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Abstract A calibration apparatus for contact surface thermometers was developed.
Temperature of the upper surface of a copper cube of the calibration apparatus was
used as reference surface temperature, which was estimated at around 50 °C, 100 °C,
and 150 °C by not only two conventional industrial platinum resistance thermome-
ters (IPRTs) but also five small-sized platinum resistance thermometers (SSPRTSs)
calibrated based on the International Temperature Scale of 1990 (ITS-90). These ther-
mometers were inserted horizontally into the copper cube and aligned along the center
axis of the copper cube. In the case of a no-load state without anything on the upper sur-
face, the temperature profile inside the copper cube linearly decreased from the lower
part to the upper surface, which suggests that the heat conduction inside the copper
cube can be regarded as a one-dimensional steady state. On the other hand, in the case
of a transient state just after the contact surface thermometer was applied to the upper
surface, the temperature profile became a round shape. We obtained good agreement
between the curvature of the temperature profiles and the results estimated by using an
error function used for a one-dimensional transient heat conduction problem. The tem-
perature difference between the estimated temperature by linear extrapolation using
two IPRTs and that by extrapolation using the error function was within 0.2 °C in the
transient state at around 150 °C. Over 10 min after the contact surface thermometer
was applied, the temperature profile showed a linear shape again, which indicated that
linear extrapolation using two IPRTs was well for the estimation of the reference sur-
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face temperature because the heat conduction state inside the copper cube came back
to the one-dimensional steady state. Difference between the surface temperature and
temperature detected by the contact surface thermometer was also observed after the
contact surface thermometer touched on the upper surface. The difference was over
0.1 °C at several minutes after the contact surface thermometer touching on the refer-
ence surface and was suppressed with passing time in the transient state and became
negligible over 10 min.

Keywords Calibration apparatus - Measurement uncertainty - Surface temperature
measurement - Surface thermometer

1 Introduction

Many industries require measurement of the surface temperature of products and/or
heating equipment. For example, surface temperature of steels is observed during
some manufacturing processes; surface temperature of hot plates is checked for keep-
ing quality of food processing. To measure the surface temperature, contact surface
thermometers are widely used because of their simple and easy operation. These indus-
tries also require calibration or check of the contact surface thermometers based on
the International Temperature Scale of 1990 (ITS-90) [1] to maintain reliability of the
temperature measurements.

Over the past ten years, several institutes have developed apparatuses to calibrate
contact surface thermometers [2—12]. These thermometers were calibrated by com-
paring their indicated temperature to a reference surface temperature, which was
determined at an upper surface of a metal block in the calibration apparatuses. In the
previous studies, the reference surface temperature was estimated by linear extrapola-
tion of temperatures from inside of the metal block to the reference surface using two
or three thermometers inserted into the metal block [3-5].

Although the linear extrapolation is simple and usable for the estimation of the
reference surface temperature, there may be some discrepancy between the reference
temperature estimated by the linear extrapolation and a surface temperature estimated
by observing much more detailed temperature profile inside of a metal block. So
far, observation of a detailed temperature profile of an inside metal block has been
superficial to estimate the reference for the calibration apparatus for contact surface
thermometers.

In this study, we developed a calibration apparatus consisting of a copper cube, of
which the upper surface of the cube was used as the reference surface. To observe
temperature profile from the inside of the copper cube to the upper surface in detail,
we inserted not only two conventional industrial platinum resistance thermometers
(IPRTs) but also five small-sized platinum resistance thermometers (SSPRTSs), which
are traceable to the ITS-90, in the copper cube. These thermometers were aligned along
the center axis of the copper cube and provided precise temperature profile inside of
the copper cube.

In this study, firstly, we will describe linear features of the temperature profile inside
the copper cube in the case of a no-load state, namely no contact surface thermometer
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on the reference surface, by using both the IPRTs and SSPRTSs around 50 °C, 100 °C,
and 150 °C. The uncertainties of the estimation of the upper surface temperature were
also shown.

Secondly, we will describe a round shape of a temperature profile in a transient state.
Then, difference between a surface temperature obtained by the linear extrapolation
using two IPRTs and that estimated by the round shape will be discussed.

