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Abstract: The present study aims at improving the accuracy of weather forecast
by providing useful information on the behavior and response of a sounding tem-
perature sensor. A hybrid approach relying on Computational Fluid Dynamics and
a genetic algorithm (GA) is used to simulate the system represented by the bead
thermistor and the surrounding air. In particular, the influence of different lead
angles, sensor lead length, and lead number is considered. The results have shown
that when the length of the lead wire of the bead thermistor is increased, the radia-
tion temperature rise is reduced; when the number of lead wire is four and the
angle between the lead wires is 180°, the solar radiation angle has a scarce influ-
ence on the radiation temperature rise of the sounding temperature sensor.

Keywords: Sounding temperature sensor; genetic algorithm; radiation temperature
rise; computational fluid dynamics; bead thermistor

1 Introduction

Atmospheric temperature is an important index to express the cold and hot conditions of the atmosphere.
It has been widely used in economic construction, national defense and other fields, and plays an important
role in urban heat island, global greenhouse effect, El Nino phenomenon and other hot research contents [1].

In recent years, the surface temperature observation technology has attracted much attention and
achieved good results. However, if only relying on the surface temperature observation data, it is
impossible to accurately and comprehensively explain the factors and trends of global climate change.
Therefore, it is necessary for researchers to extend the study of atmospheric temperature change to air
observation. The comparative study of the law of annual average temperature change in China from
1970 to 2011 showed that the temperature in most areas of China was on the rise from the ground to
700 hPa. In other words, in this area, with the increase of pressure, the temperature was also increased,
and the maximum linear trend coefficient reached 0.22 K/10a [2]. A study on the linear variation of
annual mean temperature in the upper air region of North China from 1980 to 2012 showed that the
temperature increased 0.07 K for every 10 years when the pressure increased above 250 hPa [3]. Some
scholars analyzed the temperature changes in the global upper air region from 1958 to 2000 by studying
the data of the observation station of the sounding thermometer. The results showed that the temperature
changed in the air layer from 1000 to 50 hPa, with the range of ±0.07 K/10a. The comparison of the
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temperature change of 1000–700 hPa air layer from 1960 to 2000 showed that the temperature change was
−0.05 K/10a in the high areas [4]. The relevant reports of satellite observations and radiosonde data sets
suggested that, from 1960 to 2015, the global atmospheric temperature in the lower stratosphere and the
lower troposphere had changed. The results showed that the global temperature in the lower stratosphere
had declined, and the overall temperature in the lower troposphere showed an upward trend [5].
Generally speaking, the average speed of temperature change at high altitude and surface is in the range
of 0.01–0.1 K/10a. To improve the accuracy of atmospheric temperature observation, it is expected to
enhance the accuracy of atmospheric temperature change research by improving the measurement
accuracy of bead thermistor sensor.

For minimizing the influence of the radiosonde temperature sensor by the radiation warming, some
researchers have done many studies on the radiosonde temperature sensor. The research methods include
multi-sensor combination method, low-pressure wind tunnel and empirical estimation method, simplified
model calculation method, flight sounding instrument experiment method, and other related methods.
However, these methods are difficult to accurately and quantitatively calculate the radiation temperature
rise of the sounding temperature sensor in the high air flow environment. Among them, the sounding
temperature sensors used include bead thermistor, rod thermistor, spiral wire, thermocouple, and rod
thermistor capacitor [6].

At present, the research methods of solar radiation temperature rise are limited by the applicability and
the difficulty of experimental technology, so it cannot accurately and quantitatively solve the radiation
temperature rise of the sounding temperature sensor in the high-altitude working environment. To solve
this problem, computational fluid dynamics (CFD) is used to carry out the simulation experiment of the
sounding temperature sensor, thereby obtaining the radiation temperature rise. The relationship between
the radiation temperature rise of the bead thermistor and the length, angle and quantity of the lead wire is
studied, and the numerical simulation results are fitted by genetic algorithm (GA), thereby obtaining the
calculation equation of the radiation temperature rise of the four lead bead thermistor under different solar
azimuth and solar height.

