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Abstract

Observations were made of gas behaviour in the wake behind a 21 % corner

blockage in the subassembly geometry of a liquid metal fast breeder reactor.

The test section used represented one half of the reactor fuel subassembly,

divided along the vertical plane of symmetry through the blockage. A glass

wall occupied the position of this plane. Water was allowed to flow between

glass rods simulating fuel pins, the velocity being changed from 1.2 to

4.5 m/s. Argon was injected into the wake or into the flow upstream of the

blockage, the injection rate being changed from 1 to 230 Ncm3/s (standard

temperature and pressure).

From the present experiment, the following is evident: The gas ~s accumulated

in the wake behind the blockage, forming agas cavity. The flow patterns of

the two-phase mixture in the wake are classified into three types, depending

on the liquid velocity. In the lower velocity range, agas cavity cannot be

present at rest, rising up through the wake as a single bubble due to buoyancy.

In the higher v.elocity range, the gas cavity is broken up by the liquid flow

forces, only small gas bubbles circulating in the wake. In the velocity range

in between, the gas cavity ~s present in the wake. The cavity size depends on

the gas injection rate and on the liquid velocity.

From the results, the possibility of fuel failure caused by fission gas release

at a blockage in the fast breeder reactor can be considered to depend on the

operating conditions of the reactor, speciallyon the coolant velocity.



Zusammenfassung

Beobachtungen zum Verhalten des Gases in der Rückströmung hinter einer Rand­
blockade in einer Brennelement-Anordnung ähnlich einem Schnell-Brüter-Brennelement

Das Verhalten von Gasblasen im Totwassergebiet hinter einer 21 %-Eckblockade

in einem Brennelement des schnellen natriumgekühlten Brutreaktors wurde mit

einem simulierten Brennelement in einem Wasserkreislauf untersucht.

Die verwendete Versuchseinrichtung repräsentierte die Hälfte eines Brennele­

ments, wobei die Schnittebene entlang der vertikalen Symmetrieebene durch

die Blockade verlief und durch eine Glasscheibe abgeschlossen war. Die Brenn­

stäbe wurden durch Glasstäbe simuliert. Die Strömungsgeschwindigkeit wurde im

Bereich von ],2 bis 4,5 m/s verändert. Argon wurde entweder in das Totwasser­

gebiet hinter der Blockade oder stromabwärts vor der Blockade eingespeist.

Die Menge wurde hierbei von I bis 230 Ncm3/s variiert (Normaldruck, Normal­

temperatur).

Als Ergebnis der durchgeführten Versuche ist folgendes evident:

Das injizierte Gas wird im Totwasser hinter der Blockade kumulier4 und es

bildet sich eine Gasblase. Das Strömungsbild des Zweiphasen-Gemisches im Tot­

wasser kann in drei Typen klassifiziert werden, abhängig von der Wasserge­

schwindigkeit im ungestörten Bereich. Im unteren Geschwindigkeitsbereich kann

sich eine stationäre Gasblase nicht aufrecht erhalten, infolge von Auf triebs­

kräften verläßt sie das Totwassergebiet. Im höheren Geschwindigkeitsbereich

wird die Gasblase zerteilt durch Strömungskräfte, nur kleine Bläschen zirku­

lieren im Totwasser. Im mittleren Geschwindigkeitsbereich bleibt eine statio­

näre Blase erhalten. Die Blasengröße hängt ab von der injizierten Menge und

von der Wassergeschwindigkeit.

Aus den Ergebnissen ergibt sich, daß die Möglichkeit des Auftretens von Brenn­

stabversagen infolge Spaltgasansammlung hinter einer Blockade in einem Brenn­

element des Schnellen Brüters abhängt von den Betriebsbedingungen, speziell von

der Kühlmittelgeschwindigkeit.



Nomenc1ature

~: B10ckage area

AO: Total area for main f10w

CD: Drag coefficient

F: Force

Reb : Bubb1e Reyno1ds number

Web: Bubb1e Weber number

P: Pressure

g: Acce1eration of gravity

r: Radius

v: Velocity

u: Relative velocity

0: Surface tension

p: Density

Jl: Viscosity

Subscript

b: Bubb1e

g: Gas

1: Liquid
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1. Introduction

Potential pin-to-pin fai lure propagation mechanisms due to fission gas release

in the subassembly of a Liquid Metal Fast Breeder Reactor (LMFBR) are con­

sidered to be the following:

(1) Mechanical effect: transitory mechanical loads on adjacent fuel pins due

to pressure pulses caused by fuel pin rupture.