We also observed the time variation of the upper surface temperature and the output
of the surface thermometer over 30 min through the surface thermometer was applied
to the upper surface around 150 °C. Finally, we will present preliminary results for
differences in the surface temperature and the output of the surface thermometer in
the transient state.

In this study, our main scope is observation of a detailed temperature profile of
the copper cube for estimation of the reference surface temperature of the calibration
apparatus. Thus, this study is limited to the estimation of reference surface temperature
in the calibration laboratories, where the ambient conditions are very stable to exclude
effects of outside condition on the temperature of reference surface.

2 Experimental
2.1 Calibration Apparatus of the Surface Thermometer

Figure 1 shows a schematic side view of the calibration apparatus. The main part
of the apparatus consists of an oxygen-free high conductivity copper cube, where
one side is 100 mm. It is plated with nickel to prevent oxidation. It is covered with
a heat insulator except for the upper surface, where a contact surface thermometer
touches. The temperature of the copper cube is controlled to a certain value by using
a thermometer and a heater. The heater, of which the output power was 900 W, is
installed in the lower part, and the thermometer used for controlling temperature is
inserted just above the heater at a depth of 67 mm from the upper surface.

The temperature profile in the copper cube was measured by using two types of
platinum resistance thermometers (PRTs). First type of PRT was the conventional IPRT
with an indicator (Model APT-100, Anritsu Meter) as shown in Fig. 2a; the sensing
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Fig. 1 Schematic side view of the calibration apparatus
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Fig. 2 Schematic diagrams of (a) IPRTs with the measurement instrument, and (b) connections between
SSPRTSs and measurement devices

element was about 100 2 at 0 °C, the diameter was 3.2 mm, the length was 50 cm, the
resolution of indicator was 0.001 °C, and the minimum time interval for temperature
measurement is 1 s. Two IPRTs were used (ID A and ID B) in this study. As shown in
Fig. 1, the IPRT ID B was inserted at depths of 67 mm from the upper surface, which
was the same depth of the thermometer used for controlling temperature to check
reliability of the thermometer used for controlling temperature during the calibration.
On the other hand, the IPRT ID A was inserted at depth of 20 mm from the upper
surface to estimate the surface temperature using conventional liner extrapolation of
the two thermometers, namely IPRTs ID A and ID B.

Second type of PRT was the SSPRT, which was Netsushin NSR-U160; the diameter
was 1l mm, the length was 60 cm, and the resistance at TPW (Rtpw) was 100 €2. In this
study, as shown in Fig. 1, SSPRTs were inserted horizontally from the opposite side of
the IPRTs. To check more detail temperature profile between the upper surface and the
IPRT ID A, four SSPRTs (ID 1-ID 4) were inserted at depths of 5 mm, 10 mm, 15 mm,
and 20 mm, respectively, from the upper surface to the [PRT ID A. We also inserted
an SSPRT ID 5 at 30 mm from the upper surface to obtain the information of the
temperature profile between IPRTs ID A and ID B. Two SSPRTs ID 6 and ID 7 were
also inserted at the same depth as the SSPRT ID 1 from the upper surface. They ran
parallel to the SSPRT ID 1 at a distance of 40 mm on the right and left sides to estimate
the temperature distribution of the upper surface. Characteristics of the SSPRT have
been evaluated in detail by the National Metrology Institute of Japan (NM1J)/National
Institute of Advanced Industrial Science and Technology (AIST) up to temperature
of the freezing point of Indium (156.5985 °C) [13]. So, in this study, the temperature
profiles of the calibration apparatus were observed around 50 °C, 100 °C, and 150 °C
below the freezing point of Indium.
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2.2 Measurement Method of SSPRTs and IPRTs

Figure 2b shows a schematic diagram of the connections between the SSPRTs and
measurement devices. All of SSPRTSs and a standard resistor (100 ©2) were connected
in series, and 0.5 mA electric current was constantly applied by a current source
(Model 7651, Yokogawa Meters & Instruments). We selected each SSPRT or the
standard resistor by using a scanner (Model 7001, Keithley Instruments) to measure
voltage induced by the SSPRTs and the standard resistor using a digital multimeter
(Model 3458A, Agilent Technologies). All measurement devices were controlled by a
personal computer. The whole time period for one scanning series of the seven SSPRTs
and the standard resistor was set within 1 s to observe the transient response of the
temperature profile just after the surface thermometer was applied.
To obtain the resistance of the SSRPTs, we used the following formula:

