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Abstract. The steam-water separator is a vital device of the steam generator in nuclear power 

plant. Its separation performance greatly influences the efficiency, safety and reliability of the 

power station. When the droplet moves in separator, the droplet can collide with the separator 

wall, and the secondary droplets may generate when the collision velocity of the primary 

droplet is sufficiently large. To investigate the effect of secondary droplet on separation 

performance of the separator, the simulation is conducted using droplet motion model and 

generation model of secondary droplet. The trajectories of both primary droplet and secondary 

droplet are presented. The effect of the secondary droplet on the separator separation efficiency 

is analyzed. The results can guide the design of the separator, where both of the droplet motion 

and the secondary droplets generation need to be considered. 

1. Introduction 

The steam-water separator is an important part of the steam generator. When the droplet moves in 

separator, the droplet may collide with the wall, and secondary droplets may generate when collision 

velocity of primary droplet is sufficiently large. The secondary droplet may have an effect on 

separation efficiency. Therefore, it is important to study the behavior of secondary droplet. 

There are a lot of studies about the separation performance. Prabhudharwadkar et al [1] studied the 

water carryover of separator drum. Li et al [2] studied the wave plate separator efficiency. Nakao et al 

[3,4] studied the separating efficiency of the wave-plate separator. Galletti et al [5] simulated the 

separating efficiency of the wave-plate eliminator. However, there are few studies about the separating 

mechanism [6-8]. The authors’ research team has also studied the separating mechanism from the 

droplet behavior, including droplet generation [9], droplet moving [10], droplet-droplet collision [11-

13], droplet phase change [14-16], secondary droplets generation [17], and so on. Zhao et al [14] 

analyzed the effects of the droplet evaporation on the efficiency of the separator and revealed that this 

effect could be neglected. Zhao et al [15] obtained the separation efficiency and pressure drop of the 

whole AP1000 steam-water separator using the Euler-Lagrange based on the three-dimensional 

geometry model. Zhang et al [18] simulated the separation performance of the wave-type vane 

separator and proposed the design structure with higher separating efficiency. Zhang and Bo [19] 

numerically studied the binary-droplet collision process in the separator and divided the collision 

regime into four types. They also analyzed the droplet collision characteristics by the Monte Carlo 

http://creativecommons.org/licenses/by/3.0
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methods [20]. In addition, Li et al [21] compared different turbulence models used in the simulation of 

the corrugated plate separator and pointed out that the large eddy simulation model was more precise. 

Yang et al [22] studied the separating efficiency of the separator using the population balance model 

and analyzed the effects of the droplet sizes on the efficiency. Xiao et al [23] experimentally studied 

the effects of the collection hooks on the separation efficiency and presented the critical velocity. Li et 

al [24] pointed out that the performance of the separator with double hooks was biggest by 

experimental analysis. 

However, studies about the secondary droplets behavior in the separator are few. Nakao et al [7] 

found that there are small droplets in the outlet of the wave-type vane separator which do not exist at 

the inlet, and pointed out three kinds of reasons of the fine droplets generation: the breakup of droplet, 

breakup of liquid film, droplet impingement on liquid film. Wang et al [25] analyzed the generation 

mechanism of the secondary droplets in the separator and pointed that the shear flow and the droplet 

colliding with the film were two main reasons. Cossali et al [26] investigated the droplet impingement 

process on the film. Samenfink et al [27] investigated effect of the droplet on the shear film. Li et al 

[2] pointed that the droplet colliding with the film was a very important mechanism.  

Though there are some investigations about the secondary droplet, the effect of secondary droplet 

on separating performance is not clear. In addition, the previous investigations just consider the whole 

secondary droplets as an integral. Therefore, it is necessary to figure out the detailed effects of each 

kinds of the secondary droplet on the separation efficiency, which is vitally important to the design of 

the separator. 

The present paper investigates the effect of the secondary droplet (generated by the primary droplet 

impinging on the wet surface of the separator) on the separating efficiency of the wave-plate separator. 

Simulation of the separating performance is conducted, using droplet motion model and the generation 

model of secondary droplet. Trajectories of both primary droplet and secondary droplet are presented. 

The effect of secondary droplet on separating efficiency is analyzed. 

2. Simulation method 

In the separator, the force schematic of the droplet is shown in figure 1.  

 

 

Figure 1. Force schematic of the droplets [14]. 

 

In figure 1, FD is flow drag force; FA is additional mass force; FV is the volume force, including the 

gravity and buoyancy; FM is Magnus lift force; FS is Saffman lift force. 

