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Abstract: Near space environment is the airspace at an altitude of 20 km-100 km, where complex conditions
such as low temperature, low pressure, high wind speed and solar radiation exist. As one of the important
meteorological parameters, temperature is crucial for space activities, but the influence of the complex
environment makes the error of conventional temperature measurement methods large. Therefore, a new
microbridge temperature sensor was designed that can reduce solar radiation and achieve a fast response. And
through simulation analysis, the three factors influencing the temperature errors of Joule heat, solar radiation
heat and aerodynamic heat were investigated. And the influence of temperature error is reduced by optimizing
the installation position of the sensor. Through the temperature error model, the error value in the actual
measurement value is removed, to realize the high accuracy detection of near-space temperature.

Keywords: near space; Joule heat; solar radiation; aerodynamic; temperature correction

1. Introduction

Near space refers to the airspace connecting the sky and space at an altitude of 20~100 km, where
it is difficult for general aircraft to operate, and has an important strategic position [1-4]. The
atmospheric environmental parameters in near space, including temperature, pressure, and wind,
are important meteorological parameters that can directly affect space activities, so it is important to
accurately detect these parameters [5-8]. Its environmental conditions are complex, with
temperatures down to minus 70 °C, ultra-low pressure, and also a complex wind field [9,10]. In
addition, there are also environmental interference factors such as irradiation and electromagnetism,
which affect the high-precision detection of atmospheric environmental parameters in near space [6].
The space-based platform is equipped with multi-parameter radio sounders, forming a large all-
height detection cluster with fast maneuvering speed and high coverage, which can realize
continuous detection of environmental parameters such as temperature, density, wind field and
pressure at fixed points [11,12]. The sounding rocket platform is characterized by fast
maneuverability and high coverage height, and the airship platform has the characteristics of high
mobility and high carrying capacity [13,14]. The sounding rocket platform cooperates with the airship
platform and is equipped with radiosondes to overcome the harsh environmental impact of near
space and obtain fixed-point continuous detection of environmental parameters. When the radio
sounder rises to a certain position with the platform it is ejected and descends, while the parachute
opens. Due to the thin air, the radio sounder will descend with a vertical acceleration close to the
acceleration of gravity. When reaching a low altitude, the air resistance becomes greater and the
descent rate slows down.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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For in-situ temperature detection, there are especially many temperature measurement errors
[5]. According to the radiosonde temperature correction model given by the World Meteorological
Organization, the factors that cause temperature measurement errors include aerodynamic heat,
temperature hysteresis, solar radiation, solar radiation reflected by the ground and clouds,
environmental long-wave radiation, radiation from sensors to the environment, heat conduction of
the support structure, and Joule heat, etc., which need to be decoupled to obtain the true atmospheric
temperature value [15,16].

Aerodynamic heat: due to the thin atmosphere in space, the falling speed can reach hundreds of
meters per second during the dropping of the radiosonde [4]. The temperature sensor directly
exposed to the air compresses the air in front of it, and the gas temperature rises, that is, aerodynamic
heat. Therefore, the temperature field where the temperature sensor is located is not the real
atmospheric temperature field, but the temperature field superimposed by aerodynamic heat [17,18].

Joule heat: during the working process of the resistance temperature sensor, a large Joule heat is
generated due to the large resistance value, which has a significant impact on its thermal field
characteristics and directly causes temperature measurement errors [19].

Solar radiation: the intensity of solar radiation in near space is large, and the amount of solar
radiation will lead to the change in temperature error caused by the solar radiation heating effect. In
addition, the change of air pressure and the sensor surface material will also cause different
temperature errors of solar radiation. Other radiation: after entering the earth's atmosphere, the solar
radiation will be absorbed, reflected, scattered by various components in the air, and then absorbed
and reflected by the ground after reaching the ground. This part is the reflection of solar radiation
from the ground and clouds, which will increase the temperature of the sensor. In near space, the
temperature sensor is also exposed to long-wave radiation from the upper and lower atmosphere
and the main body of the radiosonde, which belongs to the environmental long-wave radiation. In
addition, there is the thermal radiation of the sensor to the environment in the form of
electromagnetic waves [15-17,20-22].

Support structure heat conduction: This is the heat transfer between the sensor and the
supporting structure [15].

Temperature hysteresis: The sensor has a certain volume and a heat capacity. When there is a
temperature difference with the outside world, the sensor generates stress and needs a certain
amount of time to change to the outside temperature, which is called thermal hysteresis [23-25].

