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Abstract: For high-precision thermocouple calibration, the uniformity of the temperature field
provided by the metal temperature equalizing block is low, and the structure of the gas-controlled heat
pipe is complex. In order to improve the thermocouple calibration equipment, heat pipe technology
can be used to provide the stability and uniformity of the temperature field of the equipment.
The concentric annular heat pipe (CAHP) is completely placed in the heating furnace to provide a
uniform temperature field, and limited studies consider this heating mode for alkali metal CAHPs.
Specifically, no information is available on the effect of heating temperatures on the temperature
distribution of the internal pipe of potassium CAHP. In this study, a temperature comparison based on
potassium CAHP for high-precision thermocouple calibration was manufactured. The temperature
stability and temperature uniformity of CAHP were measured, and the effects of heating temperature
and heating mode on the isothermal performance in the metering wells of CAHP were studied.
The CAHP can provide a very stable and uniform temperature field. Under uniform heating at
400 ◦C, the maximum temperature difference within 16 cm was 0.174 ◦C. After adjusting the heating
mode, the maximum temperature difference was within 16 cm 0.095 ◦C. The CAHP can effectively
reduce the influence of heating temperature fluctuation on the temperature in the metering well; the
maximum temperature change rate of the metering wells affected by the heating furnace temperature
was 0.0942 ◦C/◦C.

Keywords: potassium; concentric annular heat pipe; isothermal performance; temperature calibra-
tion; metering

1. Introduction and Literature Review

Heat pipes are a kind of heat transfer element with high efficiency and a simple
structure. The working fluid absorbs a lot of heat and evaporates in the evaporator, the
vapor flows to the condenser by pressure difference and the heat is released by vapor
condensation [1]. Now heat pipes are used in solar energy heat utilization [2,3], electronic
component cooling [4,5], reactor cooling [6,7] and other applications that need to transfer
a large amount of heat flux. Due to the vapor working fluid being saturated when the
heat pipe operates stably, the change of working fluid pressure is very small, and the
change of working fluid temperature is very small. Therefore, the heat pipe also has good
isothermal performance. Boo et al. [8] studied the effect of the wick structure of isothermal
performance. Two sodium heat pipes with the same shape and different wicks were
experimentally studied. The wick structure could make the distribution of liquid working
fluid more uniform, and the lowest temperature difference was 151 ◦C. Hack et al. [9]
studied the effect of the working fluid charge ratio on isothermal performance. Ceramic
heat pipes with different working fluid charge ratios were experimentally studied. When
the working fluid was charged with 100 g, which was 11% of the total internal volume, the
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heat pipe achieved the best isothermal performance. Therefore, heat pipes are also used to
obtain uniform temperature fields, such as isothermal reactors applications [10,11], thermal
management applications [12,13], calibration applications [14,15], etc.

For the cylindrical heat pipes, the axial uniform temperature field can only be formed
on the condenser wall. For flat plate heat pipes, a uniform temperature field can be
formed on the condenser surface. However, for the concentric annular heat pipes (CAHPs),
a uniform temperature space can be formed in the inner pipe. CAHPs are a kind of heat
pipe composed of two concentric pipes; the working fluid flows in the space between
the two pipes. Figure 1 present the structure of CAHPs. Zhao et al. [16] studied the
heat transfer performance of high-temperature CAHPs under different heating angles.
The heating method was the same for the cylindrical heat pipe, the evaporator was at
one end of the CAHP, and the condenser was at the other end of the CAHP. Because the
wick on the inner pipe provided additional capillary force, the CAHP can also be started
under anti gravity conditions. Under different inclination angles, the thermal resistance
of CAHP was less than 0.05 ◦C/W. Boo et al. [17] studied the thermal performance of
CAHPs. Three bridge wicks were designed to reflux liquid working fluid. The maximum
axial temperature difference on the outer surface of CAHP was 2.3 ◦C, and the minimum
thermal resistance was 0.04 ◦C/W under 180 W heating. Mustaffar et al. [18] studied the
characterization of a CAHP in a drying application. In this application, the whole inner
pipe was used as a condenser, and the part of the outer pipe was used as an evaporator.
The effects of working fluid filling ratio, the inclination of CAHP and heating power on the
temperature distribution of the condenser were studied. The axial temperature difference
of CAHP was the smallest when the working fluid filling ratio was 11%. This drying
application can reduce the moisture content by 12% under 302 W heating.

