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Abstract: In dynamic temperature measurement, thermocouple sensors are widely used, and their
dynamic characteristics directly affect the accuracy of the test results. So before applying
thermocouple sensors to dynamic temperature measurement, their dynamic characteristics should
be obtained, and their dynamic performance parameters should be analyzed. The time constant is
the most important dynamic parameter, which reflects the response speed of a thermocouple sensor.
Therefore, it is necessary to measure the time constant. The time constant is closely related to the heat
transfer mode, so the heat transfer environment of the time constant measurement system should be
similar to the application environment of thermocouple sensor. When using the thermocouple to
measure the temperature in various kilns, the heat transfer is mainly through the radiative mode,
and existing equipment, such as constant temperature water/oil tank, shock wave tube and other
devices, cannot be used to measure the time constant to reflect scenarios in actual measurement
applications. Therefore, this paper proposed a new method to measure the time constant of the
thermocouple by improved high temperature furnace. In the system, the high temperature furnace
was used to generate the stable temperature field, and the fast feed device was used to insert the
thermocouple into the high temperature furnace and generates the ramp temperature excitation.
The temperature can reach 1500 ◦C in the furnace, and the temperature error in uniform temperature
field is ±1 ◦C. Finally, the time constant of a K-type thermocouple was measured, and the uncertainty
of the measurement result was analyzed.
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1. Introduction

Thermocouple sensor is widely used in dynamic temperature measurement in harsh environment
because of its simple structure, low cost, and strong robustness. The temperature measurement
principle of the thermocouple is based on the heat balance, that is, the thermocouple must contact
the object to be measured and achieve the heat balance. The existence of the heat transfer process
causes the thermocouple to have thermal inertia, which affects the dynamic performance of the
thermocouple. The time constant is the most important dynamic parameter and reflects the response
speed of temperature sensor. It refers to the time for the system’s step response to reach 63.2% of its
final temperature value. Before applying the thermocouple to dynamic temperature measurement,
its time constant should be measured first. The time constant of the thermocouple is not only related
to the material and structure of the sensor itself, but also to the object to be measured and the heat
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transfer mode. At present, there are many kinds of measurement methods and devices of time constant,
such as constant temperature water/oil tank, hot wind tunnel, shock tube, laser, and so on.

Stable temperature fields in water flow and airflow environments are generated by constant
temperature water/oil tank and hot wind tunnel respectively. The thermocouple is inserted into the
stable flow field rapidly, and the thermocouple is excited by step temperature. The time constant is
obtained by the thermocouple response. Xiong J. and Wang X.N. [1,2] measured the response time
and delay time of the thermocouple by constant temperature water/oil tank, and the dynamic error
was corrected. Zhao S.A. [3] developed a hot wind tunnel with the temperature range from 1000 ◦C
to 1700 ◦C, and the step response of the thermocouple was obtained. Shock tube is used to generate
step pressure, which is usually used for dynamic calibration of pressure sensors. After breaking the
film, the gas in the high pressure chamber compresses the gas in the low pressure chamber to produce
the shock wave. The step pressure is generated on the pressure sensor by the shock wave and used to
excite the pressure sensor. At the same time, due to the gas compression, there is also a temperature
step behind the shock wave, which can be used to excite the thermocouple. Meng X.F. et al. [4,5]
modified the shock tube and constructed a new dynamic calibration system for the thermocouple,
which can generate a stable temperature excitation lasting for a long time. Garinei A. et al. [6] heated
the thermocouple to a certain temperature by laser, then turned off the laser, and the thermocouple
was excited by a negative temperature step. Serio B. and Hao X.J. et al. [7–11] used high-power laser
to generate a rapid temperature rise on the thermocouple surface and obtained the time constant.
In addition, there are other methods for dynamic excitation and calibration of thermocouple [12–15].