The main temperature sensors for radiosonde are thermocouple sensors, bead thermistor
temperature sensors, and platinum thin film temperature sensors. Among them, the accuracy and
linearity of thermocouple sensor are poor. As the most commonly used bead thermistor temperature
sensor, it has low sensitivity and is susceptible to electromagnetic interference. The platinum thin
film temperature sensor has the advantages of high sensitivity, small size, good stability and high
linearity. In terms of Pt thin film temperature sensor design, most of the existing platinum (Pt) thin
film temperature sensors have Pt deposited on a substrate made of silicon or alumina, or have an
adhesion layer added in between to increase the adhesion of the Pt [26-29]. For example, Huang et
al. [29] evaluated electrical characteristics parameters such as resistance temperature coefficient,
hysteresis, and measurement accuracy by preparing a temperature sensor with a Ti/Pt thin film layer.
Zhang et al. [23] introduced a new processing technique for Pt thin film thermistors and verified the
characteristics of Pt film thermistor models. Miyakawa et al. [30] obtained a thin film device with
sufficient structural stability and adhesion by sputtering Pt films directly on the substrate and
replacing the large-area Pt structure and passivation coating with an interconnected 10-pum-wide line.
However, this structure still has a large heat transfer phenomenon from the substrate and the
adhesion layer to the Pt thin film, and the Pt thin film heat dissipation is poor. And there is no
radiation-proof structure resulting in large radiation errors.

In terms of temperature error analysis, Babita et al. [31] studied the variation of self-heating
effect with applied current, temperature and different surroundings using a platinum resistance
thermometer. Han et al. [32] proposed an e-type temperature sensor for high altitude meteorology,
using a 0.02 mm diameter platinum wire as a thermistor, and the radiation temperature correction
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equation was obtained by fitting the simulation results. The uncertainty of solar radiation on
temperature measurement was also explored by Philipona et al. [33] and Lee et al. [34]. However,
these literatures only analyzed one of the errors, and their temperature error models do not match
the temperature sensor designed in this paper. Therefore, the structural design and the corresponding
temperature error analysis compensation are needed to achieve higher accuracy and performance of
temperature measurement when performing in-situ temperature measurement in proximity space.

In this paper, by analyzing the source of temperature error, we optimize the sensor structure
and the arrangement of sensors according to simulation and practical application, and improve the
temperature error model to realize high-precision in-situ detection of temperature in the near space.
The temperature error is corrected by the detected data, and the high-precision temperature value of
the near space is obtained [5,12,35].

2. Materials and Methods

2.1. Structure of thin film temperature sensor

In order to accurately measure the fast-changing ambient temperature during the high-speed
drop of a radiosonde, the temperature sensor needs to have a fast response and high sensitivity. So,
the response speed can be improved by reducing the size of the platinum resistor to reduce the
thermal hysteresis. At the same time, so as to achieve high sensitivity and high accuracy
measurement, the resistance value can be increased, and the initial design resistance value is around
100 Q. In addition, due to the thin atmosphere in near space and the weak heat dissipation capability
of the object, the surface area of the Pt resistor needs to be increased to improve its heat dissipation
capability. Therefore, by designing the platinum into a thin film shape, the performance of fast
response and high accuracy measurement can be achieved.

In this scheme, a Pt thin film microbridge temperature sensor was designed, as shown in Figure
1. The sensor consists of three parts, from top to bottom, a thermistor, an insulating layer and a matrix.
To facilitate the full heat exchange between the thermistor and the air, the matrix was set to a structure
with a hole in the middle, so that the central part of the insulator was suspended. To reduce the heat
transfer from the insulating layer to the thermistor, the insulating layer was provided with heat
insulation slots. The thermistor is a Pt thin film, the insulating layer is silicon dioxide, and the
substrate is sapphire. Firstly, the small size and large surface area of the Pt thin film make the thermal
hysteresis very small and allow for a fast response. Second, the silica has good thermal insulation
properties. Finally, the sensor has an anti-radiation coating that provides some protection against
radiation. Therefore, for the temperature correction model of the radiosonde in this paper, there are
three temperature measurement errors, namely, aerodynamic heat, solar radiation and Joule heat,
while the other errors are negligible [23,36].

