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Abstract. This work presents a method for the simultaneous estimation of temperature-dependent thermal conductivity,
A, and volumetric heat capacity, pcp, in samples of AISI 1045 steel. In this method, these properties are estimated
simultaneously using the same experiment. Due to the initial temperature variation, the assembly is placed inside an
oven. This model uses a constant heat flux on the upper surface of the sample and insulation condition on the bottom
surface and the temperature is measured on the bottom surface by using type T thermocouple. Thus, the estimation of
the properties is based on the analysis of the sensitivity coefficients. Based on this analysis, two different heat flux
intensities are used. To estimate these properties, an objective function is minimized by applying the optimization
technique BFGS. This function is defined by the square difference between the numerical and experimental
temperatures plus the square of the systematic error caused by the thermal contact resistance. The numerical
temperature is obtained by the solution of the proposed thermal model by using the Finite Difference method with an
implicit formulation. Besides, uncertainty analyses are performed in order to ensure the quality of the obtained results.
The estimated properties and the uncertainty are in good agreement with literature.
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1. INTRODUCTION

Nowadays, due to globalization, more and more new techniques are required to quickly, reliably and accurately
determine temperature-dependent thermophysical properties of materials. Another important aspect is the economic
issue, because the lower the cost to determine the parameters, ensuring reliability, the greater the chance to compete in
the national and international markets. The technique proposed in this paper can be used, for example, to correctly
choose, under the point of view of thermal properties, the materials to be used in the manufacture of a heat exchanger.
This choice is made by taking into account the values of thermophysical properties, which should be ideal to yield a
saving that is directly linked to energy and environmental issues, widely discussed in the current global circumstances.
Another example can be a machining process where great part of the heat generated by friction between the workpiece
and the cutting tool must be transferred to the tool holder, as tool wear is directly linked to temperature increase. Thus,
the right tool for the process can be chosen with the knowledge of its thermal conductivity which determines the range
of the working temperature of the material. From these needs, researchers have developed many techniques which are
being improved continuously (Santos et al., 2014 and Brito et al., 2015).

There are several techniques to determine the thermophysical properties of diverse materials (Jannot et al., 2009,
Xamén et al., 2009 and Thomas et al., 2010). These techniques may determine these properties separately or isolatedly,
and most of these estimations occur rapidly, safely and precisely. However, these techniques do not allow the
temperature-dependent estimation. Then, other researchers present techniques to determine temperature-dependent
thermal properties (Aksoz et al., 2010; Karimi et al., 2010; Sadeghi et al., 2011; Zamel et al., 2012; Ozturk et al.,
2013); however these techniques determine only one property. This work presents a method to estimate simultaneously
temperature-dependent thermal conductivity, A and volumetric heat capacity, pc,, of AISI 1045 steel.

Also, an uncertainty analysis is presented in this work as well a study of the contact resistance. The study on the
contact resistance displays the influence of the Kapton layer on the resistive heater. The uncertainty analysis is done by
taking into account the influence of the thermal contact resistance and the numerical and experimental temperature
errors. In addition, the main purpose of the present work is to present the improvements performed in relation to Carollo
etal. (2012).

2. THEORETICAL ASPECTS

2.1 Thermal Model
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Figure 1 shows the proposed one-dimensional thermal model that consists of a sample located between a resistive
heater and an insulator. To ensure the unidirectional heat flux, the sample much thinner than its other dimensions. In
addition, all the surfaces, except the heated one (x = 0), were isolated (Fig. 2).
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Figure 1. One-dimensional thermal model. Figure 2. One-dimensional thermal model.

The heat diffusion equation for the problem presented in Figure 1 can be written as:
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In accordance with the literature, there are two methods to estimate thermal properties dependent on temperature. In
the first one, presented by Ozisik (1993), the thermal model is based on nonlinear heat conduction, in others words, the
properties are dependent on the temperature to solve the thermal model. The second method adopts constant thermal
properties within a temperature range to solve the thermal model (Tillmann et al., 2008). Thus, the initial temperature is
defined (T,) and the estimation of the properties occurs considering 5 °C the maximum range of temperature. This
condition is performed for all the desired temperature.

