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Abstract

Observations were made of the behaviour of gas behind a

uniform porous 21 % corner blockage within a pin-bundle of

LMFBR subassembly geometry. The main parameter of the experiment
was the leakage flow rate through the blockage. The behaviour

of gas is significantly influenced by the leakage flow rate.

The measured size and residence time of a gas cavity formed
behind the blockage are shown and the mechanisms of the gas
cavity dispersion by the leakage flow discussed by using a

simple model of the liquid flow distribution behind the blockage.

Zusammenfassung

Einflufl der Leckrate einer pordsen Blockade auf das Verhalten
von Gas hinter der Blockade in einer Biindel-Geometrie dhnlich

einem Schnell-Briiter-Brennelement

Das Verhalten von Gasblasen im Totwassergebiet hinter einer
pordsen Blockade in einem Brennelement des schnellen natriumge-
kithlten Brutreaktors wurde mit einem simulierten Brennelement

mit einer por6sen 21%-Eckblockade in einem Wasserkreislauf unter-
sucht.

Die Teststrecke reprdsentierte die Hidlfte eines Brennelements,
wobei die Schnittebene entlang der vertikalen Symmetrieebene durch

die Blockade verlief und durch eine Glasscheibe abgeschlossen war.

Wichtigster Parameter der Untersuchungen war der Restdurchsat:z
durch die Blockade, welcher kontinuierlich veridndert werden konnte.
Abhingig von der Gr6Be des Restdurchsatzes wurde das Verhalten des
Gases in starkem Mafle durch diesen beeinflufit.

Ermittelt wurde die Gréﬁe‘der Gasansammlung hinter der Blockade,
sowie deren Verweilzeit. Die Mechanismen der Aufldsung einer Gas-
ansammlung durch den Restdurchsatz werden an Hand eines einfachen
Modells fiir die Stromungsverteilung der Fliissigkeit hinter der
Blockade diskutiert.
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1. Introduction

The phenomenon of gas bubble entrepment in the recirculating
wake behind a blockage is considered to be one of the potential
pin-to-pin failure propagation mechanisms due to fission gas
release in the subassembly of a Liquid Metal Fast Breeder Reac-
tor (LMFBR) /" 1_/. 1If a coolant flow is locally blocked in

the subassembly, a recirculating wake is formed behind the

blockage and the temperature in the wake is enhanced.

Hence the possibility of fission gas release from fuel pins in
the wake may be increased due to the high temperature. The
released gas may accumulate in the wake, forming a gas cavity,

finally causing dryout and further pin failure.

The phenomenon of gas accumulation in the wake behind a blockage
was inferred from gas injection experiments in a full-scale
169-pin bundle with a 21 % corner planar blockage in sodium

at Kernforschungszentrum Karlsruhe / 2 _7.

However, the information obtained from the experiments was not
enough to fully describe the behaviour of gas in the wake,
since the number and the position of bubble detectors, and
hence data obtained, were resttricted. For this reason, gas
injection experiments in water, in a half-bundle with the same
pin arrangement and blockage fraction as in sodium, were per-

formed to observe directly the behaviour of gas in the wake

/73 7.

The experimental results in water showed that a gas cavity was
formed behind the blockage under some conditions, using

glass rods simulating fuel pins.

In reality, a permeable blockage may be more probable than an
impermeable blockage. In the permeable blockage case the behaviour

of gas will be influenced by a leakage flow through the blockage.



The present report describes the influence of the leakage flow
on the behaviour of gas behind a porous blockage. Observations
were made of two-phase flow patterns and of gas cavity formation
behind the blockage. A simple flow model was developed and the
imotion of bubbles behind the blockage discussed.




2. Previous work

2.1 Gas behaviour behind an impermeable blockage

Q

z

The two-phase flow patterns behind a 21 % corner planar blockage
in water were observed by a photographic method and described

in /73 7. The gas was injected into the liquid upstream and
downstream of the blockage. The patterns were classified into

the following three types.

Type 1: Bubbles rise up through the wake without forming a gas

cavity,
Type 2: Bubbles circulate around a gas cavity,

Type 3: Bubbles circulate in the wake with no gas cavity forma-

tion.

A schematic diagram of these types is shown in Fig. 1. The gas
cavity is defined as a stationary gas bubble with a radius larger

than two times of the hydraulic radius of the subchannel (2.7 mm).

The relations between gas injection rate, main flow velocity

and flow pattern types for the impermeable blockage are shown

in Figs. 2 and 3, for the downstream and upstream gas injection
cases, respectively. The flow pattern changes from Types 1 to 3
in turn with increasing velocity for any rate of gas injection.
The gas cavity region is bounded by a "lower boundary'" and an

"upper boundary'" of the main flow velocity at each gas injection rate.

