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Abstract: Computational fluid dynamics (CFD) is adopted to calculate and analyze the performance
and separation mechanism of a steam-water separation equipment for a pressurized water reactor
(PWR) steam generator. The steam-water two-phase flow is simulated by the Euler two-fluid model,
and several representative water droplet diameters are selected among 50 to 400 µm. The influence
mechanism of water droplet diameter on the performance is investigated by analyzing the flow
parameters such as phase volume fraction, velocity, and turbulent kinetic energy. The results show
that the integrated calculation and analysis of the separation equipment can more truly reflect the flow
state between the separators, improving the reliability of the performance prediction and mechanism
analysis. With the increase in water droplet diameter, the separation efficiency of the separation
equipment and each separator gradually increases, the outlet wetness gradually decreases, and the
pressure loss first decreases and then stabilizes. When 400 µm is taken as the characteristic value of
the actual droplet diameter distribution at the inlet of the separation equipment, the performance
prediction is more accurate, the pressure loss of each separator is relatively close, and the pressure loss
of the primary separator is less affected by the droplet diameter and smaller than that of the swirl-vane
primary separator, which is conducive to achieving a higher circulation ratio (CR). Re-entrainment
occurs at the perforations of the primary separator and the outlet of the secondary separator, and the
corresponding structure is suggested to be optimized to further improve separation efficiency of the
separation equipment.

Keywords: separator; moisture separation; steam generator; droplet; PWR; CFD

1. Introduction

Pressurized water reactor (PWR) nuclear power plants use steam generated by steam
generators (SGs) to drive a turbine to generate electricity [1]. SGs are heat exchangers
used to convert feed water into steam with heat produced in a nuclear reactor. Although
there are many types of steam generators used in nuclear power plants, three types are
widely used in PWR nuclear power plants. They are vertical U-tube natural circulation
SG, horizontal natural circulation SG, and vertical once-through SG, among which the
vertical U-tube natural circulation SG is the most widely used. The steam generated by the
vertical once-through SG is superheated, while the steam generated by the other two SGs is
saturated and contains some water. Steam with high wetness will increase the pressure loss
and cause corrosion and impact on the steam turbine, affecting the economy and safety
of the power plant [2]. The separation equipment is used to separate water from the wet
steam to ensure that the wetness is lower than the required value [3]. It is usually composed
of two-stage separators, namely, the primary separator and the secondary separator. The
primary separator determines the steam wetness at the inlet of the secondary separator
and the steam carry-under, while its pressure loss affects the circulation ratio (CR) and
the steam pressure produced. The secondary separator determines the final steam quality
and is the last defense of the SG. Therefore, the separation equipment is one of the key
components and core technologies of the SG [3,4].
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At present, the research of separation equipment is mainly based on cold and hot
tests [1–3,5–8], but due to the high cost of tests, especially the hot tests, more and more
scholars use the computational fluid dynamics (CFD) technology to carry out the cal-
culation and analysis of multiphase flow and performance prediction of the separation
equipment [9–14]. Zhao et al. [12] calculated and analyzed the water droplet movement
pattern and separation efficiency of the primary and secondary separators in the AP1000 SG.
Zhang et al. [13] used the Lagrangian-Euler simulation method to discuss droplet gener-
ation, motion, collision, wall impact, and fragmentation, and obtained a more detailed
simulation method of droplet trajectory. Du et al. [14] calculated the formation of the water
film in the non-hook corrugated plate, and found that the height and area of the water
film reached the maximum when the humidity reached 10%, and the separation efficiency
was the best. Zhu et al. [15] comprehensively considered the separation efficiency and
pressure loss to optimize the drain hook structure of the double channel corrugated-plate
separator. Cai [16], Li [17] and Wang [18] carried out characteristic analysis on the structure
of the corrugated-plate separators through CFD, optimized structure parameters such as
the number of stages and wavelength, and designed the separator with greater separation
efficiency with lower pressure loss.