2 Method

2.1 CFD
CFD is a combination of modern hydrodynamics, numerical mathematics, and computer science and a

marginal science with strong vitality [7]. It regards the electronic computer as a tool and uses various discrete
mathematical methods to carry out numerical experiments, computer simulation, and analysis of various
problems in fluid mechanics, thus solving various practical problems. The basic idea of CFD is to replace
the continuous physical quantities in space domain and time domain with the set of variable values of
finite discrete points. The algebraic equations of physical variable relations of discrete points are
established by various discretization mathematical methods. Finally, the algebraic equations are solved
numerically to obtain the estimated values of physical variable fields [8].

No matter what state a fluid and what motion it is in, its flow problem must follow the three conservation
laws of nature: the law of mass conservation, the law of momentum conservation, and the law of energy
conservation. According to the law of conservation of mass, the continuity equation can be obtained.
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In Eq. (1), ρ represents density, t represents time, u, v and w represent velocity components of velocity
vector in x, y and z directions respectively.
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According to the law of momentum conservation, Navier-Stokes(N-S) equation can be obtained.
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In Eqs. (2)–(4), p represents the pressure on the fluid micro element, τ represents the component of the
viscosity stress on the surface of the micro element due to the molecular viscosity, and Fx, Fy and Fz represent
the volume force on the micro element.

According to the law of energy conservation, Eq. (5) can be obtained:
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In Eq. (5), Cp represents the specific heat capacity, T represents the thermodynamic temperature, k
represents the heat transfer coefficient of the fluid.

Navier-Stokes equations (N-S) can describe the momentum conservation equation of viscous
incompressible fluid, which only considers the flow of incompressible fluid. Assuming that the fluid has a
constant density and is incompressible, then the above Eqs. (1)–(5) can be simplified. Based on this
assumption, the mass equation can be expressed as Eq. (6):

divV ¼ 0 (6)

The temperature in the gravitational term can be expressed as Eq. (7):

q ¼ qc 1� a T � Tcð Þ½ � (7)

The Boussinesq assumption is made for the incompressible fluid, and the other physical properties of the
fluid are considered to be constant except for the factor of density. N-S equation generalizes the general law
of viscous incompressible fluid flow, so it has special significance in fluid mechanics. Its vector form can be
expressed as Eq. (6):
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In rectangular coordinates, it can be rewritten as Eq. (7):
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where q is the density of the fluid, V is the velocity vector, P is the pressure; u; v;w is the velocity component
of the fluid at the point ðx; y; zÞ at the moment t; f ¼ qg,f is the external force on the unit volume of fluid,
only considering the gravity here. The constant l is the dynamic viscosity.

Partial differential equation (PDE) is the basic equation used to describe the physical phenomena such as
heat transfer and flow of fluid [9]. Generally, it is very complex and even impossible to get the approximate or
analytical solution of PDE. Therefore, when solving the control equation, first, discretize the calculation
domain specially, and obtain the numerical approximation value of the original continuous system by
using the solution value of the discretized equation of the node value of the discretized grid. There are
many methods to deduce the discrete equation and calculate the distribution assumption of the strain
between the nodes. At present, the finite volume method, the finite element method (FEM), and the finite
difference method are the discrete methods frequently used. The finite volume method and FEM are more
suitable for the complicated boundary conditions.

In mathematics, FEM is a kind of approximate method for solving boundary value problems of PDEs.
When solving, the whole problem area is decomposed, and each sub area becomes a simple part, which is
called finite element. In reality, most of the problems are difficult to get accurate solutions, while FEM not
only has high calculation accuracy, but also can adapt to a variety of complex shapes, so it has become an
effective engineering analysis method [10].

As a common numerical algorithm in CFD, the finite volume method is based on the conservation
equation of integral form rather than differential equation, which describes each control body defined by
computational grid [11]. The finite volume method focuses on the construction of discrete equations from
the physical point of view. Each discrete equation is the expression of conservation of some physical
quantity on the finite volume. The physical concept of the derivation process is clear, and the coefficient
of the discrete equation has certain physical significance and can ensure that the discrete equation has the
characteristics of conservation. Dai et al. realized the numerical solution of flow field change through the
finite volume method [12].