Energies 2022, 15, x FOR PEER REVIEW 2 of 14 
 

 

pipe achieved the best isothermal performance. Therefore, heat pipes are also used to ob-
tain uniform temperature fields, such as isothermal reactors applications [10,11], thermal 
management applications [12,13], calibration applications [14,15], etc. 

For the cylindrical heat pipes, the axial uniform temperature field can only be formed 
on the condenser wall. For flat plate heat pipes, a uniform temperature field can be formed 
on the condenser surface. However, for the concentric annular heat pipes (CAHPs), a uni-
form temperature space can be formed in the inner pipe. CAHPs are a kind of heat pipe 
composed of two concentric pipes; the working fluid flows in the space between the two 
pipes. Figure 1 present the structure of CAHPs. Zhao et al. [16] studied the heat transfer 
performance of high-temperature CAHPs under different heating angles. The heating 
method was the same for the cylindrical heat pipe, the evaporator was at one end of the 
CAHP, and the condenser was at the other end of the CAHP. Because the wick on the 
inner pipe provided additional capillary force, the CAHP can also be started under anti 
gravity conditions. Under different inclination angles, the thermal resistance of CAHP 
was less than 0.05 °C/W. Boo et al. [17] studied the thermal performance of CAHPs. Three 
bridge wicks were designed to reflux liquid working fluid. The maximum axial tempera-
ture difference on the outer surface of CAHP was 2.3 °C, and the minimum thermal re-
sistance was 0.04 °C/W under 180 W heating. Mustaffar et al. [18] studied the characteri-
zation of a CAHP in a drying application. In this application, the whole inner pipe was 
used as a condenser, and the part of the outer pipe was used as an evaporator. The effects 
of working fluid filling ratio, the inclination of CAHP and heating power on the temper-
ature distribution of the condenser were studied. The axial temperature difference of 
CAHP was the smallest when the working fluid filling ratio was 11%. This drying appli-
cation can reduce the moisture content by 12% under 302 W heating. 

 
Figure 1. Structure of concentric annular heat pipes: (a) Three-dimensional structure; (b) Longitu-
dinal section; (c) Transverse section. 

In the field of measurement, because of the high requirement of high precision, CA-
HPs are often used as isothermal furnaces. Usually, the outer pipes of CAHPs are used as 
evaporators to heat at a constant temperature, and the inner pipes are used as condensers 
to provide a stable and uniform temperature field. Choi et al. [19] manufactured and 
texted a naphthalene heat pipe furnace. The start-up performance and thermal perfor-
mance were experimentally studied. The inner part of the inner pipe was used as the con-
denser, and the lower part of the outer pipe was used as the evaporator. The maximum 
temperature difference in the isothermal zone of CAHP was 1 °C under 200 °C to 300 °C 
heating temperature. Sanchez et al. [20] studied the effects of heating power and cooling 
water flow rate on temperature distribution in a water CAHP. This CAHP could provide 
a 21 cm long region with a high isothermal property when heated at 350 W. Gam et al. 
[21] manufactured a sodium CAHP furnace to study the measurement accuracy of the 
precious metal thermocouple. The sodium CAHP furnace can work from 660 °C to 962 °C, 
and the maximum temperature difference is 35 mK. Yan et al. [22] designed and manu-
factured a sodium CAHP, and the CAHP was used as a liner of isothermal furnaces to 
reduce the influence of the environment and heating furnace on the temperature field. 
When the CAHP is working with the aluminum point cell, a temperature field with a 
maximum temperature difference of less than 15 mK could be provided. 

