(é,n,O):T*(é,n)inl<£<M,1<17<N, fort =20 (12)
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where T} (&, 1) is the initial condition T (x, y) rewritten in terms of the variables £ and 7. The derivatives
appearing in the transformed heat conduction equation, Equation (6) can be discretized in the regular
computational domain using the finite-difference method, as follows

(assuming A& = An=1)
fe = 53 (fiv1,j = fio1j)
fn = %(fi,jﬂ —fi,j—l) (13)
fee = fivr,j = 2fij+ fi-j
fn = fijr1—2fij + fij—1
fen = 3 (fir1,j11 = fimr,j41 = firr,j1 + fi1,j-1)

where f = x,y, T. For the discretization of the boundary condition equations, one-sided forward and
one-sided backward relations should be used.

The transformed differential equation, Equation (6), can be approximated by the finite-difference
method using the explicit method. Using forward-time-central-space (FTCS) discretization and the
relations in Equation (13), we get

]2( (T =20+ Ty ) =285 (T} g = Ty = T o + T ) 0 (T — 200+ T 1)) (14)
Tn 1 _T".
7}?: zlAt l]’ ZZZ’M_]-/]:Z/N_].fOI't>O

where At is the time step. Considering stability criterion, Equation (14) can be solved using the

L

time-marching procedure to obtain T”]+1 In other words, the nodal temperatures at the time level

n+1, T”]H, can be determined from the knowledge of nodal temperatures at the previous time level #,
T” as follows

n+l _ 7n
Tl.,]. —Ti,j—k

krAt 1
pchz ( (Tzn+1] 2Tn + T? 1 ;) 2ﬁZ(T?+1,j+1 - Tz”—l,j—«—l - T?+1,j71 + Tznfl,jfl) + 7’(ng+1 2T” + Tzn] 1

)) (15)

3. The Inverse Analysis

3.1. Objective Function

The aim of this study is to estimate the timewise varying heat flux applied at the time ¢; and the
surface 'y, (t),i = 1, f using the transient readings of a single sensor S placed at the point (S, )
inside the body. To do so, an inverse analysis is used so that the square of the difference between the
estimated temperatures at the sensor place, T.(5i, Sj, t;), computed from the solution of the direct heat
conduction problem using the estimated heat flux q(t;) and the measured temperatures T,(Si, S}, t;)
over the time domain 0 < f < f is minimized. This can be mathematically expressed as

min { T :=1Te(Si,Sj,t) — T (Si, Sj,if)ll2 : Equation (1) in ), BCs and IC in Equations (2)—(4)} (16)
gatTy
: . . 4 4 T
where g = [q(tl),q(tz),q(tg),...,q(tf)] . The inverse analysis is used to minimize the following
objective function expression:

f

Z T.(Si, Sj, t;) — T (Si, Sj, ;)] (17)
i=1
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3.2. Sensitivity Analysis

The inverse problem is concerned with the calculation of the gradient of the objective function ]
defined by Equation (17) with respect to §(t;),i = 1, f. Thus, we can write

3Te(5i, Sj, t,‘)
aq(t)

f
=2) " [Te(Si, S, ts) = Tu(Si, Sj )] (18)
i=1

l,

aTg SzS], i) e

In Equation (18), 0) (i=1,f ¢ =1,f) are called the sensitivity coefficients and can be

explicitly expressed usmg the chain rule (using the constant thermal conductivity k) as follows

Do 9T, (Si,Sjt)

dT.(Si,Sj, t;) B okr (19)

aq(ty o 9lty)

q(ti) L
The term in the numerator of Equation (19), %i}sj'ti), can be obtained by taking the derivative of

the solution of Equation (15), T?fl, with respect to kr,as follows
oTIH(SiSj L)
okt pc]z( (ngJrl ,Sj Zng ,Sj + Tglz 1 S]) (20)
2184( Si+1,5j+1 Tgli—l,SjJrl Tgll+l ,Si-1 + Tgl 1,5j- 1) +7/( 51,5j+1 2Tglz ,Sj + Tgll ,Sj— 1))