The resistance body of bead thermistor is an ellipsoid or sphere obtained by ceramic sintering.White paint,
high-reflectivity aluminum film, and insulation protection layer are used to wrap the resistance body, and the
end of the resistance body is connected with twometal leads wrapped by insulation layer [13,14]. Nowadays, as
sensor manufacturing becomes more advanced, the diameter of bead thermistor in the world’s top level can be
reduced to less than 1 mm. Compared with the traditional sensor bead thermistor, it has a certain advantage in
volume, can effectively improve the cooling effect of the sounding temperature sensor, and can reduce the
amount of solar radiation absorption, so it has been widely used in the field of high-altitude temperature
detection [15,16]. Hence, the bead thermistor is taken as the research object, and the difference between the
atmospheric temperature and the bead thermistor is used to describe the radiation temperature rise. The
physical characteristics of the components of the sensor shall be considered when calculating the radiation
temperature rise, as shown in Tab. 1.

Table 1: Physical parameters of each component of bead thermistor

Parts Density (kg·m3) Specific heat capacity
(J·kg−1·k−1)

Thermal conductivity
(W·m-1·k-1)

Thermistor crystal 3900 840 35

Insulating layer 2500 790 0.2

Lead wire 8385 449 86
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2.2 Model Construction
The components of the bead thermistor are connected by welding, the thickness of the welding position

is uneven, and the calculation of the specific numerical value of the connection position is too difficult, which
will affect the calculation of the bead thermistor. Therefore, it is necessary to improve the measurement
accuracy of the sensor. Before establishing the model, it is assumed that the welding materials between
the components of the bead thermistor model are ignored, and the welding between different components
is uniform and there is no gap.

Since the working environment of the bead thermistor is the air layer, it is difficult to build a real air
model to simulate the infinite air region. After considering the workload and calculation accuracy, an air
region with proper size is built around the sensor. Fig. 1 shows the physical model of air region and bead
thermistor. The left and right sides of the air area are the air flow outlet and inlet, respectively. Because
the heat dissipation effect of the sensor will be greatly reduced in the low-pressure high-altitude
environment, the model constructed lengthens the length of the air region in the convection direction, so
that the radiation heat absorbed by the sensor can be effectively dissipated.

In the model, the external radiation coupling boundary condition is expressed by heat flux density, the
solar radiation loading model is adopted, and the radiation intensity is 1367 W/m2. The velocity inlet
condition is adopted for the calculation of fluid inlet, and the fluid velocity, temperature and
corresponding turbulence conditions are given: The pressure outlet boundary condition is adopted for the
outlet. Assuming that the air basin around the bead thermistor is an incompressible gas, the pressure-
based solver can be used and the steady flow calculation can be used. In the model, energy equation is
used because of radiation heat transfer, convection heat transfer, and heat conduction calculation; laminar
flow model is used for turbulent viscosity; SIMPLE algorithm is used for pressure and velocity solution
[17,18]. First, the first-order upwind scheme is used to converge the results, and then the second-order
upwind scheme is used to improve the accuracy of the results.

The Simple algorithm is a numerical method for solving incompressible flow field, which is also used to
solve the compressible flow. Its core is to adopt the “guess-correct” process. The basic idea of Simple
algorithm is: For a given pressure field (it can be an assumed value or the result of the last iteration), the
momentum equation in discrete form is solved to obtain the velocity field. As the pressure field is
assumed or imprecise, the velocity field obtained in this way generally does not satisfy the continuous
equation. Therefore, the given pressure field must be corrected. The correction principle is that the
velocity field corresponding to the modified pressure field can satisfy the discrete form of continuous

Spherical 
thermistor

Solar radiation

Airflow outlet

Air inlet

Air domain  

Figure 1: Physical model of bead thermistor and peripheral air region
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equation at this iteration level. According to this principle, the relation between pressure and velocity
specified by the discrete form of momentum equation is substituted into that of continuous equation, thus
obtaining the pressure correction equation, and then obtaining the pressure correction value from the
pressure correction equation. Then, according to the corrected pressure field, a new velocity field is
obtained. Then, check whether the velocity field converges. If not, use the corrected pressure value as the
given pressure field to start the next level calculation until it converges.

