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Abstract

The two-phase flow within a Boiling Water Reactor steam separator is investigated using
an interface capturing method. The simulations are focused on resolving the flow around
the first pickoff ring which is the highest contributor to steam carryunder phenomenon.
Multiple simulations are conducted of varying levels of resolution to evaluate the capabili-
ties of interface capturing technique for this challenging problem. First, high-resolution
simulations of the flow using a simplified 30◦ wedge are conducted without a swirling
velocity field present in the actual system. In order to understand the flow field generated
by the separator swirler, secondary simulations of single-phase flow passing through a
swirler model are conducted. Using this information, a coarse simulation of the full 360◦

model was performed, which incorporated the effect of the swirler using a custom inflow
boundary condition. Instantaneous carryunder/carryover along with void fraction and
film thickness are evaluated at the pickoff ring entrance. Overall, these simulations demon-
strate that interface capturing simulations can be an accurate tool for studying full-scale
components within nuclear power plants.

Keywords: steam separator; interface capturing; DNS

1. Introduction
Boiling Water Reactors (BWRs) utilize a series of fixed mechanisms which remove

moisture from the steam produced in the reactor core. These are made up of two main
components—the steam separator and steam dryer assemblies [1]. A simplified design
of a steam separator is shown in Figure 1. The steam-water mixture that exits the core is
first split into multiple steam separator standpipes. These standpipes allow the fluid to
establish an annular flow, which then encounters a mixing vane or swirler. The swirler
imparts a centrifugal force that pushes any entrained liquid droplets to the sidewalls of the
separator. Above the swirler, the flow encounters three pickoff rings (PORs) which draw
out the liquid film on the sidewalls and direct it back down to the lower plenum.

The best steam separator must optimize three competing quantities of interest: steam
carryunder, liquid carryover, and pressure drop. Carryunder describes the steam which
enters the pickoff rings and is captured by the liquid water in the lower plenum. This
decreases the subcooling of the core inlet flow and contributes to a reduction in the natural
circulation head. Carryover refers to the net amount of liquid mass that is able to bypass
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the moisture removal systems and reach the steam turbines. This would enhance turbine
corrosion. Finally, a smaller pressure drop is always desirable since that reduces the power
needed for pumps or the chimney height required for appropriate natural circulation.

 

Carryover 

Carryunder 

(a) (b) (c) 

Figure 1. (a) External view of steam separator. (b) Cutaway view showing pickoff rings.
(c) Demonstration of Carryover/Carryunder inside of separator. The gray material in (c) indicates the
steam-water interface. In the main channel, which is mostly steam, this indicates the presence of liquid
droplets. In the pickoff ring, which is mostly liquid, this indicates the presence of steam bubbles.

Studying steam separators at BWR conditions is expensive and difficult due to the high
system pressure. Measurements would likely be limited to coarse, system-level quantities,
which do not provide two-phase flow details useful in physics-based modeling of this
phenomenon. In recent years, multiple downscaled experiments using air and water have
been conducted. In [2], Kataoka et al. measured the net carryover/carryunder, pressure
drop, film thickness, and droplet entrainment in a 1/5th scale separator with a single pickoff
ring. Katono et al. in [3] measured carryover and pressure loss in a 1/2 scale model with
three pickoff rings. Funahashi in [4] measured the film thickness, pressure distribution, and
carryover in a 1/5th scale separator with three pickoff rings. In [5], Funahashi measured the
friction factors associated with swirling annular flow—demonstrating that the classic Wallis
correlation under-predicts the friction factor. Matsubayashi, in [6], studied the effect of
swirler design in a 1/5th scale separator. These studies all use air and water at atmospheric
pressure for their working fluids, which limits their applicability to BWR systems. However,
Kataoka and Funahashi have demonstrated that certain BWR system-level quantities like
carryover can be mimicked in air-water systems if the flow quality and centrifugal force
are matched in the air-water system.

In [7], a steam separator design similar to BWR separators is studied using
steam/water at inlet flow qualities up to 20% (nominal quality for their design is about
14.85%). Their total carryover and carryunder ranges from 2.5 to 20% and 0.2–0.4%, respec-
tively. Between 10% and 20% quality, both carryunder and carryover begin to increase with
increasing flow quality. However, above about 12% quality, there is no measured carryover
exiting the separator itself. The carryover in this case comes from steam that has exited
through one of the pickoff rings and entrained liquid on the outside of the separator. Above
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12–14% quality, carryunder appears to grow linearly because of the smaller liquid film in
the separator.

