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discussed. This method is used to predict a heat flux by utilizing temperature data at any
points of measurement. The study deals with the structure of 2D thin plate at steady
state. A copper plate with a thickness of 1 mm is used as specimen. White glass wool is
used to thermally insulate the plate on the back surface. An electrical heater is plate
mounted and operated by varying the DC voltage. A datalogger with thermocouple
sensors records plate temperature changes. Software for solving the IHCP based on the
CGM was developed. Initially, the software was implemented using synthetic data
obtained from the forward heat conduction equations with a known heat flux. Simulated
measurement data are assumed to have high accuracy (+ 0.1 2C). Determination of heat
flux with the CGM gives very satisfactory results with a low error below 0.12%. The CGM
was then applied using experimental data. With a measurement error of + 0.5 2C, the
computational stopping criterion can still be met satisfactorily. In real installations,
equipment is sometimes partially or completely isolated. In the experiment, this
phenomenon is simulated by varying the isolation area as follows: 0%, 25%, 50% and
Keywords: 100%. The results of the flux calculation are correlated with the real flux supplied by the
Inverse heat conduction; conjugate electrical heater. Each type of insulation area has a similar curve. By obtaining the
gradient method; heat flux prediction;  correlation equation, the equivalent heat flux from calculation to real and vice versa can
condition monitoring; insulation be carried out.

1. Introduction

One of the maintenance models in industrial installations is preventive maintenance which can
be in the form of periodic maintenance or predictive maintenance. Periodic maintenance includes
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scheduled routine maintenance (machine cleaning, machine inspection, engine oiling, and also
replacement of spare parts according to age). Predictive maintenance attempts to anticipate failures
by analyzing trends in machine behavior or condition. This treatment, also called condition
monitoring, aims to ensure the continuity of the production process. Information from the
monitoring process can be used to predict potential equipment damage. Utne et al., [1] proposed a
monitoring method with a structured approach. One step is to evaluate suitable condition monitoring
method. There are many types of condition monitoring methods, but none of them can detect all
potential failures. Each method has advantages and limitations. The simplest inspection is a visual
inspection. Hamid et al., [2] examined the roof of the building using the Unmanned Aerial Vehicle
(UAV). With this drone, some roof defects can be detected. Further evaluation leads to a classification
of the degree of damage.

Various parameters such as temperature, pressure or performance can be used as condition
parameters. Temperature is the most frequently observed parameter because all physical changes
result in temperature changes. If the condition monitoring yields abnormal data, a diagnosis is made
to find the cause of the anomaly. Based on the measurement data, an analysis is carried out to find
out what causes it. For example, if there is a hot spot or temperature anomaly, then the question is
what heat source is causing the anomaly. This problem is known as the inverse problem where the
effect is known from the measurement, but the cause is unknown. The inverse problem involving
heat transfer in solids is known as the Inverse Heat Conduction Problem (IHCP).

Condition monitoring can be done either by qualitative or quantitative inspection. The qualitative
inspection aims only to detect the presence of thermal pathology, without taking into account the
severity of the anomaly. If a thermal pathology is detected, the thermal inspection should be followed
by a quantitative inspection which can classify the severity and/or characterize the physical nature
of the anomaly.

Temperature monitoring can be carried out either by contact, for example with a thermocouple
sensor, or non-contact using an infrared sensor. Regarding temperature measurement technology,
the Infrared Thermography (IRT) was stated by Garrido et al., [3] as the most effective monitoring
tool for both qualitative and quantitative inspections. The IRT for inspection activities was reviewed
by Usamentiaga et al., [4]. Temperature monitoring techniques can be done either passively or
actively. In passive technique, the object is observed without the addition of external heat which
normally leads to a steady state. On the other hand, in active technique, external heat is added which
can lead to steady or transient conditions. The additional heat sources can be stimulated by electric
heaters, lamps, lasers, eddy currents, or others. The heating process can be constant, pulse,
vibro/wave, lock-in, etc.

