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1. Introduction

Nuclear power plants periodically shut down for plant maintenance and refueling. During a
pressurized water reactor (PWR) plant outage, decay heat is removed by residual heat
removal (RHR) systems. The reactor coolant level temporarily needs to be kept around the
middle of the primary loop to inspect the steam generator (SG) tubes and so on. This
operation is called “mid-loop operation”. In some plants, a loss of RHR event occurred
during the mid-loop operation (USNRC, 1987, USNRC, 1990). Probabilistic safety
assessment (PSA) studies under plant shutdown conditions have been performed and they
confirmed that the loss of RHR cooling during the mid-loop operation is a relatively high
risk event for PWR plants. One of the effective methods to cool the reactor core in this event
is reflux condensation, in which water condensed in a SG flows into the reactor core through
a hot leg and cools down the reactor core as shown in Fig. 1. In the reflux condensation,
steam generated in the core and water condensed in the SG form a countercurrent flow in
the hot leg. This phenomenon limits water into the reactor vessel and affects the
performance of core cooling.

System computer codes, as typified by RELAP, employ a simplified model to a certain
extent to calculate efficiency, however, the hot leg consists of a horizontal section, elbow,
and inclined section. Hence it is unclear whether the countercurrent flow in the hot leg can
be well predicted or not. To improve reliability of the transient analysis, we need to
understand and model the countercurrent flow in the hot leg.

A number of experiments have been made about the countercurrent flow in the hot leg
(Richter et al., 1978, Ohnuki, 1986, Ohnuki et al., 1988, Mayinger et al., 1993, Wongwises,
1996, Navarro, 2005), observations of detailed flow patterns in the hot leg, however, have
not been reported. On the other hand, numerical simulations are a realistic way to evaluate
the flow, because it is difficult to check the flow pattern in the actual PWR hot leg. Few
examples of numerical simulations have been reported, however.

Our objectives in this study were to clarify the flow pattern and dominant factors of the
countercurrent flow and to develop the flow model which improves the reliability of the
transient analysis. At first, we carried out air-water experiments with a scale model of the
actual PWR hot leg. We used two types of small scale PWR hot legs. One was a 1/5th scale
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206 Steam Generator Systems: Operational Reliability and Efficiency

rectangular duct (Minami et al., 2008a), and the other was a 1/15th scale circular pipe
(Minami et al.,, 2010a). Then we carried out numerical simulations of these small scale
experiments to investigate flow pattern and CCFL characteristics (Minami et al., 2008b and
2010b). We used a three-dimensional two-fluid model to evaluate the capability of
predicting countercurrent flow in the hot leg.

Main steam
relief valve

Pressurizer

X0

Reactor Vessel

: f Steam
—
Hot le
9 Condensed
water

Fig. 1. Schematic view of reflux condensation

2. Experiments

The gas-liquid two-phase flow is complex because the gas-liquid interface takes various
geometric configurations and it changes with time. It is, therefore, important to grasp the
interfacial behavior. Hence we carried out air-water experiments with a rectangular duct.
We chose the rectangular duct because observing the countercurrent flow and following the
interface are easy in this duct. Then we carried out experiments with a circular pipe having
a configuration geometrically similar to the actual hot leg.

2.1 Experimental setup

Figure 2 shows schematic view of the experimental setup. It consists of the upper tank,
which corresponds to the inlet plenum of the SG, the hot leg, the lower tank, which
corresponds to the upper plenum of the reactor vessel, the reservoir, and the air and water
supply systems. Tap water at room temperature is pumped to the upper tank through a
flow meter. Air is supplied from a compressor and flows into the lower tank through a
regulator and a flow meter. When CCFL occurs in the hot leg, some of the water overflows
the upper tank and drains into the reservoir.
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Fig. 2. Schematic view of experimental setup

2.1.1 1/5-scale rectangular duct

Figure 3 shows the test section of the 1/5-scale rectangular duct, which is made of
transparent acrylic resin to allow easy observation of countercurrent flow. The height is
about 1/5th that of the pipe diameter of an actual PWR hot leg. The inclination of the
inclined pipe is 50°.

