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Abstract. In the research of new reactors, lithium has become a research direction as a new 
coolant after sodium. Lithium working fluids introduce various metallic and non-metallic 
impurities such as oxygen, calcium, carbon, nitrogen, etc. to a greater or lesser extent during 
production, filling, and even operation. In addition, the processing, welding, and cleaning steps of 
the pipeline and equipment in the circuit during manufacturing inevitably result in residual dirt, 
grease, surface oxides, and moisture. These will have a certain impact on the performance of heat 
transfer and circuit safety through accelerated corrosion or plugging. Therefore, in 
high-temperature lithium circuits, the impurity concentration of lithium working fluid must be 
strictly controlled and purified before use. At present, the detection methods for impurity content 
in lithium working fluids can be divided into two categories: sampling analysis method and online 
measurement method. Sampling analysis is the most direct detection and analysis method, which 
can directly obtain the content of various impurities in lithium working fluids, and the results are 
relatively accurate; The online detection method can generally only detect non-metallic impurities, 
but it is relatively fast and simple, and is currently a commonly used measurement method on 
lithium working fluid devices. The plugging meter method has been studied and used as a rather 
convenient online detection method. This article introduces a small, self-heating, and mobile 
high-temperature lithium plugging meter system to meet the online detection of different points 
in the lithium circuit of system engineering.  
Keywords: lithium working fluid, non-metallic impurities, self-heating, blockage meter system. 

1. Introduction 

In the research of new reactors, lithium has become a research direction as a new coolant after 
sodium and in the research of new reactors, lithium has become a research direction as a new 
coolant after sodium and sodium potassium alloys. Lithium working fluids introduce various metal 
and non-metallic impurities such as oxygen, calcium, carbon, nitrogen, etc. to a greater or lesser 
extent during production, filling, and even operation [1]-[3]. Nitrides, oxides, carbides, hydrides, 
and silicides are common non-metallic impurities. These impurities in lithium generally exist in 
the form of compounds such as Li3N, Li2O, and LiH, causing a rapid increase in the corrosion rate 
of structural materials; When the temperature is below saturation, impurities in the cold section of 
the system's pipeline will form solid residue, causing pipeline blockage when deposited, which 
has a certain impact on heat transfer performance and circuit safety [4]-[6]. Although lithium does 
not have a long-lived radioactive isotope, which is its advantage as a coolant in nuclear power 
plants, it may form long-lived radioactive substances after impurities are added, thus challenging 
system maintenance and repair [7]-[9]. Therefore, the impurity concentration of lithium working 
fluid in high-temperature lithium circuits must be strictly controlled and purified before use. 

After the lithium working fluid is purified, its impurity content should meet the limit 
requirements for impurity content in the lithium circuit before use. Therefore, relevant instruments 
need to be used for detection. It is generally believed that the purification technology of lithium 
and the detection of impurity content are carried out together, which makes it strenuous to divorce 
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them. The purification effect needs to be confirmed through testing, and the tools involved are 
usually installed in the same place as the purification equipment [10]-[12]. The detection methods 
for impurity content can be roughly divided into two types: sampling analysis method and online 
measurement method. The sampling analysis method is to directly collect samples of lithium 
working fluid, using physical or chemical methods and relevant instruments to obtain accurate 
impurity content values. It has very rigid requirements for pollutant control during sampling, 
transportation, analysis, storage, and other processes, and the operation is cumbersome. Online 
detection methods can generally only measure the content of 1-2 impurities, but compared with 
sampling methods, they are relatively fast and simple, making them a commonly used 
measurement method on lithium working fluid devices [13], [14]. The commonly-used online 
detection methods for liquid metals include Blake meter method, electrochemical oxygen meter 
method, and blockage meter method [15]. The maturity, reliability, and convenience of the first 
two technologies are relatively low, while the use of blockage meters is fairly effective, which can 
achieve the measurement of oxygen impurity content in liquid metal working fluids within a few 
minutes [16], [17]. In foreign countries, the development of blockage meters has been 
accompanied by the development of sodium cooled fast reactors. In the early 1960s, the design 
and testing of blocking meters were carried out in fast reactor research in the United States and 
France. At present, experience in using blocking meters only exists in the research process of 
sodium reactors in China. The sodium reactor has introduced an ESPRESSO blocking meter 
system from Italy, which was introduced from France in the 1970s and early 1980s. In recent 
years, in response to the demand for sodium cooled reactors, a new sodium working fluid blockage 
meter has been developed, following the structure of the Italian ESPRESSO circuit, and is 
currently approaching the stage of engineering application. However, the melting point and heat 
transfer characteristics of sodium are significantly different from those of lithium, and cannot be 
directly used for the measurement of lithium working fluids. From the current research situation 
in China, it can be seen that there is only a history of the application of blocking meters for sodium 
working fluids, while the development of blocking meters for lithium working fluids in other fields 
has not yet been carried out. The design of blocking holes and the overall operation mechanism 
of blocking meters are also not thorough enough. Besides, to meet the development needs of other 
types of alkali metal devices, it is necessary to carry out the development of blocking meters as 
soon as possible to provide convenient and fast online measurement methods for the purification 
effect of working fluids. This article introduces a small, self-heating, and mobile high-temperature 
lithium blockage meter system to fulfill the online detection of different points in the lithium 
circuit of system engineering. 