Anti-radiation coating

Platinum thin film

Insulation

Matrix

Figure 1. Structure diagram of Pt thin film temperature sensor.
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2.2. Measurement model of thin film temperature sensor

In the process of Pt thin film temperature measurement, most of the heat of the Pt thin film can
be transferred to the substrate in contact with it through heat conduction, which affects the
temperature value of the Pt thin film and causes errors. Therefore, an insulating layer is added
between the sensor substrate and the Pt thin film to reduce the solid heat conduction of the Pt thin
film [15,23]. The whole Pt thin film is attached to the insulator, but the suspended micro-bridge
structure of the Pt thin film is adopted, and the two ends of the Pt thin film are directly attached to
the insulator bridge, as shown in Figure 2. The accuracy of the sensor can be improved by reducing
the contact surface and reducing the ineffective heat loss from the Pt thin film, as Equation:

Q, =AAAT 1)

where Q, is the heat transfer between the Pt thin film and the insulation layer, A, is the contact area
between them, A is the heat transfer coefficient between them, and AT, is the temperature

difference between the two sides of the contact surface.

' 200 [um]’

Figure 2. Pt thin film structure and sensor structure.

The matrix size is 1000 pmx=1000 umx500 pm, the inner hole size is 400 pmx=400 pmx500 pm, and
the insulator size is 1000 pmx=1000 pmx20 pm. The Pt thin film is a bending type, with a width of 10
um, a thickness of 0.2 um, a spacing of 10 um, a single strip length of 200 um, and a total resistance
of 112.98 Q).

The temperature measurement principle of the Pt thin film temperature sensor is that the Pt
resistance value is linearly related to the temperature, a fixed voltage is applied at both ends of the
Pt thin film, and the Pt resistance can be calculated by measuring the current [36]. When the external
temperature changes, the resistance of the Pt thin film changes, which causes the current in the circuit
to change. Then, the Pt thin film temperature (ambient temperature) can be obtained by measuring
the current. Equation (2) shows the relationship between resistance and temperature, Equation (3) is
the relationship between current and resistance under certain voltage, and Equation (4) is the change
of current with temperature,

R=R [1+alt-t)] @)
_U

== ®)
u
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where, R is the resistance value of the Pt thin film, R, is the resistance value of Pt thin film at 0 °C,

o is the temperature coefficient of Pt resistance, ¢ is the ambient temperature, and ¢, is 0 °C.

3. Theoretical analysis and simulation model of temperature error

In this paper, the error correction method of the near space temperature measurement process
was proposed through theoretical analysis of Joule heat, radiation heat and aerodynamic heat
generated by the temperature sensor in the working process, and simulated using COMSOL and
ANSYS software. The error model was obtained from the simulation results and the sensor structure
was optimized. The actual detection data was compensated for temperature error to achieve higher
measurement accuracy. This error correction method can be applied to the in-situ measurement of
temperature in near space.

3.1. Joule heat

The Pt thin film sensor will generate Joule heat when it works, and the magnitude of Joule heat
is related to the applied voltage and the Pt thin film resistance. In order to improve the sensitivity of
the sensor, it is necessary to increase the resistance value of Pt thin film. When the temperature
changes, the greater the resistance change value is, and the greater the current change value is, the
more sensitive the sensor is. Equation (5) is the relationship between the current change and
resistance value,

A u
AR R [1+att—t)] ©)

where, Al is the current variation value, AR is the voltage variation value.

However, the larger the resistance value, the larger the volume of Pt thin film, which leads to
the larger sensor volume and Joule heat. Therefore, considering comprehensively, the resistance
value of the Pt thin film was set to about 100 Q(0 °C). The Joule heat of the sensor was also analyzed
to obtain the measurement error and response time of the temperature sensor under the co-effect of
rated voltage and heat dissipation.

To analyze the influence of different mechanical structures on the performance of the
temperature sensor, six insulator structures have been designed, as Figure 3 shows. To study the
influence of environment temperature on Joule heat, during the Joule thermal simulation of the
temperature sensor, a voltage of 0.04 V was applied to both ends of the Pt thin film, and the ambient
temperature was set at 233.15 K, the absolute pressure was set at 50 Pa, the wind speed was 100 m/s,
and the initial temperature of the sensor was set at 228.15 K and 238.15 K, respectively. The response
time and Joule heat of six kinds of sensors were compared to select the best insulator. The response
time of the temperature sensor is represented by T, and t refers to the time required for the output
change of the temperature sensor to reach 63.2% of the difference between its initial final value [37].
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Figure 3. Different insulator structures.

