Applied Thermal Engineering 218 (2023) 119388

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/apthermeng
Research Paper ' :.)
Optimal design of E-type coaxial thermocouples for transient heat

measurements in shock tunnels

Li Qi, Guilai Han , Zonglin Jiang

State Key Laboratory of High-Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Keywords:

Coaxial thermocouples
Lateral heat conduction
Maximum temperature point
Optimal design

Numerical simulation

Coaxial thermocouples have been widely used for transient heat transfer measurements in high-enthalpy shock
tunnels. The one-dimensional semi-infinite heat conduction theory is typically used for temperature data pro-
cessing. However, lateral heat transfer occurs due to material differences between the two electrodes and the
junction, causing a deviation in the heat flux measurement from the prediction results of the one-dimensional
semi-infinite heat conduction theory. Thus, the lateral heat conduction effect should be investigated to
improve the accuracy and reliability of heat flux measurements. In this paper, the heat transfer in E-type
(Chromel-Constantan) coaxial thermocouples was analyzed by numerically solving the two-dimensional
axisymmetric heat conduction equation with the Du Fort-Frankel scheme. The maximum temperature point
on the surface of the coaxial thermocouples shifted to the positive electrode during the heating process. The
numerical simulation indicated that the surface temperature of the coaxial thermocouples and the derived heat
flux were larger than the theoretical value. The heat flux measurement error of the coaxial thermocouples can be
reduced by increasing the width of the positive electrode. Hence, 13 combinations of the diameters of positive
electrode and negative electrode were designed for analysis. With the increase of positive electrode diameter or
decrease of negative electrode, the heat flux measurement error kept on decreasing, which can be lower than
0.5% in some cases. The results of this study can provide a reference for the design and optimization of coaxial
thermocouples.

measurements of the surface temperature. The surface heat flux is a
typical parameter used to measure the aerodynamic thermal environ-
ment of the aircraft surface. The correlation between the surface tem-
perature and heat flux can be determined by the one-dimensional semi-
infinite heat conduction theory [12] as follows:

10 =10+ a0 M

where t denotes the time, T(t) denotes the surface temperature and its
evolution under aerodynamic heating, T(0) denotes the initial temper-

1. Introduction

An aircraft flying in the atmosphere at supersonic or hypersonic
speeds, the incoming air is strongly compressed by the aircraft, and the
friction between the aircraft’s surface and the air causes a sharp increase
in the air temperature. The surface heat flux of the aircraft increases the
structure’s temperature and causes significant thermal stress on the
aircraft, potentially resulting in damage. Therefore, it is crucial to obtain
accurate surface heat flux measurements [1-3]. Instantaneous or long-

term heat flux measurements can be obtained in a hypersonic, high-
enthalpy shock wave wind tunnel using various sensors. Coaxial ther-
mocouples and thin-film resistive temperature gauges are typically used
for millisecond-level pneumatic heating processes [4-6], whereas Gar-
don gauges are used for long-term measurements. Coaxial thermocou-
ples have a simple structure, resist erosion, and possess high
measurement accuracy; thus, they are widely used in transient heat flux
measurements [7-11]. Coaxial thermocouples provide direct

ature, p denotes the density of the material, ¢ denotes the specific heat
capacity, k denotes the coefficient of thermal conductivity, and q(t)
denotes the aerodynamic heating rate. Equation (1) can also be written
in the inverse form to determine q(t) by T(¢).

Bendersky [13] first proposed a structural design of coaxial ther-
mocouples in 1953. The accuracy and stability of coaxial thermocouple
measurements have been significantly improved in the following
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shock tube calibration was lower than that of water droplet calibration.
The difference in thermal diffusivity for different polishing methods was
attributed to the junction. A surface junction was investigated to
determine the influence of the junction geometry on the response
characteristics of coaxial thermocouples [21-23]. Straubinger et al.
observed that a larger hot spot radius, thicker insulation, and insulation
types with a large thermal mass slowed down the heating rate of the
thermocouple [24,25]. Géczy et al. found that high temperature solder
(HTS) and Alu-tape improved profiling reliability and repeatability [26].