These experiments are useful at understanding certain qualitative characteristics of
the steam separator flow and can be used to develop correlations for existing separator
models. However, these correlations are still limited to the conditions and geometries used
in the experiments. In order to study a wider range of conditions, simulation can be used
to inform these models. To date, simulation studies of steam separators have been limited
to either one-dimensional models ([8,9]) or multiphase CFD like the two-fluid model used
in [3]. One-dimensional models must rely on correlations derived from experiments for
accurate predictions. Multiphase CFD can model a wider range of conditions but relies on
closure models for turbulence and two-phase interactions, which may not be applicable in
all flow regimes or geometries. Direct numerical simulation (DNS) requires no closures or
correlations and can be applied to any flow regime. By directly solving the Navier–Stokes
equations, all scales of turbulent motion can be resolved. The downside of DNS is quite a
steep computational cost. However, improvements in high performance computing have
made it possible in recent years to study larger components using DNS.

In this work, the flow within a BWR steam separator is investigated using DNS
combined with an interface capturing method (namely, the Level Set method). DNS
combined with interface capturing can resolve individual bubbles and droplets in the
flow without the need of additional closures or correlations. The main simulation code
used here is the finite element code PHASTA, which has been used to study several single
and two-phase flows relevant to nuclear engineering. Some specific examples are PWR
subchannels [10,11], involute fuel channels [12], flow boiling [13], and annular flow [14].

The study of a full-scale steam separator presents a novel “challenge problem” for
PHASTA. Higher Reynolds-number flows require finer computational meshes to resolve
all scales of motion. This is somewhat easier in simple geometries because often periodic
boundary conditions can be used to shrink the streamwise length of the domain and save
on computational cost. However, when simulating a complex component like a steam
separator, the domain size is restricted by the true physical geometry. Additionally, due to
the model complexity, a large amount of CPU hours may be required to reach a steady state.
This has limited past two-phase flow studies in PHASTA. In 2009 [15], the annular flow
within a 2 cm ID (2.5 cm length) pipe (Re ≈ 400k) was simulated for 150 ms and was not
able to reach a complete steady state due to the compute limitations of the time. This model
used about 60 million elements in the computational mesh. 10 years later in 2019 [11], a
study of a full-scale PWR subchannel with spacer grids was conducted using different
meshes between 1 and 3 billion elements. This simulation ran for 35 ms, but additional
time was also used developing the turbulent flow within the system. In the present work, a
mesh size of 1.6 billion elements is simulated for over 200 ms (smaller meshes are simulated
for nearly 1 s). These examples are stated here to demonstrate how the increase in HPC
capability over the years make DNS and interface capturing more applicable to wider
ranges of problems relevant to nuclear engineering.

Several modeling assumptions were made to approach this complex two-phase flow
problem in order to demonstrate the interface tracking capabilities within the capabilities
of available leadership computing resources. We believe that those assumptions allowed
us to demonstrate the potential of the methodology and outline future requirements to
approach full-physics simulations in the future. These challenges and assumptions are
described below.
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2. Materials and Methods
As stated previously, the code used here is PHASTA—a DNS/LES code which models

two-phase flows using the Level Set method [16]. The specific implementation of the Level
Set method in PHASTA is described in [17], and the full description of the finite element
implementation is found in [18,19]. In DNS mode, the incompressible Navier–Stokes
equations are solved:

∇ · u = 0
∂ρu
∂t + u · ∇ρu =

(
−∇P +∇ · µ

(
∇u +∇uT))+ fg + fST

(1)

fg and fST refer the gravitational and surface tension forces, respectively. The Level Set
method tracks a scalar field, ϕ, throughout the domain which defines the distance to the
nearest interface. The zero Level Set or zero contour demarcates the interface location.
Typically, a positive value of the level set function indicates the liquid phase, while a
negative value indicates the gas phase. These features are summarized in Equation (2).

ϕ < 0 → Gas
ϕ = 0 → Inter f ace
ϕ > 0 → Liquid

(2)

The interface location is updated every timestep by solving the advection equation:

∂ϕ

∂t
+ u · ∇ϕ = 0 (3)

Fluid properties like viscosity and density are transitioned over a finite interface thickness
using a smoothed Heaviside function:

H(ϕ) =


0, i f ϕ < ϵ

1
2

[
1 + ϕ

ϵ + 1
π sin

(
πϕ
ϵ

)]
, i f |ϕ| ≤ ϵ

1, i f ϕ > ϵ

(4)

Properties are smoothed with H:

ρ = Hρl + (1 − H)ρg

µ = Hµl + (1 − H)µg
(5)

ϵ defines the interface half-thickness and varies throughout the mesh to ensure that the
interface is about 3 mesh elements wide. The surface tension force is calculated using the
continuum model [20]:

fst = σκn (6)

The interface curvature, κ, is easily calculated using the level set defined normal vector:
κ = −∇ · n = −∇ · ∇ϕ

|∇ϕ| . To calculate the fluid properties and surface tension correctly,
the level set field must maintain its “distance-field” property. The advection equation will
violate this property over time, so another operation is required to correct the Level Set
field. The re-distancing equation can be solved to correct the Level Set function:

∂d
∂τ

= S(ϕ)(1 − |∇d|) (7)

d is a temporary variable which takes on the value of ϕ at the end of a timestep. Equation (7)
is then solved to a steady state in pseudo-time, τ. S(ϕ) is a smoothed sign function which
uses the Heaviside function: S(ϕ) = 2H(ϕ)− 1. The re-distancing equation produces a
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slightly modified version of ϕ with the property that |∇ϕ| = 1 everywhere (satisfying the
distance-field condition).