VPRT, i

Rprr,i = X Rya, (1

std

where Vprr,; and Vi are voltages of the SSPRTs and the standard resistor, respec-
tively, obtained by the digital multimeter; Rprr,; and Rstp are the resistances of
the SSPRTs and the standard resistor, respectively; and i is the ID number of the
SSPRTSs. Rstp was calibrated to be traceable to the national standard of resistance at
NMIJ/AIST.

The self-heating effect for the SSPRTs in the copper cube was observed by pre-
measurements using two currents of 0.5 mA and 0.5+/2 mA. The self-heating was
estimated to be about 5 mK at 0.5 mA for the SSPRTSs. In this study, the results for
each SSPRT are given for a zero thermometer current by correcting the self-heating
estimated by the pre-measurements.

On the other hand, the current of the indicator of each IPRT (ID A, B) was fixed
at 1 mA. So, it was difficult to estimate the size of the self-heating for each IPRT at 1
mA using the indicator in the same way as that for SSPRTs. Thus, in this paper, the
measurement results are given at 1 mA for IPRTs. However, we observed the size of
self-heat at 1 mA for this type of IPRT using a different current source and a digital
multimeter. The size of self-heating was estimated to be within 0.06 °C at 1 mA.

2.3 Calibration of SSPRTs and IPRTSs

All of the SSPRTs and the IPRTs were calibrated in order to be traceable to ITS-
90 at 50°C, 100°C, and 150°C by comparing them with a reference thermometer
calibrated at NMIJ/AIST. The reference thermometer is a standard platinum resistance
thermometer (SPRT), which was calibrated at triple point of water (TPW) and the
freezing point of indium before the comparison measurements. In order to obtain an
stable temperature state for the comparison measurements, we used a pressure control
heat pipe developed in NMIJ/AIST [14]. The temperature stability was within 0.1 mK,
as reported before [14]. The stability of the SSPRTs and the IPRTs during calibration
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Table 1 Uncertainty budget for the calibration of SSPRTs and IPRTs using the pressure control heat pipe
at around 150°C

Uncertainty components (°C) SSPRTs IPRTs
1. Stability of PRT in the calibration—u 4] b 0.002 0.001
2. Deviation of measurement—iutcy] dey 0.001 0.001
3. Self-heating effect—ucq_ self 0.001 0.03
4. Reference thermometer (SPRT)—ucay, sprt 0.002 0.002
5. Measurement instrument—=uca] mj 0.002 0.001
Combined standard uncertainty (k = 1)—ucq 0.004 0.03
Expanded uncertainty (k = 2)—U¢q] 0.008 0.06

was also evaluated by taking measurements at the triple point of water (TPW) before
and after calibration.

To calibrate the SSPRT's and the IPRTSs, we used the same devices and connection as
shown in Fig. 2. Table 1 presents the uncertainty budget for the calibration at 150 °C.
Each uncertainty component in Table 1 is described below:

1. Stability of PRT in the calibration—ucq) stb: The first component was evaluated
according to the difference in measured values for each thermometer at the TPW
before and after the calibration.

2. Deviation of measurement—ucq) dev: The second component was estimated from
the experimental standard deviation of the resistance measurement at calibration
temperature.

3. Self-heating effect—utcq1 seir: The third component was an uncertainty due to the
self-heating. The self-heating effect for SSPRT was evaluated by measurements
using two currents of 0.5 mA and 0.5+/2 mA. On the other hand, since the size
of self-heating was estimated to be within 0.06 °C at 1 mA for the IPRTs, the
uncertainty of self-heating for the IPRTs was evaluated on the assumption of a
rectangular distribution of the size of the self-heat estimated at 1 mA.

4. Reference thermometer (SPRT)—ucq1 spre: The fourth component was the uncer-
tainty due to the measurement of SPRT as the reference thermometer for the
calibration of the SSPRTs and the IPRTs. The uncertainty component also included
not only an uncertainty due to calibration of the SPRT itself and also the stability
of the SPRT during comparison measurements. Details of the measurement of
SPRTs using the pressure control heat pipe were described in the former report
[14].