2.3 Numerical Simulation Method
The CFD software FLUENT is used for numerical simulation. FLUENT is the current international

mainstream CFD software and a tool for solving fluid flow and heat transfer problems. Through
FLUENT simulation analysis, the heat transfer of bead thermistor is analyzed. After 70 steps of iterative
calculation, the convergence is achieved. For steady-state calculation, the convergence index of FLUENT
is listed as follows:

(1) The residual meets the requirements. The convergence index of specific parameters is: Energy
equation: 10−6; radiation equation: 10−6; component equation: 10−5; other parameters: 10−3. (2) The
physical quantities (velocity, temperature, and pressure) of the sensitive positions in the calculation do not
continue to change with the iteration. (3) The physical quantities (velocity, temperature, and pressure) at
the outlet do not continue to change with the iteration. (4) The mass and energy conservation of the
calculation results. (5) The calculation results are independent of the grid, that is, for the results obtained
by using a grid, the grid is encrypted and then calculated again, and the results remain the same. (6) The
independence of near-wall treatment. (7) Independence of import boundary conditions [19].

2.4 Mesh Division of Model
In the calculation of PDE, the related equation should be discretized first to get the discrete equation

which can calculate the result. Therefore, mesh division means discretizing the related equations and
obtain the corresponding discrete equations. Because there are many parts in the three-dimensional model
of the bead thermistor sensor, and some parts of the structure are irregular, if hexahedral mesh is used, it
is difficult to get the convergence results. Consequently, unstructured tetrahedral mesh with strong
adaptability is used for mesh division. For improving the accuracy of the numerical simulation results and
accurately grasping the conditions of the sensor components and the coupling boundary atmosphere, the
small size position of the sensor, the temperature measurement components, and the fluid structure
coupling boundary are encrypted. To make the optimization program have automatic mesh generation and
numerical calculation, it is necessary to convert the input geometric dimensions into model data that can
be recognized by the meshing software through parametric modeling, and then mesh the established
three-dimensional model and investigate the grid independence, thereby ensuring the quality of the grid
and reducing the number of meshes as far as possible.

According to the above requirements, the physical model of bead thermistor is meshed by ICEMCFD,
and 800,000 meshes are divided. ICEMCFD is used for modeling and grid division, and the software will
automatically generate user operation log files. Then, the design parameters to be optimized are
associated with the corresponding command-line data in the log file. Different values of design variables
for each individual will generate different log files. According to the batch command, the software will
automatically update the reactor geometry model the next time when the log file is re-read. Although the
geometry of the reactor will change according to different design parameters in the optimization process,
the overall structure will not change. Hence, different individuals share the same topology in the meshing
process, and their geometric models can realize automatic correlation mapping to generate different meshes.

According to the mesh quality criteria of ICEMCFD, the ratio of the maximum matrix to the minimum
Jacobian matrix determinant of mesh element cannot be negative, so the mesh quality is more than 0.2.
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Through the mesh quality test, the ratio parameters obtained are all higher than 0.36, as shown in Fig. 2. It
proves that the mesh quality meets the requirements of numerical calculation, and simulation experiments
can be carried out on it.

Increasing the grid resolution in a certain range can improve the calculation accuracy, but it needs to pay a
large calculation cost to improve the calculation accuracy after exceeding a certain limit value. Analyzing the grid
sensitivity can distinguish whether the CFD calculation result depends on the grid quality to seek the balance point
of the calculation accuracy and cost, which is an important step to ensure the correctness and efficiency of the
CFD model. To balance the calculation time and the accuracy of the results, the grid with the scale of size
function of 1:1.2 is used as the calculation grid. Tab. 2 shows the specific selection of calculation grid.

2.5 Radiation Heating Equation
GA is a random parallel search algorithm which combines gene genetics and natural selection. When

using GA, it is unnecessary to know the characteristics of the problem to be solved. GA obtains different
chromosomes through evaluation algorithm, and implements chromosome screening according to
different fitness values of chromosomes, thereby making more adaptable chromosomes multiply in
large numbers [20].

CFD can only calculate the finite discrete value model. For example, the numerical simulation results of
the temperature field can be obtained under any solar radiation azimuth and solar radiation altitude angle, and
then the measurement values of the sounding temperature sensor can be calculated under various
environmental conditions. GA is used to fit the simulation results of bead thermistor with 180° lead angle.