The IHCP in transient conditions has been extensively studied. Its application is widely used for
various purposes: estimation of heat sources, estimation of heat transfer coefficients at contact
surfaces, estimation of convection coefficients, applications for non-destructive tests (NDT),
characterization of the thermal properties of materials, and others. The transient IHCP using infrared
scanner was pioneered by Le Niliot and Gallet [5] with cement block specimens equipped with
heating wires and modeled in 2D. Then, Bozzoli et al., [6] used a thin copper plate as a specimen.
Duda [7] uses a beam with vertical and horizontal heating on both sides. Huang and Chaing [8] used
a 3D transient model to identify unknown heat source configurations with irregular and moving
boundaries. Sanches et al., [9] estimated the time-varying boundary heat flux in a thin plate. The heat
generated in the machining process is also an object of research: the turning process by Deppermann
and Kneer [10], drilling with lubrication by Tai et al., [11,12] and dry drilling by Huang et al., [13]. They
succeeded in predicting the temperature distribution of the workpiece or drill bit. Recently, without
using the inverse approach, Mohd et al., [14] performed bone drilling experiments. A significant
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difference was obtained between the simulated temperature data and experimental measurements
using an infrared camera. The application of the transient IHCP to estimate the heat transfer
coefficient was reviewed by Xian et al., [15]. The phenomenon of heat transfer at contact surfaces
was studied by several researchers [16-18]. Vu et al., [19] investigated the process of printing non-
isothermal glass. Helmig and Kneer [20] discussed heat transfer in rotary bearings. The IHCP is also
used to evaluate convection heat transfer. Bozzoli et al., [21] studied the effect of butterfly inserts
on heat exchangers. Bozzoli et al., [22] discussed a specimen in the form of a helicoidal spiral tube.
Bozzoli et al., [23] continued his work with grooved spiral pipe objects. The convection phenomena
in corrugated hollow pipes were also numerically studied by Amina et al., [24]. Huang et al., [25,26]
investigated finned tube heat exchangers. Mobtil et al., [27] worked on similar object by utilizing
infrared transparent materials. F. Baldani, et al., [28] uses a flat plate flowing with wind. Huang et al.,
[26] and Cattani et al., [29] discussed forced convection. Meanwhile for NDT applications, Jinlong et
al., [30] characterized the size and depth of subsurface defects of CFRP (carbon fiber reinforced
polymere) composite materials. Junyan et al., [31] and Holland and Schiefelbein [32] investigated
subsurface defects and identified heat diffusivity in CFRP. Liu et al., [33] reconstruct complex shaped
delamination defects in multi-layer metal structures. Junyan et al., [31] and Doshvarpassand et al.,
[34] reviewed an overview of the application of infrared thermography for the detection and
characterization of corrosion defects in metal materials. The IHCP can also be used to characterize
the heat properties of materials. Gaverina et al., [35] analyzed the thermal diffusivity in the in-plane
direction. Groz et al., [36] used an inverse method based on thermographic data to estimate the
thermal resistance and layer thickness. Halloua et al., [37] proposed a fast and novel method that
allows to estimate the thermal and physical properties of CFRP laminated composites.

Not only transient condition that offers research areas, the IHCP under steady conditions also
attracts the attention of researchers. Nemirovsky and Mozgova [38] used the boundary element
method (BEM) in 2D problem to estimate both temperature and heat flux at the unknown boundary.
Temperature measurement data were obtained by simulating direct problem equation. The BEM was
also used by Wang et al., [39] to be combined with the Conjugate Gradient Method (CGM) and by
Wang et al., [40] to be combined with Tikhonov's iteration. Jin and Marin [41] presented the use of
the Method of the Fundamental Solutions (MFS) to recover a heat source from measurement of
boundary temperature and heat flux. Similar research using the radial basis functions approach was
carried out by Kotodziej et al., [42]. Furthermore, Yu et al., [43] also predicted temperature and heat
flux using the MFS. Marin [44] applied the zero-order Tikhonov function to two-dimensional
functionally graded materials (FGM). Marin and Karageorghis [45] continued his work with the case
of linear isotropic thermoelasticity. Mohebbi et al., [46] used a combination of the finite difference
method and the CGM to functionally graded materials (FGM). Two different types of material
gradations are considered for the thermal conductivity of the FGM which varies spatially in the form
of a square or an exponential. Huang and Lee [47] used a combination of commercial software based
on the finite volume method and the CGM to simultaneously estimate six unknown internal surface
heat fluxes. With the same method, Huang and He [48] continued their work to search for unknown
spatially dependent surface heat flux.