9q(ty)
T

The term in the denominator of Equation (19), =55, can be obtained from the boundary condition
involving the applied heat flux, Equation (8), as follows

o - IT(&,n,t) ~ dT(&,n,t) ))

a(t) —kT(] W(y a P ), 1)
therefore, we get

dq(t) IT(&,n,t)  IT(E 1)

Jkr (W( - Pa ))r .

where the terms T¢, T, ], 7, and f are computed using the finite-difference expressions associated with
the surface I'y.

Therefore, the expression in Equation (19) can be computed by dividing the expression in Equation
(20) by the one in Equation (22).

ITe(Si,Sjti) 1 n n
aqty) (i(yaT(é,n,t) _’BBT(één,t) )) pc]2 (TSz+1 ,Sj ZTSz ,Sj + TSZ 1 S])
Iy

Ty an & (23)

1
~263(Tsi 41,8101~ Toitsje1 ~ Tsivnsion + Tsicasjo1) TV (Tggi01 =25+ Tai 1))
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Therefore, the sensitivity coefficients

JT.(5i,Sjt)
A(ty)

7 of 19

can be computed in only one single direct problem

solution (during the transient solution) without the need for solving sensitivity and adjoint problems.
The sensitivity matrix Ja can be explicitly written as

IT,(Si,Sjt)

AT,(Si,Sjt)

AT,(Si,Sjt)

IT,(Si,Sjt)

dq(t) 9q(t2) 9(t3) 9q(ts)
dT,(Si,Sjt>) dT,(Si,Sjtr) IT,(Si,Sjtr) dT.(Si,Sjt2)
5 9(!7(&) ) 5 l?il(tz) | 5 (?57(%) ) aTa(Z(fg)t)
T(Si,5jt3 T,(Si,S),t3 T.(5i,5),t3 e(Si,Sjts
Jay) = E E (24)

9q(t)

ITe(Si,Sjty)

9 (tz)

IT(Si,Sjty)

9q(t3)

ITe(SiSjtf)

9q(t1)

9(tz)

9q(t3)

9q(tf)

ITe(SiSjts)

9q(ts)

fxf

However, the temperature estimated at any time is independent of a yet-to-occur future heat flux
component [1,14] and the sensitivity matrix is a lower-triangular one. In other words, for i’ > i (the

terms above the main diagonal of the sensitivity matrix), %ﬁ;t’) = 0. Thus, we get
aTe(SlrS]/tl) O 0 0
aa(t1) o
9T, (51,S],t2) T (Si,Sjt)
‘ ‘ 0 0
aa(t1) aa(ts) o
ITe(Si,Sjts) 9T (SiSjts) 9T, (SiSjts)
Jay) = 0 (29)

9(t)

ITe(SiSjts)

94(t2)

ITe(SiSjts)

9q(t3)

ITe(SiSjtf)

ITe(Si,Sjtf)

20() 20(t2) 2(t3) - At g

3.3. The Steepest-Descent Method

In this study, the steepest-descent optimization method is used to solve the inverse heat transfer
problem. In this method, the objective function given by Equation (17) is minimized by searching
along the direction of descent a using a search step length g

q"“Y = q" —pMat 6)
The direction of descent is obtained from the gradient direction V](k), as follows

d =y 7)
The search step-length is given as follows [2]
Ja®d™" [T, - Tm]
Ja®d®]" a®a®)]

pl = (28)

Optimization Algorithm
The following algorithm presents the direct and inverse analysis steps used to estimate the
timewise varying heat flux applied at the boundary surface I'y:

1. Specify the physical domain, the boundary and initial conditions, and the measured temperatures
at the sensor place Sg; s; and the time #;(i = W), Tm(Si,Sj, t;).

