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Abstract: The solar simulator is an important device for simulating solar irradiation in cold black
and vacuum environments and has a wide range of application prospects. In this work, a method of
thermal conductivity measurement by a double specimen protection thermal plate method under
vacuum conditions was proposed, and the thermal conductivity of a new thermal insulation material
under a cryogenic vacuum environment was studied. By designing a vacuum adjustment device
and a multi-layer insulation structure with a low outgassing rate, it is possible to adjust the vacuum
pressure from 10~% Pa to atmospheric. A temperature control and thermal conductivity test can
be realized from —160 °C to 280 °C by the joint temperature control of liquid nitrogen cooling
and electric heating. Then, the measurement accuracy of the device was checked by the national
standard sample, the thermal conductivity of the sample was measured under different vacuum and
temperature conditions, the uncertainty analysis of the device was given, and, finally, the thermal
conductivity of the new material was tested.

Keywords: vacuum; liquid nitrogen temperature; protective hot plate method; thermal conductivity

1. Introduction

Concentrating solar power (CSP) is considered to be the most potential technology
for harnessing solar energy. In practical applications, the heliostat fields [1,2], parabolic
dish collector [3-5], parabolic dish collector [6], and linear Fresnel reflector [7,8] are usually
employed as concentrators to focus natural solar radiation on a small target area to generate
a high heat flux. However, the solar irradiance under natural conditions is affected by
weather conditions and changes periodically with time, which makes the reproducibility
of the experimental study of the direct use of natural solar energy outdoors. This means
that there is an urgent need to develop a solar simulator that is not affected by weather
conditions and day-night cycles to provide stable solar irradiation with controllable power
for experimental studies.

The solar simulator is an important technology for simulating cold and dark en-
vironments and vacuum environments, which can simulate the collimation and spatial
uniformity of real solar irradiation. A typical solar simulator usually requires multiple
high-power lamps to provide stable and controllable irradiation, most of which employ
argon lamps [9], the metal halide lamp [10,11], and the xenon lamp [12] to achieve an
extremely high peak flux. However, the pursuit of a high heat flux will inevitably affect
the uniformity of the light spot, resulting in localized high-temperature hot spots in the
solar receiver. Therefore, high-power solar simulators often require additional heating and
cooling systems to control the operating temperature of precision equipment and increase
the life of the simulator.

Faced with urgent needs in the field of space technology and cryogenic engineering,
it is necessary to develop a solar simulator for space environment simulation. In the
manufacturing of solar simulators in cold and dark environments, reliable material physical
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property data are the premise and guarantee for material application [13]. The equivalent
thermal conductivity is a key parameter to characterize the thermal protection properties
of materials, so it is especially important to develop a device that can be applied to test the
equivalent thermal conductivity of materials under cryogenic and vacuum conditions.

In recent years, related scholars, domestic and abroad, have also carried out relevant
work on the development of cryogenic thermal conductivity testing devices for materials.
Xu Wen et al. [14] from the Chinese Academy of Sciences Physical and Chemical Technol-
ogy Research developed a cryogenic thermal conductivity testing system for engineering
materials. The system was designed with a high vacuum adiabatic thermostat for clamping
the sample, and then the thermostat was placed in a liquid nitrogen dewar for cryogenic
temperature control, and a solid thermal switch device was designed for increasing the
cooling rate. They tested the thermal conductivity of red copper to check the reliability
of the system and used the test system to study the cryogenic thermal conductivity of
stainless steel, titanium alloy, and magnesium alloy. Wu Chang et al., from the Institute
of Physical and Chemical Technology, Chinese Academy of Sciences [15], established a
cryogenic thermal conductivity testing device for nonmetallic insulating materials based
on the principle of the steady-state axial heat flow method with one-sided heating and
high vacuum insulation to reduce heat leakage losses, and designed a controllable gas
thermal switch to improve the cooling rate of the samples and then used the device to
measure the thermal conductivity of polyurethane insulation materials in the temperature
range from liquid nitrogen to room temperature. An error analysis was also performed.
Dai Jianbiao et al. of the 16th Research Institute of China Electronics Technology Group
Corporation [16] designed a cryogenic thermal conductivity testing system for insulation
materials. The system uses a GM refrigerator as the cold source, and the system is designed
based on the principle of the steady-state axial heat flow method, which can realize the
thermal conductivity test from 4 K to 300 K.