2. Measurement mechanism 

Manual obstruction meter, program control obstruction meter and automatic control 
obstruction meter have been devised consequently in the development process of domestic and 
foreign obstruction meter. Manual obstruction meter is manually controlled. After the start of 
measurement, the obstruction meter body heater is first manually cut off, the fan cooling system 
is started, and the temperature and flow rate changes are observed in the workpiece through the 
thermocouples and flow meters. When a program-controlled obstruction meter is in operation, the 
number, speed and limits of the measurement process are carried out according to a fixed program. 
Automatically controlled obstruction meters are similar to programmed control methods, but the 
measurement period and parameters can be automatically adjusted to the operating conditions of 
the mass. Of the three types of obstruction meters, the manual obstruction meter is simpler to 
monitor, but less in accuracy; the automatic obstruction meter is more accurate, but the control 
system is more complex; and the programmed obstruction meter is in between in terms of accuracy 
and complexity. Manual control used to be dominant. Comparatively, adopting an automatic 
control mode, this design of this mobile blockage meter system combines the characteristics of 
lithium, which is relatively simple in control system, high in precision, and small in size. 
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The working mechanism of the plugging meter system is that the solubility of non-metallic 
impurities in liquid alkali metals varies with temperature [18], [19]. After the measurement 
program is started, the heating device is continuously adjusted to maintain a constant temperature 
for the working fluid inside the plugging meter. Then, the working fluid is cooled. When the 
temperature of the working fluid drops below the saturation temperature, impurities precipitate in 
the form of crystals on the wall of the plugging hole, causing a decrease in the cross-sectional area 
of the flow channel and a decrease in flow rate. The flow rate rapidly decreases with a significant 
decrease in temperature. The plugging temperature in the plugging meter is the temperature at 
which the flow rate begins to decrease, which can reflect the overall level of non-metallic 
impurities. To quantitatively calculate the impurity content, the plugging temperature can be 
substituted into the solubility formula to obtain the critical impurity mass, which is the impurity 
content of the circuit. FIG. 1 shows the measurement mechanism diagram of the obstruction meter 
system. 

Nitrogen and hydrogen have limited solubility in liquid lithium medium and are unstable and 
prone to decomposition under high temperature conditions [20]. Therefore, the main non-metallic 
impurity in the circuit is oxygen. According to Yonco et al. experiment, the oxygen saturation 
solubility formula is as follows: log𝐶 = 6.992 − 2896 𝑇⁄ , (1)

where: 𝐶 – solubility of oxygen in lithium (wpm); 𝑇 – temperature of lithium (K), 450  𝐾 < 𝑇 < 1007𝐾. 
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Fig. 1. Measurement mechanism diagram of the obstruction meter system 

3. Design and implementation of instrument control electronics 

The system consolidates all control devices (displays, data collectors, power regulators, and 
programmable controllers) into a cabinet, and these control devices are connected according to a 
certain logical relationship to form a hardware control system. Together with the software program 
in the programmable controller, the control of the plugging meter is achieved. Fig. 2 shows the 
flowchart of a lithium plugging meter. 

The system is composed of temperature control module, wind control module, insulation layer 
and shell, and industrial computer. The temperature module preheats the pipeline and stabilizes it 
at the set temperature. The wind control module starts to reduce the temperature of the pipeline 
when it needs rapid cooling or other needs, and assists the temperature control module in 
stabilizing the pipeline temperature at the set temperature. The temperature control module 
actuator has a protective shell outside, which is wrapped with an insulation layer to isolate heat 
exchange inside and outside the shell. The overall plan is shown in Fig. 3. 
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Fig. 2. Flow chart of lithium plugging meter 
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Fig. 3. Diagram of overall technical scheme block 
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The programmable controller is the core part of the system, which performs functions such as 
collecting sensor feedback signals, logical calculations, and driving the executing mechanism. 
After the measurement starts, the variable frequency fan automatically adjusts the output to cool 
the working fluid temperature at the plugging orifice position at the set cooling rate until the flow 
meter signal significantly decreases, and outputs the temperature value at this time; Subsequently, 
the fan stops and the heater starts until it returns to the original flow level, thus completing a 
measurement. Fig. 4 shows the automatic measurement control model. 
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Fig. 4. Automatic measurement control model 

The control logic program of the system completes the measurement operation according to 
the control logic of cooling plugging, outputting measurement results, and heating resistance 
resolution. The temperature control program and measurement program are integrated into the 
overall program of the lithium process testing device. After the measurement starts, the variable 
frequency fan automatically adjusts the output to cool the working fluid temperature at the 
plugging orifice position at the set cooling rate until the flow meter signal significantly decreases, 
and outputs the temperature value at this time; Subsequently, the fan stops and the heater starts 
until it returns to the original flow level, thus completing a measurement. 