With various prospectus potential applications, research on the IHCP in transient conditions,
especially associated with the IRT for temperature measurement, is of great interest. However, the
majority of this research is still carried out on a laboratory scale where the environment can be
conditioned. The temperature measurements with high accuracy can then be obtained. However, in
a real inspection at the site, various problems arise. The surrounding environment creates noise that
is hard to remove. The surface properties of the object to be monitored tend to have irregular
emissivity due to degradation processes due to various physical phenomena during their operating
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life. The surface properties of the observed object tend to have irregular emissivity due to
degradation processes during their operating life. The quantitative and transient inspection at the
site by relying on temperature measurements using the IRT is then very difficult to do. In this case,
temperature measurement with contact sensors is more feasible than with infrared sensors.

From the literature above, solving the transient IHCP by measuring temperature using IRT
technology offers prospectus challenges in characterizing thermal phenomena. However, this
technique is difficult to apply to real in situ inspection because of difficulties in measuring
temperatures with high accuracy. Another obstacle that is often encountered in site inspections is
the presence of thermal insulation. Besides obstructing temperature measurement, insulation also
adds complexity to the phenomenon of heat transfer. In-situ thermal inspection by measuring
temperature using contact sensors in steady state is more feasible. For this reason, we study the
steady state IHCP to determine unknown flux using multi-point temperature measurements for the
2D thin plate problem. Temperature monitoring is carried out with thermocouple sensors. The steady
state is easily obtained by operating the facility in normal condition. The influence of insulation is
also discussed whether it affects the reliability of flux calculations.

2. Methodology
2.1 Experimental Setup

The test scheme and experimental settings are shown in Figure 1. The copper plate specimen has
dimensions of 18.0x15.2 cm? with a thickness of 1 mm. The plate is in a vertical position. On the back
surface of the plate is installed an electric heater with the dimensions of 3.0x2.0 cm?. Five
thermocouple sensors are provided. White glasswool is used to thermally insulate the plate on the
back surface. The heater is turned on by varying the DC voltage. The datalogger, calibrated with high
precision mercury thermometers 0 ~ 150 9C, records changes in plate temperatures. The datalogger
is also used to measure ambient temperature.

Insulation
system
Spesimen N
I
I
VThermocoupIe
Optional sensors
insulation ;
e Electrical Heater
(a) (b)
Fig. 1. (a) Test scheme and (b) experimental settings
2.2 Mathematical Model

A thin copper plate with the dimensions of thickness e, length Ly and width L, has a thermal
conductivity of k. An electric heater with a surface area of Apeater is placed at the center of the bottom
surface of the plate (see Figure 2). The entire bottom surface of the plate is thermally isolated and
the top surface allows air convection. An additional insulation is also installed on the top surface. The

179



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 110, Issue 2 (2023) 176-191

insulation area is varied. The upper surface with the phenomenon of air convection or with insulation
is denoted as Agiss. In fact, heat loss occurs from both above and bottom of the plate.

Air convection B (Lx’ Ly)
U Additional u 0y
insulation Adiss
i A
Electrical thin plate \ A
insulation heater
Yk
(0,0) X
(a) (b)

Fig. 2. (a) Physical model and (b) plat model in 2D

The heat flux generated by the electric heater, g, is used to heat up the plate. Since the ambient
temperature, T, is less than the plate temperature, T(x,y), some of the heat is dissipated due to both
air convection and imperfect insulation with a dissipation coefficient, hgiss. At steady state, the
problem of heat transfer of the plate can be model by the following equations:

k azgi?y) + k azgs;'y) + Qneater — Quissipation = 0, for 0 <x <Ly & 0<y<L, (1)
Qneater = Aneater q, for area Aneater (2)
Quissipation = Adiss Naiss(T(x,y) — Ty), for Adiss (3)
k%z&forx:Oandx:Lx (4)
ka%z'y)=0,fory=0andy=Ly (5)
T(x,y) =T; forx=xiandy =y; (6)

If the heat flux g is known, then the temperature distribution over the entire surface of the plate
T(x,y) can be calculated using Eq. (1) to Eq. (5). But in the inverse problem, Eq. (2) does not exist
because the value of g is unknown. On the other hand, the temperature measurement at certain
points is known according to (6).