Inclined section 315
Horizontal section
30 R240 315
— |
1175 |f 150 ¢ @6
1240 202
1000
1740
50° elbow

Fig. 3. Test section of 1/5th rectangular duct (unit: mm)
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2.1.2 1/15-scale circular pipe

The equipment used is the same as for the rectangular duct setup (Fig. 2). Figure 4 shows
the test section of the 1/15-scale circular pipe. The hot leg consists of the horizontal section,
elbow section, inclined section, and is made of transparent acrylic resign. The configuration
is geometrically similar to the actual PWR hot leg, while the size is 1/15th. Hence the inner
diameter D is 50 mm. The inclination of the inclined pipe is 50°.

200

110 300

60

R5

|0 REONLPS t o5
P

6 58}_6 }0 50 - 225

430 67

50° elbow

Fig. 4. Test section of 1/15th circular pipe (unit: mm)

2.2 Experimental method

2.2.1 Flow patterns

Observation of flow patterns in the horizontal section, the elbow section, and the inclined
section was done by keeping the supplied water flow rate Qr;, constant. The air volumetric
flux in the hot leg Jc was gradually increased until water ceased to flow into the lower tank
(=QL of water flow rate into the lower tank equal to zero). Flow patterns were also observed
by decreasing the air volumetric flux to examine if there was any hysteresis in them. A hi-
vision video camera (SONY, HDR-FX1) and high speed camera (Redlake, HS-1) were used
to record flow patterns.

2.2.2 CCFL characteristics

In the experiments, Qri» and Jg, were changed, and the relationships between J; of the
volumetric flux of the water flow into the lower tank and ] were obtained. CCFL data were
plotted on the Wallis diagram to fit them with the Wallis correlation (Wallis, 1969), which is
the most widely used correlation for CCFL characteristics,

Jo '/t +m] V2 =C Q)

where m and C are empirical constants depending on fluid type and channel geometry. Jx*

(k=G, L) is dimensionless flux and defined as follows.

1/2
*: pk k=
J Jk{—g_D(pL_pG)}  (k=GL) @

where p is density, g is gravity acceleration, and D is diameter of a pipe.
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2.3 Experimental results of 1/5th rectangular duct
2.3.1 Flow patterns
Flow patterns could be classified into the following three regimes.

(A) Stratified flow

At low Ji, the gas and liquid phase was stratified in all sections of the hot leg. Few waves
were observed in the horizontal section. Figures 5-7 show typical images of the stratified
flows in the horizontal, elbow and inclined sections, respectively. Injected water formed a
thin water film at the bottom of the flow channel and sped up in the inclined and elbow
sections. Water slowed down in the horizontal section and a hydraulic jump occurred due to
the transition from supercritical flow to subcritical flow. The onset of a hydraulic jump in
the flow channel depended on Qri, and Jg. At high ], the hydraulic jump appeared near the
elbow. Under the stratified condition in this study, the hydraulic jump always appeared.

]

Fig. 5. Typical image of stratified flow in the horizontal section (Qr»=51/min, Jc=4.3 m/s)

Fig. 6. Typical image of stratified flow in the elbow section (Qr»=51/min, [c=4.3 m/5s)

a

Fig. 7. Typical image of stratified flow in the inclined section (Qr;»=51/min, Jc=4.3 m/s)
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(B) Wavy flow

As g increased, the gas-liquid interface started to ruffle, and the flow pattern transited from
stratified to wavy flow.

Figures 8(I) and (II) show images of wavy flows in the horizontal section. The onset point of
wave depended on Qrin. At low Qpin, the wave appeared near the air inlet, then grew up and
transferred toward the elbow section, as shown in Fig. 8(I). On the other hand, at high Qri,,
an unstable interface formed in the horizontal section near the elbow, and disturbance wave
occurred there, as shown in Fig. 8§(II). Under the condition that the wavy flow formed in the
horizontal section, the wavy flow also formed in the elbow section due to inflow of wave
generated in the horizontal section. In the bottom region, a circulation flow of water with
bubble and droplet formed. In the upper region of the elbow, it was stratified flow with a
thin water film (in other words, the wavy flow was not observed in the inclined section).
Figure 9 shows the typical image of wavy flows in the elbow section.