The governing equations of droplet motion model include the droplet displacement x(t) equation, 

rotation equation ω(t) and translation velocity v(t) equation. The equation set is simplified and is as 

follows: 
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Here, CM, CD, CMa, CSa are the coefficients of the according force and force moment, respectively. 

λ1, λ2, λ3, λ4, λ5 are the normalization coefficients. The detailed expressions can refer to references 

[14,15]. 

The Euler-Lagrange method is used to simulate the droplet motion and separation in the separator, 

where the Euler method is used to obtain the vapor flow field by the software of FLUENT 16.0, and 

the droplet motion model is solved using Lagrange method by C++ programs. Due to the typical form 

of y'=f(x,y) of the upper equation set, the four steps Runge-Kutta method is used. The detailed 

approach and numerical validation can refer to references [14-16]. 

3. Results analysis 

3.1. Generation condition of secondary droplet in wave-plate separator 

During the course of the operation of wave-type vane separator, the plate of the separator is usually 

covered by the water film resulting from the droplet collision with the plate, which is the typical 

wetted surface. When the inlet droplet (primary droplet) moves in the wave-plate separator, it may 

collide with wetted surface. However, only the droplets with sufficiently large normal velocity or with 

considerably large diameters, can satisfy the critical criterion beyond which the secondary droplet will 

generate when the inlet droplet collides with the wetted surface. In order to figure out the generation 

condition of secondary droplet in the separator, the analysis about the generation of secondary droplet 

is conducted according to the operation condition of the wave-type vane separator as follows. 

The criterion number of K is put forward to determine whether the droplet splashing occurs or not 

[28]. The criterion number of K is defined as K=WeOh-0.4. Here We is weber number; Oh is Ohnesorge 

number. The expressions of We, Oh and Reynolds number are presented as follows:  

2U d
We




=

 

0.5We
Oh

Re
=

 

Ud
Re




=  

Here, ρ, σ, μ are the droplet density, surface tension, dynamic viscosity, respectively. d is droplet 

diameter. U is normal velocity of droplet colliding with the wall of the separator. 

When the criterion number of K of the inlet droplet is beyond the critical one, the liquid crown will 

generate, the liquid jets form at the edge of the crown, the droplet splashing will take place, and the 

secondary droplets generate, as presented in figure 2.  

 

 

Figure 2. Droplet splashing phenomena when impacting wetted 

surface [29] (d=2.47 mm, U=2.9 m/s, α=10°).  
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The critical criterion number of K for the generation of secondary droplet over relative thickness of 

the water film is shown in figure 3, based on large quantities of experiments. Here, H*=h/d is 

dimensionless thickness of water film, and h is initial liquid film thickness. As presented in figure 3, 

the critical criterion number of K decreases with the dimensionless thickness of water film within the 

range of 0.005< H*<0.035. And if criterion number of K of inlet droplet is beyond critical one, 

secondary droplets will generate. 
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Figure 3. Critical criterion number of K over 

dimensionless thickness of water film. 

Figure 4. Generation map of secondary droplet 

under pressure of 0.101325 MPa and 5.78 MPa. 

 

The diameter of the droplet in the separator is usually within range of 2 μm<d<1 mm and the inlet 

velocity of the wave-plate separator is 1~6 m/s approximately. Here, in order to obtain generation map 

of the secondary droplet at wider ranges, the parameters investigated in this paper are extended to 2 

μm<d<1 mm and velocity between 1~20 m/s. The fluid in the separator is water steam. The generation 

maps of the secondary droplet under the condition of both the atmosphere pressure (0.101325 MPa) 

and the operation pressure of AP1000 steam-water separator (5.78 MPa) [15] are presented in figure 4, 

according to the curve of the critical criterion number of K as shown in figure 3. It should be pointed 

that the shadow area in figure 4 is the actual operating condition of the separator. Only when the 

parameters of those conditions locate in the upper right of the critical curve, the secondary droplet will 

generate. 

Figure 4 indicates that only the droplets with sufficiently large normal velocity or with 

considerably large diameters, can satisfy the critical criterion beyond which the secondary droplet will 

generate when the inlet droplet collides with the wetted surface. When the droplet diameter is small, 

the colliding velocity must be larger; when the colliding velocity is slow, the droplet should be bigger. 

The colliding velocity must be larger than 8~9 m/s for the droplet with diameter of 100 μm as 

presented in figure 4, which agrees well with experimental results of Wang et al [30] and Li et al [2] 

They point that only when inlet velocity is beyond 6.7 m/s approximately, the secondary will generate 

in the wave-plate separator. Furthermore, only when the droplet diameter is larger than 605 μm for the 

colliding normal velocity of 3 m/s the secondary will generate as shown in figure 4. 