In the lower velocity range corresponding to the flow pattern

of Type 1, a gas cavity cannot remain in the wake, but rises up
as a single bubble due to buoyancy. In the higher velocity range
corresponding to the flow pattern of Type 3, the gas cavity 1is
broken up by liquid flow forces on the main stream side of the
wake, only small gas bubbles circulating in the wake. In the
velocity range in between, corresponding to the flow pattern of

Type 2, a gas cavity is present in the wake.



The gas cavity is sustained by two contrary effects: formation
of the cavity due to gas accumulation and breakup of the cavity

by liquid flow forces.

2.2 Flow distribution behind a porous blockage

Flow distribution behind a porous blockage has been studied experi-
mentally and theoretically by various investigations.

Basmer et al. / 4_/ performed blockage experiments in water
and showed visually a recirculating flow behind a blockage.
The 1liquid circulates, representing an elliptical streamline.
With increasing leakage flow rate, the distance between the

recirculating flow region and the blockage increases.

Blackburn et al. / 5_/ calculated the flow distribution behind
a blockage with a computer code SABRE. With increasing porosity,
the recirculating flow region becomes smaller and its distance

from the blockage increases.

Gregory and Lord / 6_/ calculated stream function distributions
and turbulence velocity profiles behind a blockage with a
computer code WAKE. The flow distribution is more closely
dependent upon the magnitude of the residual flow than on the
type of porosity (homogeneous or discrete orifices). The tur-
bulence velocity profile is influenced by the residual flow.
For both cases of impermeable and uniform porous blockages, the
maximum turbulence level 'is at the boundary of the main stream

and the recirculating flow region.

Judd /" 7_/ performed blockage experiments in an air wind-tunnel
and measured velocity distributions and turbulence levels behind
a blockage. The effect of slight porosity is to extend the
recirculating flow region slightly, to reduce the turbulence
slightly, and to reduce the pressure perturbation. More porosity
destroys the recirculating flow region, and reduces the tur-

bulence and pressure perturbation significantly.




Robinson /" 8_/ carried ont experiments with:a blockage in water
and compared it with calculations by the SABRE code. A tran-
sient eddy is observed at the boundary of the main stream and
the recirculating flow region. Residual flow through the
blockage with discrete permeability can lead to a change in

the wake geometry.

The flow distribution behind a porous 21 % corner blockage

was observed in water by the present author /"9 / and the

following results were obtained:

- The downstream stagnation point is not significantly in-
fluenced by the leakage flow.

- The recirculating flow region and the reverse flow velocity

near the wall decreases with increasing leakage rate.

- The recirculating flow region disappears at a '"leakage ratio"
of about 7 %.

The leakage ratio is defined as follows:

Mg Ao

-
— | ——

Mo AB

where )43 is the mass flow rate through the blockage, Mo is

(1M

the total mass flow rate through the subassembly, A4, is the
total area of the main flow and Ag is the blockage area (in-
cluding the area for leakage flow but not the area of fuel

pins).



3. Experimental apparatus and method

The cross section of the test section used in the present
experiment is shown in Fig. 4. The test section represented

one half of the fuel subassembly of the MK 1a core of the

SNR 300 prototype reactor. It was divided along the vertical
plane of symmetry through the blockage. A glass wall occupied

the position of this plane. Thin stainless steel rods (6.0mm
diamefer, 7.9mm pitch) were arranged to simulate fuel pins.

The geometry of the test section and the fuel pin arrangement

are the same as in the prewious experiment with a '21% imper-
meable corner blockage / 3 /.

An axially extended porous blockage with two chambers (inlet

and outlet) was installed at the spacer grid in the corner of

the test section. The ratio of the blocked area (including the
area for leakage flow) to the total flow area is 0.21. The design
of this blockage based upen a previous study to this problem 1—10_7.
A schematic side view of the test section is shown in Fig. 5.
Water was pumped upwards through the test section and the flow
rate measured before the inlet. The mean velocity of the main
flow in the test section ranged from 1.2 to 5.9 m/s in the pre-

sent experiment.

Argon, simulating fission gases, was injected into the flow be-
hind the blockage from a hole drilled through the subassembly
wall. The hole is of O0.5mm diameter 50mm above the blockage.
The gas was supplied from a gas bottle. The flow rate control-
led by valves was measured under steady state conditions by a

Rotameter-type flow meter.

In the present experiment, the gas flow rate ranged from 1 to
30Ncm3 /s (standard temperature and pressure). In a number of
experiments, a gas plenum of volume 17cm3, simulating a fuel
pin volume, was used for pulsewise gas injection. The initial
gas pressure in the plenum was 10 bar, measured at room tem-

perature.