2. Generate the boundary-fitted grid over the heat conducting body using the elliptic grid
generation method.
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3. Solve the direct problem to obtain the temperature values at the sensor place and the time
ti(i = ﬁ), T.(Si,Sj, t;), through solving Equations (6)—(12).
Using Equation (17), compute the objective function ).

A

If value of the objective function obtained in step 4 is less than the specified stopping criterion,
the optimization is finished. Otherwise, go to step 6.

Compute the sensitivity matrix ]aq(t) from Equation (25).

Compute the gradient directions VI from Equation (18).

Compute the directions of descent d® from Equation (27).

v X N o

Compute the search step lengths f%) from Equation (28).

10. From Equation (26), evaluate the new values for q, namely q(k“).

11.  Set the next iteration (k = k + 1) and return to step 2.

3.4. Stopping Criterion
Without measurement errors, the inverse problem can be terminated if

T < ¢ (29)

where ¢ is a small specified number chosen based on obtaining stable and appropriate results. In
this study, for the case of no measurement error, ¢ = 0.5. For the temperature measurements with
error, the discrepancy principle is used to terminate the iterative procedure. In the discrepancy principle,
if the difference between estimated and measured temperatures is of the order of magnitude of the
measurement errors, then the solution is assumed to be sufficiently accurate, that is,

|Te(Si,Sj,t) = Tw(Si,Sj,t)| ~ o (30)

where 0 is the standard deviation of the measurement errors and is assumed constant in this study
(0 =0.1,0 = 0.5, and 0 = 1.0). We can obtain the following value for ¢ by substituting Equation (30)
into Equation (17) (objective function definition)

&= fa2 (31)
Then, the iterative procedure is terminated when the following criterion is satisfied

T < ¢ (32)

here the measured temperatures containing random errors, Tmeas (Si, Sj,t), (i =1,f),are generated by
adding an error term wo to the exact temperatures Texact(Si, Sj, t;) to give

Tmeas<5i/ Sj/ ti) = exact(Sir Sj/ ti) + wo (33)

where w is a random variable with normal (Gaussian) distribution, zero mean, and unitary standard
deviation. Assuming 99% confidence for the measured temperature, w lies in the range —2.576 < w <
2.576 and it is randomly generated by using MATLAB.

4. Results

Three test cases are presented to investigate the accuracy and efficiency of the proposed sensitivity
analysis method to estimate the timewise varying heat flux applied on part of the boundary of a heat
conducting body. Initially, it is assumed that the heat flux is known, and the transient heat conduction
problem is then solved to estimate the temperature at the sensor place at times ¢; (i = 1, f). Then,



Energies 2020, 13, 4410 9 of 19

the estimated temperatures are used as simulated measured ones to recover the initially used heat flux.
Three different forms of timewise variation are considered for the heat flux, as follows

3000,0 < t < 700s
(1) A step-function in Test case 1: é}step = 7000, 700s < t < 1400s
5000, 1400s <t < 2000s
it

(2) A sinusoidal function in Test case 2: 4, s0iqal = 5000 + 400 sin(gg5), 0 <t < 2000s
(3) A triangular function in Test case 3:

3000, 0 < t < 700s
20003000 (+ — 700) + 3000, 700s < t < 1000s

Awiangular =1 30007000 (; _ 100) + 7000, 1000s <t < 1300s

3000, 1300s <t < 2000s

The heat-conducting body is made of stainless steel (type 304). The numerical values of the
coefficients involved in the test cases are listed in Table 1.