Besides, figure 4 reveals that the critical curve of the pressure of 0.101325 MPa is beyond that of 

5.78 MPa, which implies that it is more likely to generate the secondary droplet with the increasing 

operation pressure. That is mainly because with the pressure increase, the density and surface tension 

of the droplet decrease rapidly, which results in the decreasing of the criterion number of K. in 

addition, the droplet is more difficult to remain spherical due to the reduced surface tension. 

Furthermore, most of the shadow area (the actual operating condition of the wave-type vane separator) 

is below critical criterion curve as shown in figure 4, which indicates that it will not generate the 

secondary droplet for most of the inlet droplets under the normal operating condition of separator.  

3.2. Effect of secondary droplet on separating efficiency 
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To obtain the detailed parameters of the secondary droplet generating in the wave-plate separator and 

verify the above analysis, the simulation of the separation performance of the wave-type vane 

separator is conducted, using droplet motion model and generation model of secondary droplets. The 

trajectories of both the primary droplet and secondary droplet are presented. The effect of the 

secondary droplet on efficiency of the separator is analyzed as well. 

The numerical conditions are selected as the working condition of AP1000 separator and are as 

follows: the operation pressure is 5.78 MPa, the fluid is water steam. The inlet droplet diameter is 500 

μm; the inlet velocity is 6 m/s. The inlet droplets are divided into 8 groups uniformly according to the 

position of the inlet of wave-plate separator. The structure of the wave-plate separator is presented in 

figures 5 and 6. The length of one plate is 25 mm and the angle of inclination is 45°. The space 

between two plates is 8.3 mm. The numerical steam velocity and pressure contours in the wave-plate 

are presented in figure 5.  

 
(a) 

 
(b) 

Figure 5. Velocity and pressure contours of wave-type vane separator (5.78 MPa, U=6 m/s). (a) 

Velocity contours and (b) Pressure contour. 

 

The trajectories of the primary input droplet are shown in figure 6. Figure 6 reveals that all the 

primary droplets collide with the front surface of the separator. That is mainly because the diameter of 

the primary droplet is relatively large, the inertia of the droplet is big as well, and the droplet is not 

easy to change the motion direction when moving in the separator, which leads to the collision with 

the surface of the separator. 
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Figure 6. Trajectories of primary droplets. 
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Figure 7. Diameter distribution of secondary droplets. 

 

According to the generation model of the secondary droplet and the experimental results [29], the 

probability density distribution of the diameter of secondary droplets is presented in figure 7. Figure 7 

indicates that the distribution is Gaussian distribution approximately. The diameters of the generated 

secondary droplets are between 10~82 μm. The average number of the secondary droplets resulting 

from one primary droplet splashing when colliding with the wetted surface (water film) is about 11~15. 

The newly generated secondary droplets will continue moving in the wave-plate separator carried 

over by the steam flow, until escaping from the separator or colliding with the vane surface again. 
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When the secondary droplet collides with the vane surface, it may adhere to the surface or lead to the 

additional secondary droplets generation when the velocity is large enough. The trajectories of the 

secondary droplets and the total droplets are presented in figures 8(a) and 8(b), respectively. Figure 8(a) 

indicates that the secondary droplets generate above the position the droplets colliding with the surface, 

and are carried over by the steam. All the secondary droplets colliding with wetted vane surface adhere 

to the surface. Only the secondary droplets with the diameter of 10~12 μm may move out of the 

separator, and the other secondary droplets adhere to the surface. That is because the diameters of the 

secondary droplets are relatively small, and the kinetic energy of the secondary droplets is not large 

enough to provide the energy above which the droplet splashing can generate at the local velocity. The 

droplets with smaller diameters are more easily to move with the steam flow and are more likely to 

move out of the separator. The larger droplets are more difficult to change the motion direction due to 

the larger inertia, consequently colliding with the wall surface. In addition, figure 8 reveals that the 

secondary droplets change the droplet trajectories obviously. Though there are only a small part of 

secondary droplets can escape the separator, figure 8 can provide basis for the installation of the drain 

tank, and more drain tanks should be installed around the two bends in front of the separator. 
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Figure 8. Influence of secondary droplets on the droplet trajectories. (a) Secondary droplets and (b) 

Primary droplets. 

 

Table 1. Influence of secondary droplets on the separation efficiency of the separator. 