The Joule heat of the sensor has been analyzed to obtain the temperature variation and response
time of the temperature sensor under the combined effect of rated voltage and heat dissipation. The
electrical load of the Pt thin film was determined prior to probing, the Joule heat generated by the
current during probing was certain, and the air pressure further influences the temperature value of
the Pt thin film by affecting the heat transfer coefficient. The equations for heat dissipation and Joule
heat of a Pt thin film are as follows:

Q, = A,4,-AT, (6)

Q=" @)

where Q, is the heat dissipated, A, is the contact area between the Pt thin film and the air, 4, is
the heat transfer coefficient between them, AT, is the temperature difference between the two sides
of the Pt thin film-air interface, Q, is the joule heat, and t_ is the unit time.

Thus, the amount of heat gain in the Pt thin film due to Joule heat is expressed as Equation (8):

ut
Q=Q-Q-Q= RTS —AA AT - A4, - AT, 8
Then the value of the temperature increase of the Pt thin film is:
7= ©)
cm

where T is the temperature rise of the Pt thin film due to Joule heat, Q, is the thermal increment

of the Pt thin film due to Joule heat, ¢ is the specific heat capacity of the Pt thin film, and m is the
mass of the Pt thin film.
Therefore, the initial temperature of the sensor was set to 231.15 K and the ambient temperature

to 233.15 K. The temperature sensor was simulated and analyzed at ambient pressures of 5x10° Pa,


https://doi.org/10.20944/preprints202304.0690.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2023 doi:10.20944/preprints202304.0690.v1

5x10" Pa, 5x10* Pa, 5x10° Pa, 5x10* Pa and 5%10° Pa to compare the differences in steady-
state time and response rate.

3.2. Solar radiation

When the temperature sensor conducts in-situ measurements in near space, the Pt thin film will
receive direct solar radiation and scattered radiation from the surrounding environment, which can
transfer heat energy.

The formula for calculating the radiation heat flux of an object is:

Q= ‘9A3O-Ty4 (10)

where ¢ is the emissivity of the object, and its value is 0~1, A, is the irradiated surface area, o is

the Stephen-Boltzmann constant, which is 5.67x10°W/(m®-K*) , T is the thermodynamic

temperature of the blackbody.
Thus, the amount of heat gain in the Pt thin film due to radiation heat is expressed as Equation

(11):
Q,=Q,-Q -Q, =eA,0T — A4 AT, - A4, AT, (11)
Then the value of the temperature increase of the Pt thin film is:
T,-% (12)
cm

where T, is the temperature rise of the Pt thin film due to Joule heat, Q, is the thermal increment

of the Pt thin film due to Joule heat.

For the purpose of reducing the influence of radiation on the temperature sensor, the surface
emissivity of the sensor can be changed. The surface emissivity of the silicon substrate and the silicon
dioxide insulation layer is above 0.5, so the material surface was coated with radiation protection,
and the coating structure is shown in Figure 1. So as to analyze the influence of different anti-
radiation coatings on the radiation temperature rise, the influence of different coatings on sensor
temperature was studied. Copper, aluminum and silver were selected as radiation-proof materials,
and their surface emissivity is 0.03, 0.02 and 0.01 respectively. The atmospheric temperature was set
at 233.15 K, the initial temperature of the sensor was 238.15 K, the ambient air pressure was 50 Pa,
the wind speed was 100 m/s, and the solar radiation was set to 500 W/m?, 1000 W/m?, 1500 W/m? and
2000 W/m? to study the effect of radiation magnitude on the temperature rise of the temperature
sensor. Similarly, different air pressures affect the Pt thin film heat dissipation, which further affects
the temperature error generated by radiation. Therefore, the temperature rise of the sensor under

different air pressure conditions of 5x10° Pa, 5x10' Pa, 5x10° Pa, 5x10° Pa, 5x10* Pa and
5x10° Pa was studied.

3.3. Aerodynamic heat

Based on the Joule and radiant heat simulation analysis above, the sensor scheme was
determined and further optimization of the sensor arrangement was carried out based on the
aerodynamic thermal analysis of the model. The aerodynamic heat is caused by the positive work of
air compression on the front of the object, so the aerodynamic heat generated at the front of the object
is larger, but the parts around the object also have airflow disturbances that generate a certain
temperature difference. Therefore, ANSYS software was used to analyze the aerodynamic heat of the
radiosonde and sensor to explore the distribution of the aerodynamic heat field [17]. Therefore, a
cuboid flow field was applied outside the sensor to form a fluid boundary. The boundary conditions
were determined by selecting the mathematical model. The K-epsilon standard model was selected
for the turbulence model, and the SIMPLE algorithm was used to solve the pressure field and velocity
field. In this study, the unstructured meshes of the sensor's geometric model were generated using
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the meshing software ICEM. Considering the calculation amount and calculation accuracy, the size
of the airfield outside the sensor was set to 10 mmx=10 mmx15 mm, and the sensor was placed in the
middle of the front end of the fluid area. The overall calculation model is shown in Figure 4. For the
setting of boundary conditions, the left end of the front end of the air domain was the velocity inlet
boundary, the left end was the pressure outlet boundary, the four sides were the pressure far-field
boundary, and the outer surface of the sensor was set as the fixed wall boundary.

e

Sensor Air domain
Figure 4. Sensor and air flow field model.