In the measurement methods and systems for time constant, how to produce stable temperature
field and step excitation is the main research content when the system is established. In the above
measurement methods, the measurement systems under water flow and air flow environments were
constructed for different heat transfer environments. The constant temperature water/oil tank can
provide uniform and stable temperature field, but the temperature is low. Hot wind tunnels and shock
tubes can produce higher air temperature, but the temperature field is less uniform. In some industrial
production, various types of kilns are widely used, such as roller kilns in metallurgical industry, kilns
in ceramic industry and cement rotary kilns in construction industry. The measurement of dynamic
temperature in kilns is of great significance for product process control and energy consumption
reduction. At present, thermocouple sensors are commonly used to measure the temperature, and the
response speed directly affects the accuracy of dynamic temperature measurement in furnace. Time
constants of thermocouple sensors should be measured. Because the heat transfer mode of the
thermocouple in furnace is mainly radiative heat transfer, time constant measurement systems under
water flow or gas flow environment cannot be applied to the time constant measurement. Therefore,
the application of a high temperature furnace to produce stable temperature field was proposed in
this paper.

A new measurement system for the time constant was constructed based on high temperature
furnace [16]. Different from convective heat transfer mode in constant temperature water/oil tank,
hot wind tunnel and shock tube, radiative heat transfer mode is the main heat transfer mode of
the thermocouple in high temperature furnace. In the system, the high temperature furnace can
produce uniform temperature field, the temperature can reach 1500 ◦C, and the temperature error
in the uniform temperature field is ±1 ◦C. When the temperature of the uniform temperature zone
is within 300–700 ◦C, the temperature profile from the furnace mouth to uniform temperature zone
is linear. The fast feed device inserts the thermocouple quickly into the uniform temperature field
and generates the ramp temperature excitation. The speed of the thermocouple inserted into the high
temperature furnace can be set by fast feed device. The time constant of a K-type thermocouple was
measured, and the uncertainty of the measurement result was analyzed.
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2. Analysis of Ramp Excitation Signal

Because of the wide spectrum, the step signal is usually used as the excitation signal for the
dynamic calibration of sensors. The rise time of step signal from initial value to stable value is 0 s.
However, in the actual calibration experiment, it is not feasible to generate step temperature excitation
with rise time of 0 s. The excitation signal is generally an approximate step signal with a certain rise
time, which is called ramp signal. Assuming that the rise time of ramp signal is r, and the ramp signal
can be expressed as

u∗(t) =

{
t/r, t < r
1, t ≥ r

. (1)

The Laplace transform of Equation (1) is

U∗(s) =
(1− e−rs)

rs2 . (2)

The frequency response function is

|U∗(jω)| = 2
rω2

∣∣∣sin
rω

2

∣∣∣. (3)

The ramp signal and its amplitude spectrum are shown in Figure 1. It can be seen from the figure
that the larger the rise time of the ramp excitation signal, the smaller the width of the first main lobe
of its spectrum. When the first main lobe is used for dynamic calibration, the working frequency of
the thermocouple which can be calibrated is narrower. In time domain, the larger the rise time of the
ramp excitation signal, the larger the time constant of the thermocouple which can be calibrated. In the
existing measurement system of time constant of the thermocouple, such as hot wind tunnel and shock
tube, the temperature excitation signal is generally a ramp signal, and the rise time of the slope signal
is often unknown or difficult to measure. In time constant measurement, the time constant is obtained
from the response signal. If the response signal is considered as the response of step excitation, but it is
actually the response of ramp signal, the measurement error of time constant will occur.
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Figure 1. Ramp signal and its amplitude spectrum.

In order to study the effect of ramp excitation signals with different rise times on time constant
measurement, assuming that the time constant of the thermocouple is 1 s and the thermocouple
model is a first-order lag model with unity gain, the ramp signals with different rise times are used as
excitation signals, the time constants are obtained according to the response curves. The results are
shown in Table 1. As can be seen from the table, if the measurement error of the time constant is less
than 5%, the rise time of the ramp excitation signal should be less than 10% of the time constant. When
the time constant of the thermocouple is 10 s and 15 s, the same simulation experiments were carried
out, and the results are the same as that in Table 1. Therefore, the relative error of the measurement
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value of time constant measurement is only related to the ratio of increasing time of ramp signal to
time constant of the thermocouple.