4. Experimental analysis 

4.1. Experimental platform 

In order to verify the functions and reliability of the system, an experimental platform was 
specially constructed. The experimental platform consists of lithium mass storage device, liquid 
lithium mass conversion, transmission device, blocking meter body, instrumentation and control 
electrical system and liquid lithium receiving equipment. Fig. 5 shows a schematic diagram of the 
experimental platform, and Fig. 6 shows a physical drawing of the product. Among them, the 
lithium workmass storage device is specially designed to store liquid lithium metal, liquid lithium 
workmass conversion, transmission device is to charge liquid lithium workmass from the storage 
device to the experimental circuit, the instrumentation and control electrical system collects and 
monitors the temperature, flow and other parameters in the blocking body and controls the heating 
device, fan and other operational overall system, through the purified lithium workmass through 
the circuit to the liquid lithium receiving equipment. 

4.2. Heating power calculation 

When this heating system is working, there are two main working states of the system: 
State 1: During cyclic operation, the external output liquid lithium itself has a certain 
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temperature, and the heater only needs to increase its temperature or maintain the existing 
temperature. 
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Fig. 5. Schematic diagram of experimental platform 

INSTRUMENTATION 
AND CONTROL 

SYSTEM

COOLING FAN

INSULATION 
LAYER

TEMPERATURE 
SENSOR

FLOW METER

OBSTRUCTION 
METER BODY

 
Fig. 6. Product picture 

State 2: Discharge mode, the heater must heat the remaining solid lithium in the pipeline to 
300 degrees Celsius before discharging. 

It is obvious that state 2 requires more power, so when calculating the heating power, the 
heating limit required for the system is calculated according to state 2. Lithium has a specific heat 
at room temperature of 3.6 kJ/kg, a density of 494 kg/m3, and a specific heat of melting of 
418 kJ/kg. According to the requirement, all pipelines should be heated from room temperature of 
20 degrees Celsius to 300 degrees Celsius through a heater in state 2. The required work 𝑊 for 
heating can be calculated using the following formula: 𝑊ℎ𝑒𝑎𝑡 = 𝐶 × ∆𝑇, (2)

where, 𝐶 represents the specific heat of lithium at room temperature of 3.6 kJ/kg, ∆𝑇 represents 
the temperature difference between the required heating temperature and room temperature, where 
it is 280 degrees Celsius. The required heating power 𝑊 is obtained and heated to 1008 kJ/kg. The 
specific heat of melting of work W is 418 kJ/kg. The total work required to heat to 300 degrees 
Celsius is 1.426×106 J/kg. For a 16mm pipeline, the density of lithium is 0.01 kg/m. According to 
the Eq. (2), the calculation shows that the work required to heat every 1 m of pipeline to 
300 degrees Celsius is W, which is 1.426×104 J/m. For this project, the heating power 𝑃 of heaters 
1, 2, and 3 is the lowest, usually set at 100 W/m during actual operation. According to the 
following formula, the heating time 𝑇 is approximately 142 seconds to reach the target 
temperature of 300 degrees Celsius: 



RESEARCH AND DESIGN OF A SMALL SELF-HEATING HIGH-TEMPERATURE LITHIUM PLUGGING METER SYSTEM.  
XIAODONG WU, ZHUFENG LEI 

 JOURNAL OF MEASUREMENTS IN ENGINEERING 7 

𝑇 = 𝑊 𝑃⁄ . (3)

In reality, due to the energy loss caused by the transmission of individual heat between 
different media, and it is estimated that the time required for heat conduction in each medium, 
taking into account the above factors, can be controlled within 30 minutes. 

4.3. Heat dissipation power calculation 

The fan acts on the heat dissipation scale of heater 4 and can be dissipated through the surface 
area heat dissipation formula: 𝑄 = 𝛼𝑆∆𝑡, (4)

where, 𝛼 is the convective heat transfer coefficient, also known as the surface heat transfer 
coefficient, which also refers to the amount of heat that can be transferred between a fluid and a 
wall per unit area at a unit temperature difference and per unit time. 𝑆 is the contact area between 
the heat dissipation surface and the air, and ∆𝑡 is the surface temperature and air temperature of 
the heat source. 