In the process of elimination and selection, GA takes the root mean square error Re as the objective
function Eq. (1):

0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

20

40

60

80

Figure 2: Mesh quality distribution

Table 2: Selection of calculation grid

Grid type Size function Total number of units before
conversion to polyhedra

Total number of cells after
conversion to Polyhedra

Dense grid 1: 1.1 2307036 592645

Medium grid 1: 1.2 1441518 458778

Sparse grid 1: 1.3 1246059 409138
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DTi is the actual simulation result, DTi b; gð Þ represents the solution of the radiation temperature rise with
respect to the solar azimuth angle g and altitude angle b. Because in equation fitting, the value with larger
competition result will be eliminated, and the value with smaller competition result will be saved, the
relationship between fitness function and objective function is shown in Eq. (2):

F ¼ 1

Re
(14)

The initial population number is set to 200; using uniform crossover method and roulette selection
method, the crossover rate is 0.85, and the mutation rate of uniform mutation operator is 0.01. The
relationship between the solar azimuth g and altitude angle b and the radiation temperature rise is
obtained Eq. (3).

DT ¼ p1 þ p2 � bþ p3 � b2 þ p4 � gþ p5 � g2
1þ p6 � bþ p7 � b2 þ p8 � gþ p9 � g2

(15)

p1 = 1.51185, p2 = 0.02064, p3 = 0.00015, p4 = −0.0587, p5 = 0.00065, p6 = 0.0101, p7 = 0.00015,
p8 = −0.0384, and p9 = 0.00043.

2.6 Simulation Experiment
2.6.1 Lead Length

Because the sensor bracket will cause radiation temperature rise under the sun irradiation, the heat
generated will be transferred to the bead thermistor, resulting in temperature measurement error, so a
longer sensor lead should be selected. However, the increase of the lead length will lead to the
deterioration of its structural strength, which will make it more vulnerable to air resistance, gravity, and
other factors when measuring air temperature.

To study the relationship between the radiation temperature rise of the sensor and the length of the lead
wire, the fluid structure coupling multi-physical field simulation experiment of the sensor with different lead
wire length is carried out by CFD. In order to reflect the results more directly, the direction of the most
sufficient solar radiation to the sensor, that is, the direction of the solar square angle of 90° and the height
angle of 0°, is selected. The altitude is set as 32 km, the solar radiation intensity is 1367 W/m2, the
reflectivity of the sensor surface coating is 0.8, the physical parameters are the same as Tab. 1, and the
lead length is 5–50 mm.

2.6.2 Lead Angle
According to the relevant data research, when the altitude is 32 km, the change of the azimuth angle

and altitude angle of the solar radiation will lead to the change of the radiation temperature rise of the
sensor, and the change range is 0.8 K [21]. When the sounding temperature sensor rises from the
ground to the high area, it may rotate or swing, which will make the solar azimuth and altitude angle
changed. Restricted by power consumption, volume, and weight on the sounding temperature sensor,
the sounding temperature sensor cannot be equipped with the attitude measurement sensor system,
which makes the correction of measurement results and calculation of radiation temperature rise more
difficult. If a sensor structure which is less affected by the solar radiation angle is found, the influence
of the solar radiation angle change on the radiation warming can be minimized, thereby improving the
detection accuracy of the radiosonde.
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To study the relationship between the solar radiation angle and the radiant temperature rise of the bead
thermistor, as shown in Fig. 3, a solar radiation model is proposed. The z-axis is the zenith direction, g is the
solar azimuth, β is the solar height angle, and f is the lead angle.

CFD is used to simulate the bead thermistor under the condition of different lead angles and solar height
angles. The solar azimuth angle is 0°, the altitude is 32 km, the solar radiation intensity is 1367 W/m2, the
reflectivity of the sensor surface coating is 0.8, the physical parameters are the same as Tab. 1, and the lead
length is 5 mm. The solar altitude angle β is 0°–90° and the step size is 10°. Fig. 6 shows the curve of
radiation temperature rise.

It can be seen from Fig. 6 that the radiation temperature rise of the sensor with different lead angles is
affected by the solar height angle differently, and the influence is greatly different. When the angle between
the leads is zero, the maximum difference of radiation temperature rise is 0.905 K; when the angle between
the leads is 180°, the minimum difference of radiation temperature rise is 0.11 K. Through comparative study,
when the solar height angle increases from 0° to 90°, the irradiation area of the whole bead thermistor is
basically unchanged, the irradiation area of the package surface decreases, the irradiation area of the lead
surface increases, and the final solar radiation temperature rise is gradually stable. To sum up, when the
solar azimuth angle is 90°, the irradiation area of the package surface and the lead decreases gradually,
and the change range of the solar radiation temperature increases gradually. The model of bead thermistor
with 90° solar azimuth is simulated. The change range of solar altitude angle is set as 0°–90° and the step
size is 10°.