In order to obtain a more stable and uniform temperature field, gas-controlled heat 
pipes (GCHPs) were used. Because the working fluid vapor is saturated when the heat 
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In the field of measurement, because of the high requirement of high precision, CAHPs
are often used as isothermal furnaces. Usually, the outer pipes of CAHPs are used as
evaporators to heat at a constant temperature, and the inner pipes are used as condensers
to provide a stable and uniform temperature field. Choi et al. [19] manufactured and texted
a naphthalene heat pipe furnace. The start-up performance and thermal performance were
experimentally studied. The inner part of the inner pipe was used as the condenser, and
the lower part of the outer pipe was used as the evaporator. The maximum temperature
difference in the isothermal zone of CAHP was 1 ◦C under 200 ◦C to 300 ◦C heating
temperature. Sanchez et al. [20] studied the effects of heating power and cooling water
flow rate on temperature distribution in a water CAHP. This CAHP could provide a
21 cm long region with a high isothermal property when heated at 350 W. Gam et al. [21]
manufactured a sodium CAHP furnace to study the measurement accuracy of the precious
metal thermocouple. The sodium CAHP furnace can work from 660 ◦C to 962 ◦C, and the
maximum temperature difference is 35 mK. Yan et al. [22] designed and manufactured a
sodium CAHP, and the CAHP was used as a liner of isothermal furnaces to reduce the
influence of the environment and heating furnace on the temperature field. When the
CAHP is working with the aluminum point cell, a temperature field with a maximum
temperature difference of less than 15 mK could be provided.

In order to obtain a more stable and uniform temperature field, gas-controlled heat
pipes (GCHPs) were used. Because the working fluid vapor is saturated when the heat pipe
operates stably, the temperature difference of the working fluid changes with the pressure
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difference. In GCHPs, the inert gas is introduced into the heat pipe, the pressure of the inert
gas is controlled through the pressure control system. Therefore, the pressure and tem-
perature of the working fluid vapor in the heat pipe can be controlled. Merlone et al. [23]
designed and manufactured a mercury GCHP. Due to the PID control of the pressure control
system, a 10 cm long uniform temperature zone can provide different heating temperatures.
The maximum temperature difference of the GCHP was less than 1 mK at 235 ◦C to 450 ◦C.
Yan et al. [24] manufactured a sodium GCHP. When the pressure control system controlled
the working fluid pressure at 111250 Pa, the temperature stability in GCHP was better than
±0.25 mK, the maximum temperature difference in 14 cm was less than 0.3 mK.

Although GCHPs can provide a temperature field with very high stability and unifor-
mity, GCHPs require a very complex and expensive pressure control system [25]. For the
calibration of high-precision thermocouples such as Au/Pt type [26,27], equipment with a
simple structure and high-precision calibration is required. Here, the dry type metering
furnace used a metal temperature equalizing block to provide a temperature field. The
maximum temperature difference within 4 cm was 0.1 ◦C, and the heat pipe technology
can be used to improve the metal temperature equalizing block.

Because the boiling point of alkali metal is high and the saturated steam pressure
is low, the alkali metal is suitable for the working medium of the high-temperature heat
pipe. Sodium and potassium are commonly used working fluids for high-temperature
heat pipes. The working temperature range of potassium is 400 ◦C to 1000 ◦C [15], which
is larger than that of sodium, and the temperature range is more suitable for calibrating
high-temperature thermocouples. In the field of metrology, the heating mode of the heat
pipe is relatively special. The CAHP is completely placed in the heating furnace to provide
a uniform temperature field, and limited studies consider this heating mode for alkali
metal CAHPs. Specifically, no information is available on the effect of heating temperatures
on the temperature distribution of the internal pipe of potassium CAHP. In this study,
a temperature comparison based on potassium CAHP for high-precision thermocouple
calibration was manufactured. The potassium CAHP had a bridge wick between the inner
pipe and outer pipe so that the heat pipe also had high-temperature uniformity when it
was placed horizontally. The temperature stability and temperature uniformity of CAHP
were measured, and the effects of heating temperature and heating mode on the isothermal
performance in the metering wells of CAHP were studied.