Table 1. Data used for the heat conduction problem (the body is made of stainless steel (type 304)).

hi( y ) TDO;(OC)

\ k J W g
TestCase kr(g5¢) p(;%) c( kg°C ) 9(52) 1-:'3,23’2 i=2,3,4
) 14.9 7900 477 Tstep 5 30
@) 149 7900 477 Ggnusoidal 5 30
3) 14.9 7900 477 qtriangular 5 30

The grid size is M x N = 20 x 20, the sensor is placed at the node (Si, Sj) = (4,5) (Figure 2),
the initial temperature is T(x, y,0) = To(x, y) = 20°C, the final time is ¢ £ = 2000s, and the time step is

At = 0.2s. Thus, the number of transient readings of the single sensor S is f = % = 28_%25 = 10000.
This implies that the number of unknown parameters is 10000. Thus, the parameter estimation
approach used so far in the literature is not feasible to estimate this extremely large number of unknown
parameters. However, it will be shown that using the proposed sensitivity analysis, the estimation of
such a large number of unknown parameters is feasible in an accurate and efficient manner.

sensor place, S(M/2,5)

L l L L l L L l L L l L
-0.05 0 0.05 0.1
X

o
N
PN LA LA RN R R RE R R R BRI N

Figure 2. The place of the sensor S, S( 15—4, 5), used to measure the temperature at time ;.
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In this study, three different measurement errors of ¢ = 0.1,0.5, 1.0 are considered. The stopping
criteria (Equation (31)) for the test cases with these measurement errors are

0 =0.1= ¢ =0?f = 0.12(10000) = 100
0 =05=¢=0%f = 0.52(10000) = 2500
0 =1.0= ¢ = o*f = 1.02(10000) = 10000

Since the size of the Jacobian matrix is f X f, we will deal here with a Jacobian matrix of size
10000 x 10000. As soon as the nodal temperature at the sensor place is calculated at each time ¢;, the
Jacobian matrix coefficients can be immediately calculated during the transient solution using the
explicit expression for the sensitivity coefficients; that is, during the transient solution of the direct
problem, the terms T, (i,1) = %, i=1,...,fand qkT(j,l) = %, j=1,..., f are computed
from Equations (20) and (22), respectively, and then the sensitivity coefficients can be obtained from

doi=1,f
doj=1,f
if (i.LT.j) then
Ja(i, j) = 0.0
else
N Y A Y
Jali}) = 75
endif
enddo
enddo

This means that the proposed sensitivity analysis scheme is very efficient and does not contribute
significantly to the computational cost of the solution. If we assume that the computational cost of the
expression given by Equation (15) at any node (i, j) and time ¢; is equal to 4, then the computational cost
of the entire transient heat conduction solution for M X N nodes at the final time ¢ is approximately
equal to M X N X f xa. On the other hand, the computational cost of Equation (23) for a single
sensor placed at only one node, 5(Si,Sj), at the final time ¢ is approximately equal to 1X f x a.
Therefore, the computational cost of the computation of Jacobian matrix at each iteration is I\ﬁ of
the computational cost of the direct problem solution. In this study, since M x N = 20 x 20 = 400,
the computational cost of the computation of Jacobian matrix is 41@ = 0.0025 of the computational cost
of the direct problem solution.

The initial guesses used for the estimation of the unknown timewise varying heat fluxes in the
test cases are as follows:

w
m?2

it v () = 60000 Vi, () = 40000(=5 My, () = 45000(-5)

Initially, the temperature distribution for the heat conducting body used in one of the test cases
(Test case 2) is compared to the temperature distribution obtained from the commercial finite element
software COMSOL to validate the implementation of the direct problem solution. To do so, the timewise
varying heat flux given in Test case 2 (5000 + 400 sin( % ),0 <t <2000s) is considered. The grid and the
temperature distribution obtained by the explicit solver, Equation (15), using the problem data given
in Table 1, a grid size of 20 x 20, and the time step At = 0.2s are shown in Figure 3a,b, respectively,
and the temperature distribution obtained by the finite element software COMSOL is depicted in
Figure 3c. The temperature history of the place of the sensor, S( %, 5), obtained by the explicit solver
and the software COMSOL is depicted in Figure 4. Moreover, the temperature distribution at the final
time £y = 2000s at a given line, here along the nodes (i,j),i =1,...,M, j = 12, obtained by the explicit
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solver and the software COMSOL is shown in Figure 5. The comparison between the results shows
very good agreement, thereby confirming the correct implementation of the explicit solver.

