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In this paper, RELAP5 code was selected to study the measuring characteristics of the double reference tube level gauge, which is commonly used in high temperature and high pressure vessels on marine nuclear power platforms, under steady and transient depressurization conditions. The response characteristics of water-level gauge, influenced by the reference cup supply water flow rate under the condition of rapid depressurization, is discussed. Measurement error and accuracy of the water-level measuring device are analyzed under both steady and transient conditions. The simulation results indicate that the relative error of the double reference tube level gauge is about 0.79% in steady state, while the measurement error is too large to accurately obtain the level in the vessel under the transient depressurization condition. However, the relative measurement error can reach about 10% under the condition of a small depressurization rate.
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INTRODUCTION

The water-level is crucial for some high temperature and high-pressure equipment of the PWR primary system, such as the steam generator and pressurizer. The water-level control is accomplished by the water-level control system, and the output signal of the water-level measurement system is frequently the input signal of the water-level control system (Zhang and Hu, 2012; Zhang et al., 2012; Salehi et al., 2018). It has been found that the accuracy and dynamic characteristics of the water-level measurement system directly affect the control effect of the water-level control system.

Generally, there are many kinds of water-level measuring devices, including waveguide acoustic water-level meter, ultrasonic water-level meter, capacitance water-level meter, differential pressure water-level gauge, etc. The sound pressure wave generated by water boiling is decomposed by the waveguide acoustic wave water-level meter to obtain the level, but it is limited to the measurement of the boiling water-level (Singh and Mohanty, 2018). The time interval and energy loss between the transmitted sound wave and the reflected sound wave are used by the ultrasonic water-level meter to obtain the level, but there may be a measurement blind zone in a vessel with a complex shape, and it is greatly affected by temperature and water mist (Soltz, 1984; Melnikov and Khokhlov, 1997; Lee et al., 2005; Mel’nikov et al., 2016). The capacitance of the capacitive water-level meter vary with the change of the water-level. This feature is used to obtain the water-level, but its load capacity is weak. The measurement accuracy is not high enough, because it will be disturbed by parasitic capacitance. The dielectric constant will change with temperature, and it is necessary to perform temperature compensation or reduce the distance between two electrodes (Zhang and Liu, 2013; Jin et al., 2015; Paczesny et al., 2015; Rizi and Abadi, 2017). The difference in heat exchange capacity between liquid and gas can also be used to obtain the level, but this measurement method has a long response time and is still immature (Petrie and Mcduffee, 2018). In addition, the dynamic tube pressure method is mainly used to measure the liquid level of molten salt (Kim et al., 2017).

In view of the limitations of the above liquid level measuring methods in application scenarios and some shortcomings in measurement, the differential pressure measurement system is still applied in nuclear power equipment for water-level measurement. The differential pressure measuring method can be divided into the external water-level measuring method and the internal water-level measuring method according to location of reference tube. The internal water-level measuring method requires two reference tubes; hence it is also called the double reference tube level gauge. When the external water-level measurement method is used for level measurement of marine high temperature and high pressure vessels, there are four influencing factors (1) the distance of the reference tube from the central axis of the vessel; (2) the radius of the vessel; (3) the density of the liquid; and (4) the inclination. The measurement error is very large (Lin, 1986). In order to improve the measurement accuracy of the differential pressure water-level gauge, some scholars have improved the structure of the level measurement device and developed the double reference tube level gauge (CGN Research Institute Co. Ltd., 2018a,b). The new type of water-level gauge can eliminate the influence of inclination angle, radius of vessel, and reduce the influence of density on the measurement results. In recent years, some researchers have found that the existence of gas in the measurement system will cause the fluctuation of the measuring value (Xiong and Zhou, 2016). For a marine steam generator, the load changes frequently and the amplitude is large. The liquid water in the level measuring device may flash evaporation to generate bubbles, which greatly affects the measurement accuracy and requires correction of the water-level measurement value (Li and Sun, 1997; Li and Jiao, 1999; Li et al., 2005).