The separation equipment is mainly composed of a swirl-vane separator and a
corrugated-plate separator, or a curved-arm separator and an axial flow separator. The
former combination has a complex structure and high pressure loss, and the corresponding
CR value of the SG with full power is between 3.1 and 4.2 [19]. The corresponding CR value
achieved by the latter combination is above 5, up to 6, largely due to the simpler structure
and lower pressure loss of the primary curved-arm separator [20–22]. The “one-to-one”
combination adopted by the latter combination is applicable to the occasions of integration,
compactness, and high CR requirements [23].

Although CFD technology has been widely used in the research of swirl-vane sep-
arators and corrugated-plate separators, it is rarely used in the research of curved-arm
separators and axial flow separators, and mainly focuses on structure optimization [24,25].
The research on internal multiphase flow and separation mechanism has not been seen in
the public literature. Meanwhile, the primary separator and the secondary separator were
usually studied separately, without taking the outlet parameters of the primary separator
as the inlet parameters of the secondary separator. The gas and droplets at the outlet of the
primary separator are in a rotating state, and keep rotating when entering the secondary
separator. At present, when studying the secondary separator, it is generally assumed that
the gas is non-rotational and droplets are uniformly distributed in the gas. This simplifica-
tion is conducive to carry out the study, but it cannot well describe the actual operation
mechanism of the separation equipment. Therefore, we use CFD technology to carry out
an integrated study on the separation equipment composed of a curved-arm separator and
an axial flow separator under actual operating conditions to deepen our understanding of
its internal multiphase flow and separation mechanism.

The multiphase flow simulation scheme of the separator is mainly based on the Euler
two-fluid model [26,27] and the discrete phase model (DPM) [16–18]. The gas and droplets
are assumed to be continuous and in discrete phases, respectively. The DPM model is
applicable to multiphase flow with the volume fraction of discrete phases less than 10% [13],
while the volume fraction of water at the inlet of the curved-arm separator is more than
13%. Therefore, the DPM model is not applicable. Water film exists in both the curved-arm
separator and axial flow separator, which cannot be simulated by the DPM model. The
Euler two-fluid model is not limited to the volume fraction of the discrete phase, and is
adopted for the simulation of the two separators.

The forces between the two phases are calculated with the droplets inside the sep-
arator having the same diameter. Therefore, the selection of the droplet diameter plays
a key and even decisive role in the accuracy of performance prediction and flow detail
description of the separation equipment [26]. In actual operation, the droplets in the sepa-
ration equipment exist in various diameters. The strength of the interactive forces between
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the water droplets and the steam differs with droplet diameters, which affects the multi-
phase flow characteristics, changing the movement trajectory and destination of the water
droplets. The flow pattern and energy consumption of the steam are also influenced, thus
affecting the separation efficiency and pressure loss of the separation equipment. In this
paper, the integrated calculation and analysis of the separation equipment under different
water droplet diameters are carried out. By comparing and analyzing the distribution
and variation of characteristic parameters i.e., velocity, phase distribution, and turbulent
kinetic energy under different droplet diameters, the mechanism of the multiphase flow
and separation and performance variation are studied. Thus, support is provided for the
design and application expansion of the separation equipment and the operation of PWR.