I I temperature distribution
- - (grid size: 20*20)
0.15 grid size: 20*20 015 time step=0.2 s, final time=2000 s
I I T,,,=58.0976 (‘C)
o o T"=34.9305 ('C)
B B T(°C)
01} 0.1 56
L L 54
= =4 52
E T E T 50
> I > B 48
= = 46
— - 44
0.05 I 0.05 o
B 40
B B 38
L - 36
(o) o o
L L1 L1 L1 - L L1 L1 L1 L1
-0.05 0 0 0.1 -0.05 0.0 0.1
X (m) X (m)
(a) (b)
Time=2000 s Surface: Temperature (degC) Contour: Temperature (degC) B
m T T T T
014 | ass354
0131 B
012 -
0l1lr B 55
[ B
0.09 R 50
0.08 R
0.07 R 45
0.06 - R
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Figure 3. Validation of the direct problem solver using the finite element software COMSOL. The result
obtained by using our explicit code (a,b), and the result obtained by using COMSOL (c).
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Figure 4. Comparison of temperature history at the sensor place, S( %A, 5), obtained from the explicit

solver and the finite-element software COMSOL. (a) Sensor place; (b) temperature history.



Energies 2020, 13, 4410 12 of 19

80

——H—— comsoL
——~A—— code

nodes (i,12), i=1,....20

L L L L L
-0.1 -0.05 0 0.05 0.l

20~
L

z

(a) (b)

Figure 5. Comparison of temperature at nodes (i, j),i = 1,...,M; j = 12 at the final time ¢ = 2000s
obtained from the explicit solver and the finite-element software COMSOL. The position of nodes (a)
and the temperature comparison (b).

Three different functions (step, sinusoidal, and triangular function) are considered for the timewise
variation of the applied heat flux to investigate the inverse analysis presented here. These different
functions are selected so that they can reflect the accuracy and efficiency of the inverse analysis as they
involve sharp comers and discontinuities, which are the most difficult to be recovered by an inverse
analysis [2]. Considering the three different functions, a comparison of the initial (guessed), optimal,
and desired heat fluxes is shown in Figure 6a, Figure 7a, Figure 8a (for the case of no measurement
0.1), Figure 6e,
Figure 7e, Figure 8e (for the measurement error of ¢ = 0.5), and Figure 6g, Figure 7g, Figure 8g (for the
measurement error of ¢ = 1.0). It can be seen that very accurate results are obtained for both cases
of no measurement error and the measurement error, even for functions containing sharp comers

error, 0 = 0), Figure 6¢, Figure 7c, Figure 8c (for the measurement error of o0 =

and discontinuities.
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Figure 6. Estimation of the timewise varying heat flux g, using an initial guess qiyigiai,,, ... , (t) =

6000.0(%) and objective function versus iteration number (Test case 1) for cases of no measurement

error (a,b) and measurement error of 0 = 0.1 (¢,d), 0 = 0.5 (e,f), and 0 = 1.0 (gh). (a) 0 = 0;
(b) e = 0.5; (c) o = 0.1; (d) ¢ = (0.12)10000 = 100; (e) o = 0.5; (f)e = (0.5%)10000 = 2500; (g) o = 1.0;
(h) & = (1.0%)10000 = 10000.
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error (a,b) and measurement error of 0 = 0.1 (c,d), 0 = 0.5 (e,f), and ¢ = 1.0 (g/h). (a) o = 0.0;
(b) e = 0.5; (¢) 0 = 0.1; (d) ¢ = (0.12)10000 = 100; (e) ¢ = 0.5; (f) ¢ = (0.5%)10000 = 2500; (g) ¢ = 1.0;

(h) & = (1.0%)10000 = 10000.
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Figure 8. Estimation of the timewise varying heat flux Qtriangular using an initial guess q;iar, ., (F) =
4500.0( %) and objective function versus iteration number (Test case 3) for cases of no measurement
error (a,b) and measurement error of ¢ = 0.1 (c,d), 0 = 0.5 (e,f), and ¢ = 1.0 (g/h). (a) o = 0.0;
(b) e = 0.5; (c)o = 0.1; (d) ¢ = (0.12)10000 = 100; (e) o = 0.5; (f)e = (0.5*)10000 = 2500; (g) 0 = 1.0;
(h) & = (1.0%)10000 = 10000.

