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Entrainment in the Header-Feeder System of CANDU
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An experimental study has been performed to investigate the off-take phenomena at the

header-feeder systems (horizontal header pipe with multiple feeder branch pipes) in a CANDU
(CANadian Deuterium Uranium) reactor with the branch orientation varies 236° or £72°. In
order to evaluate the applicability of the conventional correlations used in the safety analysis
code, RELAP5-Mod3, the test facility is designed with the 1/2 scale of the CANDU 6. It was
found that the data set for the top, bottom and side branches are in a good agreement with the
correlations used. However, for the specific angled branches, +=36° and +72°, the onsets of
off-take data and quality data showed large deviation with the conventional model inside

RELAP5-MOD3. Furthermore, based on the uncertainty analysis, the conventional 2.5 power

law needs to be modified. The present experimental data set can be useful for the construction

of the general correlation considering the arbitrary branch orientation.
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Nomenclature

D,d . Diameter of header and diameter of branch
pipe

Fr ! Froude number

g . Gravitational acceleration

h  Water level

j  : Volumetric velocity

q - The gas volumetric flow

Q : The volume flow rate

r . The rise of water level at the wall

V [ Velocity

x . The quality

Greek

a . The void fraction
0 : The wave height
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A Wave length
o . The density
Ap I pr—pg
Superscript

% [ Dimensionless

Subscript
b Onset condition
g  Gas

3g . The gas phase at the branch
R [ Ratio of prototype to the reference

1. Introduction

A lot of industrial applications involve two-
phase flow discharging from a stratified region
through single or multiple branches. For instance,
these applications include the flow through small
break in horizontal cooling channels of a CAN-
DU reactor during postulated loss-of-coolant
accidents (LOCA), the flow distribution at the
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header—feeder systems during accidents and two-
phase distribution headers, where a certain in-
coming stream fed into a large header is divided
among a number of discharging stream. There-
fore, knowledge of the flow phenomena including
the mass flow rate and quality of all discharging
streams is obviously essential for the design and
safety analysis of such system.

For the case of single discharge from a large
flow channel under stratified flow conditions, Zuber
(1980) pointed out that the phenomena of gas
and liquid entrainment will influence the flow
through the branch. He proposed simplified cor-
relations for the onsets of these phenomena in
terms of relevant system parameters and branch
orientation (top, bottom or side) depending on
the location of the gas-liquid interface relative to
the branch. If the interface is located above the
branch, gas can be entrained by vortex or vortex—
free motion into the predominantly liquid flow
through the branch. On the other hand, if the in-
terface is located below the branch, liquid may be
entrained into the predominantly gas flow. Later,
detailed experiments were conducted on the onsets
of gas and liquid entrainment, two-phase mass
flux and quality during discharge from a large
stratified region through a single branch with dif-
ferent orientations by Smoglie (1984) and Reimann
et al.(1984), Schrock et al.(1986), Yonomoto and
Tasaka (1988).

The off-take problem has been formulated in
the form of correlation into the safety analysis
code through the intensive experimental and the-
oretical works during the last decades. For in-
stant, RELAP5/MOD3, a best estimate safety analy-
sis code, involved the liquid entrainment and
vapor pull-through models of a vertical and hor-
izontal pipe for predicting branch quality of T-
junction. In the CANDU reactor, there are two
difficulties associated with the arbitrary orienta-
tion of branch pipes and the number of tubes.
Since the current off-take model in the RELAP5/
MOD3 is made for the single branch tube with the
specific orientation such as the top, bottom, and
side orientations, simple interpolation of the exist-
ing correlations cannot be the solution for the
header and feeder pipes in CANDU reactors. The

designs of the CANDU reactors are different from
those of the light water cooled reactors (LWR).
For example, a lot of the pressure tubes penetrate
the CANDU reactor and include the fuel bundles.
A total of 380 fuel bundles divided into the four
groups with 95 fuel bundles respectively and are
connected with the feeder pipes in order to trans-
port the coolant for heat exchange. Especially,
there are five-angled types at T-junctions be-
tween header and feeder pipes ; 0°, 36°, 72°, 108°,
144° from the horizontal line. Unfortunately, the
current horizontal stratification entrainment model
in RELAP5/MOD3.3 cannot predict the exact
mass qualities at specific angle branches because
it can be applied only at the bottom, top and side
branches. The geometrical characteristics between
the header and feeder pipes of the CANDU reac-
tor require different approaches to safety analysis
from the existing simulation codes developed for
LWRs.