A schematic diagram of a coaxial thermocouple is shown in Fig. 1.
The positive and negative electrodes consist of different materials and
are separated by an insulating layer. The surface of coaxial thermo-
couples is polished with sandpaper to create a junction. A temperature
change occurs when a heat flux is applied to the surface of a coaxial
thermocouple and wall. The Seebeck effect [23] occurs, i.e., the two
electrodes of the coaxial thermocouple generate a potential difference,
which is output by wires connected to the two electrodes and recorded
by a sensor. A constant relationship exists between the potential dif-
ference and the temperature, and the electrical energy is converted into
thermal energy. If the surface temperature is known, the surface heat
flux can be obtained according to the one-dimensional semi-infinite heat
conduction theory [27,28].

The dynamic method is commonly used for calibrating coaxial
thermocouples, including the water droplet [29,30], water immersion
[31], laser calibration [32,33], and shock tube calibration methods. The
coefficient = (pck)l/ 2 is a critical parameter obtained from the cali-
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Fig. 1. Schematic of an E-type coaxial thermocouple.

decades. Mohammed et al. [14] conducted microstructure analysis and
chemical material characterization of low-cost coaxial thermocouples
and evaluated their measurement performance. It was found that the
current manufacturing technology was reliable. Sumit et al. [15] used
water droplet and water immersion techniques to measure the thermal
diffusivity of coaxial thermocouples for millisecond time scales. Gold-
feld and Pickalov [16] developed a deconvolution method to improve
the signal-to-noise ratio and obtained accurate temperature measure-
ments in a hypersonic wind tunnel. Wang et al. [17] studied the influ-
ence of the wall material on the measurements and stated that the lateral
heat transfer process should be considered because of differences in the
wall material and the physical parameters of coaxial thermocouples.
Zhang et al. [18] investigated the influence of the physical parameters of
the material and a temperature rise on the heat flux measured by coaxial
thermocouples during long-term heating. Pilarczyk and Weglowski [19]
calculated the transient temperature fields using inverse heat conduc-
tion and analyzed the influence of the time-step selection. Buttsworth
[20] observed that the thermal diffusivity coefficient obtained from

bration and is used to modify the experimental data. In addition to the
above factors, the difference between the temperature measured by the
coaxial thermocouples and the temperature obtained from the one-
dimensional semi-infinite heat conduction theory is also due to the
material and thickness of the two electrodes. Therefore, it is necessary to
investigate the lateral heat conduction inside coaxial thermocouples and
optimize the sensors to increase the measurement accuracy.

During the experimental measurements, several factors can result in
lateral heat transfer and effect the measurement accuracy, such as the
velocity of gas, radiation [34], local curvature [35], and so on. In this
paper, we focused on the lateral heat transfer in the sensors. The
response characteristics of coaxial thermocouples were analyzed using
numerical simulations of the heat conduction process for 50 ms, which
was as long as the efficient test time advanced shock tunnels. The nu-
merical simulation results are compared to results obtained from the
one-dimensional semi-infinite heat conduction theory to estimate the
error during heat flux measurements. The surface temperature distri-
butions of the coaxial thermocouples at different instants are analyzed to
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Table 1
Material parameters of the coaxial thermal couple and experimental model [36].

Chromel Constantan Insulation  Junction Model
wall
p/kgm™3 8730 8920 1060 8825 7930
c/Jkg LK 447.5 393.1 1960 420.3 500.0
k/W-m 1K! 19.25 21.17 0.2 20.21 17.0
/10°m2s7! 4.93 6.04 9.62 5.45 4.29
p/W-s*Sm2K1 8672 8616 644.6 8658 8210

ascertain the internal lateral heat conduction. The mechanism is verified
by evaluating two examples. According to the lateral heat conduction
response, three groups of coaxial thermocouples with thirteen combi-
nations of negative and positive electrode diameters are tested to opti-
mize the sensors and improve the measurement accuracy.