Table 1. Estimation error of time constant when ramp signal is used as excitation

Rise Time r (ms) Rise Time r/Time
Constant τ (%)

Estimate of Time
Constant (ms) Relative Error (%)

20 2 1010 1.0
50 5 1025 2.5

100 10 1050 5.0
150 15 1075 7.5
200 20 1100 10

3. Measurement System for Time Constant Based on High Temperature Furnace

The measurement procedure of time constant of the thermocouple mainly includes: generating a
stable temperature field, exciting the thermocouple by the step temperature, collecting the response
signal of the sensor and obtaining the time constant from response signal. The schematic diagram of
the measurement system for time constant of the thermocouple based on high temperature furnace
is shown in Figures 2 and 3 is the experimental setup. In the system, the stable temperature field is
generated by the high temperature furnace, and the temperature in the furnace is controlled by the
temperature controller. The fast feed device is used to realize the fast insertion, speed, and position
control of the thermocouple in the high temperature furnace, and the thermocouple is mounted on the
slider of the fast feed device. The thermocouple output terminal is connected to 0 ◦C thermostat by
compensation wire. The output signal is collected and processed by amplifier and data acquisition
device. The time constant of the thermocouple can be obtained by analyzing the thermocouple
response signal.
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3.1. Generation of Ramp Temperature Excitation

In the system, the inner diameter of the high temperature furnace is 20 mm. At the distance of
120 mm from the furnace mouth, there is a uniform temperature zone with the thickness of 20 mm,
temperature error of ±1 ◦C and temperature fluctuation of ≤0.2 ◦C/min. The temperature of the
uniform temperature zone can be set by the temperature controller, and the temperature range is from
300 ◦C to 1500 ◦C. The high temperature furnace is heated by heating wire, and the heat insulation
layer is made up of ceramic fiber blocks with low thermal conductivity. The temperature of the uniform
temperature zone is measured by a standard thermocouple which is a second-class standard B-type
thermocouple and has been verified by Shanghai Institute of Metrology. The output signal of the
standard thermocouple is also fed back to the temperature controller which makes a high temperature
furnace generate different temperatures through the PID control method.

In order to study the temperature distribution from the furnace mouth to the uniform temperature
zone in the high temperature furnace, the standard thermocouple was used to measure the
temperature at the distance of 10, 20, 40, 60, 80, 100, and 120 mm respectively, as shown in Figure 4.
The thermocouple was moved by the fast feed device and accurately stays at different positions in
the furnace. The temperature of the uniform temperature zone was 400 ◦C, and the temperatures at
different locations are shown in Figure 5. It can be seen from the figure that the temperature from
the furnace mouth to the uniform temperature zone increases linearly. The temperature distributions
from the furnace mouth to the uniform temperature zone were measured at different temperatures
of uniform temperature zone. The experimental results show that when the temperature of uniform
temperature zone is less than 700 ◦C, the temperature profile from the furnace mouth to uniform
temperature zone is linear or approximately linear. When the temperature is greater than 700 ◦C,
the temperature profile is not linear. However, the nonlinear distribution makes the measurement error
of thermocouple time constant smaller. The research in this paper was carried out at the temperature
of uniform temperature zone of between 300 ◦C and 700 ◦C, and at this moment, the temperature
distribution from the furnace mouth to the uniform temperature zone is linear.
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In order to realize the rapid movement of the thermocouple, AC servo motor, screw, and slid
block are used to build the fast feed device. The thermocouple is fixed on the slide block, and the screw
drives the slide block to realize the movement of the thermocouple. AC servo motor has the advantages
of high control precision, low frequency stability, resonance suppression, fast response speed and
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so on, and cooperating with the lead screw, it can realize the fast start-stop and fast movement of
the thermocouple.