(D) Qrin=31/min, Jc =6.6 m/s (II) Q1i»=101/min, Jc =4.6 m/s

Fig. 8. Typical images of wavy flow in the horizontal section

(C) Wavy-mist flow

With further increase in Jg, air velocity became high near the wave peak which finally broke
up. Some injected water returned to the upper tank which overflowed. This flow pattern is
referred to as wavy-mist flow. Figure 10 shows a typical image of wavy-mist flow in the
horizontal section. For wavy-mist flow, mist occurred at the elbow side while wavy flow
occurred at the lower tank side. In the elbow and inclined sections, the wavy-mist flow also
formed due to inflow of mist generated in the horizontal section. Figures 11 and 12 show
typical images of wavy-mist flow in the elbow and inclined sections, respectively. A
circulation flow with large disturbance waves formed in the liquid phase when the large
wave occurred in the horizontal section. The circulation flow with large disturbance waves
involved bubbles in the water flow.
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When | was more than 10.8 m/s, zero water penetration with no flow to the lower tank was
achieved. At that time wavy-mist flow formed near the elbow, while wavy flow formed near
the lower tank. In addition, a liquid phase leading edge moved to the elbow side with the
increase in the air velocity. Figure 13 shows a typical image.

When |z was more than 21.3 m/s, no water was in the horizontal section, as shown in Fg.
14.

Fig. 10. Typical image of wavy-mist flow in the horizontal section (Qri,=51/min, [c=9.0 m/s)
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Fig. 12. Typical images of wavy-mist flow in the inclined section (Q;»=51/min, [c=9.0 m/s)
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ro water penetration(Q, =0)

P - R - -"""'q =

Fig. 13. Typical image of zero water penetration in the horizontal section
(Qrin=51/min, Jc=10.8 m/s)

Fig. 14. Typical image of dry condition in the horizontal section (Q;,=51/min, Jc=21.3 m/s)
2.3.2 Flow pattern map

Figure 15 shows the flow pattern maps in the horizontal, elbow and inclined sections,
respectively. In the horizontal section, as Jg increased for a given Qi the flow pattern
changed from stratified flow to wavy flow, and then wavy to wavy-mist flow. After
transition to wavy-mist flow, water flow into the lower tank through the horizontal section
started to be restricted. Further increase in Jg caused zero water penetration at [c=10.8 m/s
and finally no water was present in the horizontal section for Jc>21.3 m/s. Flow pattern
transition from stratified flow to wavy flow and wavy to wavy-mist flow occurred at low Jg
condition when Qr;, was large. This was because higher Qr;, led to a large water depth and
narrow air flow area, and local air velocity increased. On the other hand, J; at the transition
to zero water penetration did not depend on Qri.

In the elbow section, as ] increased, the transition to wavy flow began due to the intrusion
of wavy flow generated in the horizontal section. Therefore, J; at the transition was almost
the same as that in the horizontal section. Further increase in Jc caused flow pattern
transition to wavy-mist flow due to droplets breaking from the peaks of the waves.

In the inclined section, when water accumulated in the upper tank and overflow occurred,
the flow pattern changed from stratified flow to wavy-mist flow without the appearance of
wavy flow. Flow patterns in the elbow and inclined sections were strongly affected by those
in the horizontal section.

2.3.3 CCFL characteristics

Figure 16 plots experimental results for the relationship between J5?05 and J;05. In this
figure, the duct height of this study was used for D in Eq. (2). There was a linear relationship
between Jg0-5 and J;"05. CCFL characteristics did not depend on Qris, and CCFL constants
were m=0.67 and C=0.56 in Eq. (1).
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Fig. 15. Flow pattern maps
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Fig. 16. CCFL characteristics
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2.3.4 Relationship between CCFL characteristics and flow pattern transition

Figure 17 shows the relationship between CCFL characteristics and flow pattern transitions.
The flow pattern transitioned from stratified to wavy flow and wavy to wavy-mist flow
showed a linear relationship. The transition line from wavy flow to wavy-mist flow agreed
well with the CCFL correlation.

0.6 . . . T T
0.5
0.4
T 0.3
S
0.2
0.1 - —— CCFL correlation (m=0.67, C=0.56)
. ® Wavy to wavy-mist flow
o IStratifield to wavy flowI |
0 01 02 03 04 05 06

JL*1/2

Fig. 17. Relationship between CCFL and flow pattern transitions
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2.4 Experimental results of 1/15th circular pipe
2.4.1 Flow patterns
Flow patterns could be classified into the following four regimes.