2. Physical model and numerical method
2.1. Construction of coaxial thermocouples

This study used E-type (chromel-constantan) coaxial thermocouples
provided by the State Key Laboratory of High-Temperature Gas Dy-
namics, Institute of Mechanics. The schematic of the coaxial thermo-
couple is shown in Fig. 1. The positive and negative electrodes of coaxial
thermocouples consist of different materials, and a polymer layer is used
as insulation between the two electrodes. The electrodynamic potential
difference generated by coaxial thermocouples depends on the tem-
perature difference between the junction and the low-temperature end.
E-type coaxial thermocouples are composed of a constantan wire and a
chromel pipe, with diameters of d and D, respectively. Sandpaper is used
at the test end to create the junction that connects the two electrodes.
The size of the junction affects the heat flux measurements. We selected
the most common junction size. In the simplified model, the width of the
junction was the same as the thickness of the insulating layer (10 pm),
and the depth of the junction was 12 pm. Since the wall material of the
experimental model affects the sensors [17,18], materials with param-
eters close to that of the electrode material are typically chosen, such as
stainless steel (Table 1).

2.2. Governing equations and numerical method

The two-dimensional unsteady heat conduction equation was used as
the governing equation to simulate the heat conduction and temperature
field in the thermocouples:

2 2
6T_k(0T aT> A oT @

o =M ae o) TR

where x and r are the coordinate system shown in Fig. 1, T(x,r,t) is
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the temperature field, t denotes physical time, p is the material density, c
is the specific heat capacity of the material, k denotes the thermal
conductivity of the material, A = 1 for two-dimensional axisymmetric
cases and A = 0 for planar cases.

We used non-dimensionalization and a Jacobian transformation of
the governing equation in the computational space:

T *T *T *T
P &+&) o + (1 +m) o7 +2(&m, + frﬂr)ﬁ .
oT ofT A/ _oT oT
+(Eu + &) i (e +1,) P + <§,6—§ + m%)

The finite difference method was used to discretize the governing
equation. The Richardson scheme was the first finite difference scheme
for the numerical simulation of a parabolic equation [37]. It uses the
second-order central difference to discretize the temporal and spatial
terms. O’ Brien et al. found that the von Neumann stability condition
was not satisfied during the stability analysis of the Richardson scheme
[38]. Hence, the Du Fort-Frankel scheme [39] was developed by
replacing the spatial parameter with the average of two temporal levels
in the spatial discrete. Since the main format of the Richardson scheme
was maintained, the scheme is referred to as the improved Richardson
scheme. The scheme is implicit and unconditionally stable; it can be
expressed and used as an explicit scheme, making the process simple and
efficient [40]. For convenience, the Du Fort-Frankel scheme was
expressed by discretizing the one-dimensional heat conduction equation
T; = aTyy as follows.

20 ” " 1-20
1+26(Ti+] +T)+

B
T =

7!
1420 @

where ¢ = aAt/Ax?. The discretization of temporal terms and second
order partial differential terms in two dimensional cases can be obtained
in each direction individually, and the first order partial differential
terms can be discretized by the second order central difference scheme,
with detailed formula and corresponding derivation completed by Han
and Jiang [40].

The heat flux can be derived from historical surface temperature of
the sensors, with an inversed form of Eq. (1). For both experimental and
numerical cases, data of the surface temperature can be captured as
discrete systems. The data processing [41] for the heat flux can be
expressed as follows:

n i _ i1
aln) =2y

- 5
/2 i—1 \/tn 7ti+\/tn 7’[—1 ( )

where q(t,,) is heat flux at t = t;,, T' denotes the surface temperature at t =
t.
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Fig. 2. Schematic of the computational domain and grid mesh.
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Fig. 3. (a) Grid independence results for the surface temperature evolution with three grid meshes; (b) comparison of numerical and theoretical results of the surface

temperature evolution with grid mesh of 1001 x 701.

2.3. Computational domain and boundary conditions

The length of a coaxial thermocouple is typically 20-25 mm. The
length of the computational domain in a numerical simulation should be
chosen to satisfy the one-dimensional semi-infinite heat conduction
theory to reduce the calculation complexity. Hightower et al. [28]
proposed the following equation to describe the increase in the depth of
heat transfer over time for an infinite column with the heating source at
the end:

§ =+/an*t/In(2)

where t denotes the thermal penetration time, & is the depth of heat
transfer, and «a is the thermal diffusivity of the plate material. The test
time of shock tunnels is usually less than 50 ms. The calculation result
shows that & is much less than 4 mm. Therefore, the one-dimensional
semi-infinite heat conduction theory is satisfied when the length of the
computational domain is no less than 4 mm, which was chosen for the
following simulations.