The thermocouple is quickly inserted into the uniform temperature zone from the furnace mouth
by the fast feed device, and the temperature distribution in the furnace is linear, so the thermocouple is
excited by the ramp temperature during the insertion process. In this system, the speed of the fast feed
device can reach 300 mm/s, and the distance from the furnace mouth to the uniform temperature zone
is 120 mm. Therefore, the rise time of the ramp temperature excitation is 0.4 s. According to Table 1,
when the measurement error of time constant is less than 5%, this time constant measurement system
can be used for time constant of the thermocouple whose time constant is larger than 4 s.

3.2. Analysis of Heat Transfer Environment in High Temperature Furnace

In practical engineering, there are usually two or three heat transfer modes at the same time, which
is called composite heat transfer. In the measurement system for time constant of the thermocouple
based on high temperature furnace, the thermocouple is quickly inserted and stays in the uniform
temperature zone at a distance of 120 mm from the furnace mouth, and the thermocouple is heated.
There are three heat transfer modes: radiative heat transfer from furnace wall to the thermocouple,
convective heat transfer from the gas to the thermocouple, and heat conduction from the surface of the
thermocouple junction to the inside.

For bare thermocouple, the thermal resistance of heat conduction is very small relative to that of
radiative and convection heat transfer in the heat transfer environment of high temperature furnace.
The thermal resistance of heat conduction can be neglected, and it is considered that the temperature
distribution inside the thermocouple junction is approximately uniform at any time. Therefore, the heat
transfer modes between the thermocouple and the environment in the high temperature furnace are
mainly radiative heat transfer and convective heat transfer. Because the heat transfer surface area of
the thermocouple junction is much smaller than the inner wall area of the high temperature furnace,
the quantity of radiation heat transfer can be expressed as

Φr = εAσ
[
(Tω/100)4 − (T/100)4

]
, (4)

where ε is the emissivity of the thermocouple, A is the heat transfer area, σ is the Steffan-Boltzmann
constant, Tω is the temperature of the furnace wall, and T is the temperature of the thermocouple.

In order to analyze and calculate complex heat transfer problems, Equation (4) can be generally
converted into a function of the surface heat transfer coefficient as

Φr = hr A(Tω − T) , (5)

hr =
εσ
[
(Tω/100)4 − (T/100)4

]
Tω − T

, (6)

hr can be defined as surface heat transfer coefficient of radiative heat transfer. Assuming that ε = 0.4,
when the temperature of the furnace wall Tw is constant, the surface heat transfer coefficients hr are
obtained at different temperatures of the thermocouple, as shown in Figure 6. It can be seen from the
figure that the surface heat transfer coefficient is related to the temperatures of the furnace wall and the
thermocouple. When the temperature of the furnace wall Tw is constant, hr increases with the increase
of the temperature of the thermocouple. When the temperature of the thermocouple is constant, hr

increases with the increase of the temperature of the furnace wall Tw.
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Figure 6. Relationship between surface heat transfer coefficient and temperature.

For convection heat transfer, according to Newton’s law of cooling, the quantity of convection
heat transfer can be expressed as

Φc = hc A
(
Tg − T

)
, (7)

where hc is the convective heat transfer coefficient, A is the convective heat transfer area which is
approximately equal to the radiative heat transfer area, and Tg is the temperature of the gas around
the thermocouple.

In the high temperature furnace, the total quantity of heat transfer of the thermocouple can be
expressed as the sum of the quantity of radiative heat transfer and convection heat transfer. Assuming
that the wall temperature is equal to the gas temperature in any section of the furnace chamber,
i.e., Tω = Tg, the total quantity of heat transfer of the thermocouple can be expressed as

Φ = Φr + Φc = A(hr + hc)
(
Tg − T

)
. (8)

Assuming that the temperature distribution of each part of the cross-section of the thermocouple
is uniform, the temperature decreases along the axis, and the heat flux transferred along the axis can
be expressed as

dqcd = k f
dT
dl

, (9)

where k is thermal conductivity, f is the cross-section area, and dl is the length of the heat flow
transferred along the axis.