2. Experimental Methods
2.1. Experimental System and Procedure

Figure 2 present the experimental system. A potassium CAHP was placed horizontally
and heated in a three-stage temperature-controlled heating furnace to provide a uniform
temperature field under different heating temperatures and temperature control modes.
Two standard platinum resistance thermometers (SPRTs) were used to measure the temper-
ature distribution in the metering well in the inner pipe of CAHP. In this study, the CAHP
was heated at a constant temperature of 400 ◦C, 500 ◦C and 600 ◦C, and the temperature in
the metering wells was measured.

In Section 3.1, to study the influence of heating mode on the temperature distribution
in CAHP metering wells, the heating temperature of the left and right sections were
adjusted to obtain the best temperature uniformity at 400 ◦C, the temperature at 0 cm, 2 cm,
4 cm, 6 cm, 8 cm, 10 cm, 12 cm, 14 cm and 16 cm from the bottom of the metering well was
measured. In the experiment, one thermometer as a reference thermometer was always
placed at the bottom of the metering well, and the other as a measuring thermometer to
measure the temperature at different positions. In the beginning, both thermometers were
placed at the bottom of the metering well. After the temperature was stable, the measuring
thermometer was pulled out by 2 cm. The temperature was measured at 2 cm after the
temperature was stable, and then the measuring thermometer was pulled out to continue
the measurement.
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Figure 2. Experimental equipment: (a) Photo of experimental equipment; (b) Size and structure of
three-section heating furnace.

In Section 3.2, to study the influence of the temperature fluctuation of the heating
furnace on the bottom temperature of the metering well, the heating temperature of the
right section was reduced from 400 ◦C, 500 ◦C and 600 ◦C, and the reduction of the heating
temperature of the right heating section was 0 ◦C, 1 ◦C, 2 ◦C and 3 ◦C, respectively. Table 1
show the heating temperatures in different cases. The measuring position was at the
bottom of the metering well. The temperature change at the bottom of the metering well
was measured.

Table 1. Heating temperature in the study of the influence of temperature fluctuation.

Case 1 Case 2 Case 3

400 ◦C-400 ◦C-400 ◦C 500 ◦C-500 ◦C-500 ◦C 600 ◦C-600 ◦C-600 ◦C
400 ◦C-400 ◦C-399 ◦C 500 ◦C-500 ◦C-499 ◦C 600 ◦C-600 ◦C-599 ◦C
400 ◦C-400 ◦C-398 ◦C 500 ◦C-500 ◦C-498 ◦C 600 ◦C-600 ◦C-598 ◦C
400 ◦C-400 ◦C-397 ◦C 500 ◦C-500 ◦C-497 ◦C 600 ◦C-600 ◦C-597 ◦C

In Section 3.2, to study the influence of heating temperature fluctuation on the temper-
ature distribution in the metering well, the heating temperature was the same as Case 2 in
Table 1, and the measuring points were 0 cm, 2 cm, 4 cm, 6 cm and 8 cm away from the
bottom of the metering well, respectively.

2.2. Potassium CAHP

Figure 3 present the structure and size of potassium CAHP. The size and structure of
CAHP referred to the metal temperature equalizing block. Since the length of the outer
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shell was 60 mm longer than that of the inner shell, a cylindrical part was formed at the
bottom of the CAHP. The cylindrical part can fill the working fluid at the bottom of CAHP
and improve the isothermal performance in the inner tube. Sodium and potassium are
commonly used working fluids for high-temperature heat pipes. The working temperature
range of potassium is 400 ◦C to 1000 ◦C [15], which is larger than that of sodium, and
the temperature range is more suitable for calibrating high-temperature thermocouples.
Therefore, potassium was chosen as the working fluid. The working fluid used 100 g metal
potassium with purity of 99.95%, and the volume of the working fluid was 28.7% of the
internal volume. The CAHP was placed horizontally, and the height of the liquid level can
be calculated as 14 mm. Table 2 present the properties of potassium.
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Table 2. Thermal properties of potassium.