It is assumed that all fluid in the steam separator is at saturation temperature, and
since no heat source is present, the energy equation does not need to be solved (the flow
is adiabatic). PHASTA utilizes a generalized alpha method for time integration, which
provides 2nd-order accuracy in time [21]. For two-phase flow simulations, linear shape
functions are used to interpolate all variables, and 2nd-order Gauss quadrature is used to
integrate the equations, which provides 2nd-order accuracy in space. Technically, the code
utilizes SUPG stabilization, which adds more terms to Equations (1) and (3), but these are
omitted here for clarity since they do not affect the overall physics [19]. For the simulations
performed here, all meshes use unstructured tetrahedral elements.

3. Results
The results of this work are organized into three parts. The first section describes the

initial high-resolution simulation of a simplified steam separator geometry. The second
section describes the secondary simulation of a swirler model, which was used to obtain
a better understanding of the swirling velocity profile found in steam separators. The
third section incorporates the swirling velocity profile into a simulation of a full 360◦

model separator.

3.1. Simulations of a Simplified Model Geometry

A typical steam separator radius is on the order of ~22 cm in diameter [22], and at
operational conditions, the average flow velocity is around 4 m/s. At BWR pressures of
7.2 MPa, the resulting Reynolds number is around 4 million. These estimates were derived
from the chimney studies in [23] by using the upper limit of the given superficial velocities
to calculate the steam/water flowrates going into the steam separators. The velocity profiles
described in later sections were adjusted to give superficial velocities and flow quality,
which aligned with the values derived from the chimney study. The resulting average flow
velocity was roughly 4 m/s. To save on computational cost, a 30◦ slice of the geometry is
modeled in this section (see Figures 2 and 3). This is allowable since the flow should be
axisymmetric at normal conditions. However, even with this computational saving, the
resolution of all scales of motion is currently intractable. Using the estimation techniques
described below, the full resolution of all turbulent scales of motion would likely require a
computational mesh on the order of 1 trillion elements. In this particular set of simulations,
the viscosity is artificially increased to help reduce the mesh resolution requirements.

The finest mesh region is placed around the pickoff ring entrance in order to resolve
more of the fine-scale droplets/bubbles, which contribute to carryover/carryunder. After
the pickoff ring, the mesh is coarser towards the steam outlet and pickoff ring outlet.
This adds numerical diffusion, which stabilizes the simulation by preventing backflows at
the outlets.

Unfortunately, the solution has a tendency to diverge even with the coarse outlet
mesh. To stabilize the simulation further, the viscosity is artificially increased in the regions
slightly upstream of the outlets. In the main separator pipe, this elevated viscosity region
starts about halfway between the pickoff ring and steam outlet. Similarly, about half of the
pickoff ring section also has an elevated viscosity. Qualitatively, this technique does not
appear to have an effect on the upstream flow. This was tested by turning off the viscosity
override temporarily after a steady flow was achieved. Visually, there was no apparent
change in the upstream flow behavior. However, this is a crude method of stabilization. In
the future, alternative outlet stabilization techniques will be investigated.
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Inlet 

30° 

0.111 m 

0.019 m 

Figure 2. View of simplified geometry in the streamwise direction. Reproduced from [24].

 

Inlet Steam Outlet 

Pickoff-Ring 𝑔⃗   

0.448 m 

0.081 m 

0.041 m 

0.362 m 

0.689 m 

0.0413 m 

0.0191 m 

Figure 3. Side-view of simplified geometry. Reproduced from [24]. The inner 7 mm of the model is
clipped to avoid instabilities associated with modeling a fine point. We assign a symmetric boundary
condition to the resulting face, which allows the flow tangential to the surface but prevents the flow
normal to the surface. Figure 4 shows the typical mesh design.

 

(a) 

(b) 

Figure 4. Representative mesh structure for simplified geometry: (a) shows the entire mesh, (b) shows
the enhanced refinement around the pickoff ring entrance. For the example shown here, the finest
element size is 0.6 mm, which is the coarsest mesh presented in the study. Reproduced from [24].

3.1.1. Boundary Conditions and Mesh Design

The flow is driven by specifying a fixed velocity field on the inlet plane. The streamwise
velocity field is shown in Figure 5.
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Figure 5. Inlet velocity profile used in simplified geometry. Highlighted regions indicate location and
thickness of liquid film. Reproduced from [24].