In addition to the main flow loop the test section had an
auxiliary loop to control the leakage flow through the blockage
independently of the main flow.

The blockage geometry is shown in Fig. 6. The blockage is

42mm long and divided into two chambers by an impermeable plate.
Through the bottom plate of the blockage, a hole with a diame-
ter of 1.5mm was drilled in each blocked subchannel. In the

top piate there are three holes with a diameter of 1mm in each

subchannel.

A portion of the main flow in the test section was introduced
via the lower chamber into the auxiliary loop and returned again
to the upper chamber, being injected into the wake through

the holes in the top plate. The flow rate through the auxiliary
loop, simulating a leakage flow rate through the blockage, was
controlled by a pump and a valve and measured by a Rotameter-

type flow meter.

In the present experiment the leakage ratio defined by Eg. (1)
ranged from O to 8%.

The behaviour of gas behind the blockage was directly obser-
ved and recorded on cine film. The film speed was varied bet-
ween 500 and 2000 Frames/second, depending on experimental

conditions.



4. Two-phase flow patterns

The relation between gas injection rate, main flow velocity and
flow pattern types for the blockage with no leakage flow, obtai-
ned in the present experiments, is shown in Fig. 7. The gas was
steadily injected behind the blockage. The same flow patterns as
in the previous impermeable blockage experiment / 3 _/, described
in Section 2-1, were also observed in the present experiments.

The flow pattern changes from Types 1 to 3 in turn with increasing

main flow velocity for any rate of gas injection.
The gas cavity region, bounded by the lower and the upper boun-
daries, is also similar as in Fig. 2 obtained in the previous

experiments.

The influences of the leakage flow on the flow patterns are des-

cribed in the following sections.

4.1 Circulating bubbles (Type 3)

The flow pattern Type 3 is characterized by gas bubbles circula-

ting in the wake with no gas cavity formation. This is observed

in the higher velocity range of the main flow.

The influence of the leakage ratio on the geometry of the cir-
culating bubble region behind the blockage is shown in Fig. 8,
where the top of the region was determined.by the location where
some of the bubbles went upwards and others downwards. As seen

in the figure the leakage flow influences markedly the distance
between the blockage and the lower part of the circulating bubble
region, but not significantly the position of the top of the
region. The area of the circulating bubble region decreases

with increasing leakage ratio, resulting in the disappearance

of the bubbles behind the blockage at a leakage.ratio of about 7%.




The influence of the main flow velocity on the leakage ratio for
the dispersion of the circulating bubbles is shown in Table 1.
The leakage ratio increases very slightly with increasing velocity

of the main flow.

The velocity of the bubbles in the region can be measured from
cine film. The radial distribution of the axial component of the
velocity is shown in Fig. 9 for varions leakage ratios, where the
velocity was normalized with respect to the main flow velocity.
With increasing leakage flow rate, the centre of the citculation
bubble region moves axially and radially. The axial position of

the measurement was the middle of the circulating bubble region.

It may be seen that the circulating bubble region decreases with
increasing leakage ratio, but the magnitude of the axial velocity
for each radial position from the centre of the region is not
significantly changed. A comparison between the radial distribu-
tions of the axial component of the bubble velocity for various
leakage ratios is shown in Fig. 10.

The data were obtained from Fig. 9 and the radial position was
measured, in each case, for the centre of the region, which de-
pended on the leakage ratio. The velocity gradient of the bubbles
within the circulating region is not significantly influenced

by the leakage flow.

The reverse velocity of the bubbles increases in the radial

direction. The reverse velocity near the wall gives a maximum
value. The dependence of the maximum reverse velocity on the
leakage ratio is shown in Table 2, where data are the average

values obtained by more than ten measurements. The reverse
velocity decreases markedly with increasing leakage ratio.

The bubble velocities may approximately represent liquid velo-

cities in the wake. The circulating bubble region is nearly equal
to the recirculating flow region of the liquid behind the blockage.
From Figs. 8 to 10, the following may be said regarding the flow
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distribution behind the blockage.

- With increasing leakage ratio, the downstream stagnation point

of the wake moves downstream very slightly.

- The recirculating flow region decreases markedly with increa-
sing leakage ratio.

- The velocity gradient of liquid in the recirculating flow
region is not significantly influenced by the increasing

leakage ratio.

- The recirculating flow is dispersed by the leakage flow at a leak-
age ratio of about 7% in the present experiment with a 21% corner

blockage in water.