2. Structure and Working Principle of Separation Equipment

The separation equipment (Figure 1) adopts a curved-arm separator as the primary
separator, which is mainly composed of a riser tube, a curved-arm, and a return cylinder.
The curved-arm is a spiral structure with clockwise rotation (viewed from top), which has
four branches (arms) and is divided into three layers, forming 12 channels. The secondary
separator adopts an axial flow separator, mainly including inlet vanes, a skimmer cylinder,
a drain tube, and a separation box. The steam-water mixture produced by the heat transfer
tubes of the SG enters the curved-arm from the riser tube and forms a rotating flow. The
water droplets are thrown by the centrifugal force on the wall of the return cylinder and
gather into a water film. Water film under the curved-arm flows downward along the wall
of the return cylinder by the action of gravity, and the rest continues to rise along the wall by
the shear stress of the steam and is discharged when it flows through the perforations. The
steam leaving the primary separator carries remaining water droplets into the secondary
separator. The inlet vanes of the secondary separator are arranged in a tangential direction
to enhance the rotation of the steam-water mixture. The water droplets are thrown to the
wall of the skimmer cylinder, forming a water film which flows into the separation box
through skimmer slots, and finally return to the SG recirculating water by the drain tube.
Most of the steam flows out from the outlet of the secondary separator, and a small amount
of steam entering the separation box flows out from the bypass holes.
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Overload caused by uneven load distribution may occur during the operation of
the separation equipment, resulting in re-entrainment and sudden rise of outlet wetness.
Therefore, load margin and layout need to be considered in the design of the separation
equipment. Attention should also be paid to the impact and impact corrosion of the steam-
water mixture, especially at the top plate of the curved-arm, which is the first impact
location, because the water has not been separated, and the density and kinetic energy of
the steam-water mixture are the largest. To prevent weld failure and corrosion perforation,
attention should be paid to the material selection and welding reliability. Water quality is
also important, especially the dissolved salt concentration, which may cause fouling and
corrosion, thus affecting the separation performance and safety of the separation equipment.
Therefore, the water quality should be considered when selecting the type of the separation
equipment, and should be strictly controlled during operation.

The performance of separation equipment or a separator is mainly described by the
separation efficiency η, outlet wetness ω and pressure loss ∆P [1]:

η =

.
mws

.
mw
× 100% (1)

ω =

.
mwo

.
ms +

.
mwo

× 100% (2)

∆P = Pin − Pout (3)

P = p +
1
2

ρmV2
m (4)

where
.

ms is steam mass flow at the inlet of the separation equipment, kg/s, which
is also the steam mass flow of each separator due to the conservation of steam mass;
.

mw is the saturated water mass flow at the inlet of the separation equipment, kg/s;
.

mwo is the water mass flow at the outlet of the separation equipment, kg/s;
.

mws is the
amount of water separated, kg/s, and

.
mws =

.
mw −

.
mwo; Pin is the inlet total pressure, Pa;

Pout is the outlet total pressure, Pa; ρm is the density of the steam-water mixture, kg/m3;
Vm is the velocity of the steam-water mixture, m/s. In the following, p and s are added
after the existing subscript letters to represent the primary separator and the secondary
separator, respectively.

Outlet wetness ωp of the primary separator can be calculated by its separation effi-
ciency ηp and circulation ratio CR.

ωp =

(
1− ηp

)
(CR− 1)

1 +
(
1− ηp

)
(CR− 1)

× 100% (5)

where CR =
.

ms+
.

mw.
ms

. While outlet wetness ωs of the secondary separator, that is, outlet
wetness of the equipment, can be calculated by its separation efficiency ηs and inlet wetness,
equaling to ωp as the gravity separation effect at the interstage space is ignored because
the space is significantly small.

ωs =
(1− ηs)ωp

1− ηsωp
× 100% (6)

It means that ωp depends on ηp for a given CR, while ωs depends on both ηp and ηs.

3. Calculation Model
3.1. Geometry and Mesh

To consider the influence of other separators, the outer space is added in the calculation
domain. Its shape and size are determined according to the number and distribution of
the separation equipments in the SG [28–30]. The cross section of the outer space is square
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(Figure 2), which is the same as the shape of the separation box. The side length of the
square is 412 mm, according to the center distance of the separation equipments. To
improve the calculation convergence, the calculation domain is extended by 2.5 times the
side length. The bottom of the curved-arm is set to Z = 0, and the inlet of the riser tube
of the primary separator is set to Z = −1000 mm, which is also the position of the normal
water level.
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The calculation domain is divided with hybrid grids. Structured meshes are used for
regular areas such as the riser tube and outer space. For irregular zones such as holes, thin
plates, and gaps, unstructured meshes are used; the mesh is densified at places where the
velocity and phase volume fraction change rapidly, such as the curved-arm, the perforations
and the skimmer slots. The number of grids was increased from 8 million to 15 million to
meet the mesh independence, and finally, 11 million hybrid grids were used, taking into
account the computing accuracy and resources.