The high-speed movement of the sensor in the near space will compress the front air. This
positive pressure will cause the gas to compress and deform, and the gas will move toward the center
under the action of external forces. Therefore, the sensor will do positive work on this part of the gas,
which will raise the gas temperature. Aerodynamic heat generated on rockets and other aircraft
exceeds 1000 K [38,39]. In the simulation of the sensor falling with the radiosonde by ANSYS
software, it is found that this aerodynamic heat can make the gas temperature rise by tens of degrees
or even hundreds of degrees. The magnitude of aerodynamic heat is related to the rate of descent of
the object, i.e., to the relative flow rate of air, and also the atmospheric pressure affects the specific
heat capacity of air, which also affects the size of aerodynamic heat. Firstly, the thermal field
distribution of the radiosonde and sensors are studied by simulating the aerodynamic thermal field
distribution at different altitude locations during the radiosonde's descent for sensor placement.
Then, its effect on the aerodynamic heat of the radiosonde and sensor is studied by setting different
air pressure (5x10° Pa, 5x10' Pa, 5x10> Pa, 5x10° Pa, 5x10* Pa and 5x10°) and relative air
flow rate (100 m/s, 150 m/s, 200 m/s, 250 m/s and 300 m/s). To reduce the computational effort, the
whole model is simplified from a three-dimensional model to a two-dimensional model.

By setting different air pressures and relative air flow rates to study their effects on the
aerodynamic heat of the radiosonde or sensor.

The aerodynamic heat error model is shown in Equation (13):

T :er

= (13)

P

where, T is the aerodynamic thermal correction error, 7 is the temperature correction coefficient,

V' is the relative air velocity, and c, is the air isobaric specific heat capacity.

3.4. Overall model

The temperature error model in the proximity space includes the measured temperature values
of the temperature sensors and the Joule heat, radiant heat and aerodynamic heat error values caused
by external disturbances. The real temperature value of the atmosphere can be obtained by
eliminating the temperature error value caused by disturbance factors from the measured
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temperature value of the temperature sensor. Therefore, the temperature error model is constructed,
where the measured value of the temperature sensor is expressed as:

T, =¥ (14)

where T, and T, are the measured data of two temperature sensors.

According to the definition, the near-space temperature T is calculated as shown in Equation
(15) and (16):
QA _QB _Ql _Qz _

T=T,- T 15)
cm

2

t
s+eA 0T —AAAT — A A AT,
T_T'1+T'2_ RT 3 r lﬂ‘l 1 2ﬂ? 2 _T'VZ (16)

2 cm 2c

P

4. Results and discussion
4.1. Joule heat

4.1.1. The effect of different insulators on Joule thermal errors

Figure 5 shows the temperature change curve of Pt thin film for sensors with different insulator
structures when the initial temperatures are 228.15 K and 238.15 K respectively. Accordingly, the
temperature corresponding to the response time is 231.31 K and 234.99 K respectively. It can be seen
from the figure that all curves change sharply at first and then slowly, and the final temperature
approaches a steady state, which is higher than the ambient temperature. As the sensor number
increases, the final temperature decreases and the response time is longer.

(a) (b) 1
2384 sensor
234 | sensor 2
P a ‘ sensor 3
) =2 |
< o 2374 sensor 4
= 3 5
E 2324 g | sensor
I 1 b5} sensor 6
5 sensor :E')‘ 2364
g sensor 2 5
& 2304 sensor 3|| w‘
“ sensor 4 235
sensor 5
228 sensor 6
T T T T T 234 T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (ms) Time (ms)

Figure 5. Temperature variation curves of Pt thin film for sensors with different insulator structures
at initial temperatures of (a) 228.15 K, and (b) 238.15 K.