When the surface area heat dissipation is conducted between the heat carrier and air, the quasi-
numerical relationship of the convective heat transfer coefficient is: 𝑁𝑢 = 𝑐(𝐺𝑟 × 𝑃𝑟)௡, (5)

where 𝑁𝑢 = 𝑙𝛼 𝜆⁄  is the Nusselt number, 𝐺𝑟＝𝑔𝑙ଷ/𝑉ଶ ∙ 𝛽∆𝑡 the Grayshev number; 𝑃𝑟 is the 
Land number; 𝑙 is the characteristic size of the object, as for this heat sink, the length of the plate; 𝑉 is the kinematic viscosity of air; 𝛽 is the volume expansion coefficient of the fluid. 

Through deduction, there are: 

𝛼 = 𝜆𝑐(𝐺𝑟 × 𝑃𝑟)௡𝑙 . 
By looking up tables: 𝛼 = 7.98 W/mଶ ∙ ℃. (6)

Assuming that the fan takes away all the heat; ∆𝑡 = 300 – 30 = 270; 𝑆 = 0.49 m2. So you can 
get 𝑄 = 1055 W, that is to say, under this condition, the natural convection of the heat sink can 
remove 1055 joules of heat per second. According to the heat difference formula: 𝑄 = 𝑐𝑚∆𝑡. 

Where 𝑐 is the specific heat capacity of copper: 0.39×103 J/(kg·℃); 𝑀 is the mass: 20.9 kg; 
By substituting it into the formula, the temperature drop per second is calculated to be 0.129 ℃, 
which is equivalent to 7.74 ℃/min and meets the usage requirements of 0.5 ℃/min-5 ℃/min. 

4.4. Temperature and flow measurement 

The system is equipped with 12 temperature measurement points, including pipeline inlet and 
outlet, flow meter inlet and outlet, cooling fan outlet, air inlet, thermocouple well, plugging meter 
front end, middle end, rear end, and near the plugging orifice plate. The layout of temperature 
measurement points is shown in Fig. 7. 

4.5. Experimental results 

After the lithium work charge in the circuit, several experimental measurements were carried 
out at 400 °C circuit temperature, and the experimentally measured blocking curves and 
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measurement results are shown in Fig. 8, and Fig. 9 shows experimental thermogram. The system 
has successfully completed the measurement operation many times and realized unblocking in a 
reasonable time, and the impurity content is less than the required range. 
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Fig. 7. Schematic diagram of temperature measurement point layout position 
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Fig. 8. Experimental measurement results 

 
Fig. 9. Experimental thermogram 

From the figure, it can be seen that the solubility of oxygen changes with the change of 
temperature, when the temperature gradually increases, the solubility of oxygen gradually 
increases, and the oxygen content in liquid lithium metal decreases; on the contrary, when the 
temperature decreases, the solubility of oxygen gradually decreases, and oxide crystals precipitate 
from liquid lithium metal; the system heating can be completed within 30 min, and the heating 
efficiency is high. 

The measured blocking temperature when the loop is adjusted to 210 ℃ is shown in Table 1. 
It is known through the experiment that the random error of the measured blocking temperature is 
not more than 1 %, which indicates that the blocking meter has a very good repeatability and 
measurement stability. 

It can be seen through the experiment, see the mini-figure a1, the temperature fluctuation will 
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have a greater impact on the oxygen solubility. Cooling rate is too small will cause the temperature 
curve jitter, resulting in the output of the wrong measurement results, so the cooling rate should 
be greater than 1.5 ℃/min, and relatively easy to control; at the same time, we must also consider 
that the cooling rate is too fast will lead to local thermal stress, affecting the service life of the 
blocking meter system, but also bring safety hazards. Therefore, combining the above factors, it 
is recommended to control the cooling rate of the blocking hole position in the range of  
1.5-3.5 ℃/min. 

Table 1. The aggregated plugging temperature 
Experiment First  Second Third 

Temperature / ℃ 200.2 199.8 202.2 
random error / % –0.23 –0.43 0.7 

5. Conclusions 

On the basis of completing the design and manufacturing of the self-heating high-temperature 
lithium plugging meter system, a series of experimental studies are conducted in this design, and 
the following conclusions are obtained: 

1) The self-heating high-temperature lithium plugging meter measures accurately and has good 
working stability, with a random error of no more than 1 % in the plugging temperature. 

2) This system cannot only be applied to high-temperature lithium working fluids, but also 
other paramagnetic alkali metal working fluids (such as lithium, sodium, potassium, and sodium 
potassium alloys) can be used through experiments; By extension, it can work normally in 
diamagnetic working fluids (such as lead, bismuth, and lead bismuth alloys), thus expanding the 
application range of the system. 

3) In order to ensure the safe operation and good measurement effect of the high-temperature 
alkali metal circuit, the cooling rate at the plugging hole should be within the range of 1.5 to  
3.5 ℃/min. 
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