In the development of the thermal conductivity measurement device for protective
thermal plates, Li Manfeng and Ju Yonglin from the School of Mechanical and Power
Engineering of Shanghai Jiao Tong University [17] built a protective thermal plate device
for the thermal conductivity measurement of adiabatic materials in the liquid nitrogen
temperature region, which can measure the thermal conductivity of materials in the range
of 77~400 K, and by testing Teflon samples, it showed that the measurement uncertainty of
the device is within +4%. Zhang Tao and Zhu Chunling et al. of the Nanjing University
of Aeronautics and Astronautics [18] built a thermal conductivity test platform based on
the protective hot plate method test principle using a liquid nitrogen deep freezer as the
core device for temperature control and measured the thermal conductivity of polyimide
foam from —125 °C to 25 °C under an air atmosphere. A. Schindler et al. of NETZSCH,
Germany [19] measured the thermal conductivity of a series of standard substances using
the dual sample plate method, and the thermal conductivity was measured in the range
of 0.013 W/(m:-K) to 0.16 W/(m-K), and the testing temperature range was —160 °C to
700 °C, and the analysis showed that the accuracy of this equipment is better than +1% at
room temperature and better than +5% at the limit temperature. Flynn and Zarr et al. of
NIST [20] developed a protected hot plate device for measuring the steady-state transport
properties of materials, with both cold and hot plates made of pure nickel, a temperature
measurement range of 90 K to 900 K, and an adjustable pressure range of 0.01 Pa to 105 kPa,
which can be used to test the plate specimens with diameters of 500 mm and a thickness
of 13 mm~100 mm. However, most of the research work mainly focused on the cryogenic
field, and the research on the thermal conductivity measurement of adiabatic materials
under cryogenic and vacuum conditions is still insufficient.

In this work, a steady-state double specimen protective thermal plate apparatus
was established for the thermal conductivity testing of adiabatic materials under low
temperature and a vacuum, with a vacuum adjustment range of a 10~# Pa magnitude
to atmospheric pressure and a test temperature range of —160 °C~280 °C. The thermal
characteristic of a new material proposed in this work was analyzed.
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2. Testing Principle

In the double specimen protection hot plate device, the heat flow is transferred from
the heating unit to the cooling unit on both sides through the specimens on both sides,
respectively. When a one-dimensional, steady-state heat transfer field is formed inside the
sample under test, the thermal conductivity of the sample can be calculated according to
Fourier thermal conductivity law:

Q1
N AATy/d1+ ATy /d;

M

where Q is the total heat transfer from the metering hot plate to the cold plate on both sides,
which is equal to the heating power of the metering heating unit, Q = P = Ul. d; and d, are
the average thickness of the two samples. A is the metering area of the device. AT; and
AT are the temperature difference between the two sides of the upper and lower samples.

3. Device Design

The test system was designed to include four main parts: the thermal conductivity
measurement bench, vacuum system, cooling and heating module, and data processing
and acquisition module, as shown in Figure 1.
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Figure 1. Schematic diagram of vacuum cryogenic thermal conductivity testing system.

3.1. Thermal Conductivity Measurement Bench

The thermal conductivity measurement bench is built based on the national standard
GB/T 10294-2008 and also conforms to the standards ISO-8302 and ASTM C177. The
thermal conductivity measurement bench is installed inside the vacuum chamber connected
to the external device through the circuit and flow path channels, the schematic diagram
of which is shown in Figure 2. The hot plate assembly is fixed in the middle of the
measurement stage, and the upper and lower cold plate assemblies are driven by the
external device, which can apply a clamping force to the sample and measure the thickness
automatically with a maximum clamping force of 10 kPa and a maximum sample thickness
of 100 mm.