(A) Stratified flow

At low Jg, the gas and liquid phases were separated in all sections of the hot leg as shown in
Fig. 18. In this regime, supplied water was not limited and all the water flowed into the
lower tank. The hydraulic jump observed in the rectangular test was not observed. This
should be considered due to the water not being enough acceleration to achieve supercritical
flow.

Fig. 18. Stratified flow Qr;,=201/min, Jc=4.3 m/s (increasing Jc)
(B) Wavy(+) flow

As Jg increased, the supplied water accumulated in the upper tank and covered the junction
of the hot leg and the upper tank. The air penetrated the liquid phase intermittently. Hence
the gas-liquid interface fluctuated at the junction, and some of the supplied water flowed
back into the reservoir, that is, CCFL took place at the upper end of the inclined section. In
this condition, waves that formed in all sections of the hot leg were caused by this
fluctuation. Taking the direction from the upper tank to the lower tank as the positive
direction, then the sign of the wave velocity is positive. This flow pattern is referred to as
wavy(+) flow. A typical image of this condition is shown in Fig. 19.

Fig. 19. Wavy(+) flow Qr;,=201/min, Jc=4.8 m/s (increasing Jc)
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(C) Wavy(-) flow

Further increase in Jg caused flow disturbance in the hot leg. When wave height was high,
the flow pattern in the horizontal section immediately changed to wavy flow with a
negative wave velocity. This flow pattern is referred to as wavy(-) flow. Figure 20 shows a
typical image. A mist occurred in the elbow side in the horizontal section. In the elbow and
inclined section, annular-mist flow, in which the liquid phase reached the upper wall of the
pipe and entrained upward, was observed. This was due to the intrusion of the waves with
breaking of droplets generated in the horizontal section. Circulation of water with bubbles
and droplets was formed. The flow in the elbow and the inclined section strongly fluctuated.

Fig. 20. Wavy(-) flow Q1;,=201/min, Jc=6.5 m/s (increasing Jc)
(D) Oscillatory flow

As Jg decreased from the negative wavy flow condition, the injected air did not penetrate
the liquid phase in the upper tank and oscillatory flow (Fig. 21) was observed. The flow
patterns in the elbow and the inclined section were also oscillatory flow.

Fig. 21. Oscillatory flow Qr;»=201/min, Jc=0.65 m/s (decreasing Jc)
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2.4.2 Flow pattern map

Flow pattern maps obtained by increasing Jc and decreasing Jc are shown in Figs. 22(a) and
(b), respectively. There was a large difference in the two maps. When Qri, was high (> 15
1/min), the junction of the hot leg and the upper tank was covered with the air-water
mixture as Jg increased. Thus the flow pattern transited from stratified flow to wavy(+) flow.
Further increase in Jg caused the flow pattern transition to wavy(-) flow in the horizontal
section. On the other hand, when Qr;, was low (<15 1/min), air and water were separated at
the junction of the hot leg and the upper tank. Hence the stratified flow was kept for Jc < 8
m/s. At Jc=8 m/s, the flow pattern directly transited from stratified flow to wavy(-) flow in
the horizontal section and to annular-mist flow in the elbow and inclined section.

10
8
@ 6
s :
O 41 ‘\‘_~Wavy(+ |
2o Stratified . _
e
2 L -
O _ L | | L |
0 10 15 20 30
Qi [I/min]
(a) Increasing Jg
10
8
@ 6
E
L 4
2
Stratified . :
0 | . ~ Oscillatory
0 10 17.520 30

Quin [I/min]
(b) Decreasing Jc
Fig. 22. Flow pattern maps
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In this condition, water ceased to flow into the lower tank. The flow pattern transition to
annular-mist flow took place simultaneously with the flow pattern transition to wavy(-)
flow in the horizontal section. This was due to the intrusion of waves generated in the
horizontal section into the elbow. Flow patterns in the elbow and the inclined section were,
therefore, strongly affected by those in the horizontal section. The transition from wavy(-) to
stratified flows when decreasing Jc took place at a lower | than the transition from
stratified to wavy flows when increasing Jc. That is, there was a hysteresis in the flow
pattern transition. In the case of Qri, > 17.5 1/min, the flow pattern in the whole hot leg
transited to oscillatory flow as ¢ decreased. It should be noted that (a) the amount of water
accumulation in the upper tank has nothing to do with the hysteresis appearing in the hot
leg, and (b) the same kind of hysteresis in flow patterns has also been observed in
countercurrent flows in a vertical pipe (Hewitt & Wallis, 1963).