The computational domain was divided into five parts corresponding
to the structure of the coaxial thermocouple, including the model wall,
positive electrode (chromel), negative electrode (constantan), junction,

(6)

>
o

[l
o

how
n o
L LT . LR

R (mm)
N

and insulating layer, as shown in Fig. 2. A rectangular orthogonal grid
mesh was applied to discretize the domain. And the grid meshes were
algebraically concentrated to the boundaries of the five parts. A constant
and uniform heat flux of g = 0.1 MW/m? was applied to the surface of
the coaxial thermocouple and wall, and the boundary condition was kT,
= go. The boundary condition on the x-axis was an axisymmetric
boundary. The top boundary was an adiabatic wall, and it was assumed
that the model was much larger than the sensor. The boundaries be-
tween the parts had a continuous temperature and heat flux, i.e., k1T
= kyTyo. Since the length of the computational domain should be larger
than the depth of heat transfer in 50 ms, the right boundaries had a
constant temperature to ensure that the one-dimensional semi-infinite
theory was satisfied. We chose stainless steel as the material close to the
positive electrode to minimize the effect of the material [17,18]. The
physical parameters of the materials are listed in Table 1.

2.4. Validation

Preliminary numerical simulations were carried out to validate the
algorithm, boundary conditions, data processing method, and program
codes. The parameters of the five parts were the same to compare the
numerical and theoretical results. Three grid meshes were adopted to
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Fig. 4. Temperature contours of (a) the basic model and (b) the area near the junction at 50 ms.
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Fig. 5. (a) Temperature increase over time at the three midpoints; (b) normalized heat flux over time at three locations.

check the grid independence with different distribution in x and r di-
rection respectively, including 601 x 421, 1001 x 701 and 1401 x 981.
Fig. 3 (a) shows the grid independence results for go = 0.1 MW/m? on
the left boundary and a heating time of 50 ms. The results of the three
meshes were in good agreement, verifying the grid independence. The
1001 x 701 grid mesh was chosen for the numerical simulations for
convenience. The comparison of the temperature evolution over time for
the numerical and theoretical solutions is shown in Fig. 3(b). The good
agreement between the numerical and theoretical results indicates the
reliability of the algorithm, boundary conditions, data processing, and
program codes. Other validation of the physical model and numerical
method has been completed by Han and Jiang [40] in 2013.

3. Evolution of the maximum surface temperature

A simulation was carried out with a thermocouple with D = 1.42 mm
and d = 0.90 mm, which are typical values for coaxial thermocouples
used in experiments, to investigate the lateral heat conduction and the
evolution of the maximum surface temperature. The thickness of the
insulating layer was 10 pm, and the thickness of the junction was 12 pm.
The thickness and width of the wall were 3.0 mm, and the material was
chosen as stainless steel to lower the effect of the wall. A heat flux qg of
0.1 MW/m? was applied to the surface of the coaxial thermocouple and
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wall; the heating time was 50 ms, and the initial temperature was 300 K.
The main purpose of this manuscript was to optimize the coaxial ther-
mocouple by investigating the lateral heat transfer process and its effect.
In experimental measurement, sensors were assumed to capture the
maximum temperature on the junction. However, with more detailed
information of the temperature field, it is interesting to found that the
maximum temperature point moves outside to the boundary of the
junction. Hence, it is necessary to describe and explain the details of
mechanisms for the coaxial thermocouple optimization in this section.

