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ABSTRACT 
Effects of pick-off ring configuration on the separation 

performance of a downscaled model of a steam separator for a 
boiling water nuclear reactor are examined using various types 
of pick-off rings. The experiments are conducted using air and 
water. Pressure drops in a barrel and a diffuser, and diameters 
and velocities of droplets at the exit of the barrel are measured 
using differential pressure transducers and particle doppler 
anemometry, respectively. As a result, the following 
conclusions are obtained: (1) the separation performance does 
not depend on the shape of pick-off ring, but strongly depends 
on the width of the gap between the pick-off ring and the barrel 
wall, (2) the pressure drop in the barrel is well evaluated using 
the interfacial friction factor for unstable film flows, and (3) the 
radial distribution of droplet velocity at the exit of the separator 
is of use for the evaluation of carry-under. 
 
INTRODUCTION 

Boiling water nuclear reactors, BWR, are equipped with 
steam separators for splitting a two-phase mixture into steam 
and water before feeding steam to dryers and turbines. The 
steam separator consists of a standpipe, a diffuser with a 
swirler, and a barrel with several pick-off-rings (POR). 
Stationary vanes of the swirler apply a large centrifugal force to 
the flow, and thereby, most of water rapidly migrates toward 
the barrel wall. An annular swirling flow with few droplets in 
the gas core is, therefore, formed in the barrel. The liquid film 
flow is removed by the PORs from the gas core flow. However 
we have little knowledge on the annular swirling flow in the 
separator.  

In our previous study [1,2], flow patterns, liquid film 
thickness, the ratio of the separated film flow rate to the total 
liquid flow rate in air-water annular swirling flows in a one-
fifth scale model of the steam separator were, therefore, 
measured to understand characteristics of the swirling flow and 
to establish an experimental database applicable to the 
modeling and verification of numerical methods for predicting 
the two-phase flow in the steam separator. 
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In the present study, the effects of POR configuration on 
the separation performance are examined by carrying out 
experiments using various PORs. Pressure drops in the barrel 
and the diffuser are measured and compared with available 
correlations. Velocities and diameters of droplets at the exit of 
the separator are also measured. Droplet velocities are utilized 
to evaluate the carry-under of the gas phase flowing into the 
separated flow and the carry-over of non-separated liquid. 
 
EXPERIMENTAL SETUP 

Figure 1 shows the experimental apparatus. It consisted of 
the upper tank, the barrel, the diffuser, the standpipe, the 
plenum, the gas-liquid mixing section, the water supply system 
and the air supply system. The barrel, the diffuser and the 
standpipe were made of transparent acrylic resin for 
observation and optical measurements of two-phase flows. The 
size was one-fifth of the actual steam separator used in BWR. 
Air was supplied from the oil-free compressor (Oil-free Scroll 
11, Hitachi Ltd.), the regulator (R600-20, CKD) and the 
flowmeter (FLT-N, Flowcell, Ltd.) to the mixing section. Tap 
water at room temperature (20 oC) was supplied from the 
magnet pump (MD-40RX Iwaki, Ltd.) and the flowmeter to the 
mixing section. The two-phase flow formed in the mixing 
section flowed up through the plenum of 60 mm in inner 
diameter D and 300 mm in length L, the standpipe of D = 30 
mm and L = 200 mm, the diffuser of L = 33 mm and the barrel 
of D = 40 mm and L = 270 mm. 

The swirler shown in Fig. 2, which was made of ABS resin, 
was installed in the diffuser to form a swirling flow in the 
barrel. Its shape was based on an actual swirler. Experiments 
without the swirler were also conducted to examine its effects 
on pressure drop and the separator performance. As will be 
discussed later, most of flow patterns observed in the barrel 
were annular flows consisting of liquid film flow, gas flow and 
droplet flow. 