5. Measurement instrument—tucq) mi: The last component was the uncertainty due to
measurement instruments. It considers the following items: the calibration uncer-
tainty of the reference resistance, the stability of the digital multimeter and the
current source for the SSPRTSs, and a resolution of the indicator for the IPRTS.

The expanded uncertainties of the calibration for the SSPRTs and the IPRTs were
0.008 °C and 0.06 °C, respectively. The uncertainties of the calibration for the SSPRTs
and the IPRTs at 50 °C and 100 °C were almost the same as that at 150 °C. We also
measured the SPPRT's and the IPRTs at additional two temperature points in the vicinity
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Cylindrical guard
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Fig. 3 Contact surface thermometer used in this study

of 50°C, 100 °C, and 150 °C using the same procedure of the calibration in order to
obtain their sensitivity.

2.4 Surface Thermometer

Figure 3 shows a surface thermometer (Model A series, Anritsu Meter) used in this
study. The thermometer has a length of 10 cm. The sensing element is a type K
thermocouple. Compensating wires were not used for the surface thermometer between
hot and cold junctions. The cold junction was realized with a water—ethanol bath at
0° C. The type K thermocouple was attached behind a leaf spring. A cylindrical guard
made of stainless steel surrounded the leaf spring to make the leaf spring contact on
a surface of something under temperature measurement satisfactorily.

We have also used a dedicated device in order to touch the contact surface ther-
mometer well on the reference surface automatically and to exclude human error for
the touching procedure. This device enables us better repeatability of the measure-
ments and long-term measurements for over 30 min though the surface thermometer
touching on the calibration apparatus.

3 Results and Discussion

3.1 Temperature Profile Inside the Copper Cube of the Calibration Apparatus
in the No-Load State

Figure 4a—c shows the temperature profiles inside the copper cube of the calibration
apparatus in the no-load state without anything on its surface at around 50 °C, 100 °C,
and 150 °C, respectively. The error bar at each measurement point for the SSPRTs
and the IPRTs represents the expanded uncertainty (k = 2). Table 2 presents the
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Fig. 4 Temperature profiles inside the copper cube in the no-load state at (a) 150 °C, (b) 100 °C, and (c)
50°C. The solid line and the broken line linear line are obtained by using five SSPRTs (ID 1-ID 5) and
one IPRT (ID B) and using two IPRTs (ID A and ID B), respectively. The surface temperatures estimated
by using two IPRTs (ID A and ID B), A g, and by using five SSPRTs (ID 1-ID 5) and one IPRT (ID B),
t1_54+B, are also shown at 0 mm and by outlined symbols. The error bars are the expanded uncertainty

(k = 2) estimated for each point and surface temperature

uncertainty budget for the measurement of the SSPRT's and the IPRT's at around 150 °C.
Each uncertainty component in Table 2 is described below:

1. Calibration—u,: The first component was the uncertainty of calibration for each
thermometer as described in Table 1.
2. Long-term drift—up; grifi: The second component was evaluated according to dif-
ference in measured values for each thermometer at the TPW before and after the
temperature profile measurement.
3. Deviation of measurement—iuy) gev: The third component was estimated from
the width of deviation of measurements for 15 min which was within 0.03 °C.
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Table 2 Uncertainty budget of the temperature measurement for SSPRTs and IPRTS in the no-load state
at around 150°C

Uncertainty component (°C) SSPRTs IPRTs
1. Calibration—u 4] 0.004 0.03
2. Long-term drift—utp drife 0.005 0.005
3. Deviation of measurement—iutp dev 0.01 0.01
4. Self-heating effect—up) gelf 0.02 0.03
5. Position of the sensing element and Heat flux—unp] position 0.03 0.06
6. Thickness of the sensing element—uy], hick 0.002 0.007
7. Measurement instrument—=uy], mj 0.002 0.001
Combined standard uncertainty (k = 1)—u,; 0.04 0.08
Expanded uncertainty (k = 2)—Up) 0.08 0.16

Assuming that the deviation was a rectangular distribution, the uncertainties for
SSPRTs and IPRTs were estimated to be 0.01 °C.