4.2 Rising bubble (Type 1)

The flow pattern Type 1 is characterized by gas bubbles rising

up through the wake without forming a gas cavity. This is observed
in the lower velocity range of the main flow. The dependence of
rising velocity on axial position of the test section is shown in
Fig. 11, where the position was measured at the bubble centre.

The rising velocity increases in the axial direction and approaches
the mean velocity of the main flow. Gas bubbles will be accele-
rated on entering the main stream. Between 6 and 7cm, however,

the observed acceleration is small enough to be neglected in com-
parison with the acceleration above 7cm.

‘This shows that the influence of the main stream on the rising
velocity is very small in this region, and suggests that the wake
region near the wall extends only as far as 7cm for a main flow velo-

city of 1.2m/s. This compares well with the previous experiments

/"3 7.

The dependence of the rising velocity on the bubble size is shown
in Fig. 12 for various leakage ratios. The flow distribution behind
the blockage changes with increasing leakage ratio and then the
path of the rising bubbles changes. In the figure the position of

the measurement was between 6 and 7 cm downstream of the blockage,
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independent of the leakage ratio.

The injected gas forms small bubbles, which then circulate behind
the blockage. As described in / 3_/, the circulating bubbles
coalesce, forming a larger bubble which then rises up. With
increasing leakage ratio, the circulating bubble region decreases
in size and moves downstream. In the case of #=0%, the rising
bubbles are produced by coalescence at a position below the
measuring point. However in the cases of ¢=4 and 8%, the bubbles
directly rise up from the position of the gas injection without
coalescence at the measuring point. The bubble becomes larger by
coalescence. Hence the bubble size is largest for ¢#=0% in compari-

son with other cases.

The acceleration of the bubble in the case of ¢=0 is large, as
seen in Fig. 11. This may be due to the large size of the bubble.
The bubble may cross the boundary between the main stream and
the wake and enter the main stream due to its large size, resul-

ting in a high acceleration by the main stream.

The solid curves in Fig. 12 were obtained from the calculation

of rising velocities due to buoyancy in stagnant water. The rising
velocity of a spherical gas bubble due to buoyancy can be expressed
as follows /"3 7.

] 1/3"’9 (2)
% %\ 3,

where z@ is the 1liquid Velocity,lz is the bubble radius, g is

the acceleration of gravity and Cp is the drag coefficient.
In stagnant liquid, the rising velocity is then expressed as

follows:

_1/8“»? 3
@3"—- 3G ()

The motion of gas bubbles in stagnant liquids has been studied
by Peeble and Garber /711 7 and divided into four types. Two of

the four types correspond to the viscous and transition regions
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and the other two correspond to the turbulent region. The

rising velocity can be calculated by using the drég coefficient
equations presented by Peeble and Garber for these four regions.
Though the data in Fig. 12 are scattered, especially in the

case of ¢=0, it may be seen that the experimental results are
consistent with the calculation, even at ¢=8%. The gas is
separated from the region behind the blockage due to buoyancy
in the lower velocity range of the main flow and in the higher

range of the leakage ratio.

Above a leakage ratio of 7%, there is no recirculating flow

behind the blockage. The agreement between the calculation and
experiments at #=8% in Fig. 12 suggests that the liquid velocity
behind the blockage is relatively low even after the disappearance
of the recirculating flow. When the main flow velocity is 1.2m/s,
the mean velocity of the leakage flow of g=8% through the blockage
is about O.1m/s. The rising velocity of bubbles for ¢=8% is about
0.3m/s, as shown in Fig. 12. The leakage ratio at which the mean
velocity of the leakage flow becomes comparable with the rising

velocity is about 25% for a main flow velocity of 1.2m/s.

4.3 Gas cavity (Type 2)

The flow pattern Type 2 is characterized by a stationary gas
cavity formed in the wake. This is observed in a distinct velocity

range of the main flow.

The change of the flow pattern Type 2 to Type 1 by the increase

of the leakage ratio is schematically shown in Fig. 13 and photo-
graphs in Fig. 14.

At ¢=0, the large gas cavity is present behind the blockage. At
$=4%, the gas cavity still remains but its size becomes small.

At ¢=6%, the small bubbles circulate in the limited area near

the stagnation point and no cavity can be seen. The bubbles
coalesce in the recirculating flow region, forming a larger bubble
which then rises up. At ¢=8%, the bubbles rise up without circu-

lation because no recirculating flow exists behind the blockage.