3.2. Mathematical Model

Control equation: the steam and water in the separation equipment are regarded
as continuous fluid and quasi-fluid, respectively, and the continuous Equation (6) and
momentum Equation (7) are solved. It is considered no mass or heat transfer between
the two phases. The turbulence model selects the Realizable k-ε model [12,26] with good
convergence and reliability. The standard wall function is chosen to solve the near-wall
region. The Eulerian multiphase flow model is adopted for the two-phase flow simulation.

∂(αiρi)

∂t
+∇ ·

(
αiρi

→
u i

)
= 0 (7)



Atmosphere 2023, 14, 451 6 of 15

where αi is volume fraction of phase i; ρi is density of phase i;
→
u i is velocity of phase i, m/s;

i = g, l, respectively, for gas and liquid, and αl + αg = 1.

∂
(

αiρi
→
u i

)
∂t

+∇ ·
(

αiρi
→
u i
→
u i

)
= −αi∇p +∇ · τi + αiρig + Fi (8)

where, p is pressure, Pa; g is gravitational acceleration, 9.81 m/s2; τi is tangential stress of
the phase i; Fi is inter-phase force, including drag force, lift force and virtual mass force.
The expression of drag force is:

Fl,D =
3
4

αgρl
CD
x

∣∣∣→u g −
→
u l

∣∣∣(→u g −
→
u l

)
(9)

where x is water droplet diameter, mm; CD is drag coefficient.
The Schiller and Naumann models commonly used in the literatures [26] is:

CD =

{
24/Re

(
1 + 0.15Re0.687)

0.44
Re ≤ 1000
Re > 1000

(10)

Boundary conditions: the inlet of the primary separator is also the inlet of the sepa-
ration equipment, where a mixture of saturated steam and water enters. The mass inlet
boundary is adopted, and the mass flow of steam and water are given, respectively. The top
outlet boundary is set as the pressure outlet, and the bottom outlets of the return cylinder
and the outer space are set as the dehydration boundary using the user-defined function
(UDF) [26], that is, water droplets can pass through but steam cannot, to simulate the
impact of water level; the four sides of the outer space use symmetric boundary to reflect
the influence of other separation equipment around. The effect of gravity is considered.

Solution format: Phase Couple SIMPLE algorithm is used to solve the pressure-
velocity coupling, and the second-order upwind scheme is used for spatial discretization.
ANSYS FLUENT 15.0 is used as the computing platform. Unsteady calculation method is
adopted, and the time step is 0.0001 s.

Calculation condition: the pressure of the saturated steam is 4.7 MPa (260 ◦C), and
steam load is 100% (

.
ms= 3.91 kg/s), CR = 6 (

.
mw = 19.55 kg/s). To carry out the numerical

calculation, it is necessary to give a specific droplet diameter value. The droplet diameter
range set in literature [26] is 0.1~150 µm. Since we mainly focus on the droplet diameter
that has a significant impact on the performance of the separator, we decided to start from
50 µm. The last droplet diameter value far exceeds the upper limit of that in literature [26],
and reaches 400 µm. Five different droplet diameters were chosen finally, i.e., 50 µm,
100 µm, 200 µm, 300 µm, and 400 µm. Each case takes 20–24 days on the workstation with
two CPUs (Intel (R) Xeon (R) Platinum 8375C, main frequency 3.50 GHz, 64 cores).