4. Self-heating effect—iutp seif: The fourth component was an uncertainty due to the
self-heating for each thermometer. This uncertainty was evaluated by the same
method for calibration of the SSPRTs and IPRTs as described in Sect. 2.2. Since
the temperature fluctuation of the calibration apparatus was larger than that of the
pressure control heat pipe, the component for SSPRTs also became large.

5. Position of the sensing element and Heat flux—utn1, position: The fifth component was
evaluated from a temperature profile of the copper cube along a sensing element
of the thermometers and effect of a heat flux through a thermometer. They were
observed by extracting each thermometer from the center of the copper cube to
the position at 30 mm. And then, we calculated same difference of temperature
between the center of cube and the position at 15 mm, which was the length of
sensing element for each thermometer. The temperature differences for SSPRT
and IPRT were within 0.05 °C and 0.1 °C, respectively. Assuming the width of the
temperature profile within the sensing elements was a rectangular distribution, the
components for the SSPRTs and IPRTs were estimated to be 0.03 °C and 0.06 °C,
respectively.

6. Thickness of the sensing element—up; ick: The sixth component was caused by
a temperature gradient inside each thermometer due to the vertical temperature
profile of the copper cube. The temperature gradients inside the SSPRTs and
IPRTs were estimated by multiplying the diameter of the thermometers and the
temperature gradient of the copper cube. Assuming the temperature gradient was a
rectangular distribution, the uncertainties for the SSPRTs and IPRTs were 0.002 °C
and 0.007 °C, respectively.

7. Measurement instrument—u 1 mi: The last component was the uncertainty due to
measurement instrument as described in Sect. 2.2.

The uncertainties at around 50 °C and 100 °C were obtained in the same manner
and were almost the same as those at around 150 °C.
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Table 3 Uncertainty of the reference surface temperatures estimated by using five SSPRTs (ID 1-ID 5)
and one IPRT (ID B), #;_5, g, and by using two IPRTs (ID A and ID B), t5 B, at around 150 °C

Uncertainty component (°C) H—_54B IAB
Propagation of uncertainty due to extrapolation—=uen], prop 0.03 0.12
Temperature profile of the surface—uten], profile 0.006 0.006
Combined standard uncertainty (k = 1)—uep) 0.04 0.13
Expanded uncertainty (k = 2)—Uegp 0.08 0.26

As shown in Fig. 4, the temperature profiles inside the copper cube decreased lin-
early from the lower part to the upper surface. The linear temperature profiles suggest
that the heat conduction inside the copper cube can be regarded as a one-dimensional
steady state. Based on the one-dimensional steady-state heat conduction, the upper
surface temperature (i.e., depth = 0 mm) of the calibration apparatus was estimated
by linear extrapolation of the temperature profile of the copper cube. To estimate the
upper surface temperature, the linear extrapolation was first performed at the two mea-
surement points of the IPRTs ID A and ID B. This estimation is referred to as o B
in this study. We also estimated the upper surface temperature by linear extrapolation
using the six measurement points of five SSPRTs (ID 1-ID 5) and one IPRT (ID B).
This estimation is referred to as #;_s54p. Figure 4 also shows the estimated surface
temperatures 4 p and f1_s4+p at O mm. The error bar is the expanded uncertainty
(k = 2) for the estimation of the reference surface temperature, the budget of which
was presented in Table 3. The estimated temperatures 74 g and #;_s54p agree well
within the expanded uncertainty.

The uncertainty components of Table 3 for the estimation of 7o g and #1_54p are
as follows:

1. Propagation of uncertainty due to extrapolation — uenl prop: The first component
was estimated by propagation of the measurement uncertainties for SSPRTs and
IPRTs described in Table 2.

2. Temperature profile of the surface—ueni profile: The second component was esti-
mated from the temperature profile of the upper surface, which was evaluated from
the measured values of three SSPRTs (ID 1, ID 6, and ID 7) inserted in parallel
just below the upper surface. Since the difference within 40 mm on the surface
was 0.04 °C, the temperature distribution within £6 mm (i.e., radius of the surface
thermometer) was estimated to be within 0.01 °C. Assuming the difference is a
rectangular distribution, the uncertainty was estimated to be 0.006 °C.