Mass fraction of secondary droplets  Separation efficiency without 

secondary droplets  

Separation efficiency with 

secondary droplets  

1.4% 100% 99.986% 

 

Table 1 presents mass fraction of secondary droplets and the influence of secondary droplets on the 

separation efficiency of the separator. As shown in table 1, the mass fraction of secondary droplets is 

1.4% according to the statistical calculation. The efficiency for the input droplets with diameter of 500 

μm is 100 % when neglecting the secondary droplets. However, the separation efficiency reduces to 

99.986 % when considering the effect of secondary droplets, due to 0.014 % of the droplet escaping 

from the separator. As the difference is sufficiently small, the influence can be neglected under the 

actual operation conditions considering the experimental and numerical discrepancies. Therefore, the 

effect of secondary droplets generation mechanism resulting from the primary droplets colliding with 

wetted surface on the separation efficiency can be neglected. There are mainly two reasons: (1) The 

mass of secondary droplets is small comparing to the input primary droplets: Firstly, the liquid crown 

will generate; then, the liquid jets form at the edge of the crown; then, the droplet splashing will take 

place; finally, the secondary droplets generate. Consequently, the mass of secondary droplets is less 

than 5% of that of the primary droplet. (2) The value of K is less than that of the critical one, and it 

will not generate the secondary droplet for most of the inlet droplet, under the normal operating 
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condition of the wave-plate separator. 

Furthermore, there are mainly three mechanisms of the generation of the secondary droplets: the 

breakup of droplet, breakup of the liquid film, droplet impact on the film [7]. According to the 

investigation of this paper, the mechanism of droplet impingement on the film is not the main reason 

and can be neglected. However, the liquid crown and column will generate after the droplet collides 

with liquid film. The liquid crown and column are more easily broken by the shear steam flow, which 

may increase the generation of the secondary droplets. The other two mechanisms should be studied in 

the future investigations in detail. 

4. Conclusions 

The present paper investigated the influence of the secondary droplet (generated by the primary 

droplet impinging on the wet surface of the separator) on the separating performance of the wave-type 

vane separator. The simulation of the separation performance of the wave-type vane separator is 

conducted by droplet motion model and secondary droplets generation model. The trajectories of both 

primary droplet and secondary droplet are presented. The effect of secondary droplet on the separating 

efficiency of the wave-type vane separator is analyzed. Conclusions have been made as follows. 

⚫ The generation maps of the secondary droplet under the condition of both the pressure of 

0.101325 MPa and the operation pressure of AP1000 steam-water separator of 5.78 MPa are 

presented. The generation of the secondary droplet can be forecasted according to the map.  

⚫ It is more likely to generate the secondary droplets with the increasing operation pressure. It 

will not generate the secondary droplets for most of the inlet droplets under the normal 

operating condition of wave-type vane separator.   

⚫ The mass fraction of the secondary droplets is 1.4%. The secondary droplets can lead to 

0.014 % decrease of the separation efficiency of the wave-type vane separator for input 

droplets with the diameter of 500 μm. 

The present approach can numerically estimate the influence of the secondary droplet on the 

separation efficiency. The results can guide the design of the separator, where both of the droplet 

motion and the secondary droplets generation need to be considered, especially when the velocity is 

large. 

Acknowledgments 

The authors are grateful for the support of this research by Tsinghua University; Fulong Zhao 

especially thanks Tsinghua Fudaoyuan Research Fund. 

References 

[1] Prabhudharwadkar D M, More R Z and Iyer K N 2010 Experimental study of liquid carryover 

in a separator drum Nucl. Eng. Des. 240 76-83 

[2] Li J, Hhuang S and Wang X 2007 Numerical study of steam-water separators with wave-type 

vanes Chinese J. Chem. Eng. 15 492-8 

[3] Nakao T, Saito Y, Souma H, et al 1998 Droplet behavior analyses in the BWR dryer and 

separator J. Nucl. Sci. Tech. 35 286-93 

[4] Saito Y, Aoyama G, Souma H, et al 1994 Analysis of droplet behavior in BWR separator J. 

Nucl. Sci. Tech. 31 349-51 

[5] Galletti C, Brunazzi E and Tognotti L 2008 A numerical model for gas flow and droplet motion 

in wave-plate mist eliminators with drainage channels Chem. Eng. Sci. 63 5639-52 

[6] Kataoka H, Shinkai Y, Hosokawa S, et al 2009 Swirling annular flow in a steam separator J. 