3.1. Lateral heat conduction

The temperature contours of the entire field and the area near the
junction are shown in Fig. 4(a) and 4(b), respectively. Since the distri-
bution is nonuniform in the r direction, the temperature field depicts the
lateral heat conduction in the thermocouple. First, the thermal diffu-
sivity a reflects the depth of heat conduction. The larger the value of o,
the larger the proportion of heat contributing to heat conduction, and
the smaller the proportion of heat contributing to a temperature change.
The maximum heat conduction depth is larger inside the positive elec-
trode than inside the negative electrode. Second, the insulating layer
prevents the heat transfer from the junction to the insulating layer in the
x direction, resulting in overheating at the junction. Therefore, the
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Fig. 6. Temperature on the thermocouple surface at (a) 10 ms and (b) 50 ms.
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Fig. 7. Contour of lateral heat flux in the thermocouple at (a) 10 ms and (b) 50 ms.

lateral heat conduction in thermocouples is affected by differences in the
material parameters, resulting in an error between the numerical result
and that obtained from the one-dimensional semi-infinite theory.

The temporal evolution of the temperature at the three midpoints
(positive electrode, negative electrode, and junction) obtained from the
numerical simulation and the one-dimensional semi-infinite theory is
shown in Fig. 5(a). Equation (5) was used to calculate the normalized
heat flux data at the three locations, as shown in Fig. 5(b). Normaliza-
tion (q/qo) was used to enable the comparison of the heat flux measured
by the coaxial thermocouples and obtained from the one-dimensional
semi-infinite heat conduction theory. The heat flux at the three mid-
points demonstrates the influence of the lateral heat conduction on the
heat flux measurement. The measurement errors caused by lateral heat
conduction at the midpoint of the junction and the positive electrode are
2.53% and 2.45%, respectively, at 50 ms. In contrast, the error is only
0.15% at the negative electrode. Therefore, it is necessary to investigate
the mechanism of lateral heat conduction in coaxial thermocouples to
optimize the sensors.

3.2. Evolution of the maximum temperature

The results indicate that the temperature is not uniformly distributed
in the r direction due to the lateral heat conduction inside the coaxial
thermocouple. The temporal evolution of the temperature differed at the
three locations, and the maximum temperature probably occurred at the
junction. According to the fundamental principles of coaxial thermo-
couples, the temperature should be measured at the junction to evaluate
the heat flux. However, overheating of the junction might complicate
this process. Thus, we captured the maximum temperature on the
surface.

The temperature on the coaxial thermocouple surface at 10 ms and
50 ms is shown in Fig. 6(a) and 6(b), respectively. Taking the partial
derivative of the temperature field with respect to the r coordinate, and
combining with Fourier’s law of heat conduction, the lateral heat flux
cloud map of the surface of coaxial thermocouples at 10 ms and 50 ms
can be obtained, as shown in Fig. 7. It could be seen that there is obvious
lateral heat conduction in junction, especially is at the boundary of
junction and insulating layer, the lateral heat flux intensity will be
greater than the heat flux size qo loaded on the surface of coaxial
thermocouples.

The maximum temperature on the coaxial thermocouple’s surface
occurs at the midpoint of the junction surface for a 10 ms heating time,
and the curve is relatively symmetrical around this point. However,

0.459
0.458
€ ]
£ 0.4571
@
0.456
0-44‘0 T T T T 1'0 T T T 12l° T T T T 3l° T T T l4'° T T T Yso
Time (ms)

Fig. 8. The movement of the maximum temperature point on the junction.

when the heating time is increased to 50 ms, the location of the
maximum temperature shifts to the boundary of the junction and posi-
tive electrode due to the lateral heat transfer. The location of the
maximum temperature is shown in Fig. 8. It ranges from r = 0.4556 mm
to r = 0.4582 mm during the heating process. The results indicate that
the maximum temperature point moves from the middle of the junction
surface to the positive electrode surface and to the boundary as the
heating time increases to 50 ms.

Since heat conduction is a linear phenomenon, the heat transfer
process can be decomposed into two processes, i.e., the lateral heat
conduction in the r direction and the longitudinal heat conduction in the
x direction. The movement of the maximum temperature point on the
junction surface consists of two stages. In the first stage, the inner
boundaries between the different materials of the coaxial thermocouple
were adiabatic walls for a heating time of 50 ms. Heat conduction
occurred in the thermocouple only in the longitudinal direction,
resulting in different temperature distributions in the lateral direction.
Due to the insulating layer, the temperature of the junction was signif-
icantly higher than that of the two electrodes. In the second stage, sur-
face heating stopped, and the boundaries of the junction and the two
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Fig. 9. Temperature on the thermocouple surface for the two-dimensional planar and axisymmetric cases: (a) 10 ms and (b) 50 ms.
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Table 2
Design for different sizes of the positive and negative electrodes of coaxial
thermocouples.

