

[image: image1]
Study on Calculation Method of Soluble Aerosol Removal Efficiency Under High Humidity Condition









	
	ORIGINAL RESEARCH
published: 12 March 2019
doi: 10.3389/fenrg.2019.00026





[image: image2]

Study on Calculation Method of Soluble Aerosol Removal Efficiency Under High Humidity Condition


Yingzhi Li1*, Qianchao Ma1, Zhongning Sun1, Haifeng Gu1, Yanmin Zhou1* and Kaiyi Shi2


1Fundamental Science on Nuclear Safety and Simulation Technology Laboratory, Harbin Engineering University, Harbin, China

2School of Mining and Civil Engineering, Liupanshui Normal University, Liupanshui, China

Edited by:
Muhammad Zubair, University of Sharjah, United Arab Emirates

Reviewed by:
Anca Melintescu, Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering (IFIN-HH), Romania
 Ivo Kljenak, JoŽef Stefan Institute (IJS), Slovenia

* Correspondence: Yingzhi Li, lyz1993@hrbeu.edu.cn
 Yanmin Zhou, zhouyanmin@hrbeu.edu.cn

Specialty section: This article was submitted to Nuclear Energy, a section of the journal Frontiers in Energy Research

Received: 27 November 2018
 Accepted: 18 February 2019
 Published: 12 March 2019

Citation: Li Y, Ma Q, Sun Z, Gu H, Zhou Y and Shi K (2019) Study on Calculation Method of Soluble Aerosol Removal Efficiency Under High Humidity Condition. Front. Energy Res. 7:26. doi: 10.3389/fenrg.2019.00026



Pool scrubbing is a potential method to remove aerosol particles under accident conditions of nuclear power plants. The relative humidity of aerosol laden gas will increase significantly when passing through the water pool, which will most likely induce hygroscopic growth of soluble aerosol. The hygroscopic growth of soluble aerosol can lead to the deviation of the size distribution of aerosol at the outlet of the water pool, resulting in a large evaluation error of the removal efficiency. In order to solve this problem, the size distributions of sodium chloride at the upstream and downstream of bubble column were measured at a gas flow rate of 4 lpm and a liquid height of 80 cm, respectively. Two methods of calculating aerosol actual size-dependency removal efficiency were proposed and compared. One method is directly calculating the removal efficiency by adding a diffusion drying tube installed at the upstream of Scanning Mobility Particle Sizer (SMPS) to reduce the relative humidity of sample gas below the efflorescence point. Another method is modifying the aerosol size distribution and concentration curve by using the hygroscopic growth theory of soluble aerosols. The experiment results obtained by the two methods are in good agreement.
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INTRODUCTION

Containment is the last shield for protecting the safety of nuclear power plants (NPPs). It is of significance to guarantee its integrity. However, once a long-term loss of core coolant accident (LOCA) occurred, the core molten materials would melt through the pressure vessel. Then, large amounts of coolant would flow into the containment and experience flash evaporation, accompanied by large amounts of non-condensable gas generated by the interaction of a core meltdown and concrete in the pitch. It would cause the pressure inside the containment to rise persistently. Once the containment pressure rises beyond the threshold pressure, rupture of containment would appear and cause leakage of radioactive material into the environment. Filter Containment Venting System (FCVS) is designed to reduce the pressure in the containment through actively venting and reducing the radioactive release through multi-scrubbers. Because of the advantages of a larger specific transfer area and long bubble resident time in liquid pool, bubble column possesses a potential capability for aerosol retention. So far, the bubble column has been used in FCVS, such as the FCVS system composed of wet scrubber and metal fiber designed by Control Components Inc. (CCI) which has been installed in Swiss Nuclear Power Plants (Basu, 2014).