Figure 3 shows the upper part of the barrel, the upper tank 
and the device for separating the film flow from the gas core 
flow, i.e. the mixture of gas and droplet flows. In an actual 
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steam separator, the so-called pick-off-ring, POR, is utilized for 
the separation. An inner pipe was inserted in the barrel to 
simulate POR. The lower end of the inner pipe located 220 mm 
above the bottom of the barrel. 
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Fig. 1  Experimental apparatus 
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Fig. 2  Swirler with a hub and stationary vanes 
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Fig. 3  Pick-Off-Ring (POR) 
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Table 1  Specifications of pick-off rings 
 

Type bGap 
(mm) 

T 
(mm) Shape D1 

(mm)
D2 

(mm)
1 2 2 Flat 36 32 
2 2 1 Flat 36 34 
3 2 0.5 Flat 36 35 
4 2 2 Taper 36 32 
5 4 2 Taper 32 28 
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Fig. 4  POR shapes 
 

Five types of inner pipes listed in Table 1 were used to 
study the effects of POR configuration (See Fig. 4) on the 
separation performance. Most of the liquid film flowed through 
the gap between the barrel wall and the outer wall of the inner 
pipe, while most of air and droplets flowed through the inner 
pipe. The separated liquid and the droplets carried over 
returned to the water reservoir through independent pipelines. 

Experimental conditions were determined by adjusting the 
values of the flow quality and the two-phase centrifugal force 
to cover those in the nominal operating condition of the BWR 
separator. The values of the quality x, the gas and liquid volume 
fluxes JG and JL corresponding to the nominal operating 
condition were x = 0.18, JG =14.6 m/s and JL =0.08 m/s, 
respectively [1]. 

The mass flow rates WLs and WLgc of the separated liquid 
and liquids in the gas core returning to the reservoir were 
measured using a timer and a graduated cylinder. Each 
measurement was conducted for 50 seconds to make the 
uncertainty in measured W less than 3 %. The ratio Ws

* of the 
separated flow to the total liquid flow rate defined by 

 

LgcLs

Ls
s WW

WW
+

=*  (1) 

 
was used as an index of the separator performance. 

The film thickness δ was measured using a laser focus 
displacement meter (LFD, LT-9030, Keyence, Ltd.) [3]. The 
sampling period was 0.64 ms and the measurement time was 30 
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seconds. The sampling number was, therefore, more than 
46000 points, the number of which was sufficient to obtain 
accurate time-averaged film thicknesses. The uncertainty in 
measured δ was 2.0 %. 

Pressure drops in the diffuser and the barrel were measured 
using differential pressure transducers (DP45, Valydine). As 
shown in Fig. 5, six holes of 1 mm in diameter were made at 
six elevations to measure pressure drops between two 
elevations. The sampling period was 0.64 ms and the 
measurement time was 30 seconds, which was long enough to 
obtain accurate time-averaged pressure drops. The uncertainty 
in measured pressure drop was less than 0.5%. 
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Fig. 5 Pressure drop measurement 
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Fig. 6 Liquid film separation device for PDA 
 

As shown in Fig. 6, a device for separating the liquid film 
flow from the gas core flow was installed on top of the 
shortened barrel in the case of measuring diameters and 
velocities of droplets in the gas core flow using a Particle 
Doppler Anemometry (PDA) system (58N series, DANTEC). 
The device was equipped with a POR whose gap bGap between 
the outer surface of the POR and the inter surface of the barrel, 
 

thickness t and inner diameter D2 were 4, 2 and 28 mm, 
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respectively. Droplet diameters and velocities were measured at 
246 mm downstream of the swirler. The uncertainties in 
measured diameters and velocities of droplets were less than 
1 % and 0.5 %, respectively. 

Flow patterns in the barrel and standpipe were recorded 
using a high-speed video camera (Redlake Motion Pro HS-1, 
frame rate = 2000 – 2500 fps, exposure time = 100 μs).  
 