Properties Values

Boiling temperature (0.1 MPa) 756.5 ◦C
Density (500 ◦C) 726.7 kg/m3

Specific heat (500 ◦C) 0.77 kJ/(kg·K)
Viscosity (500 ◦C) 1.5 × 10−3 Pa·s

Latent heat of vaporization (0.1 MPa) 1983.7 kJ/kg

Figure 3b present the position of metering wells; the cross-section was section A-A
in Figure 3a. The 9.5 mm diameter quartz tubes were used as a metering well to support
the thermometers, five metering wells were set in the CAHP inner pipe. The distance
between the middle metering well and other metering wells was 11 mm. In this study,
thermometer C1 was always placed in the left metering well (#5), and thermometer C2 was
always placed in the right metering well (#4).

Figure 3c present the working mode and heat flow direction of CAHP. Unlike other
heat pipes for heat transfer, the CAHP was used to provide a temperature field with
high stability and uniformity. In this study, the whole CAHP was placed horizontally
in the heating furnace and heated at a constant heating temperature. The working fluid
evaporated on the outer pipe wall and condensed on the inner pipe wall; the heat was
transmitted from the metering wells and thermometers.

There were six double-layer 80 mesh wicks between the inner pipe and the outer pipe
to make the liquid working fluid return to the evaporation side stably.

2.3. Heating Furnace

A three-section heating furnace was used, the heating range was 20 ◦C to 1000 ◦C,
the temperature control accuracy of the heating furnace was ±0.5 ◦C, and the furnace
provided a temperature field with a maximum temperature difference of 5 ◦C within
390 mm of the middle area. The heating furnace has three independent heating systems, and
the heating temperature of each section can be set separately. The temperature measuring
points of the heating furnace temperature are in the middle of the heating section. The outer
pipe of CAHP was placed in the center of the heating furnace. Figure 2b present the size
and structure of the three-section heating furnace. The CAHP was heated at a constant
temperature of 400 ◦C, 500 ◦C and 600 ◦C. The temperature distribution within 0 cm to
16 cm from the bottom of the metering well was measured, and the measurement area was
in the middle section of the heating furnace.

The temperature in the metering wells was measured by two SPRTs, which were cali-
brated by the National Institute of Metrology, and the temperature measurement accuracy
was 0.5 mK.

2.4. Temperature Stability and Reproducibility

In the experiment, SPRTs were used for temperature measurement. SPRTs were cali-
brated by the National Institute of metrology, and the temperature measurement accuracy
was 0.5 mK. Figure 4 present the temperature stability and experimental reproducibility
of potassium CAHP in this study. Case 1 and Case 2 were two experiments with the
same heating condition and measuring method on two different days. The temperature
fluctuation in the metering wells after 250 min was less than ±0.005 ◦C. Comparing the
two experiments, the measurement showed that the experiments had good reproducibility,
and the temperature difference was less than 1%.
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Figure 4. Experimental reproducibility of potassium CAHP under 400 ◦C.

3. Results and Discussions
3.1. Effect of Heating Mode on Isothermal Performance of CAHP

Figure 5a present the whole process of this group of experiments. Because the heating
furnace was not completely cooled down after the experiment of the previous day, the tem-
perature of the metering well was about 70 ◦C at 0 min. The furnace temperature rise rate
was set as 4 ◦C/min from 0 to 40 min, and 8 ◦C/min from 40 to 70 min and the temperature
of the measuring point increased at the same rate as the furnace temperature. Figure 5b
present the measurement process of temperature distribution in the right metering well (#4)
under 400 ◦C heating; the heat pipe temperature was higher than the set temperature in
the experiment and was caused by the uneven heating temperature of the heating furnace.
The heating temperature of the three-stage heating furnace was set to 400 ◦C-400 ◦C-400 ◦C,
and the temperature was measured from the bottom of the metering well by thermometer
C2. When the temperature was stable, the thermometer was pulled out for 2 cm to measure
the temperature at the next position. Figure 5c present the temperature distribution of
the right metering well (#4) under 400 ◦C-400 ◦C-400 ◦C heating. It can be seen that the
temperature near the bottom and 16 cm of the metering well was higher. Because the heat
flowed out from the metering well, the temperature at the bottom of the metering well was
higher. Due to the temperature compensation of the heating furnace at the outlet of the
metering well, the temperature at 16 cm of the metering well was also higher.