Unfortunately, the researches for the off-take
phenomena in the branch pipes with arbitrary
angle were, however, hardly to find and there is
no reliable correlation for this purpose. During
the last decades, several models and correlations
were developed by experimental studies. KfK
(Smoglie, 1984) reported the results of experi-
ments designed to determine the mass flow rate
and quality through a small break at the bottom,
top and side of a main pipe with stratified gas-
liquid flow. The break diameters are 6, 8, 12, 20
mm respectively and the main pipe diameter is
206 mm. These experiments were performed with
air-water flows at ambient temperature and a
maximal pressure of 0.5 MPa. UCB (Schrock et
al., 1986) also presented the results of an experi-
mental investigation of air-water and steam-wa-
ter discharges from a stratified upstream region
through small diameter breaks oriented at the
bottom, top and side of the horizontal pipe. The
main pipe was 102 mm in diameter and the break
tubes were 4, 6, and 10 mm in diameter respec-
tively and 123 mm in length. Both air-water and
steam-water were used at pressures up to 1.07
MPa. These two experimental results are imple-
mented into the horizontal stratification entrain-
ment model (HSEM) in RELAP5/MOD3.3, which
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accounts for the phase separation phenomena and
computes the onset and the quality of liquid and
gas entrainment at branches attached to a hori-
zontal pipe.

In the present study, to investigate the off-take
phenomena for a single branch with the arbitrary
angle, off-take experiments are carried out using
the experimental facility of the horizontal pipe
with 7 angled branch pipes. The header and
feeder pipes in CANDU 6 are designed as the 1/
2 scaled-down off-take test facility. The onset
of liquid/gas entrainments and qualities at the
branch entrance for stratified flow in the hori-
zontal pipe are compared with the previous ex-
perimental results, KfK and UCB. In addition,
the off-take phenomena at branch pipes with four
specific angles as well as three branches (top, side
and bottom) are also described.

2. Previous Studies

In the present section, a brief introduction of
the previous models for the off take phenomena
is made. It has been generally accepted that the
water level at the onset condition of the entrain-
ment,, is the key parameter in termination of the
exit quality and mass flow rate through the
branch pipe and it is correlated with the Froude
number which is the function of the velocity of the
continuous phase in the branch pipe. The general
form accepted to describe the onset condition of
entrainment was given by Rouse (1956) devel-
oped a correlation from the experiments of the
non-circulatory waterspout

(L)'= (B)" o

where F7 is the Froude number, Fre= Vs//gd ,
Vsg is the velocity of the continuous phase in the
branch pipe, D is the diameter of header, and d is
the diameter of the branch pipe. The constants C;
and G,
experimental data.

were determined by fitting the

The first theoretical work to model the pheno-
mena was made by Craya (1949) for the onset of
the liquid entrainment at the side branch at the
water reservoir. Later it was verified by the ex-
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Fig. 1 The schematic drawing the liquid entrain-

ment t the side branch

perimental works of Gariel (1949) and Crowely
and Rothe (1981). As depicted in Fig. 1, the side
branch flow bring the water to rise the level at the
wall, 7. Ignoring the surface tension and viscous
force at the water surface, the application of the
Bernoulli relation with the assumption that »=
4)/5, Craya developed the onset condition as

where, ¢ is the gas volumetric flow rate to the
branch and K is determined as 0.68.

The model of Craya has the meaning as the first
investigation but the diameter of branch pipe
was neglected in the correlation. The first model
accounting the diameter effect was made by Rouse
(1956) who developed a correlation from the ex-
periments of the non-circulatory waterspout. His
correlation of the dimensionless water level num-
ber (%4s/d) to the Froude number, Fre= Vag/
Jgd , as Eq. (1) is the general form of onset con-
ditions developed. Zuber (1980) accepted the cor-
relation reasonably for the scaling of the break-
out flow through the broken pipe. Eq. (1) has
been used as the standard form in the modeling of
the onset condition at the top, bottom, and side
branch flow. Crowley and Rothe (1981) deter-
mined the constants C; and C, experimentally as
3.25 and 2, respectively. In line with the experi-
mental works of KfK for the top, bottom, and side
branch form the horizontal pipe with the strati-
fied flow, Smoglie (1984) developed a correlation
based on the potential flow theory as illustrated
in Fig. 2 in which the branch pipe was treated as
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Fig. 2 The schematic drawing of the liquid entrain-
ment at the top branch
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Fig. 3 The schematic drawing the liquid entrain-
ment at the top branch with the two waves at