The liquid film thickness at the inlet is set to 12 mm. The velocity profile and film
thickness were adjusted to create flow quality and superficial velocities that roughly aligned
with the flow exiting the chimney in the BWRX-300 design [23]. This resulted in the use
of a very large steam superficial velocity. In order to model the swirling flow, periodic
boundary conditions are needed on the angled faces of the geometry. For those simulations,
simplified models were used with symmetric conditions. Without the swirler, there is no
centrifugal force present to push the liquid towards the wall, so high liquid entrainment
is expected. The effect of the swirler is studied in the next section. The outlets both use a
natural pressure boundary condition of 0. Note that, in true BWR conditions, the reactor
water level is somewhere above the first POR outlet. This creates hydrostatic pressure at
the POR outlet, which helps reduce carryunder but can increase carryover if it is too high.
By setting the POR outlet pressure to 0, we are effectively modeling a situation where the
water level is at or below the POR outlet. All other faces are set as no-slip walls.

Table 1 summarizes the relevant fluid and flow properties of the simulation. The
densities and surface tension coefficient are nearly the same as the values found at BWR
pressures (7.2 MPa). The viscosities were chosen to be roughly 25× higher than the true
values at these conditions. The decision to elevate the viscosities was based on an estimate
of the ∆y+ (the dimensionless node spacing in the wall-normal direction) value:

∆y+ =
∆y
ν

√
τ

ρ
(8)

Table 1. Fluid and flow parameters for simplified geometry tests.

Water Density (kg/m3) 736.65

Steam Density (kg/m3) 37.5

Water Viscosity (Pa s) 2.27 × 10−3

Steam Viscosity (Pa s) 4.85 × 10−4

Surface Tension Coefficient (N/m) 0.02

Inlet Superficial Gas Velocity (m/s) 6.45

Inlet Superficial Liquid Velocity (m/s) 0.55

Inlet Flow Quality (%) 37.2

Inlet Void Fraction 0.795

For direct numerical simulation, it is usually necessary to have ∆y+ < 1 at the wall
and ≤12 in bulk flow region. This typically allows DNS to resolve all scales of motion and
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replicate experimental results for single-phase flow [25]. The wall shear for annular flows
can be estimated from the classic Wallis correlation [26]:

τw = 1
2 ρl fwV2

l ,
fw = 0.079

Re0.25
l

(9)

Vl and Rel are the phase-averaged liquid-phase velocity and film Reynolds number,
respectively. Using the values from Table 1, this estimates that a wall element size of
≈0.02 mm is necessary for a dimensionless wall distance of y+ = 1 at the first node off the
wall. The finest mesh used here has an element size of 0.15 mm at the wall, which leads to a
y+ ≈ 7.5. This yields a total mesh size of 1.6 billion elements. After the simulation was run,
the y+ was measured to be about 3. It is impressive that the simple Wallis correlation does
a pretty good job at predicting y+. Upstream of the pickoff ring, the elements are 2× larger,
which would mean the upstream y+ ≈ 6. Since our y+ is above 1 at the wall, the fine mesh
simulation does not strictly meet the requirements for a true DNS.

The level set method imposes its own set of mesh requirements that are potentially
more important than resolving all scales of motion. Previous studies have shown that at
least 20 elements across a bubble diameter are needed to resolve the velocity field within a
bubble [10]. This would mean that the smallest bubble that this simulation could resolve
is 3 mm. Entities smaller than this would likely lose mass and eventually disappear due
to the mass loss problem associated with the level set method [27,28]. Entrainment in
steam separators creates many droplets that are on the order of micrometers in size [2].
So, even with a high degree of turbulence resolution, the mesh will still not capture all
bubbles/droplets and can lose fluid mass over time.

In this particular study, three separate meshes of increasing refinement were utilized.
These are summarized in Table 2.

Table 2. Summary of different meshes used in simplified geometry.

Name Smallest Element Size Element Count Simulated Time Elements per Core Core Hours Used

Coarse 0.6 mm 25 million 0.94 s 3052 0.126 million
Intermediate 0.3 mm 200 million 0.91 s 6103 2.45 million

Fine 0.15 mm 1.6 billion 0.24 s 24,414 6.44 million

The “intermediate” and “fine” meshes are generated from uniform refinements of
the initial coarse mesh. Each refinement increases the number of elements by 8× but
only increases the resolution by 2×. Since a CFL controller is used to maintain the same
CFL number between each case, this adds another 2× factor to the runtime for each
refinement. So, at a minimum, each refinement will incur a 16× higher cost in terms of CPU
hours. The Perlmutter supercomputer at NERSC was used to run these simulations. The
intermediate case actually demonstrated a 19.4× increase in runtime relative to the coarse
case. If the fine mesh case had run for 0.9 s like the others, it would have demonstrated
a 10× increase in run-time relative to the intermediate case. As noted in the table, the
number of elements per core was not kept constant at higher refinement. This may be the
cause of the unusual runtime increase between each case. The finest case took many more
core hours to run; therefore, a shorter dataset was obtained for this case due to limited
computing resource allocation.