This is because the Joule heat causes the final temperature of the Pt thin film to be greater than
the ambient temperature. As can be seen from the graph, temperature sensor 5 has the fastest
temperature change of the Pt thin film, followed by sensor 4, sensor 3, sensor 2, and sensor 1. This is
because the heat exchange between the Pt thin film and the silica is faster than that with the air, and
the large surface area of the silica makes it more fully heat exchange with the air, so the larger the
area of the silica, the faster its temperature response. However, sensor 6 is the slowest, this is because
the silica layer is not provided with an insulating groove, the heat capacity of the entire sensor is large
and the temperature change of the Pt thin film through solid heat transfer is very slow. On balance,
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the 5th temperature sensor is chosen to shorten the response time of the temperature sensor and
improve the measurement accuracy of the sensor. As shown, under the influence of Joule heat, sensor
5 has a response time of 20 ms during warming and 99 ms during cooling.

4.1.2. The effect of air pressure on the temperature measurement process of the temperature sensor

The temperature sensor of insulator No.5 was selected for simulation tests in this scenario. The
initial temperature of the sensor was 231.15 K and the ambient temperature was set to 233.15 K. The
temperature sensor was simulated and analyzed at air pressure environments of 5x10° Pa, 5x10'
Pa, 5x10* Pa, 5x10° Pa, 5x10* Paand 5x10° Pato compare the difference in steady state time
and response speed. The results are shown in Figure 6, as the air pressure increases, the response rate
of the temperature sensor becomes faster and the steady state temperature is closer to the ambient

temperature. Therefore, the higher the altitude and lower the air pressure, the less effective the heat
transfer and the greater the temperature error value.

236-

_235-

=)

§ 234-

g

2

& 2334

Y 0 3

= 5x10°Pa 5x10°Pa
230 1 i

5x10'Pa 5x107Pa

231- 5x10°Pa —— 5x10°Pa

0 100 200 300 400 500

Time (ms)
Figure 6. Effect of different air pressures on temperature changes in Pt thin film.

4.2. Solar radiation

4.2.1. The effect of different coatings on radiant heat errors

After simulation analysis, as shown in Figure 7, when the surface emissivity of the radiation-
proof material is smaller, the less it is affected by solar radiation, and the thermal conductivity of the
coating material also affects the heat exchange rate of the sensor. The radiation errors of the sensor
using silver, aluminum and copper as radiation-proof coatings were 0.05 K, 0.10 K and 0.14 K at 1 s.
Therefore, silver was used as the radiation-proof material for this sensor.

237.01 Uncoated
] Silver coating

G 236.0+ —— Aluminium coating
5 Copper coating
2 235.0-
<
2
|
(]
=

234.0 1

233.5 .

0 200 400 600 800 1000

Time (ms)
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Figure 7. Effect of different radiation-proof coatings on the temperature of temperature sensors.

4.2.2. The effect of radiation conditions on radiant heat errors

The effect of radiation on the temperature rise of the sensor can be derived by simulating a
comparative analysis with the sensor without radiation conditions at an ambient temperature of
233.15 K. The ambient air pressure was 50 Pa, the wind speed was 100 m/s, and the initial temperature
of the temperature sensor was 236.15 K, and the radiation values are 0 W/m?, 500 W/m?2, 1000 W/m?,
1500 W/m2, and 2000 W/ma2.

Figure 8 shows the temperature variation of the Pt thin film under five different radiation
conditions. It can be seen from the figure that the temperature of the Pt thin film increases as the
amount of radiation increases. For example, the temperature of Pt thin film under 5 different radiation
conditions at 600 ms is 233.39 K, 233.42 K, 233.46 K, 233.49 K, 233.53 K. This is because the greater the
radiation, the greater the radiation heat generated by the Pt thin film.

1 —0 W/m?
236.07 \X —— 500 W/m?
%/ 235.0- ‘% e lOOOW/m;
=1 | ‘ —1500W/m~
s ———2000W/m>
Q
£ 234.0
Q
=
233.5 |

0 200 400 600 800 1000

Time(ms)
Figure 8. Temperature variation of Pt thin film under different radiation conditions.

4.2.3. The effect of different air pressures on radiant heat errors

The effect of solar radiation on the temperature rise of the sensor under different air pressure
conditions during the soundings from high to low altitudes was also analyzed. The ambient
temperature was set at 233.15 K, the air speed was 100 m/s, the initial temperature of the temperature
sensor was 238.15 K, and the solar radiation was 1000 W/m?. The air pressure was set to 5x10° Pa,
5x10' Pa, 5x10° Pa, 5x10° Pa, 5x10* Paand 5x10° Pa.