the onset condition

the punctual sink point. The theoretically derived
constants were, C1=3.25, C,=2.5, but Smoglie
determined them from the experimental data as
C1=0.353, C»,=2.5. It was interesting that the 2.5
power law was theoretically derived, C;=25 and
C: coefficient of experimental data was 1/10 of
the theoretical value. As Reimann and Khan (1984)
noted through their experimental work, the model
has limitation of not counting the diameter ratio
of d/D. Furthermore, Schrock et al.(1986) per-
formed experimental works and determined con-
stants as (C1;=0.395 and (C,=2.5, which is very
similar to the results of KfK. In this point of view,
the 2.5 power law has been widely accepted in the
correlation of the onset condition.

However, another noteworthy approach was
made by Maciaszek et al.(1989) of CENG, in
which they took account of the water waves at the
onset condition which has the distance of A as
depicted in Fig. 3.

They followed the original proposal of Bharathan
et al.(1982) based on the continuity and potential
flow theory to determine the wave height as 6=

1/3%s, In their determination of the wave height,
the instability theory was adopted and counting
A as the diameter of the branch pipe d and deter-
mined the constants as C;=1.54, Co=1.5. There-
fore, the instability model of Maciaszek et al.
departs from the general 2.5 power law. In the
present study, the experimental data set measured
will be used to check the proposed correlations
and to see how much depart the data of the speci-
fic angled cases from them.

3. Experimental Facility

The scaling analysis is performed to design the
off-take test facility on the prototype of CAN-
DU6. The major scaling parameters are the di-
ameter (D) and length (L) of the header pipe and
the diameter of the feeder pipes (d). The pheno-
mena related to the off-take are considered in the
scaling analysis: flow regime in the horizontal
pipe and the onset of off-take at the branch pipes.

At first, the diameter of the horizontal pipe (D)
is scaled down as 1/2, which results in 0.184 m as
the value of D. For the countercurrent flow limi-
tation, it has been generally considered that L/D
plays an important role, but in the study it is just
recommended as an important parameter for the
scaling design. This is partially due to the fact
that the actual header pipe has various lengths
according to the locations of each feeder pipe.
Therefore the length of the horizontal pipe is de-
signed to be suitable of the experimental condi-
tions. The flow rates inducing an off-take are re-
lated to the Froude number in case of the hori-
zontal stratified flow. Basically, the void fraction
is preserved in horizontal stratified flow: geo-
metrical similitude. Since the multiplication of
the Froude number to the void fraction is the
volumetric flow rate of Wallis for the counter-
current flow limitation. In the present scaling we
used the scaling index [F7-alz=1. Also, the
branch quality need to be preserved, ([x]z=1).
These two criteria gave us volumetric flow and
the branch diameter based on the scale of the
header diameter: [Qzlz=[D"?]z and [d]z=
[D%*] . The branch pipes are designed into three
diameters scaled down from the feeder pipes on
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Table 1 Summary of the test facility compared with a CANDU-6 reactor

CANDU6 Test Facility Scaled-down Ratio
Header diameter [m] 0.3683 0.184 0.5
Header length [m] 6.00 0.8 0.133
Feeder diameter-1 [cm] 3.81 1.60 0.420
Feeder diameter-2 [cm] 4.93 2.07 0.420
Feeder diameter-3 [cm] 5.90 2.48 0.420
Gas/liquid flow rate 0.177

the basis of the above scaling result. Table 1 sum-
marizes the scale of the test facility compared
with the prototype (CANDUS6). Figure 4 shows
the overall schematic diagram of the test facility,
which consists of air-water tank, horizontal pipe,
branch pipes having three different diameters, air—
water separator and collecting tank of entrained
water. Additionally, the air compressor, water pump,
their control panel sets and various measuring
instruments are installed to the test facility. The
horizontal main pipe and the branch pipe are
scaled down to represent the header pipe and the
feeder pipes of the CANDU 6 reactor, respective-
ly as listed in Table 1. The major scaling para-
meter used was the Froude number. All the test
facility is made of stainless steel as a design pres-
sure of 10 bar. Visual windows are installed for
observation in the T-junction in the horizontal
main pipe and air-water separator. At the T-
junction, the circular branches with diameters of
16, 20.7, 24.8 mm can be installed and removed
for different branch diameters and angles. The
branch angles are 0°, 36°, 72°, 90° from the hori-
zontal line and illustrated in Fig. 5. The diameter
and length of the horizontal pipe are 184 mm and
775-1,035 mm, respectively. The honey-comb at
the inlet of the horizontal main pipe is installed
for flow stabilization. Compressed gas and water
flows are supplied by the air compressor and
water pump, respectively. In the case of a liquid
entrainment, the two-phase branch flow is sepa-
rated into entrained water and gas flow in the
air-water separator. Thereafter, the entrained
air/water is collected and measured by different
methods according to the amount of those. Water
levels in the horizontal pipe are measured at both
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Fig. 4 Schematic diagram of the test facility