Aerosol as the main component of fission products behaves strong diffusion and migration properties, thus, it is important to prevent aerosol leak into the environment. According to its solubility, aerosol can be divided into soluble aerosol (such as CsI, CsOH, etc) and insoluble aerosol (such as 90Sr, SnO2, etc) (Jokiniemi, 2007; Tamotsu et al., 2007; Miwa et al., 2015). Soluble aerosol has hygroscopic properties. It means soluble aerosol can absorb water when the relative humidity (RH) of the surrounding environment increases. In the process of increasing relative humidity, significant particle growth occurs only once a critical relative humidity is reached (the exact value of which depends on the temperature and the initial size of the dry particle), called the deliquescence point (DRH). At the same time, a droplet of saturated solution is instantaneously formed. However, the dissolved aerosol will lose water when the relative humidity keeps decreasing. Similarly, it will transform into a crystalline particulate once a critical relative humidity is attained which is called the efflorescence point (ERH). Besides, the hysteresis phenomenon (DRH>ERH) also exists (Hämeri et al., 2001; Gysel et al., 2002). The relative humidity of aerosol laden gas will increase significantly when passing through the liquid pool, which will cause the hygroscopic growth of soluble aerosol. For the aerosol removal efficiency evaluation method based on the mass concentration or the count concentration, this hygroscopic growth phenomenon will lead to a significant deviation in the calculation results of aerosol removal efficiency (Peyres and Herranz, 1996).

Similar scenes of accidents also include the suppression pool in the boiling water reactor and the rupture of the steam generator tube in the pressurized water reactor. All of the above accidents involve the process of aerosol laden gas passing through a liquid pool, which will cause the relative humidity of carried gas to increase (Herranz et al., 1997). The research on the hygroscopic properties of soluble aerosol mainly focuses on the atmospheric environment field. In terms of experimental research, Gysel studied the hygroscopic properties of 100 nm sodium chloride (NaCl), ammonium sulfate ((NH4)2SO4) and sodium nitrate (NaNO3) under different humidity conditions through H-TDMA experimental facility (Gysel et al., 2002). The experiment results showed that NaCl and (NH4)2SO4 had an obvious deliquescence point and efflorescence point, while NaNO3 did not show an obvious deliquescence and efflorescence phenomenon. Biskos measured the hygroscopic growth characteristics of 6–60 nm NaCl, and found that the hygroscopic growth factor of NaCl decreased with the decrease of particle size, yet the deliquescence point increased with the decrease of particle size (Biskos et al., 2006). In terms of theoretical research, the hygroscopic growth model of aerosol is mainly based on the Kohler theory (Kohler, 1936), which is based on the spherical hypothesis and takes into account the Kelvin effect of particle size, and proposes a theoretical relationship between particle size and the relative humidity when aerosol particle reaches the hygroscopic equilibrium. Subsequently, Biskos et al. (2006) considered the shape correction factor related to particle size and modified the hygroscopic growth model. In this study, a Scanning Mobility Particle Sizer (SMPS, TSI3082), equipped with a condensation particle counter (CPC) were used to analyze the aerosol size distribution and concentration at the inlet and outlet of a bubble column. It is expected to modify the size distribution and concentration curve of aerosol at the outlet of the bubble column with the help of the hygroscopic growth theory to obtain the actual size-dependency of removal efficiency.

EXPERIMENTAL SETUP

Figure 1 shows the schematic diagram of the aerosol test facility. The experiments were conducted in a rectangular bubble column, which is made of polymethyl methacrylate with a cross section of 150 × 150 mm and a variable height of up to 1.5 m. As model soluble particles, sodium chloride was used because the hygroscopicity of NaCl has been deeply investigated in the previous research. The sodium chloride particles were generated by atomization of 3 wt% salt solutions. The salt aerosol generator(TSI Model 8118A)uses compressed air, supplied to five atomizer jets within the liquid reservoir producing an aerosol mist. The atomized solution droplets were dried in a heating tube and further dried by clean and dry air in the mixed chamber. The geometric mean diameter of the number size distribution is 66 nm with a geometric standard deviation of 1.6, which was satisfied with lognormal distribution (Figure 2). Additionally, it is possible to guarantee the aerosol concentration constant by setting the mass flow controller FM1 and FM2.
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FIGURE 1. Schematic of the test facility.
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FIGURE 2. Typical size distribution of NaCl generated by the TSI Model 8118A.



Bubbles are generated in a stagnant liquid by two steel nozzles with an inner diameter of 1.4 mm. Deionized water was selected as the retention liquid to prevent formation of secondary aerosol particles when the bubbles burst at the liquid surface. By setting the valves V3 and V4, it allows to adjust the gas flow injected into the column. The mass flow controller FM3 allows to know the bypass flow and thus to determine the flow injected into the column by balance. This gas flow can also be measured with the mass flow controller FM4 (V7 closed).