4. Analysis and Discussion
4.1. Performance Analysis of Separation Equipment

Figures 3–5 show the separation efficiency η, outlet wetness ω, and pressure loss ∆P
of the separation equipment and each separator, variating with the droplet diameter x.
With the increase in droplet diameter, the separation efficiency of the separation equipment
and each separator gradually increases, and the outlet wetness gradually decreases. When
x≥ 200 µm, the separation efficiency of the separation equipment and the primary separator
changes from rapid to slow growth, while the separation efficiency of the secondary
separator turns to slow growth as x ≥ 300 µm. The separation efficiency of the primary
separator increases, making the water mass flow entering the secondary separator decrease
with the droplet diameter, causing the separation efficiency of the secondary separator to be
affected by the inlet wetness and droplet diameter at the same time and the variation trend
differing from that of the primary separator. Since the majority of the water is separated by
the primary separator, the separation efficiency trend of the entire separation equipment
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is similar to that of the primary separator. Literature [20,21] points out the separation
efficiency of the primary separator ηp ≥ 95%, and outlet wetness ωp ≤ 20%, corresponding
to x ≥ 300 µm, and the outlet wetness of the separation equipment during actual operation
ω ≤ 0.1% [1], corresponding to x ≥ 400 µm.
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With the increase in droplet diameter, the pressure loss of the separation equipment
and each separator first decreased and then stabilized. Within the selected droplet diameter
range, the maximum difference of pressure loss ∆Pp of the primary separator is only
0.64 kPa, and the ratio of the maximum to the minimum pressure loss is 1.07; therefore,
the pressure loss of the primary separator is slightly affected by the droplet diameter. The
maximum difference of pressure loss ∆Ps of the secondary separator reaches 3.31 kPa, and
the ratio of the maximum to the minimum pressure loss is 1.41. When x ≥ 100 µm, the
pressure loss of the primary separator exceeds that of the secondary separator, because the
inlet wetness of the secondary separator decreases with the increase in droplet diameter,
and energy consumed by separating water droplets is reduced, resulting in decrease in
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pressure loss. The variation pressure loss of the secondary separator is apparent, hence, the
pressure loss variation trend of the entire separation equipment is similar to it. Generally,
the pressure loss of the swirl-vane separator is much higher than that of the corrugated-
plate separator [1], while the pressure loss of the curved-arm separator is close to that of
the axial flow separator. The pressure loss of the curved-arm separator is 9.2~9.8 kPa, about
half of that of the swirl-vane separator (18.9 kPa at normal working condition [26]), and is
conducive to achieving a higher circulation ratio.

The pressure loss of the separation equipment is not given in literature [20,21], and
the calculation accuracy of the pressure loss cannot be directly verified. However, the
relative deviation between the calculated pressure loss of the swirl-vane separator and the
test value is within 4.8% [26]. The same calculation method is adopted, and the pressure
loss calculated in this paper has a certain degree of reliability consequently. Therefore, the
prediction of separation efficiency and pressure loss is more accurate with x = 400 µm as
the characteristic value of the actual inlet droplet diameter distribution.

4.2. Internal Flow Analysis of Separation Equipment

Figures 6–8 show the distribution of different flow characteristic parameters in the
separation equipment under different droplet diameters. Sections of Z = 279 mm and
Z = 544 mm correspond to the center position of the upper channel of the curved-arm
and the perforation of the return cylinder, respectively, and sections of Z = 966 mm and
Z = 1236 mm correspond to the center position of the inlet vanes and the skimmer cylinder,
respectively. Flow characteristic parameters at the inlet of the primary separator can be
calculated according to the flow and physical properties, i.e., the water volume fraction
β = 0.132, steam velocity us =9.2 m/s, and turbulent kinetic energy Ks = 0.32 m2/s2.

4.2.1. Phase Volume Fraction Distribution

Section Y = 0 of the separation equipment in Figure 6 shows that with the increase in
droplet diameter, the water film (β = 1.0) gradually thickens, especially at the inner side
of the top plate of the curved-arm, the perforations, and the upper part of the skimmer
cylinder. The larger the droplet diameter, the greater the centrifugal force, and the easier it
is to reach the wall and form a water film.