2.4.3 CCFL characteristics

Figure 23(a) shows the CCFL characteristics at Qi = 10, 20 and 30 1/min. The CCFL
characteristics obtained by increasing J¢* differed from those obtained by decreasing Jc". In
the case of Qri, = 20 1/min (as the base case), as Jc gradually increased, CCFL first occurred
at the upper end of the inclined section and the flow pattern transited to wavy(+) flow. As
J¢" increased, the flow pattern in the horizontal section transited from wavy(+) to wavy(-)
flows. In this condition, CCFL occurred in the horizontal section. When this transition
occurred, Ji* decreased abruptly by a slight increase in J¢*. When the water height was high
due to overlapping of these waves, waves were pushed back toward the upward direction
(Fig. 23(b)), and the flow pattern transited to wavy(-) flow.

When J¢* decreased, the flow remained as wavy(-) flow. When the flow pattern in the
horizontal section was wavy(-) flow, CCFL characteristics showed a linear relationship.
Though the values of J51/2 in Figs. 23(a)(I) and (II) were the same, the flow in (II) was more
restricted than that in (I). This was due to the difference in the flow pattern in the horizontal
section. Hence, the CCFL characteristics were closely related with the flow patterns.

In the case of Qrix = 10 1/min, as g increased, the flow pattern in the horizontal section
suddenly transited from stratified to wavy flow. A typical image of this transition is shown
in Fig. 23(c). This transition was due to the wave generated in the gas inlet. In this case,
wavy(+) flow did not appear because the water did not cover the junction at any Js. After
this transition, no water flowed into the lower tank at J5*1/2 = 0.62. The CCFL characteristics
obtained by decreasing J¢ agreed well with those in the case of Qr;;, = 20 1/min.

In the case of Qriy = 30 1/min, the junction of the hot leg and the upper tank was covered
with the supplied water at Jg*1/2= 0. For | c*1/2 > 0.3, CCFL took place at the upper end of the
inclined section, for which the CCFL characteristics followed the linear relationship between
Jc*1/2 and J1*1/2. Jc*1/2 was decreased from 0.6 to 0.2, the flow pattern in the horizontal
section was wavy(-) flow and the CCFL characteristics agreed well with those in the case of
Qrin = 20. For Jg* < 0.2, the flow pattern in the horizontal section transited from wavy(-) to
oscillatory flow, and the CCFL characteristics at [c*1/2 = 0.16 disagreed with the Wallis
correlation.

The CCFL characteristics obtained by increasing s depended on Qpi,. This was because
CCFL at the junction was affected by the water level in the upper tank which depends on
Qrin. It should be noted that the water level in the upper tank might relate to the dimensions
of the inlet plenum of the upper tank. On the other hand, the CCFL characteristics obtained
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by decreasing Jc did not depend on Qri,. This was because CCFL occurred at the horizontal
section and it depended not on Qy;, but on J;.

1 L e e L
| (a) QLin [I/m|n] |
Jg 10 20 30
0.8+ Increase | o & 0O+
i (© Decrease| ® v = | &4
0.6¢+ O
N %5,
S| O |
= 04 i (||)_% . Wavy(+)) |
_ \\\\\\\\-& g |
0.2l wavy(-) i
| Oscillatory — |
| | | |

) &—‘ '—I—I—I—— *
0 0.2 0.4 0.6 0.8 1 (€)Jg"?=0.61-0.62, J ;= 0.085 m/s
JL*1/2

Fig. 23. Relationship between CCFL characteristics and flow patterns

Figure 24 shows CCFL characteristics in the case with decreasing Jc. The boundary between
wavy(-) flow and stratified flow agreed well with the CCFL characteristics. This result
indicated that CCFL characteristics were closely related with the flow patterns in the hot leg
and that the onset of deflooding or the flow pattern transition line agreed with the CCFL
line.