RESULTS AND DISCUSSION 
Flow pattern 

Images of annular flow patterns without and with the 
swirler are shown in Figs. 7 (a) and (b), respectively. Without 
the swirler, the droplet deposition takes place all over the barrel. 
In the case of swirling flow, the rotational speed of the flow 
increases with JG, and as shown in Fig. 7 (b) spiral streaks are 
formed from the swirler vanes in the annular flow condition. 
Most of the liquid in the streak might be made of liquid 
deposited on the swirler vanes, that is, the liquid transfer from 
droplets to the film is caused not only by the direct droplet 
deposition but also by the collection of droplets and film on the 
vanes [4]. As for the direct deposition, most of droplets deposit 
on the liquid film within a short distance from the swirler 
(about 150 mm) due to a large centrifugal force generated by 
the swirling flow. This, in turn, implies that few droplets 
remain in the gas core flow in far downstream of the swirler. 

 

        
       (a) without a swirler      (b) with a swirler 
 

Fig. 7 Annular flow in diffuser and barrel 
(JG = 14.6 m/s, JL = 0.08 m/s) 

 
Film thickness 

Mean film thicknesses δavg at 170 mm above the swirler 
are shown in Fig. 8, which clearly shows that δavg in swirling 
flows takes a higher value and depends more strongly on JL 
than in non-swirling flows. The strong dependence on JL is in 
accordance with the fact that the film flow rate is close to the 
total liquid flow rate in swirling flows, i.e., the increase in JL 
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directly reflects the increase in the film flow rate. On the other 
hand, the droplet flow rate in non-swirling flows increases with 
JL, and therefore, δavg does not depend on JL so much in non-
swirling flows. As shown in Fig. 9, the maximum film 
thickness δmax is slightly higher in swirling flows than in non-
swirling flows, and is about three times as large as δavg. It 
should be noted that δmax is larger than bGap of type 1-4 PORs 
(=2 mm) at low JG. 
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Fig. 8  Effects of JG and JL on δavg (z = 170 mm) 
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Fig. 9  Effects of JG and JL on δmax (z = 170 mm) 
 

Flow Separation 
Figure 10 shows Ws

* for swirling and non-swirling flows 
measured by using type 4 POR (gap size bGap = 2 mm, POR 
thickness t = 2 mm). The Ws

* with the swirler is larger than that 
without it, which implies that the swirler is an effective device 
for the flow separation. The effects are marked under annular 
flow conditions (JG > 13 m/s). Without the swirler, Ws

* 
increases with JG in churn flow, while it decreases with 
increasing JG in annular flow due to the enhancement of droplet 
entrainment at high JG. In annular swirling flow Ws

* increases 
with JG. This is due to the increase in the liquid film flow rate 
resulting from the large deposition rate caused by the strong 
centrifugal force. 
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Fig. 10  Effects of swirler on Ws*. 
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Fig. 11  Effects of POR shape on Ws*. 
 

The effects of POR configuration on Ws
* is shown in Fig. 

11. Experimental data obtained by Nakao et al. and Ikeda et al. 
are also plotted in Fig. 11 (b). Their data show a similar trend 
with the present data. Although the dimensions of the 
experimental apparatus used in their studies are not clear, they 
were based on the steam separators. Hence, the agreement 
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implies the validity of the present separator model. The Ws* o
type 5 POR (gap size bGap = 4 mm) is larger than that of th
other PORs of 2 mm gap, which implies the existence o
liquids in the region between 2 and 4mm from the inner wal
On the other hand, in the cases of 2 mm gap (type 1-4) th
effects of POR configuration under churn flow conditions ar
negligible since the maximum film thickness is larger than bG
[8] and separated liquid flow rate Ws must be determined by th
pressure drop in the gap. The Ws* for annular non-swirlin
flow is affected by POR shape, that is, Ws* takes a larger valu
with the tapered POR or with thicker PORs since the dropl
flow rate in the POR gap is large in these cases. The Ws* is no
affected by POR shape for swirling flow because the dropl
flow rate is reduced by a large centrifugal force. These resul
imply that POR configuration cannot be determined withou
taking into account liquid film thickness. 
 