Both the hot plate assembly and cold plate assembly are processed by T2 red copper
with black nickel plating on the surface. The hot plate assembly consists of a metering
hot plate and a protective hot plate, which are connected by stainless steel pins, and the
outer size of the hot plate is 300 mm x 300 mm with a spacer size of 1.1 mm. The metering
hot plate is 150 mm X 150 mm, which provides a uniform hot surface temperature for
sample testing and measures the heat transfer through the central area of the sample.
An unbalanced thermopile consisting of 16 K-type thermocouples connected in a series
between the protective and metering hot plates is installed to reduce the unbalanced heat
loss by controlling the unbalanced thermoelectric potential, 0, to reduce the unbalanced
heat loss to zero by controlling the unbalanced heat potential. Meanwhile, in the vertical
direction, the heat plate assembly is subdivided into a heating plate located in the middle
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(with an embedded NiCr heating wire) and upper and lower temperature measurement
plates (with built-in platinum resistance thermometers).

18 ' - 4
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Figure 2. Schematic diagram of thermal conductivity test bench. 1. Loading structure; 2. Multi-layer
insulation structure; 3. Upper shroud plate; 4. Upper heat resistance layer; 5. Upper heating cold
plate; 6. Secondary protective heat plate; 7. Surrounding heat insulation layer; 8. Surrounding shroud;
9. Lower cold plate assembly; 10. Internal support; 11. Vacuum chamber bottom plate; 12. Lower
metering temperature measurement plate; 13. Lower protective temperature measurement plate;
14. Protective heating plate; 15. Upper metering heating plate; 16. Heat plate; 17. Upper metering
temperature measuring plate; 18.Test sample.

The cold plate assembly consists of a heating cold plate, a thermal resistance layer,
and a shroud plate. The heating cold plate has a built-in heating wire and platinum resistor.
The shroud plate is filled with a cooling medium, and the thermal resistance layer is used
to form a buffer layer between the heating layer and the shroud plate to reduce the heating
power and improve the temperature control stability. The secondary protective heat plate
assembly provides thermal protection to the side of the sample to reduce heat loss at the
sample edge. The multi-layer insulation structure is made of a low outgassing rate multi-
layer mirrored stainless steel spacer PTFE gasket, which reduces the natural convection
between the inside and outside through the multi-layer gap to improve the insulation effect
under non-vacuum conditions, and can effectively shield the radiation heat transfer.

3.2. Vacuum System

The vacuum chamber is a square chamber with an effective design size of 1000 mm
x 1000 mm x 1100 mm, and the total leakage rate is better than 2 x 102 Pa-m3/s. The
main pumping pump is the CSCI FF250/2000 molecular pump with a pumping speed of
2000 L/s, and the pre-stage pump is the CSCI RVP-24 mechanical pump with a pumping
speed of 24 L/s. The no-load ultimate vacuum of the system is better than 10~ Pa. The
vacuum adjustment uses a needle valve as the rough adjustment valve and Agilent Leak
Valve as the fine adjustment valve.

3.3. Cooling and Heating Module

The device adopts two modes of cooling: oil cooling near room temperature and liquid
nitrogen cooling in the cryogenic zone. The cooling media is circulated or discharged into
the shroud plate inside the vacuum chamber. The shroud plate is a cooling plate with dual
flow paths, which can be used to circulate the oil media or liquid nitrogen, respectively. In
the circulating medium flow path, the upper shroud, lower shroud, and side shroud are
connected in a series in turn. In the liquid nitrogen flow path, the upper shroud and lower
shroud are connected in parallel, and each of them is connected to independent liquid
nitrogen; the layout of the liquid nitrogen pipeline is shown in Figure 3.
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Figure 3. Liquid nitrogen line layout.