The simulation is initialized with a flat liquid film that fills the pickoff ring region.
This is stable for a considerable amount of time, and the flow is quite laminar during this
period. Eventually, the large liquid film slows down due to its weight and begins to fall
back down. The flow then develops into a churn-like regime. A significant “burn-in” time
is required to get through this pseudo-stable laminar flow regime. To save compute, the
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Coarse case is simulated first through this burn-in period (≈0.72 s of simulated time). Then,
the state of the simulation is transferred to the Intermediate and Fine mesh cases at the
start of the churn flow. This is accomplished with the partitioning tool Chef, which is a
part of the PUMI software stack [29]. All three cases are then continued from this point
in time to test the mesh convergence. Note that the core hour count does not include the
burn-in period.

3.1.2. Results

Analysis of the resulting data is performed with ParaView [30]. To visualize the flow,
a slice is made along the streamwise direction, which displays the velocity magnitude. The
steam-water interface is depicted as a gray 3D contour. Figure 6 illustrates the flow in the
three different meshes when a large liquid wave is passing over the pickoff ring.

  
(a) (b) 

 
(c) 

Figure 6. Three-dimensional visualization of flow in (a) Coarse, (b) Intermediate, and (c) Fine mesh.
Reproduced from [24].

As expected, with a finer mesh, more and more small-scale droplets can be seen in
the flow. Figure 7 shows a view that focuses only on the velocity field slightly past the
pickoff ring. Qualitatively, the flow looks very well resolved, with many small eddies being
captured. The flow is also very chaotic. Most of the time, there is a steady stream of a small
number of entrained droplets, which bypass the pickoff ring. However, periodically a large
disturbance wave will generate a massive amount of entrained liquid that bypasses the
pickoff ring. The two situations are illustrated in Figure 8.
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Figure 7. Velocity field beyond pickoff ring in finest mesh case. Small under-resolved droplets can
also be seen just before they disappear.

  

Figure 8. (Left) Example of low carryover period. (Right) Example of high carryover generated by a
disturbance wave.

Figure 9 illustrates how and where the measurements of macroscopic quantities are
performed. The mass flow rates of individual phases are measured by integrating the flow
through different slices. Carryover (CO) and carryunder (CU) are defined by

CO =
wl

wl + wg
, CU =

wg

wl + wg
(10)

 

 

Carryover integrates flux bypassing 

the pickoff ring. 

Carryunder integrates flux passing 

into the pickoff ring. 

Void fraction and film thickness are measured in a 

plane just before the pickoff ring entrance. 

Figure 9. Slices used to calculate quantities of interest. Gray fog is the steam-water interface
rendered with some transparency to visualize the separator geometry around the measurement
planes. Reproduced from [24].
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Technically, carryover is the combined result of all liquid flow that bypasses the steam
separator and dryer. A more apt name for the quantity measured here would be “First-stage
carryover,” since it measures only the carryover around the first pickoff ring. The term
“carryunder” is accurate since most of the carried under steam comes from the first pickoff
ring. This is because the first pickoff ring outlet is located below the RPV water level.
Higher pickoff rings discharge into the steam filled region above the water level. Film
thickness is a difficult quantity to measure using unstructured mesh data. Here, we use a
simple approach by recording the first interface location off the wall as the “film thickness.”

The carryover, carryunder, void fraction, and film thickness are time-averaged using
the data collected at the various slices. Due to the chaotic nature of the flow, the resulting
average can vary significantly depending on where the averaging begins. To capture some
of this uncertainty, several averages are taken using random starting points. The maximum
and minimum of each quantity of interest (QOI) is then plotted as an error bar (Figure 10).
To emphasize: the error bars are not the result of any sensitivity analysis; they only capture
the uncertainty associated with where time averaging begins.

Figure 10. Average QOIs measured using the procedure described in the text. Error bars are created
from the range (min and max values) of the random samples. Circles indicate the mean values.
Reproduced from [24].

For most quantities, the results appear to converge nicely with higher mesh refinement.
The one exception is the carryover. This is more obvious if the grid convergence index
(GCI) [31] is calculated for each quantity (Table 3). The GCI is a measure of the uncertainty
associated with the mesh discretization error. For most quantities, this uncertainty is less
than 1%—but for carryover, it is nearly 30%. The large uncertainty in carryover may be due
to the lack of data in the fine mesh case. The carryover region is also filled with mostly small
liquid droplets, whose mass quickly drops due to the Level Set mass loss issues mentioned
previously. This could potentially lead to the nonconvergent behavior seen here.

Table 3. GCI calculations for simplified model geometry.

Quantity Order of Convergence GCI

Void Fraction 5.40 0.01%
Film Thickness 5.78 0.02%

Carryover 0.85 29.42%
Carryunder 4.61 0.4%
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3.1.3. Discussion

The results from simplified model geometry have mixed success. The relative film
thickness at the finest mesh level agrees well with experimental data for air/water tests [4].
The converged void fraction measured at the POR agrees well with the inlet value, meaning
that mass is at least being conserved up to the POR entrance. The carryover and carryunder
on the other hand are quite large. However, it is difficult to make significant claims since
there is little data studying steam-water separators at these high qualities.