Obviously, the accuracy of the measurement results will be affected by the existence of bubbles in the water-level measuring device. However, currently, there is no public literature focus on the measurement characteristics of the double reference tube level gauge under transient depressurization. The only related literature, mentioned that the relative error of its steady state measurement is approximately 2.0% (Lin, 1986).

The RELAP5 code has been developed for best-estimate transient simulation of light water reactor coolant systems during postulated accidents. A generic modeling approach is used that permits simulating a variety of thermal hydraulic systems. Nuclear power equipment such as a pressurizer and steam generator are allowed to be modeled using the RELAP5 code. In addition, the flow and heat transfer model in the RELAP5 code is suitable for analyzing the complicated single-phase flow, two-phase flow, and heat transfer process in this study (Wang et al., 2016). Moreover, the RELAP5 code has been used by some researchers to simulate the transient water-level of the AP1000 steam generator, and the results show that it is consistent with the actual situation (Jiang et al., 2013).

Therefore, in this paper, the RELAP5 code was selected to study the measuring characteristics of the double reference tube level gauge under steady state and transient depressurization conditions, and the code was used to explore the influence of changing the supply water flow on the measurement results under transient depressurization conditions as well.



NOMENCLATURE

h Real water-level [m].

h∗ The water-level measured by double reference tube level gauge [m].

P Pressure of gas space in vessel [MPa].

A Valve flow area [m2].

AF Reynolds number independent forward flow energy loss coefficient.

AR Reynolds number independent reverse flow energy loss coefficient.

ΔP1 Pressure difference between pressure points A and B [MPa].

ΔP2 Pressure difference between pressure points B and C [MPa].

[image: image] Density of water in the reference tube [kg/m3].

[image: image] Density of water in measured vessel [kg/m3].

[image: image] Density of steam in measured vessel [kg/m3].

g Gravity acceleration [m/s2].

H1 Total length of high reference cup and high reference tube [m].

H2 Total length of low reference cup and low reference tube [m].

H Height of liquid water in vessel [m].

Greek symbols

α Void fraction.

θ Inclination angle [rad].



MEASUREMENT PRINCIPLE AND MODEL


Measuring Principle

The structure of the double reference tube level gauge is shown in Figure 1. The lower part of the vessel is filled with water and the upper one is full of steam. The upper ends of the high and low reference tubes communicate with the high and low reference liquid cups, respectively, and the lower ends are closed. The high reference cup and low reference cup are continuously filled with water by the water injection pipeline to ensure that both the reference cup and the reference tube are full of water. There are two differential pressure transmitters (not shown); the press-leading tube of the first differential pressure transmitter is connected with the pressure tapping point A of the high reference tube and the pressure tapping point B of the low reference tube, respectively, and the press-leading tube of the second differential pressure transmitter is connected with the pressure tapping point B of the low reference tube and the pressure tapping point C of the vessel, respectively. The output signals of the two differential pressure transmitters are calculated by the divider to obtain the corresponding water-level value.


[image: image]

FIGURE 1. Structure diagram of level measurement system.


The following assumptions are adopted to derive the relationship between water-level and pressure difference:

(1) The density of steam and liquid water in the vessel remains the same everywhere;

(2) The density of liquid water in the reference tube remains the same everywhere;

(3) The device is inclined;

(4) The height difference between the pressure outlet of the reference tube and the differential pressure transmitter is ignored.

The density difference of liquid water inside and outside the reference tube is very small, which can be approximately regarded as equal, that is,

[image: image]

where [image: image] and [image: image] is the density of water in the reference tube and the density of water in the vessel, respectively. Then, the differential pressure of the differential pressure transmitter is ΔP1 and ΔP2, respectively.

[image: image]

where [image: image] is the density of steam in the vessel. This g is the gravity acceleration. Here, H1, H2, and H are the total length of the high reference cup and high reference tube, total length of the low reference cup and low reference tube, and the height of liquid water in the vessel, respectively.

From the above two formulas, the formula of water-level height H in the vessel can be deduced as follows:

[image: image]

According to Eq. (4), the factors affecting the measurement results of the device include the differential pressure ΔP1 andΔP2, and the total height H1 and H2 of the reference cup and the reference tube.