The IHCP theory is discussed by Ozisik et al., [49]. Temperature measurements carried out at
certain points produce temperature data which, arranged in column vector form, becomes:

Y=(Y1, Y ..Y) (7)

Every measurement is always accompanied by errors. If the error is additive by g, then the result
of Y measurement can be written as follows:

Y=T(q)+¢ (8)

where T(q) is the solution of the mathematical formulation of the heat transfer problem obtained
from the parameter g.
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Assuming that the measurement error is a Gaussian random variable, with a zero mean, known
covariance and independent of the parameter g, then a probability density function can be
developed leading finally to the maximum likelihood objective function, Sm:

Smu(q) = [Y - T(g)I" [Y-T(q)] (9)

In order for the objective function to be minimum, the Conjugate Gradient Method uses the
following iterative procedure:

gkt = gk - Bk gk (10)

where k is the iteration number, 8% is the search step size and d* is the direction of descent. The
direction of descent is the conjugation of the gradient direction, VSwmi(g¥) and the direction of descent
of the previous iteration, d<Z. It is given as

d“=VSmi(q¥) + y* d** (11)

Through various assumptions and development of the Taylor series, the conjugation of the
gradient direction is obtained as follows:

VSm(q¥)* = -2(J)T[Y - T(g")] (12)
where J is the sensitivity matrix:
J=1[0T(q) / dql' (13)

The flow chart for solving the unknown heat flux using the CGM algorithm is shown in Figure 3.
The procedure starts with establishing a mathematical model. The forward problem is then executed
with an initial guess of arbitrary heat flux as input. The results of temperature calculations are
compared with measurement data. If the difference is still large, the initial guess is corrected with an
iterative algorithm. The forward problem is re-evaluated with updated input guesses until finally the
calculation results are close to the measured temperatures.

181



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 110, Issue 2 (2023) 176-191

Establishing
model

Initialization
\ 4
Data from Forward Con
onjugate
measurement calculaton :

Gradient
Method

algorithm

Good
comparison:
calculated and
measurement
TO

A

Fig. 3. Flowchart for resolving inverse problem

There are several criteria for stopping computation iterations and ensuring that the final guess
matches the ideal solution. One way is to evaluate the Sy variable with the following requirements:

Smu(gkt) < € (14)

where £ is the fault tolerance. If the Sy is small, it means that the T(g**1) solution is close to the
measurement results.

Sensitivity coefficients are crucial parameter in guessing the flux. The central difference finite
technique is used to evaluate the sensitivity coefficients J with the following equation:

J=[T(g“+eq")-T(g")]/eq" (15)
where, g¥ is the magnitude of the flux in the k' iteration and g is the finite difference step. For the
stopping criteria, the residual between measured and estimated temperatures should be the same
order of magnitude of the measurement errors, namely:

|Yi- T(q*)| = oi (16)

where, oiis the standard deviation of the measurement error at point i. Assuming constant standard
deviation (o) and applying it to Eq. (9), Sm.(g**!) should be lower than §, that is:

6= n 0.2 (17)

where n is the number of the measurement points.
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3. Results

In accordance with the flowchart in Figure 2, a module for solving the forward problem is needed.
The finite element method was developed by using 2D triangular elements with 3-nodes. The
computation method was implemented in MATLAB software. By giving an arbitrary flux guess, the
temperature distribution is obtained as an effect of the flux. The temperature calculated by the
forward module is compared with the measured temperature. The flux guess is corrected by applying
the Conjugate Gradient Method as discussed in the previous chapter.