2.6.3 Lead Quantity
The interference of g to the radiation temperature rise of bead thermistor should be minimized.

According to the symmetry of the lead about the OZ axis and the change rule of the azimuth angle, the
relationship between the radiation heating amount and the azimuth angle is studied. To improve the
symmetry of the simulation model, the bead thermistor with six leads, four leads, and two leads structure
is proposed. The radiation temperature rise of bead thermistor with three structures in the YOZ plane and
XOZ plane under different conditions is studied.

3 Results

3.1 Analysis of Simulation Results
The sensor is welded on the sensor bracket to measure the atmospheric temperature at high altitude. Due

to the different structures of each bracket, the lead of bead thermistor is usually arranged into various states.
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Figure 3: The solar radiation model of bead thermistor
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The numerical simulation experiments of bead thermistor in different states are carried out, and the radiation
temperature rise of bead thermistor is analyzed and solved. When the air temperature is measured by the
sounding thermometer, it rises from the ground to 32 km air layer at the speed of 6 m/s. In the air region
with low altitude, the air pressure is relatively high, the air convection effect is strong, and the heat
dissipation effect of the sensor is relatively good. With the rise of altitude, the air pressure decreases, the
air convection effect decreases, and the heat dissipation effect of the bead thermistor also decreases. It
will seriously affect the calculation of the radiation temperature rise of the sensor. Hence, before the
simulation experiment, the relationship between different altitude and air pressure should be mastered.
According to the atmospheric model, the increase of altitude will cause the decrease of air pressure
through three orders of magnitude, as shown in Fig. 4.

3.1.1 Analysis of Lead Length
Fig. 5 shows the relationship between the radiation temperature rise of the sensor and the lead length.

According to the simulation results in Fig. 5, it can be found that the radiation temperature rise of the lead and
the bead thermistor decreases with the increase of the lead length. When the length of lead wire is 5 mm, the
radiation temperature rise of thermistor is 0.19 K higher than that of 50 mm, and the radiation temperature
rise of lead wire is 0.47 K higher. In conclusion, it is found that increasing the lead length is beneficial to the
heat dissipation of the sensor, thus reducing the influence of the temperature rise of the bead thermistor on the
measurement results.

3.1.2 Analysis of Lead Angle
It can be seen from Fig. 6 that the radiation temperature rise of the sensor with different lead angles is

affected by the solar height angle differently, and the influence is greatly different. When the angle between
the leads is zero, the maximum difference of radiation temperature rise is 0.905 K; when the angle between
the leads is 180°, the minimum difference of radiation temperature rise is 0.11 K. Through comparative study,
when the solar height angle increases from 0° to 90°, the irradiation area of the whole bead thermistor is
basically unchanged, the irradiation area of the package surface decreases, the irradiation area of the lead
surface increases, and the final solar radiation temperature rise is gradually stable. To sum up, when the
solar azimuth angle is 90°, the irradiation area of the package surface and the lead decreases gradually,
and the change range of the solar radiation temperature increases gradually. The model of bead thermistor
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Figure 4: Air pressure at different altitudes
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with 90° solar azimuth is simulated. The change range of solar altitude angle is set as 0°–90° and the step size
is 10°. Fig. 7 shows the temperature rise curve.

The numerical simulation results in Fig. 7 suggest that when g is 90°, different solar height angles have a
very important impact on the radiation temperature rise, and 180° angle has the best stability. It can be
concluded that the solar azimuth has a very obvious effect on the temperature detection results, and the
180° lead angle is the best choice.