+90(Top)

Main Pipe |~ »  0(Side)

Branch
Pipe

-90(Bottom)

Fig. 5 Side-view of T-junctions

front and real positions of the T-junction. For
circulating quality, water level in the air-water
separator was measured. Orifice-meters and vor-
tex-meter are used for measuring air flow rates
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Table 2 Summary of experimental studies

Investigator D (m) D/d Working Fluid Branch Orient
Reimann aagﬂf)han (1980) | 0206 | 343,257, 17.1, 103 Air-Water Top, Side, Bottom

Schrock et al.(1986)

(UC-Berkeley) 0.102 27.2, 25.8, 16.1, 10 Air/Steam-Water Top, Side, Bottom
Moon and NO (2000) .
(KAIST) 0.295 59,42 Air-Water Top
H 2002
Wa?ﬁé?i;i;é)oo ) 0.184 11.5, 7.4 Air-Water Top, Side, Bottom

and magnetic flow meters are installed in order
to measure water flow rates.

The experiment is performed at room tempera-
tures and maximal pressure of 8§ bar. The maxi-
mum air flow rate and water flow rate used in the
tests is up to 70X 1072 kg/s and 3.5 kg/s, respec-
tively. Water levels in the horizontal pipe can be
controlled by inlet/outlet valves of flow pipes,
controlling water pump power and dam in outlet
the horizontal pipe. To obtain the data of the
onset of liquid/gas entrainment, the input and
branch mass flow rate of air/water are fixed and
the interface level increases/decrease very slowly
(1 mm/min). Therefore, the experiments can be
assumed to be at steady state. All injected air/
water are discharged through the branch pipe
because of no exit flow in the horizontal pipe. In
Table 2, recent experimental studies are summa-
rized.

4. Results and Discussions

A series of experiments was performed to con-
firm that the present facility produces similar data
as the previous experimental data by KfK and
UCB for the top, bottom, and side branches. Also,
the off-taking onset data for the branches with
+36, =72° were measured. The experiments of
onset conditions for branch flow were measured
with three different diameter and seven different
orientations for the branch pipes respectively as
shown Table 3. The operating pressure was main-
tained up to around 8 bar and the air and water
flow rates are up to 0.07 kg/s and 3.5 kg/s, re-
spectively.

4.1 Onset of liquid entrainment at top

branches

As for the top branch, it is observed that the
water surface changed as the water level increases.
As shown in Fig. 6, the dimple size grows up as
the water level increases. Also, the instability on
the surface of the dimple suddenly produces many
droplets which will entrained into the branch
pipe (Fig. 6.(c)). The onset condition was set to
this case.

The present experimental data of OLE were
plotted in Fig. 7. The solid circles denote the
OLE for 16 mm diameter branch pipe and the
solid rectangle represented the OLE of 24.8 mm.
The experimental data are partially scattered
due to the instability at the interface of the water
as well as the vortex near the wave crest. The
present experimental data are close to those of
KfK presented with the white circle for 6 mm
diameter branch, white triangle for 12 mm diam-
eter branch, and white rectangle for 20 mm diam-
eter branch. Also, experimental data of the present
and KfK data are well converged to the correla-
tion of RELAP5/MOD3 which represented 2.5
power law. Comparing with UCB experimental
data, the present experimental data are a little
deviated to the left side from the UCB data and
the conventional correlation while the data of
UCB for the lower Froude number approached
to those of KfK and the present experiment. It
can be said that the experimental data support the
2.5 power law. However, as listed in Table 4, the
best fitting of the experimental data produced
scattered values of C, are scattered in the range of
1.63-2.8 in accordance with D/d. Comparing
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Table 3 Test matrices for the onset of entrainment experiments