3.1 Conjugate Gradient Method with Synthetic Data

The effectiveness of the Conjugate Gradient Method in predicting heat flux was first evaluated
using synthetic simulation data. The copper plate is simulated by giving a heat flux of 7,100 W/m?.
The physical properties of the material are as follows: thermal conductivity of 385 W/m.K, density
8900 kg/m?3 and heat capacity 390 J/kg.C. The ambient temperature is 27 °C, the coefficient of heat
dissipation without insulation is 16.5 W/m? C, and with insulation is 3.5 W/m? C. The insulation area
varies from 0%, 25%, 50% and 100% (Figure 4).

Withhout I Insulation

insulation | [~ 100%

Insulation
25%

Insulation 50%

Fig. 4. Simulation with different insulation area

Insulation has the goal of preventing heat loss to the environment. This is clearly seen by
increasing the steady-state temperature with the insulation area (see Table 1). The copper plate has
high thermal conductivity, heat diffuses rapidly over the plate. The temperature difference between
the maximum and minimum on the plate will not be much different, but can still be detected by the
thermocouple sensor. The Table also shows that insulation also affects the minimum and maximum
temperature differences on the plate.

Table 1
Effect of the insulation area on plate temperatures with a
heat flux of 7,100 W/m?

No Insulation Maximum ATmin.max
area temperature (2C) (eC)

1 0% 52.2 5.8

2 25% 57.4 6.7

3 50% 65.6 7.3

4 100% 118.4 5.9

To evaluate the accuracy in determining heat flux, the CGM method was evaluated using
synthetic data. Temperature monitoring is assumed to be carried out at 4 arbitrary points (Figure 5).
By using these 4 measurement points, the CGM method is applied to predict heat flux. Assume that
the temperature measurement error (o) is +0.1°C. The stopping criterion is then set to £ = 0.04. Figure
6 shows the effectiveness of the CGM in predicting heat flux. As shown in Table 2, for all insulation
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area variation, the heat flux prediction error is still below 0.15%. The accuracy of temperature
measurement greatly determines the acceptance of heat flux prediction errors. If the measurement
error was greater, the deviation of the heat flux calculation would also be greater.

(18.0; 15.2)
P,(6.0;13.0)

P,(12.0; 10.0)

P,(15.0; 3.0)

(0.0;0.0)

Fig. 5. Combination of 4 points for applying the CGM

7,110
—@— Comb A
e ¢» o [xpected

7,108
7,106
7,104
7,102

7,100 ¢ «» e =

Predicted heat flux (Watts)

7,098

7,096
0% 25% 50% 75% 100%
Insulation area

Fig. 6. The predicted heat flux in function of insulation area

Table 2

Calculated flux errors

No Insulation area Abs. error

1 0% 0.12%

2 25% 0.02%

3 50% 0.03%

4 100% 0.01%
Maximum 0.12%

3.2 Experimental Steady State Temperatures
In the experiment, temperature measurement was carried out by attaching 4 thermocouples to

the plate. The locations of the 4 thermocouples are shown in Figure 7. Figure 8 shows the steady-
state temperature as a function of the electric heating power for the case where no insulation is
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applied on the front surface side. It is clear that the greater the applied electric heating power, the
greater the steady state temperature.

Copper plate (1 mm)

[ ]
P3 (3.0, 12.0) P4 (15.0, 12.0)
Heater 3x2 cm?
: i 15.2cm
e ;
[ ]
. P1(13.0, 6.5)
P2 (3.0, 5.0)

18 cm

Fig. 7. Locations of thermocouples
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o
€ T4
[0}
2
9 60
8
(%]
>
Q40
]
3
wv

20

0

0 10 20 30 40 50

Electrical heater power (Watts)

Fig. 8. Steady state temperatures without front face insulation

For measurements at point P1, the effect of insulation on steady state temperature is shown in
Figure 9. The wider the insulation area, the more heat is absorbed by the plate. Without insulation,
about 43 Watts of electric heating power is needed to reach a steady state at 130 2C. But with full
insulation, it would take about 10 Watts to get the same steady state temperature.
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Electrical heater power (Watts)

Fig. 9. Effect of heat insulation area on steady temperature at point P5
3.3 Characterization of Heat Loss