The characterization of the aerosol size distribution is analyzed upstream and downstream of the bubble column with a TSI Scanning Mobility Particle Sizer (SMPS), which associates a Condensation Particle Counter (CPC) with a Differential Mobility Analyzer (DMA). To determine the aerosol particles concentrate upstream of the bubble column, the value V5 is opened so that the SMPS can pump a suitable flow. Similarly, to determine of the aerosol particles concentrate downstream of the bubble column, the value V6 is closed and the value V7 is opened so that the SMPS can collect the aerosol laden gas flow. For each particle size, the removal efficiency is determined from these concentration measurements upstream and downstream of the bubble column.

The experiment was conducted at the gas flow rate of 4 lpm and liquid height of 80 cm. The gas flow rate was measured by GFM37 mass flow meter with measurement accuracy of 1%. The temperature and RH of outlet aerosol laden gas were determined by measurement of a temperature and humidity sensor which inserted into the top of the bubble column.

Figure 3 shows the schematic diagram of the long DMA which is the key component of SMPS. It is a cylindrical configuration. A filtered flow loop recirculates the sheath flow. Sheath air enters the Sheath Flow+ port on the top of the DMA and passes to an annular chamber at the top of the DMA. The flow then goes through a Dacron mesh to straighten the flow. The air flows downward axially through the classifier region. The polydisperse aerosol was drawn into the inlet at the top of the DMA. To reduce aerosol loss due to Brownian diffusion, the length of the annular aerosol passage was shortened while maintaining a laminar and steady flow. This thin annular flow is introduced into the classifier region and smoothly merged with the laminar sheath air flow. The aerosol flow rate of 0.3 lpm and sheath air flow rate of 3 lpm were preset. Because aerosol of different sizes has different electric charges, the polydisperse aerosol was classified in the electric field which is provided by the high-voltage rod at the center of the DMA. The size-classified aerosol continues to the external CPC to be counted. Besides, the RH of the sheath air was measured by a humidity transducer installed in circulation loop.
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FIGURE 3. Schematic diagram of the long DMA.



HYGROSCOPIC GROWTH THEORY OF SOLUBLE AEROSOL

Aerosol particles that are soluble in water exhibit hygroscopic properties such that they can absorb moisture from an atmosphere with relative humidity less than 100%. This effect will lead to a growth of the particle size as water vapor condenses into the soluble particle. Maxwell's classical differential equations, which describe particle size and mass changes that result from water vapor diffusion to or form a single spherical droplet, was used to track growth and evaporation of atmospheric condensation nuclei (Hiller, 1991; Pruppacher and Klett, 1997). This approach was also applied to study the effect of hygroscopic growth of soluble aerosol. Previous study shows that the equilibrium time of nanoscale soluble aerosol is very short, usually less than 1 s under RH < 90% (Broday and Georgopoulos, 2001).

The growth factor (GF) is used to indicate the hygroscopic ability of soluble aerosol. It is defined as the ratio between the particle equilibrium diameter dRH in humid air and the volume equivalent diameter d0 of the solid particle. Considering that a spherical salt droplet will be formed due to the surface tension of droplet if deliquescence of sodium chloride occurs. Theoretical growth factors can be calculated from the solution concentration csol, the solution density ρsol and the salt density ρs by:
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The Kohler theory gives the equilibrium relationship between particle diameter and relative humidity (Kohler, 1936). In the equilibrium state, the RH is equal to the ratio between the vapor pressure over the solution droplet Pd and the saturation vapor pressure of water Ps, which is also called the saturation ratio Sr. The inclusion of the effect of the surface tension and aqueous solution lead to
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Where aw denotes the water activity and SKelvin is the Kelvin correction factor. Mw is the molecular weight of water, and σsol is the surface tension of the solution. R is the ideal gas constant, and T is the temperature at the particle surface. The empirical values of solution of density, surface tension and water activity as a function of concentration and temperature are used for the theoretical calculations (Pitzer, 1991; Gysel et al., 2002).

