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Abstract. The error of sounding temperature sensor with bead thermistor induced by
solar radiation seriously affects the accuracy of temperature measurement. To solve this
problem, this paper presents a novel numerical analysis method based on computational
fluid dynamics to correct solar radiation error. The error thermal analysis model of
sounding temperature sensor with bead thermistor is established from ground to 32km
altitude with different air pressures, and computational fluid dynamics is employed for
numerical simulation analysis of solar radiation error. The solar radiation errors are
reported in different physical parameters such as the altitude, the direction of solar
radiation and the surface coating reflectivity of sensor. The results show that the solar
radiation errors present a nonlinear monotone increasing trend with the rise of altitude.
Among the errors caused by solar radiation, the error is biggest in the direction
perpendicular to the front of the sensor. The simulation results also indicate that the
solar radiation error can be significantly reduced by improving the surface coating
reflectivity of sensor.

1. Introduction

In the field of high altitude meteorological sounding, balloon suspended radiosonde is widely used at
home and abroad to detect the vertical profiles of atmospheric temperature, air pressure, humidity and
other meteorological elements from the ground to tens of kilometers [1,2]. Bead thermistor is the main
sensor for temperature detection on the radiosonde. The error induced by solar radiation is considered
to be the main source of temperature measurement error under the condition of sunshine [3,4]. At present,
many meteorologists at home and abroad have studied the error of solar radiation. The research methods
mainly include wind tunnel experiment method and empirical estimation method, but both of them have
shortcomings which can significantly affect the effect of solar radiation error correction [5-7].
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Considering the complexity of the specific problem of correcting the solar radiation error of sounding
temperature sensor with bead thermistor, a simulated numerical analysis method using computational
fluid dynamics (CFD) is proposed in this paper to analyze the solar radiation error. The effects of solar
radiation direction and surface coating reflectivity on solar radiation error at different altitudes are
systematically studied.

2. Physical Model of Sounding Temperature Sensor

As for the correction of solar radiation error of sounding temperature sensor, the physical model of
temperature sensor without support structure has been established before. In this paper, a numerical
analysis model of temperature sensor with support structure is established, and the correction of solar
radiation error is studied. Fig. 1 is the physical model of a temperature sensor with bead thermistor
including a certain support structure. Fig. 1 (a) is the front view of the sensor, and Fig. 1 (b) is a
schematic diagram of the bead thermistor. It can be seen from the figure that the frame is a thin
rectangular structure with U-shaped openings with its structural parameters are 40mm X 20mm X 2mm
(length X width X thickness). The bead thermistor includes a spherical resistor body, ellipsoidal epoxy
insulating layer and leads. The resistor body is wrapped in the insulating layer, and the signal is sent to
the radiosonde through the leads for processing.
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(a) The front view of sensor (b) The schematic diagram of bead thermistor

Figure 1. The physical model of a temperature sensor.
3. Calculation Model of Temperature Sensor and Fluid-solid Coupled Heat Transfer Analysis

3.1. Three-dimension model of temperature sensor

The solar radiation error of sounding temperature sensor is analyzed by using CFD (computational fluid
dynamics) method, The whole analytical process including modeling, meshing, steady-state thermal
analysis and general post-processing[8-10]. A 3D modeling software Pro/E is used to establish the
calculation model of the temperature sensor including bead thermistor and frame shown in Fig. 1, as
well as the air domain around the sensor. Considering the external environment of the temperature sensor
is an infinite air domain, however, it is impossible to simulate infinite space by building infinite air grids
in numerical calculation. For balance calculation efficiency and accuracy, a rectangular air domain of
moderate size is established. The size of the air domain is 400mm X 200mm X 20 mm, which is set as
10 times of the size of the sensor model.

3.2. Mesh generation

Fig. 2 is the grids of the temperature sensor model and the air domain. Fig.2 (a) is the overall grids, the
solid part in the middle of the figure is the temperature sensor, and the periphery is the air domain. Fig.2
(b) and (c) are grids of the frame and the bead thermistor, respectively. The temperature sensor has an
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irregular shape. Hence the unstructured tetrahedral meshing method with strong adaptability is adopted.
Because the local area is treated with meshing densification, the grids of the bead thermistor in Fig. 2
are much smaller than that in the air domain. The calculation model is divided into four regions: inlet,
outlet, solid wall and heat exchange module wall.

L

(a) The overall grids (b) The grids of frame (c) The grids of bead thermistor

Figure 2. The grids of temperature sensor model.