The convergence histories of the objective function for Test cases 1-3 and cases of no measurement
error and the measurement errors of 0 = 0.1, 0 = 0.5, and ¢ = 1.0 are shown in Figure 6b, Figure 7b,
Figure 8b (for the case of no measurement error, 0 = 0), Figure 6d, Figure 7d, Figure 8d (for the
measurement error of ¢ = 0.1), Figure 6f, Figure 7f, Figure 8f (for the measurement error of o = 0.5),
and Figure 6h, Figure 7h, Figure 8h (for the measurement error of ¢ = 1.0), respectively. Without
the measurement error, a 100% reduction in the objective function and complete recovering of the
unknown heat flux are achieved in all test cases, which shows the accuracy of the proposed sensitivity
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analysis scheme. Moreover, an acceptable recovering of unknown heat flux even in the presence
of large measurement errors and a significant reduction in the objective function value implies that
the proposed inverse analysis is not strongly affected by the errors involved in the temperature
measurements. In addition, in all test cases with and without measurement error, a high convergence
rate can be seen and an approximately 99% reduction in the objective function value takes place in
the first ten iterations. As can be seen in the figures, the number of required iterations to obtain a
stable solution using the discrepancy principle in recovering the unknown heat flux is decreased by
increasing the measurement error. The only exception is the case of the measurement error of ¢ = 0.1
in Test case 2 in which the number of iterations is 467 (larger than 401 for ¢ = 0.0). The reason is that
the iterative process for the case of the measurement error of ¢ = 0.1 could be terminated much sooner
because the discrepancy principle, Equation (30), is an approximation expression. The value of the
objective function at iteration 314 is 101.007 and the value of the objective function at iteration 467 is
99.999. The objective function is decreased from 101.007 to 99.999 in 154 iterations. In other words,
one could terminate the iterative process at iteration 314 instead of iteration 467 to get a stable solution.
In the case of the measurement error, some oscillatory behaviors are observed around the exact values
due to the ill-posed nature of the inverse heat transfer problem. The details of the results, including the
initial and desired values for the variable heat flux, the initial and final values of the objective function,
the computation time, the number of iterations, and the percentage of the decrease in the objective
function, are given in Table 2 (for cases of no measurement error and the measurement errors of 0 = 0.1,
0 = 0.5, and 0 = 1.0). As can be seen in Table 2, in spite of large unknown variables (10000 in these test
cases) and large final time, (t; = 2000s), the short computation time in the test cases confirms that the
employed inverse analysis based on the proposed sensitivity analysis is very efficient. The results are
obtained by a FORTRAN compiler and computations are run on a PC with Intel Core i5 and 6G RAM.

Table 2. A summary of results for the estimation of the timewise varying heat flux g(f).

Test Des‘;f d Heat Imtll;lll Heat Temperature Initial Value ~ Minimum Reduction in Objective Function
Case ‘le Vgx Measurement Error of | Value of | & Computation time
(m?) (@)
~100%
(6V] ilstep 6000.0 a=00 245,874.155 0.499 68 min
(427 iterations)
~100%
=01 246,030.055 99.989 56 min
(343 iterations)
99%
0c=05 248,653.454 2498.254 23 min
(137 iterations)
96.1%
=10 256,432.253 9999.998 9 min
(58 iterations)
~100%
2 Jeinusoidal 4000.0 d=00 146,727.537 0.498 64 min
(401 iterations)
99.9%
o=01 146,826.545 99.999 74 min
(467 iterations)
98.3%
0=05 149,222.374 2499.896 33 min
(206 iterations)
93.6%
0=10 156,716.711 9999.977 20 min
(126 iterations)
100%
(©) Ttriangular 4500.0 0=00 109,715.236 0419 16 min