Since the heating furnace can set three different heating temperatures in the horizontal
direction, changing the heating temperature in different areas of the heating furnace can
change the temperature distribution in the metering wells.

Figure 6a present the influence of left heating temperature on temperature distribution
in the metering well. As shown in Figure 2, the metering well of CAHP was placed to
the left, and the temperature of the left section of the heating furnace mainly affects the
part away from the bottom of the metering well. As the temperature in the left section
decreased, the temperature at 8 cm to 16 cm decreased obviously. When the temperature of
the left section was 395 ◦C, the temperature at 16 cm was greatly reduced, so it was not
marked in Figure 6a.

Figure 6b present the influence of the right heating temperature on the temperature
distribution in the metering well. Since the cylindrical part was in the right section and
there was more working fluid vapor, the temperature in the right section had a smaller
effect on the temperature in the metering well.
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Figure 6c present the influence of left and right heating temperature on temperature
distribution in the metering well. From Figure 6a, the temperature of the left section had a
great influence on the temperature away from the bottom of the metering well. Therefore,
the left section temperature was set to 396 ◦C. From Figure 6b, the temperature of the right
section had little effect on the bottom temperature of the metering well, so the temperature
of the right section was adjusted greatly. The maximum temperature difference within
0 cm to 16 cm was 0.174 ◦C under 400 ◦C-400 ◦C-400 ◦C heating. After compensation
by adjusting the heating temperature of the heating furnace, the maximum temperature
difference in the metering well was 0.095 ◦C under 396 ◦C-400 ◦C-392 ◦C heating.

3.2. Influence of Temperature Fluctuation under Different Heating Temperature

The temperature fluctuation of the heating furnace and ambient will lead to the
temperature fluctuation in the metering well. Therefore, understanding the influence of
heating temperature fluctuation on the temperature in the metering well is very important
to calibrate the high-temperature thermocouple. As the temperature of the right section
of the heating furnace decreased gradually, the temperature at the bottom of the metering
well was measured.

Figure 7 present temperature change in the metering well when the temperature of
the heating furnace changes. Figure 7a present the measurement process. Due to the
temperature at the bottom of the metering well being more stable, the thermometers were
placed at the bottom of the metering well, the heating temperature of the right section
decreased gradually, and the temperature changed at the bottom of the metering wells
were measured.

Energies 2022, 15, x FOR PEER REVIEW 10 of 14 
 

 

160 180 200 220 240 260 280 300
405.00

405.05

405.10

405.15

405.20

405.25

405.30

405.35

405.40

405.45

400℃-400℃-396℃

400℃-400℃-397℃

400℃-400℃-398℃

400℃-400℃-399℃

Te
m

pe
ra

tu
re

 (℃
)

Time (min)

 Thermometer C1
 Thermometer C2

400℃-400℃-400℃

 
0 1 2 3 4

-0.45

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (℃

)

Reduction of heating temperature (℃)

 Thermometer C1
 Thermometer C2

 

(a) (b) 

0 1 2 3 4
-0.45

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (℃

)

Reduction of heating temperature (℃)

 Thermometer C1
 Thermometer C2

0 1 2 3 4
-0.45

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (℃

)

Reduction of heating temperature (℃)

 Thermometer C1
 Thermometer C2

(c) (d) 

Figure 7. Temperature difference with reduction of heating temperature under different heating 
temperature at the bottom of metering well: (a) Measurement process under 400 °C heating temper-
ature; (b) temperature difference under 400 °C; (c) temperature difference under 500 °C; (d) temper-
ature difference under 600 °C. 