Eng. Gas Turb. Power 131 32904 

[7] Nakao T, Nagase M, Aoyama G, et al 1999 Development of simplified wave-type vane in BWR 

steam dryer and assessment of vane droplet removal characteristics J. Nucl. Sci. Tech. 36 

424-32 

[8] Eck M, Schmidt H, Eickhoff M, et al 2008 Field test of water-steam separators for direct steam 



8

1234567890 ‘’“”

NEFES 2018 IOP Publishing

IOP Conf. Series: Earth and Environmental Science 188 (2018) 012027  doi :10.1088/1755-1315/188/1/012027

 

 

generation in parabolic troughs J. Sol. Energ. Eng. 130 11002 

[9] Ma C 2014 The experimental and theoretical research about the phenomenon of the film drops 

produced by bubble bursting at a free water surface (Beijing: Tsinghua University) (In 

Chinese) 

[10] Zhang J and Bo H 2010 Primary investigation on the mechanism of gravity separation of the 

droplets in the steam flow field (Xi'an: American Society of Mechanical Engineers) 

[11] Zhang H, Liu Q, Qin B, et al 2015 Simulating particle collision process based on Monte Carlo 

method J. Nucl. Sci. Tech. 52 1-9 

[12] Zhang H, Liu Q, Qin B, et al 2015 Modeling droplet-laden flows in moisture separators using k-

d trees Ann. Nucl. Energy 75 452-61 

[13] Zhang H, Liu Q, Qin B, et al 2016 Study on working mechanism of AP1000 moisture separator 

by numerical modeling Ann. Nucl. Energy 92 345-54 

[14] Zhao F, Zhao C and Bo H 2018 Droplet phase change model and its application in wave-type 

vanes of steam generator Ann. Nucl. Energy 111 176-87 

[15] Zhao F, Zhao C and Bo H 2018 Numerical investigation of the separation performance of full-

scale AP1000 steam-water separator Ann. Nucl. Energy 111 204-23 

[16] Zhao F, Liu Q and Bo H 2016 Parameter analysis of the static droplets phase transformation 

under the pressure variation condition (Charlotte: American Society of Mechanical 

Engineers) 

[17] Zhang F, Chen F and Bo H 2015 Experiment of droplet impact on wetted surface (Chiba: 23rd 

International Conference on Nuclear Engineering (ICONE 23)) 

[18] Zhang H and Bo H L 2014 Numerical study on separation ability and structure optimization of 

AP1000 secondary steam-water separator Atomic Energy Sci. Tech. 48 185-93 

[19] Zhang H and Bo H L 2013 Numerical prediction of the outcomes of binary-droplet collision in 

steam-water separator (International Conference on Nuclear Engineering) 

[20] Zhang H and Bo H 2012 Study of droplets behaviors in the steam-water separator with monte 

carlo method (Chengdu: American Society of Mechanical Engineers) 

[21] Li Y, Liu Q and Bo H 2017 Numerical study of corrugated plate steam-water separator based on 

large-eddy simulation Atomic Energy Sci. Tech. 51 988-93 

[22] Yang X, Gan G, Feng J, et al 2017 Numerical simulation on steam-water separator performance 

based on population balance model (Shanghai: 25th International Conference on Nuclear 

Engineering) 

[23] Xiao L C, Ding Z J, Qiang L I, et al 2010 Cold-state experimental study of the separation 

efficiency of a steam-water separator J. Eng. Therm. Energy Power 25 177-9 

[24] Jia L I, Huang S Y and Wang X M 2007 Experimental research of separation efficiency on 

steam-water separator with corrugated plates Nucl. Power Engin. 28 94-7 

[25] Wang X, Huang S and Long Y 2003 Model of secondary droplets in the steam-water separator 

with wave-shape vanes J. Huazhong Univ. Sci. Tech. 31 41-3 

[26] Cossali G E, Coghe A and Marengo M 1997 The impact of a single drop on a wetted solid 

surface Experiments in Fluids 22 463-72 

[27] Samenfink W, Els Er A, Dullenkopf K, et al 1999 Droplet interaction with shear-driven liquid 

films: analysis of deposition and secondary droplet characteristics Int. J. Heat and Fluid 

Flow 20 462-9 

[28] Cossali G E, Coghe A and Marengo M 1997 The impact of a single drop on a wetted solid 

surface Experiments in Fluids 22 463-72 

[29] Zhang F 2018 Study of droplet extinction model (Beijing: Tsinghua University) 

[30] Wang X and Huang S 2006 The behavior analysis of droplet in the steam-water separator J. Eng. 

Thermophys. 27 181-4 