Entrainment type 6 (°) d (mm) P (MPa) g or 7, (kg/s) he/d # of data
+90 (top) 16, 24.8 0.226-0.808 6.2-70.9 0.92-34 17
+72 16-24.8 0.255-0.810 4-79 1.31-3.04 34
G.E. +36 16-24.8 0.188-0.674 21.7-75.9 0.94-2.4 40
0 (side) 16, 24.8 0.177-0.541 16.3-67.7 0.7-1.81 18
—36 16-24.8 0.158-0.609 15.1-84.2 0.75-1.58 50
+36 16-24.8 0.133-0.547 0.32-3.04 0.81-1.84 43
0 (side) 16, 24.8 0.137-0.758 0.46-3.66 0.78-3.18 26
L.E. —36 16-24.8 0.334-0.810 0.57-3.09 2.64-7.39 43
—72 16, 20.7 0.304-0.810 0.63-2.6 5.5-10.17 34
—90 (bottom) 16, 24.8 0.397-0.804 1.26-3.3 5-10.85 29

Table 4 Summary of uncertainty analysis results on the empirical constant, C, for OLE at 90°

Investigator d (m) D/d Cl1 C2 Deviation Rate (%)
0.006 343 1.132 1.63 —34.8
KfK 0.012 17.1 0.352 2.44 —2.4
0.020 10.3 0.295 2.8 12.0
0.00376 27.2 0.27 2.67 6.8
UCB 0.00396 25.8 1.794 1.67 -33.2
0.00632 16.1 0.474 2.45 -2.0
0.05 5.9 0.277 2.5 0.0
KAIST
0.07 4.2 0.497 2.034 -18.6
0.016 11.5 0.389 2.316 -7.4
HGU-KINS
0.0248 7.4 0.77 2.106 -15.8
100 4 ;
|
as interface level increases ! c’c: 1
< 7 E
(a) (b) (© @ £ ]
Fig. 6 Development of liquid entrainment at the top s [ ]
branch 1 7 o
) " ,
41 —— Cormolation(KIK_RELAPSMOD3.3) H
with 2.5 power law, it shows that the uncertainty 0/ @+ Frosntdanamtonm
®  Present data =24 Bmm
are increased up to —34.8% and the average un- 11 o . Aol :
certainty is about 16%. 1m UCh duagcazomm vy
1 UCH data d=6.32mm (A-W) 1
- e
4.2 Onset of gas entrainment at the bottom ! h,/d v
branches Fig. 7 Comparison of OLE data at the top branch

The onsets of gas entrainment (OGE) and gas with the experimental data
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pull through are measured at the bottom branch
and side branch in which water level is higher
than the center line of the side branch. For the
bottom branch, when the liquid are ejected out
through the bottom branch, a dimple at the in-
terface of the water was observed. When the water
level reaches to the certain level, the dimple-type
air flows to the bottom branch. In this study, three
typical phenomena as shown Fig. 8 are consi-
dered to decide the definition of OGE (onset of
gas entrainment) . As the water level decreases, the
dimple at first produces very tiny bubble which
pulled through the branch pipe and for the lower
water level a gas hose produced and finally it
grow up and gas swept out as the vortex free con-
dition. In this case the definition of the onset con-
dition is very subjective to the researcher. Also
as shown in Fig. 9, the experimental data between
KfK and UCB show a large deviation. Therefore,
in the present study, we used the sudden increase
of quality at the branch pipe which is measured
by the impedance meter.

In Fig. 9, the present experimental data are

as interface level decreases
(a) (b) (c)
Fig. 8 Development of gas entrainment at the bot-
tom branch

close to the data and correlation of KfK while the
correlation of RELAP5/MOD3.3 is located in
between the UCB and KfK and the correlation of
UCB has different slope. The reason of this devi-
ation came form the definition of OGE since UCB
adopted the definition of OGE as the first bubble
pull through as shown Fig. 8(a). In the mean-
while, the new definition based on the quality rise
at the branch pipe is proposed in such a way to
consider the safety perspective. If the unstable sit-
uation of the first bubble pull through is adopt-
ed as the definition of the OGE, the ambiguous
observation will produce some confusion which
is already represented in the correlation. RELAPS5/
MOD3 accepted the middle of the UCB and
KfK but still kept the 2.5 power law. In this point
of view, it implies that RELAP5/MOD3.3 has

100 4

Fr(p/ap)™®

-
o
M|

Corralation(KfK)
Comalaton(UCB)
Cormelabon(RelapSMOD3.3)
=  Present data d=24.8mm
KiK data d=Bmm
+ KK data d=Bmm
KK data d=12mm
UCB data d=3.78mm (A-W)
UCE data d=6. 32mm (A
T
1 10
h,/d