The biggest source of error in this simulation is likely the lack of a swirling flow. The
swirl has a major effect on the stability of the liquid film and, therefore, droplet entrainment.
The lack of a turbulent inlet would also change the result, but since the flow does develop
turbulence naturally, this may be a second-order effect compared to the lack of swirl. One
promising result from this set of simulations was that the macroscopic quantities were
mostly converged using the intermediate mesh of 200 million elements. This suggests that
it is not necessary to resolve all turbulent scales of motion to obtain a good estimate for
engineering-relevant quantities.

3.2. Simulations of a Swirler Geometry

In order to understand the velocity profile generated by the separator swirler, a
secondary simulation of a swirler geometry was performed. Due to the lack of necessary
symmetry in a typical swirler, it is not possible to place the swirler directly in the 30◦

model shown previously. Also, the accurate modeling of the flow around the swirler might
increase the mesh size to prohibitive levels. Instead, a separate single-phase flow simulation
of the swirler was conducted. The heavier liquid film at the walls is not expected to obtain
a significant circumferential velocity component due to its higher density. The lighter steam
core, on the other hand, would gain a high circumferential velocity, which causes any
entrained droplets to be pushed into the liquid film. Therefore, for this simulation only
steam is modeled.

3.2.1. Boundary Conditions and Mesh Design

Figure 11 shows the model of swirler along with the domain used to simulate the flow.

22.2 cm 

Figure 11. Swirler model and simulated geometry. Reproduced from [32].
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The general shape and dimensions of the swirler were derived from [22] but scaled
up to fit the size of the separator diameter simulated in the previous section. A uniform
streamwise velocity of 3.75 m/s is assigned to the inlet of the geometry, which corresponds
to a volumetric flow of 0.145 m3/s. Other properties are listed in Table 4. The outlet is a
natural pressure condition. All other faces are no-slip BCs. A more realistic option may be
to use some form of a slip BC at the pipe walls to replicate the effect of the liquid film on the
steam phase. The pipe diameter could also be reduced by the film thickness—effectively
treating the liquid film as the pipe “wall.” However, this was not considered or used here.
Figure 12 shows the mesh design. Like the previous simulations, the mesh is finest around
the region of interest (the swirler) and is made coarser towards the outlet. The smallest
element size is 2.55 mm, which is quite coarse but still creates a mesh of 5.43 million
elements because the full pipe circumference is being modeled here.

Table 4. Relevant parameters for swirler simulation.

Steam Density (kg/m3) 37.5

Steam Viscosity (Pa s) 1.94 × 10−5

Inlet Velocity (m/s) 3.75

Inlet Volumetric flow rate (m3/s) 0.145

Mesh size (millions of elements) 5.43

Bulk ∆y+ 90

 

Figure 12. Mesh design in swirler simulation. Reproduced from [32].

For this simulation, the goal was to gain a better understanding of the average velocity
profile, not full resolution of all turbulence. It also serves as a way of generating data for
turbulent velocity inlet BC. This is described in greater detail later.

3.2.2. Results

Figure 13 shows an instantaneous snapshot of the flow field exiting the swirler. The
flow is clearly under-resolved due to the high turbulence and coarseness of the mesh. In
Figure 14, the flow is averaged over time. One interesting aspect of the swirling flow is
seen in the streamwise velocity profile. The peak in the streamwise velocity now occurs
much closer to the wall. Towards the centerline, the velocity is very low and can actually be
negative close to the swirler. This shift in velocity peak comes from the fact that the central
body of the swirler is blocking a significant region of the flow centerline. The negative
velocity comes from a recirculation zone that forms around the downstream-facing side of
the swirler.

The simulation of the swirler is an interesting problem on its own which warrants
further study. Here, it is just used to inform the inlet profile for the main separator
simulation, but many other avenues could be explored. Higher mesh resolution would
allow for the measurement of Reynolds stress or other quantities relevant to turbulence
analysis. Two-phase flow could also be incorporated to investigate the formation of the
swirling annular flow profile. These problems are left for future work.
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Figure 13. Snapshot of instantaneous velocity field in swirler simulation. Reproduced from [32].

Downstream 

Upstream 

Figure 14. Streamwise and circumferential velocity profiles averaged over about 0.14 s of simulated
time. Velocity units are in m/s. Reproduced from [32].

3.3. Simulations of a 360◦ Model

In order to properly model the swirling velocity field using the 30◦ wedge model,
periodic boundary conditions must be applied to the angled faces of the geometry. In
PHASTA, the equations are always solved in a cartesian coordinate system. So, any vectors
(solution values and residuals) that are communicated between angled periodic faces
need to be properly rotated to maintain consistency. This has recently been correctly
implemented in the PHASTA code, but at the time of this study, it had not been finished.
So, to test the effect of the swirling flow, a full 360◦ model simulation was conducted.