Figure 24 also compares CCFL data in the literature (Ohnuki, 1986, Mayinger et al., 1993)
and the present study. Ohnuki (1986) examined the countercurrent flow using air-water and
saturated steam-water systems with a 0.6 m length 45° inclined pipe and a 0.3 m length
horizontal pipe with the inner diameter of 0.051 m, and a 0.6 m length 45° inclined pipe and
a 0.4 m length horizontal pipe with the inner diameter of 0.076 m, in order to investigate the
effects of length-to-diameter ratio in the horizontal pipe, the shape of the upper exit of the
inclined riser, and the length of the inclined riser. Mayinger (1993) used a full-scale
apparatus simulating the hot leg. Test conditions in these studies are summarized in Table 1.
Though all the hot legs were of different sizes and fluid properties, these data were very
close together.

Length of the
Inner . Angle of . .
. horizontal Working fluid
diameter[m] . elbow [deg]
section [m]

This study 0.050 0.43 50 Air-water
Mayinger et al.(1993) 0.75 7.20 50 Steam-water

1) 0.051 0.30 45 Air-water
. 2) 0.051 0.30 45 Steam-water

hnuki (1 (

Ohnuki (1986) 4 0.076 0.40 45 Air-water

4) 0.076 0.40 45 Steam-water

Table 1. Test conditions
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Fig. 24. Comparison with previous CCFL data

3. Numerical calculations

We carried out three-dimensional calculations of the scale model of the PWR hot legs
mentioned in section 2 to examine the feasibility of predicting these complicated flow
patterns and CCFL characteristics in the hot leg using a standard two-fluid model.

3.1 Numerical method

In numerical calculations, we adopted the two-fluid model and the k-¢ model in the CFD
code, FLUENT®6.3.26. Correlations for interfacial friction coefficients are required when
applying the code to a two-phase flow of concern. The interfacial friction force F; in the
momentum equation is defined by:

1
Fi :ECDaipG |ur|ur / (3)
where w, is the relative velocity between the gas and liquid phases, and 4; is the interfacial
area concentration. The interfacial friction coefficient, Cpa;, applicable to three-dimensional
simulations has not been established. We therefore tested various combinations of
correlations developed for a one-dimensional two-fluid model. Then we selected a

combination of correlations which gave the best agreement with the experiments. The
resulting combination is given by

Cpa; = min[(CDai)B,max{(CDai )s ,(CDai)A}] , (4)

(Con), =2a(1-a)g / VZ,, 6
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(Con), =981y [ 222, ©
(Cpa;), =0.02{1+75(1-a)}a" / D, 7)

where a is the void fraction, Vg is the drift velocity of the gas phase and Dj, is the hydraulic
diameter. Equations (5), (6) and (7) are for low (Minato et al., 2000), intermediate (Ishii &
Mishima, 1984) and high (Wallis, 1969) void fraction regions, respectively. The drift velocity
is given by (Kataoka et al., 1987):

1/4
VGI={1.4—o.4exp(—1oa)}(D;)“”S{w} (8)
Pr
where
(p.-p:)"”
D =D, {w_p} , o)
O

and o is the surface tension. The following simplified form of Eq. (8) was used in the present
simulations:

1/4

0125 | go (o, — P,

V., =14(D;) {%} . (10)
L

3.2 Computational grid

We carried out three-dimensional simulations using a computational domain including the
lower and upper tanks to avoid uncertainties in the inlet and outlet boundary conditions
and to accurately evaluate the wall friction.

3.2.1 1/5th-scale rectangular duct

Figure 25 shows the computational grid. Air was supplied into the lower tank through the
air-inlet pipe at a constant velocity. Water was supplied from the bottom of the upper tank
at a constant velocity. J; was calculated from the increasing rate of the mass of water in the
lower tank. When CCFL occurred in the hot leg, some water overflowed the upper tank and
flowed out through the mixture outlet. The pressure at the mixture outlet was set constant.
The hot leg was a rectangular cross section (10 mm wide and 150 mm high). The height was
about 1/5th of the pipe diameter of an actual PWR hot leg. The inclination of the inclined
pipe was 50°. The geometry was the same as the experiment for the rectangular duct. Hence
the total number of cells was about 140,000.