Pressure drop 

Figure 12 shows pressure gradients –dP/dz in the diffuse
and barrel. As shown in Fig. 12 (a), pressure recovery due t
deceleration increases with JG. On the other hand, –dP/dz i
swirling flows is larger than that in non-swirling flows sinc
the swirler causes a singular pressure drop. In non-swirlin
flow, the region of the pressure recovery extends downstream
of the diffuser as JG increases. This must be due to th
enlargement of the region of a separated recirculating flow. A
shown in Fig. 12, the swirler increases the pressure drop in th
barrel especially near the swirler, and the pressure drop near th
swirler increases with JG. These increases may be caused by 
large centrifugal force, a strong interfacial shear stress actin
on the film surface roughened by the spiral streaks, and a
enhanced droplet deposition. Axial pressure distributions ar
shown in Fig. 13. The pressure drop is large in the diffuser an
within 100 mm from the swirler where the swirling flow 
strong, the spiral streaks appear from the vanes, and dropl
deposition is enhanced. 
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Fig. 12  Pressure gradient 
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Fig. 13  Pressure distribution 
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Fig. 14  Pressure drops of swirling flows in the barrel 
 
 

Pressure drops can be estimated as the sum of the frictional 
and static pressure drops: 
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where τw is the wall shear stress, Δz the axial distance, ρm the 
mixture density, and g the acceleration of gravity. Since the 
droplet volume fraction in swirling flow is negligible, ρm is 
estimated by 

 

FFFGm αρ+α−ρ=ρ )1(  (3) 
 

Here α is the volume fraction, ρ the density, the subscripts G 
and F denote the gas and liquid film, respectively. The film 
volume fraction is given by 
 

)/(4 2DAFF π=α  (4) 
 
where 
 

)( avgavgF DA δ−πδ=  (5) 
 
The balance of the forces acting on the film flow yields 

 
avgLiw gδρ−τ=τ  (6) 

 
where τi is the interfacial shear stress acting on the liquid film: 

 

2

2
1

GGii Vf ρ=τ  (7) 

 
where fi is the interfacial friction factor and VG the gas velocity. 
For stable films, fi can be evaluated by the Wallis 
correlation[5]: 

 

)3001(005.0
D

f avg
iW

δ
+=  (8) 

 

For unstable films, fi is known to be well evaluated by [6] 
 

},5max{ iHiWiU fff =  (9) 
 

where fiH is the friction factor proposed by Henstock & 
Hanratty [7]. Note that 5fiW > fiH in the present experimental 
conditions, and therefore, fiU is equal to 5fiW. 

Pressure drops ΔP (= P2 −P6) of annular swirling flows in 
the barrel are shown in Fig. 14. The Wallis correlation, Eq.(8), 
for stable films underestimates ΔP, whereas 5fiW for unstable 
films agrees well with the measured ΔP. This implies that the 
film flow in swirling flow is highly agitated to be regarded as 
an unstable film. 
 
Droplet diameter and velocity 

Front views of gas core flows discharged from the film 
separation device are shown in Fig. 15. A number of droplets 
are observed in non-swirling flows, whereas the number 
density of droplets is much smaller in swirling flows. 
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    (a) non-swirling flow          (b) swirling flow 
 

Fig. 15 Gas core flows at the exit of the barrel 
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Fig. 16  Distribution of droplet diameter in swirling flow 
(z = 246 mm, JG = 14.6 m/s, JL = 0.08 m/s) 

 
 
PDA measurement was carried out for swirling flows. 

Though the measurement was done for 0 < r < 14 mm (the 
definition of radial coordinate r is shown in Fig. 6), the 
accuracy of measured droplet diameter for r > 8 mm is low 
because of the presence of large droplets formed by the 
breakup of thin films at the tail of POR. 

Figure 16 shows distributions of droplet diameter for JG = 
14.6 m/s and JL = 0.08 m/s measured at the barrel center (r = 0 
mm, z = 246 mm) and in the middle (r = 7 mm, z = 246 mm). 
Since the centrifugal force Fc acting on a droplet is 
proportional to its mass and r, the P.D.F. of droplets larger than 
10 μm decreases with increasing r due to the increase in Fc, and 
some of large droplets (droplet diameter d > 40 μm) remain at 
the center because Fc = 0 at r = 0. 