The device uses DC heating to further precisely control the temperature of each part
of the system to achieve a stable thermal balance. The heating wire is made of a nickel-
chromium alloy wire, and the incremental PID method is used to control the temperature
of the metering hot plate, protective hot plate, upper cold plate, lower cold plate, and
secondary protective hot plate.

3.4. Data Processing and Acquisition Module

The data processing and acquisition module controls and monitors the temperature
and unbalanced thermal potential at various points in the system and measures the heating
power of the hot plate. It also controls the start and stop of the upper and lower motors
and is used to measure the clamping force and thickness of the upper and lower samples.

4. Measurement Results
4.1. Comparison of Standard Reference Sample

The thermal conductivity measurement bench was calibrated and tested for the validity
of the test by using the reference panel of thermal insulation materials produced and
certified by the Building Materials Industry Technical Supervision and Research Center as
the reference sample, and the test results are shown in Table 1 below, which shows that the
test error near room temperature is better than +1%.

Table 1. Comparison of the measurement results of national standard sample reference plates.

Average Temperature Standard Value Measurement Results Measurement Error

/°C W/(m-K) W/(m-K)

20 0.0323 0.0322 —0.31%

25 0.0328 0.0329 0.30%

40 0.0345 0.0345 0.00%

50 0.0357 0.0358 0.28%

60 0.0370 0.0372 0.54%

70 0.0381 0.0381 0.00%

4.2. Measurement of Thermal Conductivity at Different Vacuum Levels and Temperatures

The thermal conductivity of the extruded sheet samples and aerogel felt samples were
measured at different vacuum levels and different temperatures, and the results are shown
in Figures 4-6. Figure 4 shows the measurement results of the extruded sheet samples
under different vacuum degrees at 50 °C. It can be seen that the thermal conductivity of
the extruded sheet decreases with the decrease of the pressure, and the decrease of the
thermal conductivity with the decrease of the pressure is very small after the pressure is
less than about 0.03 Pa. This indicates that the gas inside the material is already very small
after the pressure is less than 0.03 Pa, and the thermal conductivity is mainly influenced
by the thermal conductivity of the solid phase substrate. After the pressure is greater than
about 1000 Pa, the thermal conductivity increases with the pressure, which is also small,
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because the air thermal conductivity is also related to the pressure, and after it is greater
than 1000 Pa, the air thermal conductivity inside the material tends to slow down with the
increase of the pressure, which leads to the slow increase of the overall thermal conductivity.
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Figure 4. Thermal conductivity of extruded plastic panel samples under different vacuum levels.
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Figure 5. Thermal conductivity of extruded plastic panel samples at —160 °C~30 °C.
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Figure 6. Thermal conductivity of aerogel felt at 50 °C~280 °C under atmospheric pressure.

The thermal conductivity measurements of the two materials from —160 °C to 280 °C
are given in Figures 5 and 6. It can be seen that the thermal conductivity of both the
extruded sheets and the aerogel felt increase with the temperature, and the test range of
the measurement device is also verified.

4.3. Uncertainty Analysis
4.3.1. Measurement Uncertainty under Ideal Conditions

Assuming that the one-dimensional, steady-state heat transfer condition is satisfied,
the measurement uncertainty of thermal conductivity can be obtained by synthesizing the
uncertainties of four parameters: the power, measurement area, sample thickness, and
temperature difference, as shown in Equation (2) below:

W)= [Bup] + [Bua]
+[u] + [stiyuar]

Considering that the thickness of the double sample is close to equal, the formula of
thermal conductivity can be simplified to k ~ Qd/(2AAT), when the above Equation (2)
can be simplified to the following Equation (3):

R LT LT T ®

4.3.2. Uncertainty of the Power Measurement

@)