Fig. 9 Comparison of OGE data at the bottom
branch with the experimental data

Table 5 Summary of uncertainty analysis results on the empirical constant, C, for OGE at —90°

Investigator d (m) D/d Cl C2 Deviation Rate (%)
0.006 34.3 1.33 1.60 —36.00
KfK 0.012 17.1 0.47 2.07 —17.40
0.020 10.3 0.64 1.80 —28.00
0.00376 27.2 2.49 1.70 —32.00
UCB 0.00632 16.1 2.13 1.78 —28.80
0.00376 27.2 0.65 2.03 —18.64
0.00632 16.1 2.38 1.32 —47.20
HGU-KINS 0.0248 7.4 0.46 1.89 —24.40
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the reasonable correlation for the OGE. As listed
in Table 5. the best fit gave us the values of C,
are scattered in the range of 1.32-2.07 in accord-
ance with D/d. Comparing with 2.5 power law,
it shows that the uncertainty are increased up
to —47.2% and the average uncertainty is about
30%.

4.3 Onset of liquid/gas entrainment at side
branches
4.3.1 Onset of liquid entrainment
As for the side branches, as a gas flow increases,
the liquid entrainment at side branch occurs as
shown Fig. 10(a).
denced by the deflection of the interface in the

The Bernoulli effect is evi-

vicinity of the branch wall first but disappears
again like Fig. 10(b). With further increase of
the liquid level, a thin ascendant film of water,
not influenced by vortex, determines the onset of
liquid entrainment. The liquid vortex on the in-
terface level can be hardly observed because of
the inner wall friction in the horizontal pipe as
shown Fig. 10(c). Finally, a lot of the entrained
liquid is discharged intermittently or continuous-
ly. In this study, the OLE is defined in the case
of Fig. 10(b).

In Fig. 11 is shown the OLE at the side branch
of the present experiment is on the line of the
existing correlations: RELAP5/MOD3.3. The
present data are well agreed with the previous
experimental data of KFK and UCB. While UCB
data has a little scattering, the correlation pro-
posed by UCB agrees with that of KfK. There-
fore, for the OLE at the side branch, the present
experimental data support the existing data and
correlation firmly so that no more effort to devel-
op the correlation is needed in this case. But the
best fit data in table 6 gave the values of C, are

as interface level increases
(a) (b) (c)
Fig. 10 Development of liquid entrainment at the
side branch
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scattered in the range of 2.03-3.05 in accordance
with D/d. Comparing with 2.5 power law, it
shows that the uncertainty are increased up to
+229% and the average uncertainty is about 16%.

4.3.2 Onset of gas entrainment

In Fig. 12, three phenomena for the side branch
were observed. Figure 12(a) illustrated that as a
liquid flow increases the continuous liquid phase
generates a very small vorticity. However, this
small vorticity is difficult to be observed and then
disappears rapidly. As the liquid increases, thin
gas hose forms in the vicinity of the branch and
small bubbles are discharged through the branch.
The wall friction prevents the vorticity from de-
veloping and after short intermittences the gas is
in direct contact with the wall as shown Fig. 12
(b). Figure 12(c) shows that as increase of liquid

T T T T T T T T T TTTTITIII Ty

100 4—

0.5
Fl"g( pg.".-’\p}
]
1

—— Comelation(KfK, RELAPS/MOD3.3)|
0 Comelation{UCB)
] Present data d=16mm

Present dala d=24. Bmm
4 L KIK data d=6mm
" KK data d=12mm
KK data d=20mm
UCB data d=3.78mm (A

2 3 4
h,/d

Fig. 11 Comparison of OLE data at the side branch
with the experimental data

as interface level decreases
(a) (b) (c)
Fig. 12 Development of gas entrainment at the side
branch
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flow the more gas is swept out instead of vortex
flow.

HSEM in RELAP5/MOD3.3 predicts reason-
ably the data although they are scattered around
the correlation shown as Fig. 13. The data of
UCB shows large scattering and the correlation

=T

1004

Frl{p,lAp)o's

—— Correlation{Kfi,RelapSMOD3.3) ]

Cormrelation{UCB) U

* Present data d=18mm

®  Present data d=24 8mm

°  KfK data d=6mm

4 KK data d=12mm

o KiK data d=20mm
LCB data d=3.76mm (A-W)

1 10
h,/d
Fig. 13 Comparison of OGE data at the side branch
with the experimental data

may not well fitted by the data. Some data for
Froud number, Fr, around 50 approached to
those of the KfK data, which shows very con-
sistent tendency of the 2.5 power law and cor-
relation. For the OGE of the side branch, since
the present experimental data are good agreement
with those of the KfK data and correlation, the
present study reconfirmed the validity of the
correlation of RELAPS/MOD3. In Table 7, the
values of C, are scattered in the range of 1.19-
2.38 in accordance with D/d. Comparing with
2.5 power law, it shows that the uncertainty are
increased up to —52.5% and the average uncer-
tainty is about 25%.