Therefore, the heat diffusion equation for the thermal problem with constant thermal properties can be written as:

O*T(x,t) _ ACp BT (x.t)
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and the initial condition:
T(xt)=T, at t=0 ®)

where X is the Cartesian coordinate, t the time, ¢ the prescribed heat flux, T, the initial temperature and L the thickness.
The numerical temperature is obtained through the solution of the one-dimensional diffusion equation using the
Finite Difference method with an implicit formulation

2.2 Analyses of the best region to determine the properties pc, and 4

Studies of the sensitivity coefficient for each sample are performed in this work in order to determine the ideal
region to estimate the properties and the best configuration of the experimental setup. This study provides information
such as: the correct positioning of the thermocouples, the experimental time, and the time interval of the applied heat
flux incidence. The higher the coefficient values, the better the chances of obtaining the properties reliably.

The sensitivity coefficient is defined by the first partial derivative of the temperature in relation to the parameter to
be analyzed (pc, or 1), being written as follows:

aT;
Xij =P Yy (6)
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where T is the numerical temperature, P is the parameter to be analyzed (pc, or 1), i is the index of parameter, and j is
the index of points. As in this work, only two properties will be analyzed, i = 1 for pc, and i = 2 for A.

Besides this, analyses of the objective function were performed in order to guarantee that in the analyzed region
there is enough information to estimate the properties simultaneously. One can verify this information if a minimum
value of the objective function is found when there are changes of the properties values. This function is represented by
Eq. (7) in the next section.

2.3 Volumetric heat capacity and thermal conductivity simultaneous estimation

To estimate the two properties it is necessary to use an objective function based on the square difference between
the experimental and numerical temperatures. This equation can be written as:

F =(R;¢m)2+Z(Yi -T;f Y

=1

where, m is the total number of points, Y is the experimental temperature, R; is the heater thermal contact resistance,
and g, is the weighted average heat flux.

Thus, it is known that the optimal value for pc, and 4, that is, the value that minimizes the objective function is the
value of the property to be estimated. To obtain this value, optimization techniques can be used, such as the BFGS
(Broydon-Fletcher-Goldfarb-Shanno) sequential optimization technique used in this work and presented in
Vanderplaats (2005). This technique is a particularity of Variable Metric Methods. The advantages of this method are
the fast convergence and the ease to work with many design variables. Because it is a first order method, it is necessary
to know the gradient of the objective function. This gradient is calculated numerically by using the computer package
Design Optimization Tools - DOT (Vanderplaats, 2005).

3. EXPERIMENTAL PROCEDURE

Figure 3 shows the experimental apparatus used to determine the properties of AISI 1045 steel dependent on
temperature. The dimensions of the grinding plates are 99.9 x 99.9 x 11.9 mm®. The resistive kapton heater has a
resistance of 23.2 Q and dimensions of 99.5 x 99.5 x 0.2 mm®. The resistive kapton heater was used for its thinness,
allowing for faster overall warming. To provide the necessary heat flux, this heater was connected to a digital power
supply Instrutemp ST — 305D-I1. This experimental apparatus can be used from environment temperature up to 200 °C.

In this work, different intensities of heat flux were used in the same experiment as an attempt to achieve the best
condition for estimating the properties simultaneously in accordance with the analyses of the sensitivity coefficients. To
achieve this heat flux condition, the digital power supply had a configuration that allowed work in parallel, series or
independent connections. Thus, it is possible to apply different intensities of heat flux having the correct setup of the
resistances which is by the combination of two buttons. Therefore, the following procedure was adopted: the series
condition was used to provide the highest heat flux in the first period of the experiment, and, in the second part, the
parallel condition to supply the lowest heat flux. A symmetrical assembly was used to minimize the errors when
measuring the heat flux on the sample surface. In addition, the values of the current and resistance of the heater were
measured with the calibrated multimeters Instrutherm MD-380 and Minipa ET-2042C, respectively.