The uncertainties of the estimated 7o g and 71 _s4 g at around 50 °C and 100 °C were
obtained in the same way and were almost the same as that at around 150 °C.

3.2 Transient Response of the Temperature Profile of the Copper Cube
Through the Surface Thermometer Touching on the Calibration Apparatus

Figure 5 shows the transient response of the temperature profile of the copper cube
through the surface thermometer touching on the calibration apparatus at around
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Fig. 5 Transient response observed by IPRT ID A and five SSPRTs (ID 1-ID 5) embedded within the
copper cube after the surface thermometer was applied on the upper surface of the copper cube. The surface
thermometer was touched at 0 min and leaved at 30 min

150 °C. The surface thermometer was applied to the upper surface from 0 to 30
min. The surface thermometer had been kept at the ambient temperature before being
applied to the calibration apparatus.

Temperatures observed by the IPRT ID A and the five SSPRTs (ID 1-ID 5) dropped
just after the contact surface thermometer touched on the upper surface. Then, temper-
ature observed by each thermometer started to increase with passing time and finally
reached a stable state after about 10 min. On the other hand, variation of temperature
observed by the IPRT ID B, which was at the deepest position from the upper surface
and at the same position of the temperature control thermometer, was obscure just
after the contact surface thermometer touched on the upper surface. Temperature of
the IPRT ID B slightly decreased around 2 min. This was probably due to compen-
sation for the temperature drop by a large heat capacity of the copper cube and by
controlling temperature at the same position of the IPRT ID B.

Figure 6a, b shows the temperature profile inside the copper cube at 0 s, 3 s,
6 s, 1 min, 3 min and 10 min after the surface thermometer was applied to the upper
surface. The temperature profile in Fig. 6a was observed by the five SSPRTs (ID
1-ID 5) and IPRT ID B. The temperature profile in Fig. 6b was observed by the
two IPRTs (ID A and B). The data at 0 s were in the no-load state without anything
on the reference surface. The temperature observed at 5 mm from the upper surface
dropped immediately after the surface thermometer touched on the upper surface. The
temperature drop decreased with increasing distance from the upper surface, and thus,
the features of the temperature profile became a round shape. Then, the curvature of
the round shape became smaller with passing time, and the temperature profile finally
showed linear dependence after around 10 min.

This suggests that the heat conduction inside the copper cube reached a one-
dimensional steady state again after around 10 min. Therefore, the upper surface
temperature of the calibration apparatus after around 10 min was estimated well by
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Fig. 6 Temperature profile within the copper cube obtained by using (a) five SSPRTs (ID 1-ID 5) and
IPRT ID B and (b) two IPRTs (ID A, B) before and after the contact surface thermometer was applied.
The solid lines are fitting curves obtained by using the error function in the same way as one-dimensional
transient heat conduction problems. The dashed lines are the linear lines obtained by the linear regression of
the data. The surface temperatures estimated by using five SSPRTs (ID 1-ID 5) one IPRT (ID B), #; _5.p,
and by using two IPRTs (ID A and ID B), 75 g, are also shown at 0 mm and by outlined symbols.

a linear extrapolation in the same manner as that described for the no-load state in
Sect. 3.1. The temperature difference between the surface temperatures estimated for
the non-load state and the steady state after around 10 min was less than 0.05 °C.

On the other hand, the curvature of the temperature profile was a similar temperature
profile inside a material, which is put between two objects with different temperatures,
in a one-dimensional transient heat conduction problem. To estimate the upper surface
temperature from the curvature of the temperature profiles, we used the error function
erfc (x) in the same way as one-dimensional transient heat conduction problems [15]
up to 10 min. The upper surface temperature 7154 was estimated by extrapolation
using the following equation:

f1-54B = aid + ap — azerfc (asd) , (2)

where ay, az, as, as are constant terms and d is the distance from the upper surface.
The constant terms were estimated by least-squares fitting using the data of the five
SSPRTs (ID 1-ID 5) and the IPRT ID B. The solid line in Fig. 6a indicates the fitting
curve obtained by using Eq. 2 at 3 s, 6 s, I min and 3 min. We obtained good agreement
between the curvature of the temperature profiles and the results estimated from Eq. 2.
The estimated surface temperature #;_s4p by using Eq. 2 is also shown in Fig. 6a at
0 mm.