4.4 Onset of liquid/gas entrainment at
+36°, +72°

4.4.1 Onset of liquid entrainment

In addition to the above experiments, to grasp
the angle effect, the off-take experiments for speci-
fic angled (+36°, £72°) branches were carried
for CANDU 6. As for +72° branch, the onset of
liquid entrainment is quite similar to the case
of +90° in which the vortex formed and suddenly

Table 6 Summary of uncertainty analysis results on the empirical constant, C, for OLE at 0°

Investigator d (m) D/d Cl1 C2 Deviation Rate (%)

0.006 34.3 4.83 2.12 —15.20

KfK 0.012 17.1 4.46 2.03 —18.80
0.020 10.3 3.33 2.11 —15.60

UCB 0.00376 27.2 4.43 2.09 —16.40
0.016 11.5 2.17 3.05 22.00

HGU —KINS

0.0248 7.4 2.75 2.28 —8.80

Table 7 Summary of uncertainty analysis

results on the empirical constant, C; for OGE at 0°

Investigator d (m) D/d Cl C2 Deviation Rate (%)

0.006 34.3 3.27 2.20 —12.00
KfK 0.012 17.1 4.53 1.82 —27.20
0.020 10.3 2.56 2.38 —4.80
0.00376 27.2 5.15 1.49 —40.40

UCB
0.00376 27.2 4.84 1.19 —52.44
0.016 11.5 3.30 2.25 —10.00

HGU —KINS

0.0248 7.4 3.65 1.84 —26.40
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broken up into liquid droplets. The first touch
of the liquid droplet into the branch was defined
the onset condition. However, as for the =36° the
onset condition is quite similar to the side branch
case. We cannot find isolated solitary wave, how-
ever, the end of the water wave touched the branch
and flowed into the branch. The experimental
data were tested to know how much they are apart
form the existing data and to know is it possible
to interpolate the existing correlations using ad-
ditional parameter such as the angle of branch
orientation @. It may need more experimental
works to produce the unified correlation taking
account of the angle effect. At this moment, the
presentation of the data and simple discussions
are made in the present section.

For the branches with =36°, +72°, the liquid
entrainment phenomena were observed. The data
for all three diameters of branches were obtained.
It is observed that the off-take phenomena from
the interface for the branches with +72° are simi-
lar to those at top branch and those at side (0°)
and —36° branches are almost the same. But it is
difficult to observe the vorticity on the interface at
the branches with +36° because the inner wall in
the horizontal pipe hinders its formation. A small
deviation from HSEM in RELAP5/MOD3.3 is

M |

d=16 mm at +72°
d=20.7 mm at +72"
4=24.8 mm at +72"
d=16 mm at +36°
d=20.7 mm at +38"
d=24.8 mm at +36°
d=16 mm al -38"

d=20.7 mm at -36°

‘4 xmre0ro

4oy aal

d=24.8 mm at -36
[s) ----- Comelation(Top, RELAPS/MOD3.3)
—— Correlation(Sile, RELAPSMDD?3.3)
™ 7 =
1
h /d

Fig. 14 Comparison of the O.L.E. data at +72°,

+36° branches with the experimental data

found as shown in Fig. 14. The data are fitted
closely to the correlation at the top branch for
the branch with +72°. However, the data for the
branches with £36° are close to the correlation
at the side branch because the inner wall in the
horizontal pipe influences the onset of entrain-
ment like the side branch. Especially, the data at
branches with +72°, +36° are the correlation at
the between top and side branch because friction
in the inner wall of the horizontal pipe and the
entrainment from the interface determine simulta-
neously the onset of entrainment.