3.2.2 1/15th-scale circular pipe

Figure 26 shows the computational grid. The size was the same as that of the 1/15-scale
model. Air was supplied into the lower tank through the air-inlet pipe at a constant velocity.
Water was supplied from the bottom of the upper tank at a constant velocity. Unlike the
tests, water was supplied from all over the bottom to minimize external influence.
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Calculations were done for Qri; = 10- 30 1/min. The air velocity was increased until Jp = 0
and decreased. The total number of cells was about 70,000 except Qri, = 10 1/min. There was
a possibility that the flow in the hot leg was not simulated faithfully due to the rough size of
the simulation cells, especially where the water depth was shallow. This was because the
sizes of cells affected simulations of water accumulation at the gas inlet. Hence, we used the
fine mesh at Qr;, = 10 1/min and the total number of cells was about 120,000.

Lower tank

Water Mixture Upper tank
inlet  outlet
50°
Elbow

Upper tank

Air inlet

Air inlet

Water nixture
inlet o tlet

Fine mesh

Normal mesh

LS L RRREEL Y
Cross section of hot leg RSN

Water inlet Mixture outlet

Fig. 26. Computational grid with 1/15th-scale circular pipe (unit : mm)

3.3 Calculation results
3.3.1 1/5th-scale rectangular duct
The aim of this calculation was to predict the wavy-mist flow observed in the experiments.
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Figure 27 shows the predicted flow pattern after achieving the quasi-steady state. Flooding
occurred in the hot leg. The liquid phase dropped from the upper tank and accumulated
near the elbow in the horizontal section. Then the wave formed and was blown up to the
upper tank. The predicted flow pattern could reproduce the wavy-mist flow in the
experiments. To predict the flow pattern in the experiment, it is important to simulate the
hot leg including the upper tank and the lower tank faithfully.

Liquid volume fraction
0.0 0.25 0.5 0.75

(I Jg=4.8m/s
Flooding

(iii) Jg = 6.5 m/s

Flooding

(iv) Jg = 5.0 m/s (Decreasing Jg)

Flooding

Fig. 28. Comparison between the predicted and measured flow patterns (Qri» = 20 1/min)

3.3.2 1/15th-scale circular pipe
Figure 28 compares predicted and measured flow patterns at Qi = 20 1/min. In the
simulation, at low ], a stratified flow was calculated in all sections of the hot leg as shown
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in (i). As Jc increased, fluctuation of flow took place at the junction of the hot leg and the
upper tank as shown in (ii). At Jc = 6.5 m/s as shown in (iii), the flow pattern near the elbow
in the horizontal section was a wavy flow, whereas it was a wavy-mist flow in the elbow
and the inclined section. When we decreased Jc from 6.5 m/s, the flow pattern remained
unchanged even though Jc was the same as in (ii). These flow behaviors were almost the
same as the observed flow patterns as shown in (I) to (IV).

Figure 29 shows a comparison between calculated and measured CCFL characteristics at
Qrin =10, 20 and 30 1/min. At Qri, = 10, 20 1/min, the calculated CCFL characteristics agreed
well with the measured data. On the other hand, at Qri, = 30 I/min, J.* in the simulation
resulted in underestimation of J.* in the test at low Jg*. This was due to a large difference
between the measured and the predicted flow patterns at the junction of the hot leg and the
upper tank. In the simulation, the flow was calm, whereas the flow fluctuated at the junction
as shown for the measured data (Fig. 29(b)).

0.8 ————{ Q,,, [min] 10 20 30
a M d-o--4a--- «
@ s anameatn Wl (b)), - 3.2 m/s (Jg = 0.39)

Fluctuated

*1/2

J

(c) Jg=3.0m/s (Jg'=0.32)
Stratified

0.8

Fig. 29. Comparison between the calculated and measured CCFL data.

4. Conclusions

The objectives of this study were to clarify the flow patterns and dominant factors of

countercurrent flow and to develop the flow model which improves the reliability of

transient analysis. Results of experiments and numerical simulations for countercurrent
flow in a PWR hot leg under reflux condensation were summarized, and the following
conclusions were obtained.

i.  The effects of gas and water flow rate on the flow patterns in the hot leg were clarified.
Flow patterns in the elbow and the inclined section were strongly affected by those in
the horizontal section.

ii. The flow patterns were closely related to the CCFL characteristics.

iii. The calculation results of scale model experiments agreed well with the measured data
using an appropriate set of correlations for interfacial friction coefficient.

The combination of calculation model and interfacial friction coefficients used in this study

can predict the countercurrent flow in a hot leg qualitatively and quantitatively.
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