The maximum measurable thermal resistance of the device is 4 m2K/W, the minimum
power of the metering heat plate is pmin = 2AAT/Rmax = 0.225 W, the uncertainty of the
current acquisition is £10 wA, the uncertainty of the voltage acquisition of the ADC module
is £1 pV, the resistance of the heating wire of the metering heat plate is 10 (), and the
uncertainty of the power measurement is calculated as

op 2 9P 2
up = \/(alul) +(5ptu) =674 x 107°W
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up/P = 6.74 x 107°/0.0225 = 0.029%

4.3.3. Uncertainty of the Measured Area

The uncertainty of the measurement area depends on the accuracy of the processing
and assembly process, and the accuracy of the € = 0.01 mm vernier caliper is used to control
the processing accuracy, and the inclusion factor is taken as v/3. Satisfying this processing
accuracy, the relative uncertainty component of the measured area is

Up/A = g—?uL/A = 2¢/(v/3L) = 0.0077%

From 20 °C to 280 °C, considering the effect of thermal expansion, the expansion
coefficient of red copper is f = 20 x 107¢/°C. The relative uncertainty of the measurement
area due to thermal expansion is

Uar aiA _ o _ o
7 = aLuL/A_Z'B(Th To) = 1.04%
us/A = 0.0076% + 1.04% = 1.05%

In fact, the area inside the center line of the spacer is the measurement area, and
when the temperature rises, the hot plate expands outward, and the anti-plate expands
inward, and the area expansion around the center line of the spacer should be smaller
than the expansion area of the hot plate, so the above formula overestimates the effect of
thermal expansion.

4.3.4. Uncertainty of the Thickness Measurement

A magnetic grating scale displacement sensor with a measuring range of 100 mm is
used to measure the material thickness. According to the results of metrological verification,
the thickness measurement accuracy of the sensor is U = 0.04% (k = 2). Thus, the standard
uncertainty of the sensor thickness measurement is

1z = 100% (£0.04%) /2 = £20um

The relative uncertainty of the thickness measurement using the displacement trans-
ducer for a minimum sample thickness of 5 mm is

ug/d =0.02/5 = 0.4%

The relative uncertainty of the thickness due to the thermal expansion of the sample
from 20 °C to 280 °C is

gy /d= 60 x 1076 x (280 — 20) x d/d = 1.56%
ug/d = 04% + 1.56% = 1.96%

4.3.5. Uncertainty of the Temperature Difference Measurement

Three four-wire Class A platinum resistors were installed on both sides of the metering
hot plate and in the center areas of the upper and lower cold plates, and the sample surface
temperature was taken as the average of the measured point temperatures. The platinum
resistors were calibrated for metrology at five temperature points: —196 °C, —80 °C, 0 °C,
100 °C, and 290 °C. The calibration results were: U = 0.2 °C (k = 2) between —80 °C and
290 °C. U =0.06 °C (k = 2) at —196 °C, which means the standard measurement uncertainty
of the surface temperature measurement is £0.1 °C.
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The uncertainty of the temperature difference measurement is, thus, V2 % 0.1= 0.141 °C
and at a typical temperature difference of 20 K:

upnr/AT= 0.141/20 = 0.705%

4.3.6. Total Measurement Uncertainty under Ideal Conditions

According to Equation (3), the relative uncertainty of the measurement within the full
range under ideal conditions can be obtained as

uy/A = 1/0.0292 4+ 1.052 + 1.962 + 0.7052 = 2.34%

4.3.7. Total Uncertainty

Since the one-dimensional heat transfer condition is not fully satisfied, the measure-
ment error caused by an unbalanced heat loss and edge heat loss can be obtained by
consulting the appendix of GB/T 10294-2008, which increases with the thickness, and
according to the design parameters of this device, this uncertainty is 2% for the sample of
a 100 mm thickness. Therefore, the maximum uncertainty of the device at the full range
can be obtained as +4.34%, which is better than +5%.