4.4.2 Onset of gas entrainment

As for —72° branch, the phenomena of the gas
entrainment is quite similar to the case of —90° in
which the vortex of the gas stream made a swirl
flow and finally touched down the branch. For
—36°, still we are able to observe similar vortex
but smaller than —90° and —72° branches. Onset
of gas entrainment in this case occurs more earlier
than those cases. However, as for 4+36°, the onset
of the gas entrainment occurred very near the side
branch. The shape of the water surface is very
similar to that of the side branch. The definition
of the first gas hose as the onset of gas entrain-
ment cannot be applied to the branch with =36°,
—72° because it is difficult to observe the first gas
hose phenomena in specific angled branches un-
like the bottom branch so that the first bubble gas
entrainment was used as the definition of OGE.
As depicted in Fig. 18, the present data with the
definition of the first bubble entrainment were
plotted. The data of bottom branch with the de-
finition of the first gas hose also plotted for the
comparison. Phenomena at branches with +36°
are similar to those at side branch ; those at both
bottom and —72° branches are almost the same.
There are no differences between bottom branch
and —72° branch are shown in Fig. 15.

However, a deviation between HSEM of the
side branch in RELAP5/MOD3.3 and the data at
the branch with +36° is seen clearly. The data at
the branch with —36° are on the line of the cor-
relation developed by the KfK, however, they are
away from the data at the branches with —72°,
—90°. Like the onset of liquid entrainment, the
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—— Comelation 0.G.E. (Botiom Kk}
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Fig. 15 Comparison of the OGE. data at —72°,
+36° branches with the experimental data

inner wall in the horizontal pipe influences the
data at the branch with —36°. From this, it was
found that for the gas pull through there are two
attracting lines of the side branch and bottom
braches where the data set approach.

4.5 Uncertainty analysis
A study used here for estimating uncertainty in
experimental results was presented by Coleman
and Steele. Consider a general case in which an
experimental result, 7, is a function of N variables
X
r=r(Xy, Xz, -, Xv) (3)

Equation (A-1) is the data reduction equation
used for determining 7 from the measured values
of the variables X;. Then the uncertainty in the
result is given by

U= K&% UX1>2+((§% Ux2>2+... _|_<7 UXNﬂUZ @

where Uy, are the uncertainties in the measured
variables X;.

Here, the uncertainties in gravitational constant
and geometrical factors such as diameters of
horizontal pipe and branch pipes and angles of
branch pipes are ignored. And present experiment
was performed at ambient temperature so the un-
certainty in the liquid density is ignored addi-
tionally. However, Air density has the 0.002%
due to 0.2% uncertianties of temperature mea-
surement. Air mass flow rate was measured by the

vortex flow meter with 1% error. Liquid mass
flow rate was measured by the magnetic flow
meter with the uncertainties of 0.5%. Therefore
the major factor to determine the on set condition
is the inception height :

Then the uncertainty in /3, is as follows :
Ahs, :{ o AWe \2 o oyef Aok )’
()= 007 (S) + (-o27(S2)

Ok
+<_0.2>2<A(AAp‘o) >2} (6)

The uncertainties in /43, for gas and liquid en-
trainments are 0.72% and 0.41% respectively.

5. Conclusions

In the present study, the off-take phenomenon
at £36°, £72° angled branches including top,
side and bottom branches in the horizontal pipe
are experimentally investigated. The experimental
facility with 1/2 scale of the header pipe and
feeder pipes in the CANDU reactor was designed
and constructed to produce the onset conditions.
Besides, to analyze the uncertainty of the empiri-
cal constant, C,, comparing with 2.5 power law,
four experimental results are formulated in ac-
cordance with D/d and derived the empirical
constants C; and C; respectively. As the results of
this study, it is concluded as follows :

(1) As for the typical branches such as top, bot-
tom and side branch, the experimental data were
a good agreement with those of the KfK data and
the existing correlation in RELAP5/MOD3.3.

(2) As for the OLE at the arbitrary angled
branches such as *£36°, =72°, the branch angle
effect was clear, however, it needs some improve-
ment the OGE for £36° are close to OGE of the
side branch but data of +72° branch are close to
the top branch.

(3) As for the OGE, the OGE at the +72°
branch are close to the bottom branch. But for
those of 4+36° and —36° branch are lined to the
left and right side of the side branch data.
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(4) According to the uncertainty analysis for
the empirical constants, C,, with 2.5 power law, it
could be concluded that in the correlations for the
liquid and gas entrainments, the 2.5 power law
needs modification adequate to the empirical
constants, Cs.

In the present study, it could be improved the
new onset data of the gas/liquid entrainments at
the +36°, £72° angled branches. However, it was
also concluded that more experimental works for
the branches with arbitrary angle and the effort to
develop general correlation respecting the branch
angle are imperative for safety analyses of CAN-
DU reactors.
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