As can be seen from the Figure 9, the temperature of the sensor is first falling sharply and then
slowly, in the first section with the increase in air pressure sensor temperature drop rate increases, in
the second section with the increase in air pressure sensor temperature drop rate decreases, and the
steady-state temperature difference is getting smaller and smaller. Overall, the steady-state

temperature is closer to the ambient temperature as the air pressure increases over a certain time
period, i.e. the temperature error decreases.
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Figure 9. Changes in cooling of Pt thin film under the influence of radiation at different air
pressures.

Similarly, as can be seen from Figure 10, the temperature of the sensor is first rising sharply and
then slowly, in the first section with the increase in air pressure sensor temperature drop rate
increases, in the second section with the increase in air pressure sensor temperature rise rate
decreases, and the steady-state temperature difference is getting smaller and smaller. Overall, the
steady-state temperature is closer to the ambient temperature as the air pressure rises over a certain
period of time, i.e. the temperature error decreases.
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Figure 10. Changes in the heating of Pt thin film under the influence of radiation at different air
pressures.

Therefore, the higher the altitude and the lower the air pressure, the less effective the heat
transfer and the greater the temperature error value.

4.3. Aerodynamic heat

When the radiosonde is equipped with a temperature sensor for temperature in-situ
measurement in near space, the radiosonde is dropped when it reaches a certain position along with
the space-based platform and accelerates to descend under the action of gravity. Through Matlab
software simulation, when dropping at a height of 70 km, the initial speed was set as 100 m/s, and
the change in the falling speed of the radiosonde as shown in Figure 11.
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Figure 11. Velocity curve of the falling radiosonde.

It can be seen from the figure that the speed of the radiosonde reaches the maximum at 61.72
km, which is 310.35 m/s, and then the speed gradually decreases. Table 1 shows the velocity,
atmospheric temperature, air pressure and other parameters during the fall of the sounding device
using Matlab.

Table 1. State parameters during the fall of the sounding device.

Altitude Falling speed Ambient temperature Air pressure ~ Time
(m) (m/s) X) (Pa) (s)
70000 100 217.452 5.01699 0
61724 310.35 240.63 15.94 35.41
60000 304.34 245.45 20.31 40.97
50000 166.31 270.65 75.95 84.23
40000 77.76 251.05 277.55 174.27
30000 35.19 226.65 1171.95 370.02

ANSYS Fluent was used to analyze and study the aerodynamic thermal field generated by the
radiosonde during its high-speed descent. According to the environmental parameters at different
altitudes in Table 1, the aerodynamic thermal field distribution of the radiosonde at different altitudes
was studied, and the altitudes of 60000 m, 50000 m, 40000 m and 30000 m were selected as the study
objects.

4.3.1. Aerodynamic heat field distribution at different altitudes

The results of the analysis of the aerodynamic thermal field distribution of the radio soundings
at different altitudes were shown in Figure 12, where the blank is the radiosonde, from which it can
be seen that the temperature rises in front of the radiosonde is the largest due to aerodynamic heat.
For example, in Figure 12a, the temperature in front of the radiosonde is 290.71 K with an error of
+45.264 K. The temperature of the outer wall behind and around the radiosonde is 248.21 K with an
error value of +2.76 K. Meanwhile, the temperature of some areas outside the side decreases to 199.92
K, resulting in a large temperature error of -45.53 K. At the same time, the aerodynamic thermal
analysis is carried out for the temperature sensor. As shown in Figure 13a, the blank is the sensor,
and the temperature around the sensor is different (Point 1, 292.11 K; Point 2, 274.42 K; Point 3, 281.32
K; Point 4, 281.35 K). In other words, the aerodynamic heat behind the temperature sensor is very
small, so the temperature sensor is placed in the front of the radiosonde, the Pt film end is backward,
and the two temperature sensors are symmetrically arranged to achieve uniform force on the
sounder.
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Figure 12. Aerodynamic heat distribution of radiosonde at altitude of (a) 60000 m, (b) 50000 m, (c)
40000 m, (d) 30000 m during high-speed falling.
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Figure 13. Aerodynamic heat distribution of temperature sensor at altitude of (a) 60000 m, (b) 50000
m, (c) 40000 m, (d) 30000 m during high-speed falling.

4.3.2. The effect of different air pressures on aerodynamic heat errors

To investigate the effect of different air pressures and relative flow rates on the aerodynamic
heat of the sounder, different air pressures and air speeds were set to investigate the magnitude of
the aerodynamic heat.