d/mm D/mm

0.50 0.90 1.50 2.10 2.70 3.30
0.90 - 1.50 2.10 2.70 3.30
1.30 - 1.50 2.10 2.70 3.30

electrodes were no longer adiabatic walls. Since the k of Chromel is
smaller than that of constantan, less heat is transferred by the electrode
with a smaller k value. Thus, the heat loss was lower in the junction area
close to the positive electrode than in the area close to the negative
electrode. Thus, the maximum temperature location shifted to the pos-
itive electrode due to lateral heat conduction.

3.3. Verification of the temperature evolution for a two-dimensional
planar case

A two-dimensional planar model was used to illustrate overheating
and lateral heat conduction in the area near the junction to understand
the shift in the maximum temperature location. The results of the two-

304
1 —o— D=0.90 mm
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dimensional planar and two-dimensional axisymmetric cases at t = 10
ms and t = 50 ms are shown in Fig. 9(a) and 9(b), respectively. The
results of the two cases show similar characteristics and trends, i.e., the
maximum temperature point moves toward the positive electrode. It is
common to use the maximum temperature point to convert temperature
into heat flux. The temporal evolution of the maximum temperature
obtained from the numerical simulation and the theory is shown in
Fig. 10(a). The temperature measurement error at 50 ms is about 2%.
The error of the normalized heat flux caused by lateral heat conduction
is about 2.60%, as shown in Fig. 10(b). This error is close to that in Fig. 5
(b), demonstrating that lateral heat conduction is responsible for the
evolution of the maximum temperature at the junction.

3.4. Verification of the temperature evolution after exchanging electrode
materials

Since the axisymmetric and planar cases were verified, the materials
of the two electrodes of the coaxial thermocouple were exchanged, and a
numerical simulation of overheating and lateral heat conduction was
conducted similarly to the above simulations. After the two electrodes
were exchanged, the inside material of the negative electrode was

304
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Fig. 12. The maximum temperature on the surface of different coaxial thermocouples with inner diameters of (a) d = 0.5 mm, (b) d = 0.9 mm, and (¢) d = 1.3 mm.
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Fig. 13. The normalized heat flux of different coaxial thermocouples with an inner diameter of (a) d = 0.5 mm, (b) d = 0.9 mm, and (c¢) d = 1.3 mm.

chromel. Hence, the coefficient k was smaller than that of the outside
material. The location of the maximum temperature moved to the inside
of the electrode as the heating time increased, as shown in Fig. 11(a)
with a range of r = 0.4564 mm to r = 0.4524 mm in 50 ms. The error of
the heat flux calculated with the maximum temperature was 2.36% at
50 ms (Fig. 11(b)). Therefore, the mechanism for the lateral heat con-
duction and the evolution of the maximum temperature points were
verified.

4. Optimization of E-type coaxial thermocouples

Simulations were carried out for coaxial thermocouples with D =
1.42 mm and d = 0.9 mm. The lateral heat conduction in the r direction
causes a shift in the maximum temperature point on the junction to the
positive electrode (chromel). As mentioned in section 3.1, the heat flux
error was only 0.15% using the temperature of the negative electrode.
Hence, we decided to optimize the E-type coaxial thermocouple by
matching the size of the positive and negative electrodes. The initial
conditions, boundary conditions, junction thickness, and insulating
layer width remained unchanged, and different sizes of coaxial ther-
mocouples were selected to reduce the heat flux measurement error
caused by lateral heat conduction. We used a grid independence test to
choose suitable grid sizes and performed numerical simulations on three
groups of coaxial thermocouples with 13 different combinations of
geometrical sizes. The inner diameters d of thermocouples with three
sizes were 0.50 mm, 0.90 mm, and 1.30 mm, and the outer diameter D of
thermocouples with five sizes ranged from 0.90 mm to 3.30 mm. The
details are listed in Table 2.