Simulation Model and Parameters

In order to study the measuring characteristics of the double reference tube level gauge, the structure of the device is divided into nodes according to the RELAP5 modeling requirement.

The external supply water flows into the reference cups (nodes 220 and 320) through channels (nodes 594, 510, and 610). The reference cups (nodes 220 and 320) have a certain water storage capacity and can replenish water to the reference tubes (nodes 210 and 310) in time. The outer wall surface of the reference tubes (nodes 210 and 310, numbers 1–26 or 1–23 mean that the node is divided into 26 or 23 control volumes for more accurate calculation of flow and heat transfer) is provided with “heat structures” to simulate the convective heat transfer process with water and steam in the vessel. The heating area (node 110) in the vessel is provided with “heat structures” for simulating electric heating elements. The liquid water area (node 120) in the vessel can adjust the initial water-level by changing the parameters of the control volume. The steam space (node 130) communicates with the reference cups (nodes 220 and 320). The vessel upper head (node 140) is in communication with the pressure relief valve. The detailed RELAP5 node model of the water-level measurement device is shown in Figure 2. The detailed parameters of the water-level measurement system are shown in Table 1.


[image: image]

FIGURE 2. RELAP5 nodal model of the double reference tube level gauge.



TABLE 1. Design parameters of the double reference tube level gauge.

[image: Table 1]


Simulation Conditions

The depressurization rate is determined by adjusting the parameters of the pressure relief valve to study the change of the water-level measuring characteristics under transient conditions. The calculation conditions are shown in Table 2. For the double reference tube level gauge, 13 simulation conditions are set, including 1 steady state condition and 12 transient conditions.


TABLE 2. Calculation condition parameters.

[image: Table 2]


ANALYSIS OF SIMULATION RESULTS


Measuring Characteristics Under Steady State Condition

During the steady state simulation, the reference cup and its reference tube are in a state of full water, and the time last for 1000–1300 s, as shown in Figure 3. Under steady state condition C1, the real water-level value is stable at 2.49 m, the measured value of the water-level meter is stable at 2.47 m, the measured value is always smaller than the real level, and the relative error is basically stable at 0.79%. In deriving formula (4), assuming that the water density in the reference tube is the same as the water density in the vessel, that is, [image: image] + [image: image], an error will be introduced. The density at the pressure tapping point of the differential pressure transmitter is shown in Figure 4. The density of the pressure tapping point C is slightly smaller than the pressure tapping points A and B since the static pressure of the pressure tapping point C is smaller than the pressure tapping points A and B.


[image: image]

FIGURE 3. The relative measurement error under steady state conditions.



[image: image]

FIGURE 4. The density of pressure tapping point under steady state condition.




Measuring Characteristics During Rapid Depressurization

The void fraction at the bottom of the water space of the vessel under transient conditions is shown in Figure 5. The results of the RELAP5 code show that a large amount of bubbles will be generated in the water space and reach the peak quickly, then the proportion of bubbles will gradually decrease until the normal level is reached after the flashing under transient depressurization condition. The maximum void fraction at the bottom of the vessel will reach about 0.27 under the extreme depressurization condition C2. The peak value of void fraction will reach approximately 0.1 even under C5 condition with low depressurization rate. This will have a significant impact on the pressure measurement at pressure tapping point C, and then affect the measurement value of double reference tube level gauge.


[image: image]

FIGURE 5. Void fraction at the bottom of water space under different conditions.


At 1011.8 s, the void fraction of water reaches the peak value, and the void fraction of each water volume at that time is shown in Figure 6. It can be found that the void fraction at the bottom is significantly lower than the upper part under transient conditions C4 and C5, a slow rising process is presented. The bottom of the water of the vessel is less affected by the pressure drop. However, the change of the void fraction in the axial direction is small under transient conditions C2 and C3, indicating that the entire vessel’s water space has experienced severe flash evaporation.


[image: image]

FIGURE 6. The void fraction of different volume in vessel.