The dependence of the cavity size on the leakage ratio is shown
in Fig. 15, where the size is represented with effective radius
expressed as follows / 3 _/:

rc = Z/,' llab

where a is the width and b is the height of cavity which can

be measured in the photographs. The cavity radius decreases
steadily at first as the leakage ratio increases, being halved
in size for a leakage ratio of about 5%. At this value of leak-
age ratio, a sharp reduction in cavity size is observed, and at
higher leakage ratios no cavity exists. This may be due to buoy-
ancy. As described in / 3_/, a gas cavity cannot remain in the
wake, but rises up as a single bubble due to buoyancy in the
lower velocity range of the main flow. The decrease of the main
flow velocity causes a decrease of the maximum velocity of the
reverse flow near the wall. The increase of the leakage ratio also
causes a decrease of the maximum reverse flow velocity, as shown
in Table 2. Hence the gas cavity rises up as a single bubble

by buoyancy at the higher leakage ratios.

The residence time is defined as the time from the termination

of gas injection to the disappearance of the cavity. The residence
time depends strongly on the main flow velocity, decreasing

with increasing velocity / 3_/. The dependence of the residence
time on the leakage ratio is shown in Fig. 16, where the gas
injection rate before termination is given because the initial
cavity size increases with increasing gas injection rate.

The residence time decreases with increasing leakage ratio and

falls to zero at a leakage ratio of about 5%.



- 14 -

5. Dispersion of gas cavity

5.1 Critical velocities for cavity formation

The influence of the leakage ratio on the gas cavity region
is shown in Fig. 17. The line.represent the boundaries of the
region where a gas cavity was observed. The main flow veloci-
ties at the boundaries are called '"critical velocities'" for

gas cavity formation.

The influence of the leakage ratio on these critical velocities
is shown in Fig. 18 for a constant gas injection rate. From

Figs. 17 and 18, the following can be stated:

- The upper critical velocity is independent of the leakage

ratio.

- The lower critical velocity increases with increasing

leakage ratio and finally meets the upper critical velocity.

The leakage ratio at which the two critical velocities meet

is called the '"critical leakage ratio" for gas cavity disper-
sion. Above the critical leakage ratio no gas cavity is present
behind the blockage.

5.2 Critical leakage ratio for cavity dispersion

The dependence of the critical leakage ratio on gas injection
rate is shown in Fig. 19, where the bar represents the range
of unceftainty of data. With increasing gas injection rate
the critical leakage ratio increases gradually, showing only
a weak dependence, and then reaches a maximum value. So the
critical leakage ratio for gas cavity dispersion is indepen-

dent of gas injection rate at rates above 20 Ncmz/s.




)

In the case of the present experiment with a 21 % corner
blockage in water, the critical leakage ratio is about 5 %.
The critical leakage ratio may, however, depend on blockage

fraction and location.

5.3 Mechanisms of gas cavity dispersion

The gas cavity is sustained by the effects of gas accumula-
tion and of cavity breakup. These rates of accumulation.

and breakup depend on the liquid velocities in the wake.
With increasing main flow velocity, the liquid velocities in
the wake increase and then the cavity size decreases,

giving the minimum value (rcﬁ2?7 mm) at: the upper critical
velocities.

Though the recirculating flow region decreases with increas-

ing leakage ratio, the liquid velocities in the region are

not significantly changed, as mentioned in Section 4.1.

Hence, the independence of the upper critical velocity may

be due to the insensitivity of the liquid velocity gradient in the
recirculating flow region to the leakage flow.

The increase of the lower critical velocity may be due to

the decrease in size of the recirculating flow region. Bubbles
are separated from the liquid behind the blockage due to
buoyancy, in the lower velocity range of the main flow. The
decrease in size of the recirculating flow region leads to a
decreased maximum reverse flow velocity, so that a higher

main flow velocity is required to prevent the escape of bubbles

due to buoyancy.

Therefore, the gas cavity dispersion behind a porous blockage
is due to buoyancy and the reduction in size of the recirculat-
ing flow region by the leakage flow. The critical leakage

Q

ratio for gas cavity dispersion (~ 5 % in the present experi-
ment) is lower than the critical leakage ratio for the dis-
persion of the recirculating flow (~ 7 %), because of the

separation of gas from the liquid by buoyancy.



6. Theoretical analysis

In the lower velocity range of the main flow, the circulating
velocity of the liquid in the wake is relatively small. Hence,
the motion of bubbles in the wake due to buoyancy is discussed
on the assumption that the influence of the other flow forces
such as the centripetal force or pressure fluctuations des-
cribed in / 12_/ can be neglected, and the critical leakage
ratio for gas cavity dispersion is analytically predicted in
this section.

6.1 A flow model

To account for the bubble motion in the wake behind a blockage,
a simple model of the wake structure is required. Such a model
was made / 12_/ to consider the mechanisms of gas cavity break-
up behind an impermeable blockage after the termination of gas
injection. In the present report, the model developed in [_12_7
is extended to a porous blockage case and the bubble motion in

the wake 1is discussed.