For the study of the effect of air pressure on aerodynamic heat, the ambient temperature was set
to 233.15 K, the airflow rate was set to 200 m/s and the air pressure was set to 5x10° Pa, 5x10' Pa,

5x10% Pa, 5x10° Pa, 5x10* Paand 5x10° Pa respectively, as shown in Figure 14.
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Figure 14. Variation of aerodynamic heat with air pressure at two points of the sensor.

Figure 14 shows that as the air pressure increases exponentially, the temperature at the two
points rises rapidly and then slowly. This is because at low pressure, the magnitude of the pressure
affects the magnitude of the specific heat capacity of the air, the greater the pressure, the greater the
specific heat capacity of the air and the more aerodynamic heat is generated. In addition, the greater
the air pressure, the smaller the change in the compression ratio of the gas ahead, and thus the smaller
the change in aerodynamic heat, so the curve tends to be smooth.

4.3.3. The effect of different relative air speeds on aerodynamic heat errors

For the study of the effect of the relative air flow rate on aerodynamic heat, the ambient
temperature was set to 233.15 K, the air pressure was set to 5 Pa and the airflow rates were set to
100m/s, 150 m/s, 200 m/s, 250 m/s and 300 m/s, respectively.

As shown in Figure 15, as the air velocity increases, the temperature at the two points then rises
and the rate of warming increases. This is because the greater the air flow rate, the greater the
aerodynamic heat, and according to the aerodynamic thermal error model it can be seen that the

aerodynamic thermal error is proportional to the square of the relative air flow rate, so the slope of
the curve increases.

280+
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Figure 15. Variation of aerodynamic heat with relative air speed at two points of the sensor.

From the above analysis, it can be seen that aerodynamic heat has the greatest effect on the
temperature error, followed by the temperature error caused by Joule heat, and solar radiation has
the least effect on the sensor temperature error. The detection temperature was corrected by the error
model formula, and the correction was the sum of the thermal errors of aerodynamic heat, solar
radiation and Joule heat, which greatly improves the accuracy of the temperature.
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4.4. Overall analysis

Temperature sensor in the actual measurement of proximity space temperature, through the
collection of other physical quantities of information, the temperature sensor’s measurement error
(Joule heat, radiation heat, aerodynamic heat) can be calculated. Among them, due to the high-speed
motion of the radiosonde, the sensor temperature rise caused by aerodynamic heat up to tens of
Kelvins, which is the most influential factor in the three temperature errors. In addition, as a result of
the presence of the radiation-proof layer, the temperature rise caused by the large solar radiation of
2000 W/m? is much less than 1.00 K. Therefore, using the constructed temperature error model, the
real atmospheric temperature value can be accurately calculated by the actual measured temperature
value.

5. Conclusions

In response to the problems of existing methods, a method to achieve in-situ high-accuracy
detection of temperature in near space was proposed by analyzing the actual measurement
environment. By designing a new type of temperature sensor and analyzing the sources of error in
the actual measurement process and its influencing factors, high-precision temperature values were
obtained by means of a temperature error compensation method. The conclusions are as follows.

(1) The temperature sensor has a micro-bridge structure and uses silver as the radiation-proof
coating with a small response time. The sensor has a response time of 20 ms when heating up
and 99 ms when cooling down under the influence of Joule heat. The choice of silver as the
radiation-proof coating, with small radiation heat error, improves the measurement accuracy of
the temperature sensor.

(2) According to the optimized near space temperature error model, the resulting temperature
measurement errors include aerodynamic heat, solar radiation and Joule heat. Aerodynamic
heat has the greatest effect on temperature error, and solar radiant heat has the least effect.

(3) The aerodynamic thermal error at the front end of the radionsonde is the largest, and the
temperature error at the rear end is the smallest. The temperature sensor is arranged at the front
end of the radiosonde. The aerodynamic thermal error of the front end of the sensor is the largest,
the rear end has the smallest temperature error, and the Pt thin film is installed at the rear end
of the sensor.

(4) As the air pressure increases there will be the following changes: the response rate of the
temperature sensor increases and the steady-state temperature is closer to the ambient
temperature, i.e. the temperature error decreases. The temperature of the sensor rises rapidly
and then slowly.

(5) As the relative flow rate of air increases, the temperature of the sensor increases, and the rate of
temperature rise increases.

(6) Through the establishment of the temperature error model, the accuracy of obtaining the
temperature value of near space can be greatly improved.
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