3.1.3 Analysis of Lead Quantity
The numerical simulation results in Fig. 8 show that the radiation temperature rise curve of the four-lead

structure in the YOZ plane and XOZ plane is the highest fitted, and the radiation heating curve of the two-
lead structure is the lowest. Therefore, it can be concluded that the increase of the number of bead thermistor
leads can reduce the influence of solar azimuth on the radiation temperature rise of the sensor.
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Figure 5: The relationship between radiation temperature rise of sensor and lead length
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To further study the influence of the number of leads on the radiation temperature rise and the stability of
the radiation temperature rise under other g conditions, the numerical simulation of three kinds of lead bead
thermal sensors in different g is carried out in a fluid solid coupling multi-physical field. The variation range
of solar azimuth angle and altitude angle was 0°–90° and the step size was 10°. The simulation results
suggest that when considering the impact of g and β on the radiosonde temperature of the sensor, the
temperature rise of the two-lead temperature sensor changes the greatest, which can reach 0.602 K; the
change of the four-lead structure is the smallest, which is 0.226 K; the six- lead structure is 0.36 K, and
the mean square deviation is 0.178 K, 0.063 K, and 0.098 K, respectively. To sum up, among the three
types of leads, the solar radiation temperature rise has the best coincidence when the number of leads is
4, which is the best choice. If g and β are ranged 0°–90°, and the average temperature rise is 1.536 K as
the reference value, the temperature rise can be obtained when the solar irradiation angle cannot be
measured, and the measurement accuracy can reach ± 0.113 K.
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Figure 7: The radiant temperature rise of the bead thermistor
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3.2 Calculation Results of Radiation Temperature Rise
Select the points with sun azimuth angle and altitude angle of 20°, 60° and 90°, respectively for

simulation experiment. The simulation result of radiation temperature rise is T1, and the calculation result
of radiation temperature rise is T2. The comparison results of the two are shown in Tab. 3.

According to Tab. 3, the average error between the simulation value and the calculated value of the
equation is 0.011 K. Hence, it is considered that the results of the fitting equation are in good agreement
with the results of numerical analysis. It is proved that the equation of radiation temperature rise obtained
by GA fitting the simulation results has a good calculation accuracy.

4 Discussion

The diameter of the bead thermistor temperature sensor is only 1 mm and the diameter of the lead wire is
only 0.02 mm, so the air flow around the sensor is approximately laminar. Under the same altitude, air flow
velocity, and solar radiation intensity, theoretically, the temperature rise of the sensor caused by solar
radiation is approximately linear with the heating power of absorbing solar radiation, and approximately
linear with the projection area of the solar radiation sensor [22]. When the solar height angle increases
from 0° to 90°, the projected solar radiation area of the bead thermistor leads with the included angle of
180° leads increases continuously, while the irradiated area of the package decreases continuously, and
the change of the overall projected area is small. It can be predicted that the temperature measurement
results fluctuate little and the accuracy is high. When the number of leads increases, the symmetry degree
of the sensor about the OZ axis increases, the influence of the change of solar azimuth on the radiation
projection area decreases, and the fluctuation amplitude of the temperature measurement results of the
sensor also decreases. The projection area of the four-lead bead thermistor with 180° lead angle is the
least affected by the solar irradiation angle among several sensor shapes with different lead angles and
lead numbers. Therefore, according to the theoretical analysis, it should have the relatively highest
temperature measurement accuracy [23]. The numerical simulation results in Figs. 5–8 are consistent with
the theoretical analysis conclusion, and also with the research results of Yang et al. [24].

5 Conclusion

The simulation experiment of the sounding temperature sensor is carried out by using CFD and GA. It is
found that the radiation temperature rise of the bead thermistor will decrease with the increase of its lead
length. When the number of leads is four and the angle between the leads is 180°, the solar radiation

Table 3: Comparison between simulation value and equation calculation value

b/° g/° T1K T2K T1–T2K

20 20 300.101 300.093 0.008

20 60 300.146 300.157 -0.011
20 90 300.096 300.105 -0.009
60 20 300.112 300.130 -0.018
60 60 300.087 300.067 0.020

60 90 300.128 300.147 -0.019
90 20 299.987 299.981 0.007

90 60 299.976 299.978 -0.002
90 90 299.981 299.978 0.003
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angle has the least influence on the radiation temperature rise of the sounding temperature sensor. Based on
GA, the calculation equation of radiation temperature rise which is consistent with the numerical analysis
results is obtained. However, only one kind of radiosonde temperature sensor working environment is
simulated and the equation is fitted. In the next step, the radiation temperature rise under various solar
radiation conditions and altitude will be further discussed.
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