It can be found from Figure 7 that the flash conditions in the high reference tube and the low reference tube are almost the same, and the fluctuation range of the void fraction increases with the increase of the depressurization rate. Under transient conditions C2, the temperature and pressure are in a more severe imbalance state, and the steam is intermittently overheated and saturated. This may result in a mismatch in the proportion of void fraction between the high and low reference tubes.


[image: image]

FIGURE 7. Void fraction at the bottom of the reference tube.


The void fraction in the reference tube will reach the peak value after the pressure is released for around 8 s. The change of void fraction at different volumes of reference tube at peak time is shown in Figure 8. Obviously, the change trend of void fraction under each condition is roughly the same, from bottom to top and rising slowly. However, the void fraction drops sharply when the volume number is large. According to RELAP5 node model Figure 2, the volumes 26 and 23 are on top of the reference tubes (nodes 210 and 310), and these volumes communicate with the reference cups. When a large amount of water in the reference tube is flashed, the water in the reference cup penetrates into the volumes at the upper end of the reference tube under the action of gravity, which makes the void fraction in these volumes drop sharply. The void fraction in the reference tube is much higher than that in the water space of the vessel under the same transient depressurization condition. A large number of bubbles produced by flash evaporation are not easily discharged from the reference tube quickly since the inner diameter of the reference tube is extremely small, as a result that there is a bubble accumulation effect in the reference tube, which will affect the measuring accuracy of the level measurement device.


[image: image]

FIGURE 8. Void fraction of different reference tube volume.


The temperature of the pressure tapping point changes along with time under different pressure reduction rates is shown in Figure 9. The temperature at each pressure tapping point will drop sharply, then slowly rise until it recovers after the pressure is released. The pressure at each pressure tapping point is shown in Figure 10, and the density at each pressure tapping point is shown in Figure 11. The pressure of the whole measurement system will drop rapidly after the valve is opened to relieve pressure, then a severe flash evaporation will occur, resulting a great quantity of bubbles, which will greatly reduce the density of each pressure tapping point in a short time. With the end of flash evaporation and the rise of vapor bubbles into the gas space, the space occupied by the bubbles around the pressure tapping point will be quickly backfilled by liquid water, which will lead to a suddenly density increase, and then gradually decrease to normal values due to the gradual temperature rise. In addition, the fluctuation range of temperature, density, and pressure are all closely related to the decompression rate.


[image: image]

FIGURE 9. Temperature of each pressure measuring point.



[image: image]

FIGURE 10. Pressure of each pressure measuring point.



[image: image]

FIGURE 11. Density of each pressure measuring point.


The transient water-level of the double reference tube level gauge under the condition of rapid pressure drop is shown in Figure 12. The water-level gauge appears to have a false water-level within a short time after the pressure is released. Under the extreme decompression condition C2, the measured value of water-level gauge will have a significant vibration phenomenon, and its water-level display value has far exceeded the real water-level value. During rapid depressurization, the water in the reference tube will flash evaporation violently since the temperature of the water in the reference tube is similar to the temperature of the water in the vessel, resulting in a large number of bubbles, which will cause an inaccurate conversion between the pressure difference value and the water-level value. Therefore, the measurement results of the double reference tube level gauge in the process of rapid depressurization are not ideal. The error is pretty large at least within a few tens of seconds after the pressure is released.


[image: image]

FIGURE 12. Transient water-level and relative error under rapid depressurization. (A) Transient water-level under condition C2. (B) Transient water-level under condition C3. (C) Transient water-level under condition C4. (D) Transient water-level under condition C5.