It is well-known that dry sodium chloride particles are not spherical but instead have a cubic shape (Hämeri et al., 2001). Therefore, the measured mobility diameter of sodium chloride must be shape corrected to get the volume equivalent diameter by adding a shape correction factor to ensure the aerodynamic drag force unchanged. The drag force on non-spherical particles are described with a modified Stokes' law (Willeke and Baron, 2011)
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Where
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Here η is the gas viscosity, v is the velocity, and λ is the dynamic shape factor, which is concerned with the size of the aerosol particles (Decarlo et al., 2004). Cc is the Cunningham slip correction factor, a0is the dried sodium chloride size, λ is the mean free path of gas molecules.

Therefore, the modified coefficient of hygroscopic growth factor is:
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Growth factor of 65 nm NaCl as a function of RH for T = 20°C calculated by Equations (2)–(8) was plotted in Figure 4. It is obvious that the hygroscopic growth factor of NaCl particles is closely related to the relative humidity of the environment. Furthermore, the growth factor of NaCl particles increases faster with the increase of the relative humidity. Besides, growth factor of NaCl particles as a function of particles size for T = 20°C and RH = 72.4% calculated by Equations (2)–(8) was plotted in Figure 5. It can be seen that the hygroscopic growth factor of NaCl particles increases with the increase of aerosol size.
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FIGURE 4. Growth factors of d0 = 65 nm NaCl particles as a function of RH for T = 20°C.
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FIGURE 5. Growth factors of NaCl particles as a function of aerosol diameter for T = 20°C and RH = 72.4%.



RESULTS AND DISCUSSION

In order to clarify whether entrainment droplets caused by the bubble bursting on the surface of the liquid pool will have noticeable impact on the measurement results, the aerosol concentration at the inlet and outlet of the bubble column were measured with an aerosol generator turned on and turned off, respectively. The gas flow rate was 4 lpm and liquid level was 80 cm. The experimental results are shown in Figure 6. It can be seen that when the aerosol generator was turned on, the aerosol particles number concentration in the inlet and outlet of the bubble column are much higher, almost four orders of magnitude higher than that without the aerosol supplied. This means that the background aerosol fraction produced by the bubble bursting is negligible. In addition, the stability of aerosol concentration at the inlet and outlet also indicated the reliability of the experimental results.
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FIGURE 6. Inlet and outlet aerosol concentration with or without aerosol supplied.



The aerosol laden gas enters the bubble column through stainless nozzles, the final gas phase will exist as discrete bubbles in the liquid pool. During the rising period of bubbles, the relative humidity of the gas in the bubbles will increase gradually due to the strong heat and mass transfer between gas and liquid phases. According to our experiment's results, the relative humidity of the gas above the liquid surface exceeded 85%, which is much greater than the deliquescence point of NaCl (76%). Therefore, the NaCl particles will absorb water and grow up which will result in the difference of aerosol size distribution between the inlet and outlet of the bubble column. A 0.3 lpm of the sample gas will enter the DMA and mix with a 3.0 lpm of sheath air, so the sample gas will experience a process of decreasing RH. Meanwhile, the relative humidity of the sheath air will increase, and then become stable after waiting enough time.

Figure 7 shows the sample measurement results of aerosol particles size distribution and concentration curve at the inlet and outlet of bubble column. The RH of inlet laden gas was 30% which indicated the NaCl particles were dry crystal substance. The relative humidity of outlet gas represented the relative humidity of sheath air in SMPS. The RH of the sheath air exceeded the efflorescence point (42%) which indicated the NaCl particles were metastable salt droplet because the outlet sample gas lies in reducing humidity process. It is obvious that the outlet aerosol size distributions shifted to right compared with the inlet aerosol size distribution. Besides, the larger the relative humidity of sheath air, the more apparent aerosol size distributions shifted to the right. It can be seen that the aerosol number concentration at the outlet is significantly higher than the inlet aerosol number concentration of the same aerosol particle size when the aerosol particle size is greater than 100 nm. This experiment's results indicate that during the process of the aerosol laden gas passing through the bubble column, the hygroscopic growth of soluble aerosol will lead to the increase of the aerosol particles size. So, it is obviously unreasonable to directly calculate the removal efficiency by using the data results in Figure 6.
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FIGURE 7. Aerosol size distributions under different relative humidity of sheath air.