(102 iterations)

99.9%

c=01 109,841.079 99.962 16 min
(101 iterations)

97.8%

=05 112,344.252 2496.899 7 min
(42 iterations)

91.7%

=10 119,972.769 9997.296 4 min
(26 iterations)
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It can also be seen that in a neighborhood of ¢ the estimated heat flux deviates from the exact one
and approaches the initial heat flux. One method to overcome this drawback and reduce the effects of
the initial heat flux on the solution in the time interval of interest is to consider a final time larger than
that of interest. From Equation (18) we can write the gradient of the objective function ] with respect to
qas

ad_ 2Ja’ [T, — T,] (34)
9q

By approaching the final time ¢ ¢, the elements with zero value in the column vectors of the Jacobian
matrix Ja increase and there is only one nonzero element in the last column vector (see Equation (25))
because the Jacobian matrix is a lower-triangular matrix. For example, the gradient of the objective
function ] with respect to the heat flux at the final time, q(t), is

T

Te(Si,Sj,t1) — Tm(Si,Sj, t1)

T,(Si,Sj,ta) = T (Si, Sj, t2)
0 Te(Si, Sj, t3) = Tm(Si, Sj, t3) OT.(Si, Sj, t

I, . ) :2M[TB(Si,Sj,tf)—Tm(Si,Sj,tf)] (35)

2q(tr) : : (tr)

0 To(Si, Sj, tr-1) = T (Si, Sjit-1)

ITe(SiSjts) S .
A Te(Si, Sj, tr) = T(Si, Sj t)

which is a very small number. Substituting a very small value for V]él((t) )

f

V];l((t) Y gives a very small value for dl((t) ) Likewise, substituting a very small number for d
f f

Equation (26), Q(tf)(kﬂ) = Q(tf)(k) - ‘g(k)dél((t)f), results in Q(tf)(kﬂ) ~ Q(tf)(k), as observed.

. . k) _
into Equation (27), d'.7 t) =
(k)

q(ts)

—

into

=

5. Conclusions

An explicit sensitivity analysis scheme was developed in this study to estimate the unknown
functional form of the timewise varying heat flux applied on part of the boundary of a heat-conducting
body subjected to specified initial and boundary conditions through transient readings of a single
sensor placed inside the body. There was no prior information available on the functional form of
the unknown heat flux. Unlike the function estimation approach which is the widespread approach
to address this problem, in this study a parameter estimation approach was used for the first time
to estimate the unknown functional form accurately and efficiently through demonstrating three
test cases. The transient heat conduction equation was solved using an explicit scheme. Initially,
the two-dimensional irregular domain was transformed into a regular computational domain and all
computations needed to solve the direct and inverse problem equations were carried out in the regular
computational domain. The elliptic grid generation method was used to mesh the physical domain and
the finite-difference method was used to approximate the derivatives of the field variable (temperature)
at the grid nodes by algebraic ones. A novel, efficient, accurate, and very easy to implement sensitivity
analysis scheme was developed by using the chain rule to obtain an explicit relation between the
temperature at the sensor place and the timewise varying wall heat flux applied on the part of the
domain boundary which allowed for the calculation of the sensitivity coefficients at each time step
during the transient solution. Thus, the inverse analysis using the proposed sensitivity analysis
scheme is not involved with sensitivity and adjoint equations. The main novelty is that all sensitivity
coefficients can be computed efficiently in only one direct problem solution (during the transient
solution), without the need for the solution of the sensitivity and adjoint equations (to compute the
gradient of the objective function with respect to the variables). The steepest-descent method with an
appropriate stopping criterion specified by the discrepancy principle was used to minimize the objective
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function and recover the unknown functional form accurately. The accuracy and efficiency of the
proposed numerical procedure were demonstrated through presenting three test cases.
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