To ensure a unidirectional heat flux and minimize the effect of convection caused by the air circulating in the
environment, the heater-samples set was isolated with ceramic fiber plates. Temperatures were measured by using type
T thermocouples (30AWG; 0.254 mm of diameter) welded by capacitive discharge in the middle of the bottom surface
and calibrated by using Marconi MA 184 bath temperature calibrator with a resolution of + 0.01 K. This thermocouple
was connected to an Agilent 34980A data acquisition, controlled by a microcomputer. The assembly was located inside
a Marconi MAO030 oven to control the desired initial temperature. To obtain better results, all experiments were
performed in a temperature controlled room.

Estufa Marconi
MA030

Figure 3. Sketch of the experimental apparatus used to determine the properties.
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4. RESULTS ANALYSES

Fifteen experiments were performed to simultaneously estimate the thermal conductivity and the volumetric heat
capacity of AISI 1045 steel for each initial temperature (25°C, 50°C, 75°C, 100°C, 125°C e 150°C). Each experiment
lasted 80 s, but the heat flux was imposed from 0 to 70 s. In the first part, from 0 to 10 s, the imposed heat flux was
approximately 7709 Wm'. For the second part, from 10 to 70 s, the imposed heat flux was around 1854 Wm™. The time
interval used to monitor the temperature was 0.1 s. To guarantee the hypotheses of constant thermal properties, this
configuration for the heat fluxes was chosen to keep the temperature difference lower than 5 K. This temperature
difference is based on the difference between the final and initial temperatures which are measured on the same position
of the sample.

The sensitivity analyses were performed to determine the best region to estimate the properties. These analyses
were performed using the values of A and pc, obtained from Incropera et al. (2011) and the parameters described above.
In addition, several analyses of the objective function (Eq. 7) with the sensitivity coefficient analyses were performed to
determine the properties in the selected region. This selected region corresponds to a set of points which provide
accurate thermal property estimation. Since this estimation presents an accurate result, it can be said that this region of
points presents enough influence to determine these properties.

Figure 4 shows the sensitivity coefficients at x = L for A and pc,, and Fig. 5 presents the values of the objective
function.
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Figure 4. Sensitivity Coefficients. Figure 5. Objective Function Values (F).

X, represents the sensitivity coefficient for 1 and X; represents the sensitivity coefficient for pc,, both on the
isolated surface. The former is multiplied by a factor to provide a better view of the curve. In Figure 4, one can see that
X, increases during the first 9 seconds and remains constant thereafter until the change of heat flux; and X; increases
proportionally with the temperature.

Because of this behavior, a higher heat flux was imposed in the first period of time, resulting in high sensitivity for
A. A'lower heat flux was imposed in the second part to increase the sensitivity for pc, and maintain the sensitivity for A.
This procedure was done, because it is necessary to control the magnitude relation between X; and X,, to guarantee that
both properties are estimated. That is, if one coefficient is much larger than the other, the estimation, by using
minimization, will occur only for that property that presents the higher coefficient. Hence, Figure 5 shows that, since a
minimum value was found for each property, enough influence exists to simultaneously determine the properties in the
region analyzed. Figure 5 was obtained by minimizing the difference between the experimental and numerical
temperatures. This numerical temperature was obtained by varying the value of one property while the other property
was kept constant. Thus, the minimum value, in other words, the estimated property, was found when the temperature
difference presented the lowest value for all the property values analyzed. On analyzing Fig. 5, it can be seen that there
is a different minimum value for each property; however the estimation occurs at the same time for the properties by
using the same objective function.

Another objective of the sensitivity analysis is to determine the number of points in the curve which should be used
to estimate the properties. To be considered in properties estimation, these points should have derivatives different from
zero, which indicates applied heat flux. So, the sets of points which do not present applied heat flux should be
disregarded in the estimation. Also, a thermal inertia analysis of the heater was carried out to verify whether this inertia
can cause an influence in the experiments. This analysis was performed by using an assembly which contained heat flux
sensors, similar to Borges et al. (2006). Therefore, it was possible to quantify this thermal inertia in time. These tests
were done by applying the same experimental conditions and the results presented a delay of almost 2 seconds to
achieve the real value of heat flux. Thus, the set of points which corresponded to this delay was disregarded in the
thermal properties estimation.