We also estimated the upper surface temperature by linear extrapolation using the
data of the two IPRTs ID A and ID B in the same manner as described for the non-load
state. The dashed lines in Fig. 6b are the linear lines obtained by the linear regression
of the data. The estimated surface temperature, 74 g, is also shown in Fig. 6b at 0 mm.
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Fig.7 (a) Changes in the estimated surface temperatures t4 g and 75 g. (b) Difference of temperature
dt = tp B — t1—54+B- Inset of Fig. 7a is enlarged from 0 s to 60 s

Figure 7a shows a change in the estimated surface temperatures 75 g and t;_54p
with passing time. Figure 7b shows the difference between o g and #;_s5;p, which
is designated as df(= fap — t1—5+B). The temperature #;_sp markedly dropped
just after the surface thermometer touched on the reference surface and showed a
minimum value at around 5 s, which was 0.2 °C lower than that estimated just before
the surface thermometer was applied. Then, #;_s4+p gradually increased and finally
reached a stable value after around 10 min. On the other hand, the temperature 74 g also
dropped just after the surface thermometer touched on the reference surface, but the
temperature drop of 7o g was apparently smaller than that of #{_5g. The temperature
ta B started to increase after around 1 min and reached a similar value as #;_s54p after
around 5 min.

As shown in Fig. 7b, the temperature differencedt between 74 g and #1_s5+p shows
a sharp peak and then decreases with passing time. It finally became negligible at
around 5 min. These results imply that the estimation of the surface temperature by
linear fitting will show some discrepancy from the surface temperature estimated by
much more detailed temperature profile of the copper cube in the transient state. Thus,
our results suggest that an uncertainty component due to the temperature differencedt
is required for estimation of uncertainty of the reference temperature obtained by the
linear extrapolation using two IPRTs in the transient state.

Table 4 presents the uncertainty budget for estimating the surface temperature by
using ta B in both the transient and the steady states. The uncertainty budget for the
steady state was the same as that given in Table 3 for the non-load state. On the other
hand, the uncertainty components for the transient state were estimated in the same
way as those for the non-load state except for the uncertainty component due to the
difference dt between ta g and #1_54B (Uets,diff)- As shown in Fig. 7b, the temperature
difference dt, was within 0.2 °C, even at several seconds after the contact surface
thermometer touching on the reference surface. Assuming a rectangular distribution,
the uncertainty component i giff Was estimated to be 0.12 °C. Thus, the expanded
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Table 4 Uncertainty of the reference surface temperatures estimated by using two IPRTs (ID A and ID
B), ta B, for the transient and steady state after the surface thermometer was applied to the upper surface
at around 150°C

Uncertainty of component (°C) IAB

Transient state Steady state
Propagation of uncertainty due to extrapolation—tutets, prop 0.12 0.12
Difference between t]_5, g and 1A B—Uets, diff 0.12 -
Temperature profile on the surface—uets, profile 0.02 0.006
Combined standard uncertainty (k = 1)—uets 0.18 0.13
Expanded uncertainty (k = 2)—Ukts 0.36 0.26

uncertainty for estimation of the surface temperature was 0.36 mK in the transient
state.

Industries prefer to use a simple way for estimation of the reference temperature
for calibration or check of contact surface thermometers. They also mostly prefer
to calibrate or check the contact surface thermometers within 1 °C of accuracy at
around 150 °C. Therefore, our results indicates that the calibration apparatus developed
in this study provides enough capability for calibration or check of contact surface
thermometers in industrial fields even when the reference temperature estimated by
linear extrapolation using two IPRTs.

3.3 Comparison Between the Upper Surface Temperature and Output Value of
the Surface Thermometer

In this study, our main scope was estimating the surface temperature of our calibra-
tion apparatus, but we also tried to check the relationship between the upper surface
temperature of our calibration apparatus and the output value of the contact surface
thermometer during measurement.

Figure 8 shows the relative differences in temperature from a stable state (over 10
min) for #;_s4p and 7o g and the output value of the surface thermometer, which was
converted to the temperature from the voltage. These are referred to as dt| 5B, dta B,
and dtTc, respectively.