The temperature control point of the right section heating system was located in the 
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ing temperature under 400 °C to 600 °C heating. As the heating temperature decreased, 
the temperature in the metering well decreased linearly, and the temperature changes in 
the left and right metering wells (#5 and #4) were the same. 

Figure 8 compare the temperature difference with the reduction of heating tempera-
ture of the right metering well (#4) under different heating temperatures. Table 3 present 
the temperature change rate of the right metering well (#4) under different heating tem-
peratures. When the heating temperature was 600 °C, the temperature change rate was 
0.0705 °C/°C; this means that the temperature of the heating furnace changes by 1 °C and 
the temperature at the bottom of the metering well changed by 0.0705 °C. It can be seen 
that, with the increase of heating temperature, the phase transition of working fluid was 
more intense and the internal temperature of CAHP was more stable. Due to the phase 
change and flow of working fluid, the CAHP can reduce the influence of heating temper-
ature fluctuation on the temperature in the metering well. 

Figure 7. Temperature difference with reduction of heating temperature under different heating tem-
perature at the bottom of metering well: (a) Measurement process under 400 ◦C heating temperature;
(b) temperature difference under 400 ◦C; (c) temperature difference under 500 ◦C; (d) temperature
difference under 600 ◦C.



Energies 2022, 15, 2367 10 of 13

The temperature control point of the right section heating system was located in the
middle of the right section and about 80 cm away from the bottom of the metering well.

Figure 7b to Figure 7d present the temperature difference with the reduction of heating
temperature under 400 ◦C to 600 ◦C heating. As the heating temperature decreased, the
temperature in the metering well decreased linearly, and the temperature changes in the
left and right metering wells (#5 and #4) were the same.

Figure 8 compare the temperature difference with the reduction of heating tempera-
ture of the right metering well (#4) under different heating temperatures. Table 3 present
the temperature change rate of the right metering well (#4) under different heating tem-
peratures. When the heating temperature was 600 ◦C, the temperature change rate was
0.0705 ◦C/◦C; this means that the temperature of the heating furnace changes by 1 ◦C and
the temperature at the bottom of the metering well changed by 0.0705 ◦C. It can be seen that,
with the increase of heating temperature, the phase transition of working fluid was more
intense and the internal temperature of CAHP was more stable. Due to the phase change
and flow of working fluid, the CAHP can reduce the influence of heating temperature
fluctuation on the temperature in the metering well.
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Figure 8. Comparison of temperature difference with reduction of heating temperature of right
metering well (#4) under different heating temperatures.

Table 3. Temperature change rate of right metering well (#4) under different heating temperatures.

Heating Temperature Temperature Change Rate

400 ◦C 0.0942 ◦C/◦C
500 ◦C 0.0790 ◦C/◦C
600 ◦C 0.0705 ◦C/◦C

3.3. Influence of Heating Temperature Fluctuation on Temperature Distribution

Because the heat pipe had a strong heat transfer capacity, the temperature in the
metering well was also affected at a location far from the temperature fluctuation point of
the heating furnace. As the temperature of the right section of the heating furnace decreased
gradually, the temperature at different positions of the metering well was measured.

The heating temperature of the left and middle sections were always 500 ◦C, the heat-
ing temperature of the right section was 500 ◦C to 496 ◦C. The temperature change within
8 cm from the bottom of the metering well was measured. Figure 9 present the temperature
difference with the reduction of heating temperature at different positions under 500 ◦C
heating temperature. Thermometer C1 was always placed at the bottom of the metering
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well, and thermometer C2 was placed at 2 cm to 8 cm away from the bottom of the metering
well to measure the temperature change. As the measuring position was far away from the
right heating section, the temperature change in the metering well decreased.
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Figure 10. Comparison of temperature difference with reduction of heating temperature at different 
positions under 500 °C heating temperature: (a) Temperature difference of left metering well (#5); 
(b) Temperature difference of right metering well (#4). 