6.1.1 Features of the model
6.1.1.1 Flow distribution behind an impermeable blockage

The model of the wake structure for an impermeable blockage,
developed in [_12_7, is briefly repeated. The model is schema-

tically shown in Fig. 20, where the main coolant flow is upwards.

The main stream velocity increases in the axial direction of
the subassembly due to the flow obstruction and reaches a
maximum value at the leading edge of the blockage, then de-

creasing to a mean velocity in the subassembly.

The 1liquid in the wake flows down near the wall from the stagna-
tion point to the separation point at the blockage edge (i.e. re-
verse flow), then entering the main stream. The liquid between
the main stream and reverse flow near the wall rotates and

forms a vortex.
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The existence of such a vortex is assumed and called a 'central
vortex'". The central vortex is a limited region within the

wake behind a blockage.

The velocity and turbulence in the wake on the main stream
side are different from those on the subassembly wall side.
Hence, the central vortex is divided into two regions: Region 1
on the main stream side and Region 2 on the wall side. The
velocity and turbulence of the flow in Region 1 are higher
than those in Region 2.

For the velocity distribution in each region of the vortex,

the following assumption was made.

- The angular velocity distribution of liquid is uniform

within each region, but the magnitude is different.

6.1.1.2 Flow distribution behind 'a porous blockage

The model for an impermeable blockage is extended to a porous
blockage case. The extended model of the flow distribution
behind a porous blockage is schematically shown in Fig. 21.

In the model, the area behind the blockage is divided into

two regions: recirculating flow region and leakage flow region.
As mentioned in Section 4.1, the distance between the recir-
culating flow region and the blockage increases significantly
with increasing leakage ratio, whereas the stagnation point

moves downstream only slightly.

A gas cavity may be formed in the central vortex in the re-
circulating flow region and then rise up as a single bubble
due to buoyancy. To predict the critical leakage ratio for
the gas cavity dispersion, the motion of the bubble in the

central vortex is discussed.
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Then two models may be possible: a '"floating-centre'" model and
"fixed-centre'" model. A comparison between these models 1is
schematically shown in Fig. 22. In the case of floating-centre
model the position of the vortex centre moves upwards with
increasing leakage ratio and simultaneously the vortex radius
decreases. If the observation point moves with the centre of

the vortex the change in the vortex radius is observed.

In the case of the fixed-centre model only the vortex radius
decreases with the increasing leakage ratio. In the present
report, the fixed-centre model is used to discuss the motion

of the bubble in the vortex, because it allows discussion of the
bubble motion without taking account of the change of the loca-

tion of the vortex centre behind the blockage.

6.1.1.2 Velocity distribution in the vortex

The fixed-centre model for calculations of the bubble motion in
the central vortex is schematically shown in Fig. 23. On the
assumption of uniform angular velocity distribution , the tangen-
tial velocity of liquid in Region 2 of the central vortex is

expressed as follows:

v =TI @ (4)

where ) is the radial position in the vortex and ¢) is the angu-
lar velocity. The reverse flow velocity at the vortex edge of

Region 2 is expressed as follows:
vy = e w (5)
where nb is the vortex radius, which depends on leakage ratio.

The reverse flow velocity for an impermeable blockage (;5:0)
is also expressed as follows:

1jl;o = rl;yo' (7)) (6)
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where n;o is the vortex radius for an impermeable blockage,

which is expressed as a function of blockage size as follows

/7127

ho = %JJ—AQE” (7

where Ag-} is the blockage area including fuel pins and Eu/ is
a geometrical factor which is equal to 3 (= 3600/1200) in the
corner blockage case. For the present experiment, a value of

6 (= 3600/600) must be used for .5“1 because the test section
used is a half size of the subassembly. The vortex radius is
about 21 mm in the present case. The reverse flow velocity near

the wall is related to the main flow velocity as follows:

Yo = & - t% (8)

where 1% is the main flow velocity and §, is the ratio of the
maximum reverse flow velocity to the main flow velocity. From

Eqs. (6) and (8), the angular velocity is expressed as follows:

w:g.l,{i (9)
wo

If the vortex centre is adopted as the origin of A and ?
coordinates, the radial position in the vortex is expressed
as follows:

r=, a*+4* (10)

Then the tangential velocity is rewritten from Eq. (4) as follows:

d.': /z'a.*' 32 ] C() (11)
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6.1.3 Change of vortex radius

The dependence of the vortex radius on leakage ratio is assumed
to be linear and expressed as follows:

Yw
Yw= o ~ —¢j¢ (12)

where ¢W is the leakage ratio at which the recirculating wake
disappears behind a blockage. The leakage ratio may depend on
blockage geometry. The leakage ratio for wake dispersion for

the present experiment is about 7%, was mentioned in section 4.1.