When the thermocouple reaches the heat balance, the heat quantity transferred from the inner
wall of the high temperature furnace and the gas to the thermocouple is equal to the heat quantity
dissipated by the thermocouple along the axis by the heat conduction, that is

A(hr + hc)
(
Tg − T

)
= k f

dT
dl

. (10)

Therefore, the heat conduction error caused by the temperature gradient along the axis of the
thermocouple can be obtained

∆Tcd = Tg − T =
k f

A(hr + hc)L
(T − Tb), (11)

where L is the insertion depth of the thermocouple, and Tb is the temperature at the furnace mouth.
It can be seen from Equation (11) that in order to reduce the heat conduction error, the depth of

the thermocouple inserted into the high temperature furnace should be increased as much as possible.
For bare thermocouples, when the ratio of insertion depth L to the diameter d of the thermocouple
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is L/d ≥ 10, a higher measurement accuracy can be obtained. For the case of the temperature
measurement of gas flow with low Reynolds number or higher measurement accuracy, the ratio should
be L/d ≥ 20 ∼ 50. In the time constant measurement system, the insertion depth of thermocouple
sensor is 120 mm, and the diameter of thermocouple is generally several millimeters, so the heat
conduction error can be neglected.

4. Experiment

The time constant of a K-type thermocouple wire with the diameter of 0.5 mm was measured by
the measurement system for time constant of the thermocouple based on high temperature furnace.
Two electrodes of the thermocouple are welded by spherical welding to form the junction whose
diameter is 1mm. The thermocouple wire was installed in the high temperature ceramic sleeve,
as shown in Figure 7. In the radiative heat transfer mode, the time constant of the thermocouple is
the function of temperature and is related to the temperature of the object to be measured. Therefore,
the time constants of the thermocouple measured at different furnace temperatures are different.
The temperatures of uniform temperature zone in high temperature furnace were set to 300, 400, 500,
600, and 700 ◦C respectively. According to the definition of time constant and the output signals of
the thermocouple, the time constants are 101.993, 87.355, 73.672, 60.258, and 48.819 s respectively.
The output curves are shown in Figure 8.
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Five independent repeated experiments for the thermocouple were carried out at the uniform
temperature zone temperature of 380 ◦C. The output signals of the thermocouple are shown in Figure 9,
and the time constants are shown in Table 2. The best estimate of the time constant of the thermocouple
is the average of five estimates, that is

τ =
1
n ∑n

i=1 τi = 87.7566 s. (12)
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Table 2. Time constant estimates

n Time Constant (s) n Time Constant (s)

1 87.7232 4 87.2350
2 87.6740 5 87.9329
3 88.2180

4.1. Analysis of Type A Standard Uncertainty

When the number of independent repeated experiments is large, the experimental standard
deviation of the measured value can be calculated according to Bessel’s formula, and when the number
of experiments is small, the extreme difference method can be used. In the measurement experiment
of time constant, the time constant of the thermocouple was measured five times, so the standard
deviation which indicates the dispersion of the time constant estimates was calculated by the extreme
difference method. The extreme difference coefficients C and degrees of freedom ν are shown in
Table 3, and the experimental standard deviation s(τk) of time constant is

s(τk) =
R
C

=
0.9830

2.33
s = 0.4219 s. (13)

Table 3. Extreme difference coefficients and degrees of freedom

n 2 3 4 5 6 7 8 9

C 1.13 1.69 2.06 2.33 2.53 2.70 2.85 2.97
ν 0.9 1.8 2.7 3.6 4.5 5.3 6.0 6.8

The Type A standard uncertainty of time constant estimate is as shown in Equation (14), and the
degrees of freedom is 3.6.

uA = s(τ) = s(τk)/
√

n = 0.1887 s. (14)

4.2. Analysis of Type B Standard Uncertainty

Sampling interval of data acquisition device produces Type B uncertainty component. Because
the time constant obtained from the response signal is the difference between the start time and the
time corresponding to the 63.2% final temperature value, the estimate value of the time constant is
uniformly distributed in the interval [τ − ∆t, τ + ∆t]. The sampling frequency of the acquisition device
was 500 Hz, so Type B uncertainty of the time constant estimate is

uB1 =
∆t
k

=
0.002√

3
s = 0.0012 s, (15)
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where k is confidence factor. When the data is uniformly distributed in the interval, k =
√