4.4. Thermal Conductivity Testing of the New Materials

The new thermal insulation material was tested for thermal resistance and thermal
conductivity under different conditions using the measurement method validated in this
paper. The material samples have a natural thickness of about 2~3 mm and a round shape
of 300 mm in diameter with a soft nature, as shown in the Figure 7.

Figure 7. Sample of new insulation material.

The thermal conductivity and thermal resistance of the new thermal insulation material
under different vacuum degrees at 40 °C, and the test results, are shown in the Figures 8 and 9.
At this time, the sample was naturally put inside the test bench, and the clamping force was
set to 1.63 kPa by the automatic pressurized thickness measurement device.

It can be seen that the thermal conductivity of the new thermal insulation material
increases with the increase of the vacuum pressure, and it is not linear with the increase
of the vacuum degree, and its thermal conductivity increases sharply when the vacuum
degree is 1 Pa~10,000 Pa, while its thermal conductivity decreases slowly when the vacuum
degree is below 1 Pa, and the change has been less obvious. At the ultimate vacuum of
5.1 x 10™* Pa. Its thermal conductivity is about 1.38 mW /(m-K), and the average thermal
resistance of the sample is about 1.134 m?K/W. The thermal resistance of the sample
increases about 25 times from the atmospheric pressure to the order of 10~# Pa.
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Figure 8. Thermal conductivity of new insulation materials at different vacuum levels; temperature, 40 °C.
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Figure 9. Thermal resistance of the new insulation material under different vacuum degrees; temper-
ature, 40 °C.

Next, the thermal conductivity of the new insulation material was tested at different
temperatures with a compression thickness of 2 mm and a vacuum of about a 0.001 Pa
magnitude, and the results are shown in the Figures 10 and 11. The thermal resistance of
this new material sample under vacuum increases rapidly with the decrease in temperature,
from 1.418 m2K/W at 89 °C to 3.979 m2K/W at —80 °C, which is about 3 times higher. The
thermal conductivity of the material decreases rapidly with the decrease of temperature,
from 1.418 mW /(m-K) at 89 °C to 0.40 mW /(m-K) at —80 °C. The measured value of the
thermal conductivity of the new insulation material at —114°C is about 0.26 mW /(m-K),
and the measured result of thermal resistance is about 7.842 m?K/W.
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Figure 10. Thermal conductivity of the new material (temperature difference of 30 K, compression
thickness of 2 mm, and vacuum of about a 0.001 Pa magnitude).
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Figure 11. Thermal resistance of the new material (temperature difference of 30 K, compression
thickness of 2 mm, and vacuum of about a 0.001 Pa magnitude).

5. Conclusions

In this work, a method for measuring the equivalent thermal conductivity of insulation
materials was proposed, which can be applied under vacuum conditions, and the thermal
characteristic of novel insulation materials was analyzed. The following conclusions
were obtained:

a.  The design of a multi-layer insulation structure with vacuum regulation and a low
outgassing rate was adopted to realize the pressure control of a 10~# Pa magni-
tude~atmospheric pressure. Liquid nitrogen refrigeration and electric heating tem-
perature control technology were adopted to realize the control of a —160 °C~280 °C
test environment. The measurement of the thermal conductivity in a low- tem-
perature vacuum environment was realized, and the error was better than £1%
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when compared with the measurement results of the national standard sample
reference plate.

b.  We measured the thermal conductivity of extruded plastic panel samples, and aero-
gel felt samples under different vacuum degrees and different temperatures and
performed an uncertainty analysis. The results showed that the relative uncertainty
of the measurement of the device within the full range was better than £5%.

c. The new thermal insulation materials were tested at different vacuum levels and
different temperatures; the thermal resistance ranged from 0.04 m?K/W to 4 m?K/W,
and the thermal conductivity ranged from 0.4 mW /(m-K) to 40 mW /(m-K). It has
the potential to become an excellent insulation material for a solar simulator com-
pared with the commonly used material, polytetrafluoroethylene, with a thermal
conductivity of 270 mW /(m-K).
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