3.3.1. Boundary Conditions and Mesh Design

All relevant dimensions for the 360◦ model are the same as the 30◦ model. This
necessitated some change in mesh design. If the same mesh design from Section 3.1 were
applied to this new geometry, all mesh sizes would increase by a factor of 12. In order to
reduce the cost of these simulations, some reduction in resolution was made. The overall
mesh design is shown in Figure 15.
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Figure 15. Mesh design for 360◦ model geometry. Lower image shows close-up view of pickoff
ring area.

The finest element size is 0.6 mm in a small region just before the pickoff ring entrance.
The total mesh size here is 116 million elements. Only one mesh was studied here due to
the computational constraints.

The results from the swirler simulation in Section 3.2 were used to develop a new
analytical velocity profile at the inlet. A better solution would be to directly map the
instantaneous velocity field from the swirler outlet to the inlet of the separator simulation.
This is a capability which now exists in PHASTA, and this will be incorporated in future
simulations. The velocity profile is specified in the form shown in Figure 16.

Figure 16. Velocity profiles used to approximate the swirling profile. “Gas” and “Liquid” refer to the
streamwise velocity components of the two phases.

The streamwise velocity peaks close to the wall and decays linearly towards the center.
The slope of the streamwise velocity changes at the interface in order to approximate the
jump condition resulting from the difference in viscosity. The circumferential velocity
magnitude is approximated using a sine wave, which peaks halfway between the pipe
center and side walls ( r = R/2). The magnitude of the streamwise velocity profile is
adjusted to obtain reasonable values for the superficial velocities and flow quality. Swirler
simulations indicated that the peak circumferential velocity is slightly lower than the peak
streamwise velocity. Here, the peak circumferential velocity is set about 16% lower than the
peak streamwise velocity. The velocity profile is symmetric around the full circumference,
with the direction modified appropriately to create a swirl.

Table 5 summarizes the main properties of the simulation. Due to the more accurate
velocity profile, the superficial steam velocity and flow quality are lower and more in line
with the values derived from [23]. Viscosities were also lowered to the true values found
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at BWR conditions. Previous results from the 30◦ geometry showed that system-level
quantities mostly converged very well without resolving all scales of motion. Additionally,
the presence of the swirl should stabilize the liquid film, resulting in less entrainment
and less mass loss in the liquid phase. Therefore, using lower viscosities was believed to
be justified.

Table 5. Fluid and flow parameters for 360◦ geometry tests.

Water Density (kg/m3) 736.65

Steam Density (kg/m3) 37.5

Water Viscosity (Pa s) 9.06 × 10−5

Steam Viscosity (Pa s) 1.94 × 10−5

Surface Tension Coefficient (N/m) 0.02

Inlet Superficial Gas Velocity (m/s) 3.975

Inlet Superficial Liquid Velocity (m/s) 0.46

Inlet Flow Quality (%) 30.5

Inlet Void Fraction/Film Thickness 0.84/9 mm

3.3.2. Results

Visualizations of the flow are shown in Figures 17 and 18. Due to the presence of liquid
around the entire geometry, it becomes somewhat difficult to visualize both the velocity
and interface in the same image. A detailed video of the flow was presented at [33] and is
publicly available. As expected, the swirling velocity profile helps to stabilize the liquid
film and prevents the more chaotic wave formation seen in the previous simulations. There
is still nontrivial droplet entrainment, which results in a higher carryover than in previous
cases. But the stability of the liquid film prevents more steam from entering the POR.

 

Figure 17. Snapshot of 360◦ model simulation. Here, the camera is directed downward towards the
bottom of the separator. A cross-sectional slice shows the velocity field near the pickoff ring. The
gray interface shows the presence of many small-scale droplets and structures that are formed in the
liquid film and pickoff ring. Full video published in [33].

Instantaneous flow rates, carryunder, and carryover are shown in Figure 19. The
data is quite noisy, likely due to the poor mesh resolution. We can also see that it takes
around 4000 timesteps for the solution to reach a semi-steady state. Problems that start
from zero velocity and pressure can have large fluctuations in pressure and velocity before
the flow reaches an equilibrium. So, the data prior to timestep 4000 should be ignored. The
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carryunder and carryover also appear to have some small slope to them, meaning they may
not yet be truly converged. However, the net change is small compared to the timescale
involved (4000 timesteps here is equivalent to about 0.3 s of simulated time). So, the flow is
assumed to be at a steady state.

 

Figure 18. Alternate views of 360◦ simulation using different slices to show velocity field. Interface
is shown in gray, with some transparency to see the velocity field behind it. Left: Streamwise slice.
Right: Cross-sectional slice at pickoff ring. Full video published in [33].

Figure 19. Instantaneous quantities measured in the 360◦ case. “Downstream” here refers to the
pickoff ring entrance location.