The water film at the inner side of the top plate of the curved-arm is formed due to the
inertia of water droplets, which deposit after colliding with the top plate. The thickness of
the water film at the lower end of the return cylinder gradually increases with the droplet
diameter, indicating that more water flows downward to the recirculating water. After the
water film in the curved-arm flows out, it melts into the water film on the inner wall of
the return cylinder. These water films also thicken with the increase in droplet diameter
(see section Z = 279 mm). When x = 400 µm, the water film at the perforations no longer
presents a regular ring, and is stripping off due to re-entrainment. The thicker the water
film is, the easier the interface instability of the steam-film is to spread, and the water film
is torn (see section Z = 544 mm). The water film at the perforations is sprayed through the
drain holes to the outer space (see section Z = 544 mm). Water flows out of the drain holes
diagonally and does not fill the drain holes. The water film moves in a circumferential
direction, and the drain holes are perpendicular to the cylinder wall, that is, perpendicular
to the movement direction of the water film, which is not conducive to water drainage,
causing the water film to become thicker. Therefore, the distribution and angle of the drain
holes should be optimized.

When x≤ 100 µm, the water flow from the perforations diffuses in the outer space (see
section Z = 544 mm) and is carried upward by the steam, resulting in high outlet wetness.
When x ≤ 200 µm, this phenomenon is gradually less obvious. When the droplet diameter
further increases, re-entrainment occurs at the perforations, slowing down the growth of
the separation efficiency of the primary separator.
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As the water droplet diameter increases, the ability of steam to carry water droplets
decreases and part of the water droplets deposit on the inlet vanes of the secondary
separator (see section Z = 966 mm). When x = 400 µm, due to the thickening of the water
film, the water droplet wake appears at the end of the inlet vanes.

The thickness of the water film inside the skimmer cylinder also increases significantly,
and flows into the separation box from the skimmer slots (see section Z = 1236 mm). The
water film moves upward under the shear stress of steam, and is blocked by the top plate
due to untimely drainage, which makes the water film gradually thicken along the height
direction. When x ≥ 100 µm, the water droplet wake produced by the re-entrainment
can be seen at the outlet of the secondary separator, and a small amount of water film
overflows and accumulates above the top plate (see section Y = 0). Therefore, the skimmer
slots should be optimized to further improve the drainage capacity.

4.2.2. Velocity Distribution

Since the flow velocity and turbulent kinetic energy values inside the secondary
separator are significantly higher than that inside the primary separator, different legends
are used for easy display, respectively.

Section Y = 0 in Figure 7 shows the steam velocity decreases after entering the curved-
arm, and the low-velocity region near the top plate gradually expands with the increase
in water droplet diameter, caused by steam outflow from branches. Due to the gradual
thickening of the water film on the wall of the return cylinder reducing the flow area, the
steam gradually shrinks to the center, squeezing the wake region and increasing its velocity
(see section Z = 544 mm). The flow core above the curved-arm is swirling and impacts the
bottom of the secondary separator, and then enters the inlet vanes.

Section Z = 279 mm shows with the increase in droplet diameter, the steam velocity in
the upper channel of the curved-arm gradually decreases, because the droplets deposited
in the upper channel increases the flow resistance of the steam, making the steam flow out
through the other lower channels. Since the water film on the return cylinder gradually
thickens, the flow area of the rising steam between the curved-arm and the return cylinder
reduces, and the steam velocity increases. Although the high-velocity regions increase with
the droplet diameter, the pressure loss decreases instead, because the density of mixture
decreases significantly due to the improvement of separation efficiency. The steam velocity
at the curved-arm outlet is 6~8 m/s, and less than the steam velocity in the riser tube.
However, the curved-arm outlet is close to the inner wall of the return cylinder; therefore,
the water film and water droplets can reach the wall surface more quickly.

The inlet vanes of the secondary separator strengthen the rotation of the steam flow.
The velocity value at the inlet vane outlet reaches 12~13 m/s (see section Z = 966 mm),
which is nearly twice that at the outlet of the curved-arm. Because of the small radius
of rotation, the steam can generate greater centrifugal force, which is conducive to the
separation of smaller water droplets. A low-velocity region forms at the center of the
rotating steam flow and disappears before reaching the middle of the skimmer cylinder
(see section Y = 0 and Z = 1236 mm), due to squeezing by the steam flow. The rotation
gradually weakens in the upward movement, and the velocity reaches its maximum at the
outlet due to the sudden reduction in flow area, resulting in high throttling loss. The steam
jet is formed at the secondary separator outlet, and its jet core increases with the droplet
diameter (see section Y = 0).