As shown in Fig. 8, dttc was over —0.5 °C at first. Then, the difference was sup-
pressed with passing time. Finally, dftc showed the same trend as dt1_s54p and dfa B
over 10 min.

Assuming that the contact surface thermometer shows the same temperature of the
reference surface in the steady state over 10 min, we tried to estimate the difference
in temperature between the surface thermometer and the reference surface by drtc —
dt1_s4+p. Figure 9 shows the dftc — dt;_s+p obtained by different six runs. Tests
1—i(i = 1to4)and 2 — j(j = 1,2) were performed on different days. All of
the data agreed within £0.05 °C in the steady state, indicating good repeatability of
the measurements. The temperature difference dftc — dt;1—54p reached —0.4°C at 5
s and then increased with passing time. It was within —0.1 °C after 3 min. Finally,
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Fig. 8 Relative differences in temperature from a stable state for #{_5, g and 4 g and the output voltage
of the surface thermometer, which is converted to the temperature. These are referred to as dtj _s5 g, dtA B,
and dtTc, respectively
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Fig. 9 Temperature difference between dttc and dt|_5p observed by six different runs: tests 1 —i(i =
1to4) and 2 — j(j = 1, 2) were measured on different days.

the difference dftc — dt1—s5+p became negligible after 10 min. This indicates that the
temperature difference between the surface thermometer and upper surface existed at
a time of less than 10 min. This suggests that the uncertainty component due to the
temperature difference between the surface thermometer and upper surface is required
for the estimation of uncertainty for calibration of surface thermometers, especially
in the transient state.

4 Conclusion

In this study, the upper surface temperature of the copper cube in the calibration
apparatus was estimated by using SSPRTs with a diameter of 1 mm and conventional
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IPRT's with a diameter of 3.2 mm at around 50 °C, 100 °C, and 150 °C for a no-load
state without anything on the upper surface. We also estimated the upper surface
temperature through the surface thermometer was applied to the upper surface at
around 150°C.

In the no-load state, the temperature profiles inside the copper cube decreased
linearly from the inside to the surface. This suggests that the heat conduction inside
the copper cube can be regarded as a one-dimensional steady state and the surface
temperature can be estimated by linear extrapolation.

In the transient state after the surface thermometer touched on the upper surface, the
temperature profile became a round shape. The curvature of the round shape became
smaller with passing time, and the temperature profile finally showed linear depen-
dence after around 10 min, indicating the upper surface temperature of the calibration
apparatus after around 10 min was estimated well by a linear extrapolation in the same
reason for the no-load state. In the transient state just after the surface thermometer
touched on the upper surface, we also obtained good agreement between the curvature
of the temperature profiles and the results estimated by using an error function in the
similar manner as that used for a one-dimensional transient heat conduction problem.
Although the temperature profile is a curvature in the transient state, estimation of the
reference surface temperature using a linear extrapolation is preferable for most of
industrial fields because of its simple way. In this study, the temperature difference
between the estimated temperature by linear extrapolation and that by the method of
using the error function was within 0.2 °C in the transient state. Taking into account
of the temperature difference, the expanded uncertainty of the reference surface tem-
perature estimated using two IPRTs was0.4 °C in the transient state. Since most of
the industries prefer to calibrate or check the contact surface thermometers within
+1°C of accuracy, this indicates that estimation of the reference temperature using
two IPRTs of our calibration apparatus has enough capability for industrial usage not
only in the steady state but also in the transient state.

In this study, we also checked the relationship between the estimated surface tem-
perature and the output of the surface thermometer. A temperature difference between
the surface thermometer and upper surface was estimated to be over 0.1 °C at several
minutes after the surface thermometer touching on the reference surface. This suggests
that the uncertainty component due to the temperature difference between the surface
thermometer and the upper surface is required for estimation of an uncertainty in the
transient state.

In this study, the temperature range was limited up to 150 °C and the estimation of
the reference surface temperature of the calibration apparatus was evaluated by using
only one type of contact surface thermometers. Our future plan is to apply the technique
for the estimation of the reference surface temperature at other temperatures, especially
over 150 °C, and also for calibration of other types of contact surface thermometers.
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