Table 4. Temperature change rate of right metering well (#4) at 0 cm to 8 cm under 500 °C. 

Position Temperature Change Rate 
0 cm 0.0790 °C/°C 
2 cm 0.0764 °C/°C 
4 cm 0.0739 °C/°C 
6 cm 0.0705 °C/°C 
8 cm 0.0650 °C/°C 

Figure 9. Temperature difference with reduction of heating temperature at different position under
500 ◦C heating temperature: (a) At 2 cm; (b) At 4 cm; (c) At 6 cm; (d) At 8 cm.

Due to the volume of the thermometer in the metering well being different when the
thermometer C2 measured different positions, it may affect the measurement accuracy.
Figure 10 present the temperature change at the bottom of the metering well when the
thermometer C2 measured different positions. It can be seen that the temperature change
was basically the same when measuring 0 cm to 6 cm; the thermometer had little impact on
the measurement. The temperature change rate decreased slightly when measuring at 8 cm.
At this position, the longer part of the thermometer was in the air, and there was also more
air in the metering well, which had a certain impact on the temperature in the metering
well. Table 4 present the temperature change rate of the right metering well (#4) at 0 cm to
8 cm under 500 ◦C. Due to the phase change and flow of working fluid, the CAHP made
the temperature change smoother, and there was a small difference in temperature change
rate from 0 cm to 8 cm from the bottom of the metering well.

Table 4. Temperature change rate of right metering well (#4) at 0 cm to 8 cm under 500 ◦C.

Position Temperature Change Rate

0 cm 0.0790 ◦C/◦C
2 cm 0.0764 ◦C/◦C
4 cm 0.0739 ◦C/◦C
6 cm 0.0705 ◦C/◦C
8 cm 0.0650 ◦C/◦C
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Figure 9. Temperature difference with reduction of heating temperature at different position under 
500 °C heating temperature: (a) At 2 cm; (b) At 4 cm; (c) At 6 cm; (d) At 8 cm. 
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Figure 10. Comparison of temperature difference with reduction of heating temperature at different 
positions under 500 °C heating temperature: (a) Temperature difference of left metering well (#5); 
(b) Temperature difference of right metering well (#4). 

Table 4. Temperature change rate of right metering well (#4) at 0 cm to 8 cm under 500 °C. 

Position Temperature Change Rate 
0 cm 0.0790 °C/°C 
2 cm 0.0764 °C/°C 
4 cm 0.0739 °C/°C 
6 cm 0.0705 °C/°C 
8 cm 0.0650 °C/°C 

Figure 10. Comparison of temperature difference with reduction of heating temperature at different
positions under 500 ◦C heating temperature: (a) Temperature difference of left metering well (#5);
(b) Temperature difference of right metering well (#4).

4. Conclusions

A temperature comparison source based on potassium concentric annular heat pipe
was developed for high-precision thermocouple calibration. The working temperature
range of potassium is 400 ◦C to 1000 ◦C [15], which is larger than that of sodium, and
the temperature range is more suitable for calibrating high-temperature thermocouples.
The temperature stability and temperature uniformity within 0 cm to 16 cm of the different
metering wells and temperature change rate at different heating temperatures and positions
were experimentally studied. The main conclusions were as follows:

(1) The concentric annular heat pipe can provide a very stable and uniform temperature
field. Under uniform heating at 400 ◦C, the maximum temperature difference within 16 cm
was 0.174 ◦C. After adjusting the heating mode, the maximum temperature difference was
0.095 ◦C.

(2) The cylindrical part is not sensitive to the change of heating temperature, and the
temperature near the bottom of the metering well is more stable and uniform.

(3) The concentric annular heat pipe can reduce the influence of heating temperature
fluctuation on the temperature in the metering well.

(4) The concentric annular heat pipe can make the temperature change smoother, and
there was a small difference in temperature change rate from 0 cm to 8 cm from the bottom
of the metering well.
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