6.2 Bubble motion due to buoyancy in the vortex

The motion of the bubble due to buoyancy in the vortex is con-
sidered. The position of the bubble in the vortex is represented
by (X,Y ). In the X-direction there is no relative velocity bet-
ween the liquid and the bubble but in the Yy -direction due to
buoyancy. The X-%nuiy-components of the bubble velocity in the

vortex are respectively expressed as follows:

dx
£ - Vs b (13)
di (14)

TE= Yo~ VSO
where Ypo is defined by Eg. (3) and where
. X
Sin 0 = —— - os & = —L (15)
x + 4 ’ ,‘/xz_'_ gl
By substituting Eq. (15) into Eqs. (13) and (14) and using

Eq. (11), the following equations are obtained.

a4z
TJE " ?"a) (16)

¢
d_t"da'o"l"J (17)

o

L~
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From Egs. (16) and (17) the following equation is obtained.

dy _ o -Xw
dy 4w

By intégrating Eq. (18) the following equation is obtained.

(18)

5 |
(WX~ Ugo) 24 (wy)? = (Upo) (19)

where #=(0 at X=0 . The motion of the bubble in the vortex
due to buoyancy can be calculated by Eq. (19) and is shown in
Fig. 24, where the rising velocity due to buoyancy in stagnant
water was assumed to be 0.3m/s. The gas cavity is formed in
the vortex but rises up as a single bubble due to buoyancy.
Hence, it is assumed that the bubble starts to move from the
centre of the vortex. The trajectory of the bubble is circular.
With increasing angular velocity of the liquid, the radius of

the trajectory is decreased.

As seen in the figure the bubble can escape from the vortex if

the angular velocity is less than about 30 sec_1

. With increasing
angular velocity the downward vélocity of liquid against the
rising bubble increases and finally the bubble goes down with

the 1iqﬁid, resulting in the retention of gas in the vortex.

It is found that the bubble can easily escape from the wake in
the case of a porous blockage, even in the higher angular velo-
city range, since the vortex radius is decreased with the in-

creasing leakage ratio.

6.3 Prediction of critical leakage ratio

The critical condition for gas separation from the liquid in
the vortex due to buoyancy is expressed as follows:
oy

5 =0 al T= Ty (20)
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When d?/d,t >0 at I=l, , the bubble can escape from the wake.
When d§/dt L0 at Ts=Iy, the bubble is captured in the vortex.
Therefore, equation (20) may be related to the critical velo-
city of the lower boundary for gas cavity formation, and hence

with the critical leakage ratio for cavity dispersion.

From Eqs. (10), (17), (19), and (20) the following equation is
obtained. '

N2 'déo= fy: w (21)

From Eqs. (9), (12), and (21) the lower critical velocity is

expressed as follows:

A = JZ—% fw ~ (22)
( O)Iowcv- £ fw__?s |

The rising velocity depends on bubble size, as shown in Fig. 12.
However, the rising velocity is treated as a constant for the
calculationlof the critical velocity. The ratio of the maximum
reverse flow velocity to the main flow velocity may depend on
the main flow velocity. However, this ratio is also treated

as a constant for the calculation. Then the lower critical velo-

city can be calculated by Eq. (22).

A comparison between measured and calculated lower critical
velocities is shown in Fig. 25, where a velocity of 0.3 m/s
was used for the rising velocity in stagnant water. Taking
account of the change of the ratio, £, , with increasing main
flow velocity, it can be said that the calculated values are

in good agreement with the measured values.

The critical leakage ratio for gas cavity dispersion is defined

as follows:

$= & for (z)g),m’; (v‘;)ufr"‘ (23)
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where ( dz)upper is the upper critical velocity which depends
on the gas injection rate. From Eqs. (22) and (23) the critical
leakage ratio for cavity dispersion is expressed as follows:

¢c=75w'(1"?[2.:@}_;£l ) (24)
ojupper

A comparison between measured and calculated values of the
critical leakage ratio for gas cavity dispersion is shown in
Fig. 26, where the experimental results of the upper critical
velocity were used for the calculation. In the limited range
of available data, it can be said that calculated va? ~how
good agreement with the measured values.

It is concluded that buoyancy and the reduction of the vortex
size with increasing leakage ratio are of importance for the
gas cavity dispersion behind a porous blockage. The reduction
of the maximum reverse flow velocity is accompanied by the
reduction in size of the recirculation zone, allowing gas

bubbles to escape easily from the vortex by buoyancy.