To get the removal efficiency of aerosol particles with different sizes, the outlet aerosol size distribution and concentration under same RH with the inlet condition should also be achieved. One approach is adding a diffusion drying tube before the sample gas enters the SMPS to reduce the RH of sample gas below the ERH. The circle line in Figure 8 represents the outlet aerosol size distribution and concentration curve under dried condition. It can be seen that the aerosol size distribution and concentration curve in the inlet and outlet under dried condition have a similar peak particle size. Furthermore, there is no case that the outlet aerosol concentration is higher than the inlet aerosol concentration of the same aerosol particles size, which is reasonable and in agreement with the actual situation.
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FIGURE 8. Aerosol size distributions at inlet and outlet of bubble column with diffusion drying tube.



In view of the partial loss of aerosol particles when the aerosol laden gas passes through the diffusion drying tube, it is necessary to verify the performance of the diffusion drying tube. The performance test of the diffusion drying tube was also conducted under a gas flow rate of 4.0 lpm, and the result was shown in Figure 9. It can be seen that the aerosol size distribution and concentration curve at the inlet and outlet of the diffusion drying tube is close. When the aerosol number concentration is greater than 5000 per cubic centimeter, the partial loss fraction of aerosol particles is almost 5%. Therefore, to gain more accurate aerosol removal efficiency, it is necessary to modify the outlet aerosol concentration with a partial loss fraction.
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FIGURE 9. Performance test of diffusion drying tube.



According to the hygroscopic growth theory of soluble aerosol, growth factors of aerosol particles with different sizes can be calculated at given temperature and RH. Because the equilibrium time of nanometer aerosol particles is very short under RH < 90%, it's reasonable to consider aerosol particles reach hygroscopic equilibrium in the DMA. Another approach to achieve the aerosol removal efficiency under high humidity condition is obtained by using the hygroscopic growth theory of soluble aerosol to modify the outlet aerosol particles size distribution and concentration curve. The hygroscopic growth theory of soluble aerosol described by equations (2)–(8) is used to modify the aerosol particles size distribution and concentration curve at the outlet under stable humidity environment. And the modified curve is compared with the curve measured by the diffusion drying tube (Figure 10). It can be seen that there is a subtle difference between the modified aerosol size distribution and concentration curve and the aerosol size distribution and concentration curve obtained by adding a diffusion drying tube when the RH of sheath air is 60.7%. It may be caused by the unstable humidity in DMA. While, the modified aerosol size distribution and concentration curve basically coincides with the aerosol size distribution and concentration curve obtained by adding a diffusion drying tube when the RH of sheath air exceeded 70% and maintain constant for more than 2 min, and all particles size was located at the inlet aerosol size distribution range. It shows that the aerosol particle size distribution and concentration curve modified by the aerosol hygroscopic growth theory can accurately represent the actual outlet aerosol situation under dry condition.
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FIGURE 10. Using aerosol hygroscopic growth theory to modify the outlet aerosol size distribution curve: (A) RH = 60.7%, (B) RH = 70.1% and (C) RH = 72.4%.



In order to further verify the feasibility of using a hygroscopic growth model to calculate soluble aerosol removal efficiency, aerosol removal efficiency calculated by the modified aerosol size distribution and concentration curve was compared with that directly, measured with the diffusion drying tube, and the results were shown in Figure 11. As can be seen, aerosol removal efficiencies obtained by the two methods are in good agreement with the relative error within 25% when the RH maintains constant. The large error at both sides of the curve is mainly because the low aerosol number concentration results in the large uncertainty of measurement results.
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FIGURE 11. Comparison removal efficiency calculated by diffusion drying tube and hygroscopic growth theory.



CONCLUSIONS

Pool scrubbing is a key measure to capture soluble aerosol in case of severe accident at nuclear power plants. Under high humidity conditions such as pool scrubbing, the hygroscopic growth of soluble aerosol will lead to the increase of aerosol size, which further causes a large deviation in calculating the aerosol size-dependency removal efficiency. Kohler theory coupling shape correction factor related to the aerosol particles size can be used to accurately describe the hygroscopic growth of soluble aerosols in the equilibrium state. To account for the aerosol's actual size-dependency removal efficiency, two methods of calculating the removal efficiency were proposed. One method is directly calculating the removal efficiency by adding a diffusion drying tube to reduce the RH of sample gas below the ERH. Another method is modifying the aerosol size distribution and concentration curve by using the hygroscopic growth theory of soluble aerosol. The experiment results obtained by the two methods are in good agreement.
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