In Eq. (3), the parameter of the dissipation coefficient (haiss) is required. This heat dissipation
comes from either the top and bottom surfaces. This heat loss phenomenon is highly dependent on
the test conditions. To characterize the heat loss, the copper plate is heated. After reaching steady
state, the temperatures are recorded. Two tests were performed. Firstly, no insulation is provided
on the front side of the plate. Secondly, the front side of the plate is completely insulated with 2 cm
thick glass wool. The heat loss during steady state is assumed to be due to dissipated heat on both
sides of the plate. That is equivalent to the heat supplied by the electrical heater. Figure 10 shows
the heat loss as a function of the temperature difference between the plate temperature and the
ambient temperature. The curves match well with second order polynomial regression. The heat
transfer or dissipation coefficient representing the heat dissipated is required to solve the IHCP.
Figure 11 shows the relationship between the dissipation coefficient and the temperature difference
between the plate temperature and the ambient temperature. Without insulation on the front side
of the plate, the logarithmic regression fits the experimental data. The logarithmic equation will then
be used for approximation. With insulation, the curve tends to be linear. Instead of using linear
regression, we use the same logarithmic equation as without insulation.
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Fig. 10. The heat loss in function of the plate temperature
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Fig. 11. Determination of the dissipation coefficient

3.4 Prediction of Experimental Heat Flux

By using the temperature measurements at steady state, the CGM method is applied to predict
the heat flux supplied to the copper plate. Since the temperature measurement error is + 0.5 °C, the
stopping criteria £ = 4*0.25 = 1.0 is then used. Variation of insulation area is applied: 0%, 25%, 50%,
and 100%. The calculated flux results are compared with the actual flux supplied by the electric
heater (Figure 12). It shows 4 different curves according to the number of types of isolation areas. All
curves have a similar trend. The correlation of the equation is given with the linear regression as
shown in Table 3. By obtaining these equations, the conversion of the heat flux from calculation with
the CGM to actual flux can be carried out or vice versa.
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Fig. 12. Correlation between calculated and experimental heat flux

Table 3

Linear regression for correlation between experimental and calculated heat flux
No Insulation area Polynomial equation R? values

1 Insulation 0% y =1.0144 x 0.9994

2 Insulation 25% y =0.9853 x 0.9995

3 Insulation 50% y=1.0713 x 0.9996

4 Insulation 100% y =1.0134 x 0.9998

In all isolation conditions, the ratio between the experimental heater power and the calculated
results is close to 1.00. This good curve is obtained by applying the heat dissipation coefficient value
with a logarithmic approach. Approaches with linear or polynomial regression have also been tried
and yielded unsatisfactory results. Thus, the key to the success of linear correlation is the use of the
appropriate dissipation coefficient. Tests with insulation conditions of 25% and 50% were also carried
out at lower temperatures compared to the lowest data dissipation coefficient with 100% insulation.
That is, extrapolation in logarithmic regression equation regarding the dissipation coefficient gives
satisfactory results.

4. Conclusions

The Conjugate Gradient Method for predicting unknown heat fluxes for 2D thin plate structures
by using temperature measurements has been discussed. The calculation procedure begins by solving
the forward conduction heat transfer equation. By providing an initial heat flux guess, the calculated
temperature distribution of the structure is obtained and compared with the measurement data. If
the difference is still large, the CGM algorithm regenerates the heat flux guess. The central finite
difference technique is used to evaluate the sensitivity coefficients. The computational iteration is
continued by updating the heat flux guess until it meets the stopping criteria.
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To test the effectiveness of the CGM, synthetic data measurements are simulated. Assuming the
temperature measurement error is +0.1 °C, the heat flux prediction error is still below 0.15%. The
accuracy of temperature measurement greatly determines the acceptance of heat flux prediction
errors. The combination of measurement points and the insulation area have practically no effect in
predicting heat flux. The CGM is then used to predict the experimental heat flux. By using
temperature measurement data, the CGM gives satisfactory results in predicting heat flux. Insulation
results in a higher steady-state temperature than without insulation, but does not affect the precision
of the heat flux calculation. The CGM managed to provide a linear correlation between the predicted
and actual heat fluxes. The characterization of the test conditions, especially the heat dissipation
coefficient determines the success of this correlation.
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