7. Transient conditions

7.1 Release rate of fission gas from a fuel »nin

The release rate of fission gas from a fuel pin is estimated.
The release rate depends on gas plenum pressure, rupture

size and friction factor in the pellets of the pin. In the
special case that the gas is released with sonic velocity or
ultra-sonic velocity, the release rate gives a maximum, i.e.
choking flow. On the assumption of the isentropic expansion,
the maximum gas release rate due to the choking flow is ex-

pressed as follows:

241
- T (_2_)\}-
Mymax = AR '4/;375 (7)1 (25)

where 13 and 1; are the temperature and pressure in the gas
plenum, respectively, Y is the ratio of the specific heats and
At is the throat area. Adopting the rupture area as the throat
area, At is expressed as follows:

2
A=T (_dz_r_) (26)
where dy is the effective diameter of rupture area.

The mass flow rate is related with the volumetric release rate

under standard conditions as follows:

E‘W = N’mx (3%01.9_) (27)

where 7; and T% are the standard temperature and pressure
(O OC, 1 bar). From Eqs. (25), (26), and (27), the follcwing
equation is obtained.

Re o dr y?
B~ (02 ('R /15 (F57)

=t

+4

-t
-

(28)
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The dependence of the maximum release rate on the gas plenum
pressure under various rupture sizes is shown in Fig. 27,

where Xenon was assumed as the fission gas and the value of }
equal to 5/3 was adopted. As shown in the figure the release
rate of fission gas from a fuel pin has a wide range, depending
on the gas plenum pressure and rupture size. Under transient
conditions of fuel pin rupture in the subassembly of LMFBR,

the release rate changes with time corresponding to the de-

crease of the gas plenum pressure.

7.2 Pulsewise gas injection

The gas was pulsewisely injected from a gas plenum into the
flow behind the blockage to simulate a fuel pin rupture in
an LMFBR subassembly, and the behaviour of gas was observed
using high-speed cine film.

The behaviour of gas behind the blockage with a leakage ratio
of 6 %, which is higher than the critical leakage ratio for
cavity dispersion, is shown in Fig. 28, where the solid line
represents the boundary of the two-phase mixture (bubbly) and
the dotted circle represents a large bubble. As shown in the
figure, the injected gas sometimes forms a large bubble be-
hind the blockage, but the bubble rises and is then broken up
into small bubbles.

No gas cavity is formed behind the blockage above the critical
ratio in the pulsewise gas injection case as well as in the

steady state injection case.



8. Conclusions

The behaviour of gas is significantly influenced by the leakage
flow through the blockage. The changes in the recirculating flow
region and liquid velocities are of importance for the behaviour
of gas behind the blockage.

A gas cavity was formed behind the blockage under some experimen-
tal conditions. The size and the residence time of the gas cavity
decreases with increasing leakage ratio. Above a leakage ratio
of about 5%, a gas cavity was not observed behind a 21% corner

blockage for any gas injection rate in the present experiments.

A simple flow model was developed and the critical leakage ratio
for gas cavity dispersion predicted. The calculated values showed
a good agreement with experimental results under the steady state
gas injection. The gas cavity is dispersed by the reduction in

size of the central vortex and by buoyancy.

Above the critical leakage ratio, no gas cavity is formed behind
the blockage in the pulsewise gas injection case as in the steady

state gas injection case.
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Nomenclature

Ag
Ags
Ao

Blocked area of main flow.

Blockage area including fuel pins.
Total area for main flow.

Throat area for released gas flow.
Drag coefficient.

Mass flow rate through the blockage.
Total mass flow rate through the subassembly.
Maximum release rate of gas.
Pressure.

Gas constant.

Temperature.

Maximum volumetric release rate under standard
conditions

Width

Height

Effective diameter of rupture area
Acceleration due to gravity

Radial position

Bubble radius

Gas cavity radius

Vortex radius

Time

Velocity

Main flow velocity

"Rising velocity due to buoyancy in stagnant liquid

Reverse flow velocity near the wall

Positions in the central vortex

Ratio of specific heats

Ratio of the maximum reverse flow velocity to the
main flow velocity

Angle

Leakage ratio

Critical leakage ratio for cavity dispersion

Critical leakage ratio for wake dispersion

%) Angular velocity
Suffix
3 i Gas

g + Liquid
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Table 1 Leakage ratio for the disversion of circulating bubbles

Main flow velocity / m/s_/

Leakage ratio / % _/ [ 6.7 6.7 6.8 6.8

Table 2 Reverse flow velocity near the wall (average values)

Leakage ratio / %_/ ( 0 1.5 3.0 4.0 5.0

|
Reverse flow velocity Zim/s_7l 1.1 0,8 0.7 0.5 0.4

(Y
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Fig.27 Maximum gas release rate
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