Measuring Characteristics During Slow Depressurization

The transient water-level under slow depressurization condition is shown in Figure 13. A large amount of vapor bubbles will be discharged from the vessel after the pressure is released, causing the real water-level to drop slightly. With the decrease of the depressurization rate, the variation amplitude of the measured level value in the early stage of depressurization will be weakened, and the phenomenon of water-level oscillation will disappear. The flash evaporation phenomenon is not obvious since the pressure change in the vessel during the slow depressurization process is not large. The time for the measured water-level of the water-level gauge to track the real water-level will be slightly shortened. The relative error remains basically below 10.0% in the process of slow depressurization, and a smaller the depressurization rate will lead to a smaller the maximum relative error. The recovery time of relative error below 1.0% will be shortened with decreasing the depressurization rate. The simulation results indicate that the measured water-level of the double reference tube level gauge performs better in the process of slow pressure reduction, and the real water-level can be tracked in tens of seconds.


[image: image]

FIGURE 13. Water-level and relative error under slow depressurization. (A) Transient water-level under condition C6. (B) Transient water-level under condition C7. (C) Transient water-level under condition C8. (D) Transient water-level under condition C9.




Influence of Supply Water Flow Rate

It can be found from the above discussion that there is violent flash evaporation at each critical part of the double reference tube level under the condition of rapid depressurization, which greatly affects the transient measurement accuracy. In order to solve the problem, the section discusses the influence of the supply water flow of the reference cup on the measured value of the differential pressure water-level measurement system.

Taking the low reference cup as an example, the void fraction under different supply water flow conditions is shown in Figure 14. The vibration of the void fraction gradually weakened with the increase of the reference cup supply water flow, and the time needed to recover the void fraction to the normal level is also decreased. A part of the steam can be condensed by increasing the supply water flow, reducing the severity of the flash in the reference cup.


[image: image]

FIGURE 14. Void fraction in low reference cup.


The void fraction of the different volume in low reference tube under supply water flow rates is shown in Figure 15. The void fraction inside the reference tube cannot be effectively reduced by increasing the supply water flow. Since the inner diameter of the reference tube is pretty small, a large amount of bubbles cannot be discharged in time under the condition of rapid depressurization, resulting in a short period of bubble blockage. The reason for such a result might be that a large amount of bubbles rushed out from the inlet of the reference tube in an instant, which inhibited the process of supply water into the reference tube, resulting in that most of the supply water overflowed from the reference cup.


[image: image]

FIGURE 15. Void fraction of different volume of low reference tube.


As shown in Figure 16, there is no significant effect to increase the supply water flow rate in shortening the tracking time and reducing the deviation of the measured water-level. The flash evaporation will occur in both the reference tube and the reference cup under the condition of high depressurization rate, and a large number of bubbles are generated, resulting in that supply water cannot be injected into the reference tube in time.


[image: image]

FIGURE 16. Water-level and relative error curve under different supply water flow. (A) Transient water-level under condition C10. (B) Transient water-level under condition C11. (C) Transient water-level under condition C12. (D) Transient water-level under condition C13.




CONCLUSION

In this paper, a simulation model of RELAP5 code is established for the double reference tube level gauge. The measuring characteristics of the differential pressure water-level measurement system are analyzed under both steady state condition and transient depressurization condition. The conclusions are as follows:

(1) The measurement error of the double reference tube level gauge can be controlled within 1% under the steady state condition, which can usually meet the accuracy requirements.

(2) There will be violent flash evaporation in the water-level measurement system when the depressurization rate is large, which makes the water density, temperature, and pressure fluctuate sharply in the reference tube and vessel. The measured value of the double reference tube level gauge deviates greatly from the real water-level value in a short time. The measurement error of the double reference tube level gauge can be controlled within 10% when the depressurization rate is small, and the real water-level can be tracked in tens of seconds.

(3) Increasing the supply water flow rate can reduce the flash evaporation intensity in the reference cup under the condition of rapid depressurization rate, but cannot reduce the relative error of the water-level measurement system during the transient measurement, nor shorten the response time of water-level measurement systems.

The research that has been completed so far is mainly about the measuring characteristics of the measurement device in a stationary state. Additionally, the water-level measurement device may work under the conditions of rolling motion and sloshing motion. In the future, we will focus on the ocean application scenarios to further study the measuring characteristics of the measurement device. Meanwhile, we also hope that researchers can do further experimental research on the double reference tube level gauge under the transient depressurization condition and optimize its structure to improve the measurement accuracy.
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