Figures 17 (a) and (b) show effects of JL and JG on the 
Sauter mean diameter d32, respectively. Here d32 is defined by 
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where di is the diameter of the i-th droplet, and N the total 
number of droplets. The d32 is smaller than 70 μm and is not 
affected by JL. On the other hand, it decreases with increasing 
JG due to the increase in the centrifugal force. 

Radial distributions of mean streamwise velocity VD of 
droplets in swirling flows are shown in Fig. 18. The broken 
line in Fig. 18 (a) is the one-seventh power law based on the 
assumption of no carry-under and no carry-over. Although VD 
shows a similar trend to the power law, the former is smaller 
than the latter due to carry-under. The VD increases with JL, 
which is caused by the decrease in carry-under due to the 
increase in film thickness at larger JL. Since the droplet slip 
velocity is negligible (about 0.05 m/s), VD is approximately 
equal to the gas velocity. Hence the increase rate of VD is 
proportional to that of JG as can be understood from Fig. 18 (b). 
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Fig. 17   Sauter mean diameter d32 
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Fig. 18  Mean vertical velocity VD of droplets 
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Evaluation of carry-under and carry-over 
The carry-under CU is defined by 

 

LsGs

Gs

WW
WCU
+

=  (11) 

 
where WGs is the mass flow rate of the separated gas. It is not 
easy to measure CU because of the difficulty in measuring WGs. 
The separated gas flow rate is given by 

 
GgcGGs WWW −=  (12) 

 
where WG is the total mass flow rate of the gas and WGgc the 
mass flow rate of the gas in the gas core. The droplet velocity 
VD is close to VG and the droplet volume fraction αD is 
negligible. Hence WGgc is estimated by 

 

∫ πρ= 2/
0 2D

DGGgc drrVW  (13) 

 
Equations (11), (12) and (13) can be utilized to estimate CU. 

The carry-over CO is defined by 

 

LgcGgc

Lgc

WW
W

CO
+

=  (14) 
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(a) Carry-over 
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(b) Carry-under 

 

Fig. 19  Carry-over CO and carry-under CU 
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Downlo
Instead of using WGgc, CO can be estimated by 
 

LgcG

Lgc

WW
W

CO
+

≅  (15) 

 
because WGgc+WLgc ~ WG+WLgc. 

Figures 19 (a) and (b) are CO and CU of type 5 POR, 
respectively. As expected, Eq.(15) gives slightly smaller values 
CO than Eqs.(13) and (14), so that Eq.(15) can be also utilized 
to evaluate CO. The decreases in JL or increase in JG causes the 
decrease in the film thickness, which, in turn, increases CU. 
This tendency is well captured in the measured CU. As shown 
in Fig. 19 (b), CU was also measured by using a graduated 
cylinder and a timer, though there might be non-negligible 
errors in this measurement. In any case, CU measured by the 
two methods agreed well, by which we could confirm that the 
drop velocity is useful for evaluating CU. 
 

CONCLUSION 
The effects of pick-off ring (POR) configuration on the 

separation performance of a downscaled model of a steam 
separator for a boiling water nuclear reactor are examined 
using various types of PORs. The experiments are conducted 
using air and water. Pressure drops in a barrel and a diffuser are 
measured using differential pressure transducers. Droplet 
velocities are measured using a Particle Doppler Anemometry 
(PDA) system, which are utilized to evaluate carry-under and 
carry-over. As a result, the following conclusions are obtained. 
 

(1) The separation performance does not depend on the shape 
and thickness of POR, but strongly depends on the gap 
width. 

 

(2) The pressure drop in the barrel is well predicted by using 
the interfacial friction factor, 5fwi, where fwi is the Wallis 
correlation of the interfacial friction factor for annular flow 
with stable film. 

 

(3) The carry-under and carry-over are well estimated by 
making use of the radial distribution of droplet velocity at 
the exit of the separator. 
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