4.2.3. Turbulent Kinetic Energy Distribution

Section Y = 0 in Figure 8 shows that the high Ks region in the primary separator is
mainly distributed in the flow channels of the curved-arm, the steam rising channel between
the curved-arm and the return cylinder, and above the curved-arm, that is, the pressure loss
is mainly generated in these three regions. With the increase in water droplet diameter, the
high Ks region and value above the curved-arm increase (see section Y = 0 and Z = 544 mm),
including the region under the bottom plate of the secondary separator. However, the
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increase in high Ks region and value does not make ∆Pp increase, but decrease, because the
separation efficiency increases with the droplet diameter, and the density of the mixture
decreases significantly. Due to the small value of Ks, within 8 m2/s2, ∆Pp varies slowly. The
rotating steam flow impacting the bottom plate of the secondary separator also produces
large pressure loss, which cannot be accurately calculated by separated simulation of the
two separators.

The inlet vane region, the skimmer cylinder region, and the jet core above the sec-
ondary separator are all high Ks regions (section Y = 0) and up to 26 m2/s2, which is more
than three times that of the primary separator, hence, the pressure loss of the secondary
separator is relatively large. With the increase in droplet diameter, the high Ks region inside
the secondary separator increases, while the high Ks region in the jet core above the outlet
decreases. ∆Ps showed a trend of decreasing rapidly and then slowly, because the water
mass entering the secondary separator decreases with the same variation trend.

5. Conclusions

(1) The integrated calculation and analysis of the separation equipment can more truly re-
flect the flow state between the primary and secondary separators, especially the inlet
parameters of the secondary separator, improving the reliability of the performance
prediction and mechanism analysis.

(2) With the increase in water droplet diameter, the separation efficiency of the separation
equipment and each separator gradually increases, the outlet wetness gradually
decreases, and the pressure loss first decreases and then stabilizes. When 400 µm is
selected as the characteristic value of the actual inlet droplet diameter distribution,
the performance prediction of the separation equipment is more accurate.

(3) The pressure loss of the primary separator is less affected by the droplet diameter,
while the inlet wetness of the secondary separator decreases with the increase in
the droplet diameter, and its pressure loss variation is more obvious, so the pres-
sure loss variation trend of the separation equipment depends on the secondary
separator. The majority of the water is separated by the primary separator, so the vari-
ation trend of the separation efficiency of the separation equipment depends on the
primary separator.

(4) Different from the traditional separation equipment, the pressure loss of the two
separators of this separation equipment is relatively close. The pressure loss of the
primary separator is significantly less than that of the swirl-vane primary separator,
which is conducive to achieving a higher circulation ratio.

(5) With the increase in droplet diameter, the water film inside the separation equipment
thickens, re-entrainment appears at the perforations of the primary separator and the
outlet of the secondary separator, which makes the growth of the separation efficiency
of the separation equipment and each separator slow down. Therefore, the structure
of the perforations and skimmer slots should be optimized to further improve the
drainage capacity and separation efficiency.
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Nomenclature
CFD computational fluid dynamics
CD drag coefficient
CR circulation ratio
∆P pressure loss
Fi inter-phase force
g gravitational acceleration(9.81 m/s2)
Ks turbulent kinetic energy
.

ms inlet saturated steam mass flow (kg/s)
.

mw inlet saturated water mass flow (kg/s)
.

mwo outlet water mass flow (kg/s)
.

mws separated water mass flow (kg/s)
Pin inlet total pressure (Pa)
Pout outlet total pressure (Pa)
PWR pressurized water reactor
SG steam generator
us steam velocity
Vm velocity of steam-water mixture (m/s)
x water droplet diameter (mm)
β water volume fraction
ω outlet wetness
η separation efficiency
ρm density of steam-water mixture (kg/m3)
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