To determine whether the conditions explained above resulted in good experiments, another analysis was
performed based on Dowding et al. (1995). According to these authors, the best condition and design for the experiment
were achieved when the sum of the sensitivity coefficient to 1 and pc, plus the temperature difference were equal to
zero (Xy + X, + Y — Yo =0). For this, the boundary conditions of imposed heat flux on the top surface and insulation on
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the bottom surface were considered. In other words, if this proposed condition is reached, the reliability of the obtained
results can be guaranteed. Figure 6 shows the obtained results of this analysis considering the above experiment.

X, +X,+T-T (C)

T v v T T v T i
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Time (s)

Figure 6. Analysis for the best condition and design for 1045 steel.

One can see that the result for this analysis is satisfactory, because the highest difference was around 0.12 °C. Thus,
this proves that experiment was well performed.

To improve the analyses of this work, the thermal contact resistance was analyzed with the purpose to find out if
there is a significant influence during the temperature measurements. In this study, the influence of the kapton layer
present in the resistance heater was taken into account. Two factors were considered for this analysis: the thermal
conductivity and the thickness of the heater kapton layer. An Optical Microscope Jenavert Zeiss (2000x) with the Image
Analyzer Olympus Model TVO.5XC-3 was used to measure the thickness of the kapton on the heater. The kapton layer
presents a thickness of 10.64x10° m. As the thermal conductivity of the kapton is 0.12 Wm™C™ (MatWeb, 2015), a
thermal contact resistance is equal to 88.67x10° m**CW™. By considering the applied weighted average heat flux of
2639.95 Wm™, this thermal contact resistance corresponds to a temperature difference of 0.23 °C.

Figure 7 presents the distribution for experimental and numerical temperatures on the plate, at x = L and the
imposed heat flux at x = 0. The numerical temperature is achieved by employing the property values of pc, and 4
estimated for one of the accomplished experiments. These temperatures present good concordance which can be proved
by analysis of the temperature residuals. The temperature residuals are shown in Figure 8, in other words, it is the
difference between the experimental and the numerical temperatures. One observes the good agreement of the results
for the AISI 1045 steel. For the thermocouple located on the opposite surface, a difference of up to 0.10 °C was sensed.
These deviations may be due to the contact resistance between the resistive heater and the sample, and the difficulty of
isolating the experiment.
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Table 1 presents the mean value, the standard deviation and the error (the percentage difference between the mean
and the literature value) for pc, and A of AlISI 1045 steel with the oven temperature set at 25 °C.

Table 1. Results obtained for the AISI 1045 steel with the oven temperature set at 25 °C.

Average T, (°C) Property Mean | Grzesik et al. (2009) | S. D. E(z/roc))r
254 pex10° (Ws/m3K) | 3.48 3.43 +0.02| 144
' 2 (W/mK) 52.04 51.80 +0.49 | 0.46

The estimated values of pc, and 4, when compared with the literature values, are in good agreement. Moreover, the
error found in estimating the thermal conductivity is consistent when compared with the values found in literature.
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Thus, the technique proposed is validated and the experiments can be carried out for the other initial temperatures. Only
the results will be presented, because the analyses were performed by following the same procedure.

Tables 2 to 6 present the mean value, the standard deviation and the error (the percentage difference between the
mean and the literature value) for pc, and 4 of AISI 1045 steel for each initial temperature.

Table 2. Results obtained for the AISI 1045 steel with the oven temperature set at 50 °C.

Average T, (°C) Property Mean | Grzesik et al. (2009) | S. D. E(Z/';Sr
461 pex10° (Ws/m3K) | 3.54 3.50 +0.52 1.18
' A (W/mK) 51.39 51.4 +£0.25| 0.02

Table 3. Results obtained for the AISI 1045 steel with the oven temperature set at 75 °C.

Average T, (°C) Property Mean | Grzesik et al. (2009) | S. D. E(g/rO(;r
69.4 peox10° (Ws/m3K) | 3.59 3.54 +0.04 | 1.36
' 2 (W/mK) 50.92 51.00 +0.37 0.16

Table 4. Results obtained for the AISI 1045 steel with the oven temperature set at 100 °C.

Average T, (°C) Property Mean | Grzesik et al. (2009) | S. D. E(z/ro(;r
9.4 pex10° (Ws/m3K) | 3.61 3.66 +0.03 0.99
' J (W/mK) 50.47 50.40 +0.28 0.14

Table 5. Results obtained for the AISI 1045 steel with the oven temperature set at 125 °C.