Table 3
Heat flux error of coaxial thermocouples with different sizes at 50 ms.
d/mm D/mm
0.90 1.50 2.10 2.70 3.30
0.50 3.98 % 1.28 % 0.65 % 0.43 % 0.32 %
0.90 - 2.26 % 0.93 % 0.54 % 0.37 %
1.30 - 3.41% 1.58% 0.83 % 0.56 %

The maximum temperature—time curves of the coaxial thermocouple
with different sizes of the negative electrode diameter d for a heating
time of 50 ms are shown in Fig. 12. The trends of the maximum tem-
perature curves indicate a substantial difference between the numerical
simulation and theoretical results. As the outer diameter D of the posi-
tive electrode increases, the difference in the temperature decreases for
all three groups with different d. Thus, coaxial thermocouples can be
optimized by increasing diameter of outer positive electrode and
decreasing diameter of inner electrode.

The normalized heat flux derived from the one-dimensional semi-
infinite theory for coaxial thermocouples with different inner diameters
is shown in Fig. 13. The heat flux error between the numerical and
theoretical results decreases with an increase in the outer diameter D of
the positive electrode for all three groups in agreement with Fig. 12. The
errors at 50 ms are listed in Table 3. For each group of d, the largest
errors in heat flux happened with the smallest D, and the smallest errors
happened with largest D. The two largest heat flux errors (greater
than3.5%) occur for (d = 0.50 mm, D = 0.90 mm) and (d = 1.30 mm, D
= 1.50 mm), and the error is less than 1.0% for D > 2.10 mm and d <
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0.90 mm. The error is approximately 0.50% for D > 2.70 mm and d <
0.90 mm, much lower than for sensors with D around 1.5 mm and
d around 0.9 mm. The tendency for the error varied with d and D can be
regarded as, the smaller d and the larger D were, the smaller the
discrepancy was, as shown in Table 3. However, the smaller d and larger
D will lead to other problems in manufacturing and installation of sen-
sors. Hence, the optimal design for the coaxial couples might be d <
0.90 mm and D around 3.0 mm, which will keep the error no more than
0.50%.

Our results indicate that the accuracy of the measured heat flux in-
crease and the sensitivity of the measurement error to the diameter
decreases with an increase in the diameter of the positive electrode.
According to Equation (6), the maximum heat transfer depth of the
positive electrode material is approximately 2.9 mm at a heating time of
50 ms. Some of the heat was conducted laterally from the junction area
to the positive electrode and contributed to the temperature rise, and
some of the heat was conducted in the longitudinal direction. In the
range of the maximum heat transfer depth, the larger the positive
electrode and the smaller the negative electrode, the more heat is
transferred from the junction area to the positive electrode, resulting in a
decrease in temperature of the junction area and a reduction in the
measurement error caused by lateral heat conduction. If the diameter of
the negative electrode is small and the diameter of the positive electrode
exceeds the maximum heat transfer depth, the heat transferred from the
junction area to the positive electrode does not increase significantly,
reducing the sensitivity of the measurement error to the diameter of the
positive electrode. Therefore, coaxial thermocouples can be optimized
by changing the diameter to reduce the measurement error.

5. Conclusion

Coaxial thermocouples are commonly used as heat sensors in shock
tunnels to measure the surface temperature and convert it into heat flux
using the one-dimensional semi-infinite theory. However, lateral heat
conduction occurs due to differences in the physical parameters of the
materials. In this study, lateral heat conduction and its effect on the
measurement error were numerically simulated using E-type coaxial
thermocouples and a heating time of 50 ms. It was found that over-
heating of the junction resulted in temperatures significantly higher
than that of the two electrodes. The maximum temperature location on
the surface shifted from the middle of the junction to the positive elec-
trode. We tested coaxial thermocouples using 13 combinations of
negative and positive electrode diameters to minimize the effect of
lateral heat conduction. The optimized coaxial thermocouples had a
much lower heat flux error (approximately 0.5%) than typical thermo-
couples (D ~ 1.5 mm, d ~ 0.9 mm), which have an approximate heat flux
error of 2.26%. The manufacturing process might require changes to
increase the outer diameter of the positive electrode, although this is not
a complex operation. The calibration of the optimized sensors and their
use for aerodynamic heating will be discussed in a future study.
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