One interesting observation is the change in mass flow rate that occurs between the
inlet and pickoff ring. The liquid flow rate drops while the steam flow rate increases. This
can be explained by analyzing the velocity field. Figures 16 and 17 both show the presence
of a very high velocity region at the center of the gas core. When the centrifugal force
of the flow pushes the heavier water to the sidewalls, it creates a low-pressure region in
the centerline. This was reproduced using the same boundary conditions as the present
problem but for a simpler annular flow geometry (Figure 20).
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Figure 20. Demonstration of high-speed steam core created by swirling annular flow. Interface shown
in plane as a white line. (Left) Streamwise velocity field. (Right) Pressure field.

This low-pressure region accelerates the steam phase at the cost of the liquid phase,
which is slowed by the additional friction experienced at the wall. This slowing of the
liquid phase causes a buildup of liquid closer to the POR, reducing the local void fraction
there (Figure 21). This increase in the liquid film thickness restricts the flow area of the
steam phase, accelerating it further.

Figure 21. Void fraction measured over time at the POR by measuring phasic area on a cross-sectional
slice.

The time-averaged carryunder and carryover are plotted on top of the previous non-
swirling data in Figure 22. The exact values are shown in Table 6. The greater stability of the
liquid film helps prevent steam from entering the POR, causing a much lower carryunder.
On the other hand, the larger film thickness that develops at the POR entrance causes more
liquid entrainment and, therefore, higher carryover. Overall, the addition of the swirling
velocity profile has decreased carryunder by about 77% and increased the carryover by 47%.

Table 6. Change in carryunder/carryover when swirl is present. The result from the finest mesh is
used for the “No swirl” result.

Case Carryunder (%) Carryover (%)

No swirl 4.54 14.3
With swirl 1.02 21.0

The carryunder here is about 1%, which is reasonable when compared to the results
from [7]. In that work, a carryunder of 0.4% was measured at an inlet quality of 20%. The
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higher quality simulated here would create higher carryunder. Additionally, the lack of
water level also increases the carryunder.

Figure 22. Carryover and carryunder data from Section 3.1, with new data from swirling
geometry overlaid.

4. Conclusions
In this work, single-phase and two-phase flow simulations were conducted to investi-

gate the flow within a BWR-type steam separator. First, very high-resolution simulations
were conducted using a 30◦ wedge without a swirling velocity profile. Without the swirl,
a very high steam flow was needed to maintain a reasonable liquid flow rate and flow
quality. Due to the lack of swirl, the flow was very chaotic, with very large disturbance
waves forming sporadically, which created large amounts of entrainment. These waves
allowed significant amounts of steam to be caught by the pickoff rings, resulting in very
high carryunder (≈4%).

Section 3.2 discussed the results of a single-phase simulation through a swirler geome-
try. It was noted that the swirler creates significant changes to both the circumferential and
streamwise velocity. Specifically, the peak in streamwise velocity shifts towards the wall,
while the centerline velocity drops to near zero just after the swirler.

The swirler simulation was used to design a new analytic velocity profile in a full 360◦

model geometry. With the new swirling velocity profile, the liquid film is stabilized at a
much lower steam flow. However, the presence of the swirling flow creates a significant
low-pressure region in the flow centerline, causing an acceleration in the steam phase there.
This results in slower liquid film, which increases in size as it approaches the pickoff ring.
The higher stability and thickness of the liquid film prevent most steam from entering the
POR, creating a much lower carryunder. But the added film height creates more entrained
liquid that bypasses the POR, causing more carryover.

The values of carryunder/carryover here are thought to be reasonable, but it is difficult
to validate due to the lack of open-source data of full-scale separators operating at BWR
conditions. Additionally, in the data that does exist, carryover is measured after the flow has
passed through three PORs. Since only a single POR is modeled here, this adds additional
complications when comparing with experiments.

Higher carryunder should be expected in this system due to the higher flow quality.
However, both carryunder and carryover depend heavily on the flow rates, quality, reactor
water level, and geometry of the separator. Ideally one should run many simulations,
which vary these parameters to gauge the accuracy of the method.

The results shown here are significant, but there are many areas which can be im-
proved or modified to further enhance the simulation fidelity. Utilizing proper periodic
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boundary conditions with the 30◦ model would allow for a higher mesh resolution and let
PHASTA capture small-scale droplets/bubbles in the flow. Using a more mass-conservative
numerical method like the conservative Level Set method [34] would also help in this re-
gard. Applying the turbulent data collected from the swirler simulation would provide a
more accurate inlet boundary condition for the main separator simulations. By adjusting
the pressure at the POR outlets, the effect of varying water levels could also be tested.
Finally, the application of some other outlet stabilization method would be preferable to
the artificial increase in viscosity which is used here.

In addition to the enhancements mentioned above, the steam separator geometry
provides several potential avenues for study. Using direct numerical simulation, quantities
like the turbulence kinetic energy, dissipation, and Reynolds stress could be measured and
analyzed throughout the geometry. Measurement of the droplet size/velocity distribution
and liquid film thickness can provide important information for the improvement of
multiphase CFD or system-level closure models. The separator system also generates many
small droplets and bubbles, which make it a great test bed for studying new coalescence
models in interface capturing methods [35]. The study of these topics is left for future work.
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