3.
The thermocouple time constant in the radiative heat transfer mode is related to the temperature

of the high temperature furnace, so the temperature error of the furnace will also produce uncertainty
for time constant measurement. The temperature of the uniform temperature zone of high temperature
furnace was set to vary from 300 ◦C to 700 ◦C. The time constant of the thermocouple was measured
every 50 ◦C. The time constants at different temperatures are shown in Table 4. The curve of
time constant and the temperature of high temperature furnace was fitted, as shown in Figure 10,
the polynomial of the curve is

f (T) = 4.991× 10−5T2 − 0.1838T + 152.8. (16)

Table 4. Time constants at different temperatures

Temperature (◦C) Time Constant (s) Temperature (◦C) Time Constant (s)

300 101.993 550 66.88
350 94.909 600 60.258
400 87.355 650 54.387
450 80.071 700 48.819
500 73.672
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Therefore, the temperature sensitivity coefficient of the time constant can be obtained as

∂ f (t)
∂T

= 9.982× 10−5T − 0.1838, (17)

where T is the temperature of the uniform temperature zone of high temperature furnace, and f (t) is
the equation of time constant, τ = f (t).

The temperature error of the uniform temperature zone of high temperature furnace is ±1 ◦C,
and the temperature is uniformly distributed in the interval T ± 1 ◦C. So the uncertainty is

u(T) = ∆T/k = 0.58 . (18)

Therefore, the Type B uncertainty component of time constant produced by the temperature error
of the uniform temperature zone is

uB2 =

∣∣∣∣∂ f (t)
∂T

u(T)
∣∣∣∣ = 0.0846 s. (19)
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4.3. Combined Standard Uncertainty and Expanded Uncertainty

According to the above analysis, the components of the measurement uncertainty of the
thermocouple time constant are independent of each other, and the combined standard uncertainty is
obtained by

uc =
√

u2
A + u2

B1 + u2
B2 = 0.2068 s. (20)

In summary, when the temperature of the uniform temperature zone of high temperature furnace
is 380 ◦C, the best estimate of the thermocouple time constant τ = 87.7566 s, the combined standard
uncertainty uc = 0.2068 s, and When the inclusion probability of the determined interval is 95%,
the expanded uncertainty U = kuc = 0.4136 s, k = 2.

5. Conclusions

The time constant of the thermocouple sensor reflects its response speed in dynamic temperature
measurement and is an important performance parameter. Depending on different heat transfer modes,
there are various methods and systems for measuring the time constant. In this paper, the measurement
system was constructed by using a high temperature furnace to produce a stable temperature field.
When the temperature of the uniform temperature zone is within 300–700 ◦C, the temperature profile
from the furnace mouth to uniform temperature zone is linear. In the system, a fast feed device was
used to insert the thermocouple into the high temperature furnace and generate the ramp temperature
excitation. Compared with other measurement systems for measuring time constant, the developed
system in this paper has many advantages. Compared with the shock tube, the steady state excitation
temperature produced by high temperature furnace is stable and can last for a longer time. Compared
with the hot wind tunnel, the constant temperature field with stable temperature can be generated,
and the fast feed device can enable the thermocouple inserted into the temperature field at different
speeds. In addition, high temperature furnace can produce thermal field of higher temperature.

Because of the close relationship between the thermocouple time constant and heat transfer mode,
if the time constant measured in the laboratory is of guiding significance to practical application,
the measurement environment in the laboratory should be consistent with or similar to the actual
application environment. Therefore, an appropriate measurement method and system should be
selected according to the actual application environment. In the measurement system developed in
this paper, the fact that the main heat transfer mode of the thermocouple is radiative heat transfer
makes it suitable for applications for kiln or boiler. In addition, some scholars have also studied the
on-site measurement method of the thermocouple time constant.
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