3.3. Fluid-solid coupling heat transfer analysis

Boundary conditions are the conditions on the boundary of the fluid motion control equation that should
be satisfied. Its setting will have remarkable impact on solution results. The boundary conditions are set
as follows. For radiosonde, the relative airflow velocity of the temperature sensor is equal to the rising
speed of 6 m/s. Due to low fluid velocity, the ambient air around it can be approximately viewed as
incompressible. The pressure-based solver is employed and the air flow is assumed to be steady laminar
flow. Energy equation is used for the model that involves radiation, convective heat transfer and thermal
conduction. Semi-Implicit Method for Pressure-Linked Equation (SIMPLE) algorithm is utilized for the
pressure and speed decoupling. The second-order upwind scheme is adopted to improve the accuracy of
calculated results of the momentum, energy and turbulence parameters. The air inlet wall adapts a
velocity inlet boundary condition and the air outlet wall features a pressure outlet boundary condition.
Because the change of air pressure has a significant impact on the convective heat transfer of the
temperature sensor, the relationship between atmospheric pressure and altitude is shown in Fig.3
according to the standard atmosphere of the United States in 1976[11]. As can be seen from Fig. 3,
atmospheric pressure decreases gradually with the rise of altitude. Atmospheric pressure was converted
into air density, which was set in numerical calculation to represent different altitudes.
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Figure 3. Relationship between atmospheric pressure and altitude
The resistor body and leads of the bead thermistor are set as aluminum trioxide and platinum,

respectively. The insulating layer and support frame are set as epoxy. Table 1 shows the physical
parameters of the fluid and materials of temperature sensor.
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Table 1. The physical parameters of fluid and materials of temperature sensor.

. Density Specific heat Thermal conductivity
Material / 3 / o / o
kg-m J-kg K W-m'-K"
Air 1.225 1006.43 0.0242
Aluminum trioxide 3900 840 35
Epoxy 980 1200 0.2
Platinum 21450 138 73

4. Results and discussion

4.1. Effect of solar radiation direction on solar radiation error

As is known to all, different flying time and different hanging orientation of the radiosonde will cause
corresponding changes in the direction of solar radiation. In order to study the influence of solar
radiation direction on temperature measurement, we select three coordinate axes (i.e. X, Y and Z axes)
to simulate three different solar radiation directions. The structure and size of the temperature sensor are
shown in Fig. 1. The reflectivity of the surface coating is 70%. Fig. 4 (a), (b) and (c) show the
temperature field distribution when the sun radiation direction is along X axis(top of sensor), Y axis(side
of sensor) and Z axis(front of sensor) direction at altitude of 32km, respectively. The initial value of
temperature in numerical calculation is set as atmospheric temperature at 32 km. It can be seen from Fig.
4 that the direction of solar radiation has a significant influence on the temperature field distribution of
the sensor. For the part facing the direction of solar radiation receives more radiation, and the heat
transfer is slow due to the low thermal conductivity of the material, so the bright region with high
temperature appears. By calculating the body average temperature of resistor body, the temperature
measurement errors caused by solar radiation are 1.527K, 0.460K and 3.921K, respectively. That is to
say, when the sun irradiates along Z direction, the error is the largest, and the measurement error is the
smallest along Y direction.
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Figure 4. Distribution of the temperature field in different directions of solar radiation

4.2. Effect of reflectivity of surface coating on solar radiation error

In this paper, the influence of coating reflectivity of sensor surface on solar radiation error is studied and
compared. The range of reflectivity is from 60% to 90% in our models, where the step length of the
reflectivity change is 10%. The structure and size of the sensor are shown in Fig. 1. The temperature
field of the sensor is simulated numerically by using CFD while the solar radiation is along X direction.
Fig. 5 shows the relationship between altitude and solar radiation error of different surface coating
reflectivity from sea level to 32 km altitude. As it can be seen from the figure, the error of solar radiation
increases with the rise of altitude. In addition, the higher the reflectivity, the less solar radiation absorbed
by the sensor, so the solar radiation error decreases gradually with the increase of the reflectivity.
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The solar radiation error numerically calculated are compared with experimental results reported in
literature, and comparison shows that the results in this paper are in good agreement with the measured
data of WMOJ 12]. This indicates the validity of the numerical analysis method for solar radiation error
correction proposed in this paper.
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Figure 5. Relationship between altitude and solar radiation errors of different surface coating
reflectivity

5. Conclusion

In this paper, the temperature measurement errors caused by solar radiation heating of sounding
temperature sensor at altitudes from sea level to 32 km are numerically simulated and analyzed by using
CFD method. The effects of solar radiation direction and reflectivity of surface coating on solar radiation
error are discussed. The following conclusions are drawn: Solar radiation has a significant influence on
temperature measurement of sounding temperature sensor. Therefore, it must be corrected. The error of
solar radiation increases with the rise of altitude. The direction of solar radiation has a significant effect
on solar radiation error. The solar radiation error decreases with the increase of reflectivity of the surface
coating. The numerical results are in good agreement with the experimental data reported in literature.
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