Average T, (°C) Property Mean | Grzesik et al. (2009) | S. D. E(E/':;r
1153 peox10° (Ws/m3K) | 3.66 3.61 +0.05| 1.42
) 4 (W/mK) 49.75 49.80 +0.38 | 0.10

Table 6. Results obtained for the AISI 1045 steel with the oven temperature set at 150 °C.

Average T, (°C) Property Mean | Grzesik et al. (2009) | S. D. E(g/ro(;r
139.2 pex10° (Ws/m3K) | 3.74 3.77 +0.02| 0.86
) A (W/mK) 49.55 49.40 +£0.36 | 0.30

On analyzing the standard deviation, one can see that the results present better precision for pc,, due to its greater
sensitivity coefficient than 1. Besides, the maximum difference between the literature and the experimental results was 2
%, which guarantees the good quality of the experiments.

Figures 9 and 10 present the literature and experimental result values. One can see the good agreement of the curves,
which present a correlation factor of 0.98.
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From these results, the equations for the volumetric heat capacity and thermal conductivity can be written as:

A(T) =-0.02228 T +52.500 ©
¢, (T) =(0.00210 T +3.43253)10° o)

5. UNCERTAINTY ANALYSIS

An uncertainty analysis was done to verify whether the results obtained were reliable. This analysis was based on
the uncertainty propagation procedure. In this procedure, it is necessary to decide which errors will be analyzed. Thus,
the following errors were considered: temperature measurement, the imposed heat flux, measurement instruments,
thermal contact resistance, imperfection of thermal insulation, and the numerical errors (BFGS and Finite Difference
method-FDM). Therefore, the uncertainty analysis can be done by the sum of these considered errors in accordance
with the theory of error propagation extracted from Taylor (1997).

When analyzing the experimental temperature for the AISI 1045 steel, the thermocouple error, the thermal contact
resistance, the acquisition data error, and the imperfection of thermal insulation were considered. Thus:

2 2 2 2 2
UY =anuis"'utherm +Ucontactresis +Uinsu| (10)

The errors of the multimeters used to measure the current and the heater resistance values as well as the numerical
error of the Finite Difference method were used to calculate the uncertainty numerical temperature. Therefore:

2 12 2 2
UT _Ucurrent +Uresistance +UMDF (11)

Finally, the uncertainty of the estimation can be calculated based on the objective function, which is composed of
the experimental and numerical temperatures and the BFGS method. Hence:

2 2 2 2
U finat =Uy +U7 +Ugegs
(12)
u %inal =U a%quis +Ut%1erm +U020ntactresis +U ?nsul +U<:2urrent +U r2esistance +U I\Z/IDF +U éFGS
After the final uncertainty has been defined, it is necessary to quantify the partial uncertainty. To define these
values, the authors decided to consider each uncertainty divided by the mean value of the analyzed parameter, except
for the temperature, which considered the maximum difference between the initial and final temperature in the same
experiment. Thus, uncertainties are:

0.01 0.10

U aquisition data = = - 0.20 % U thermocouple = T =2.00%
U contact resis tance = % =4.60 % U hermal insulation = 0—;0 =2.00%
Ussrenmtiner = 2o = 051% U rssnce motimetr = g = 0:419%
UBFGS=%=0.20% UMDF=%:O.20%

Thus, the final uncertainty:

U %4 =0,202 +2,00% +4,60% +2,00 +0,51% + 0,41 + 0,207 + 0,202

(13)
u ?inal =5,45%

As it can be seen, the uncertainty value is in accordance with that found in literature, because the presented value is
around 5 %.
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6. CONCLUSIONS

This paper presents a technique for the simultaneous estimation of temperature-dependent volumetric heat capacity
and thermal conductivity of metallic materials by applying different intensities of heat flux. The material analyzed was
the AISI 1045 steel. Good results were found. This affirmation can be proved due to the small difference between the
literature and estimated values, and the low standard deviation. For future work, the use of a three-dimensional thermal
model is proposed to analyze the placement of thermocouples in various points of the sample, so as to find regions
which present higher sensitivity to determine these properties.
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