(2) Thermal effect:

- Transitory flow change: flow starvation due to increased two-phase fric­

tional pressure loss, upstream flow stagnation or transient flow reversal.

- Gas blanketing: gas-jet impingement and downstream gas blanketing.

- Gas bubble entrapment in wakes of flow obstructions.

Up to nm.r, it is expected that the mechanical effect and the thermal effects

of a transitory flow change and of gas blanketing cannot cause fuel failure

propagation LI_I.

However, the thermal effect of gas bubble entrapment ~n the wake of a flow

obstruction such as a subchannel blockage is not evident since the behaviour

of gas in wakes is not clear.

The phenomenon of gas bubble entrapment in the wake behind a blockage in LMFBR

subassembly geometry was inferred from experiments in the sodium loop (KNS) in

Kernforschungszentrum in Karlsruhe L-2_1. However, the information obtained

from the experiment is not necessarily enough to know the behaviour of gas in

the wake. Specially in sodium loop experiments, the number and the position of

bubble detectors, and hence data obtained, are restricted. To discuss the ther­

mal effect, the behaviour of gas in the wake should be made clear. From the

view pointof the gas behaviour, information may be obtained by direct observa­

tions in a water loop.

There are many blockage types which can be postulated; for instance, porous

blockage or spherical blockage, etc .. In the present report, a non-porous planar

corner blockage is postulated as in the test section of KNS, without taking

account of a mechanism to form the blockage. The flow distribution of liquid

in the wake behind the blockage could be drawn as Fig. I.
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The release rate of gas due to the rupture of cladding depends on the rupture

size, on the gas pressure and on the friction factor through the fuel pellets.

The gas pressure, and hence the amount of fission gas in a fuel pin, depends on

the power history of the fuel. The friction factor depends on the axial position

of rupture and also on the power history. Thus the release rates which were

predicted are scattered, depending on rupture conditions; for instance, 0.016 gis

which corresponds to 3 Ncm3/s (standard temperature and pressure) for a friction

flow of Xenon, for an effective diametral gap of 0.013 mm in fuel region, for

an initial gas plenum pressure of 69 bar {-3_7, or 25 gis (4000 Ncm3/s) for iso­

thermal expansion of Xenon with sonic flow,for a circular breach diameter of

1.3 mm,for an initial gas plenum pressure of 69 bar {-4_7.
Therefore, the gas injection rate is required to be changed in the experiment.

The liquid velocity is also required to be changed in the experiment since the

co~lant velocity of the reactor is controlled corresponding to the operating

power.

It is the purpose of this report to describe the behaviour of gas in the wake

behind the blockage and its dependence on the gas injection rate and the liquid

velocity.

Observations were made of the flow patterns of the two-phase mixture, of the bubble

size and of the residence time of bubbles in the wake. These items are those that

most directly affect the cooling in the wake behind the blo~kage when fission

gas is released in the subassembly.
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2. Experimental Apparatus and Method

The cross section of the test section used in the present experiment ~s shown in

Fig. 2. The test section represented one half of the fuel subassembly of SNR 300

prototype reactor, divided along the vertical plane of symmetry through the

blockage. A glass wall occupied the position of this plane. Thin glass rods

(6.1 rnm diameter, 7.9 rnm pitch) were arranged to simulate fuel pins. A thin plate

blockage was installed on the spacer grid in the corner of the test section. The

ratio of the blocked area to the total flow area is 0.21.

A schematic side view of the test section ~s shown in Fig. 3. Water was pumped

upwardsthrough 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 4.5 m/s

in the present experiment.

Argon was injected into the test section to simulate fission gases. A schematic

diagram of the gas injection system is also shown in Fig. 3. Two holes through

the test section wall were provided for gas injection; one of 0.5 mm diameter

50 mm above the blockage for injection into the wake, and one of 0,8 mm diameter

165 mm below the blockage for injection upstream of the wake. In the present

report, the case where gas was injected into the wake is calLed "downstream gas

injection", whereas the case where gas was injected into the flow upstream of

the blockage is called "upstream gas injection".

In a number of experiments, a gas plenum of volume 17 cm3 , simulating the fuel

pin volume, was used for a pulsewise gas injection. The gas was supplied from

agas bottle and the initial gas pressure in the plenum was measured at room

temperature. Valves permitted the selection of downstream or upstream gas injec­

tion. The gas flow rate could be controlled by valves and was measured in steady

state condi tions by a Rotameter-type flow meter. In the present experiment, the flow

rate ranged from 1 to 20 Ncm3/s (standard temperature and pressure) for the down­

stream gas injection case and from 10 to 230 Ncm3/s for the upstream gas injection

case.

The behaviour of gas ~n the wake behind the blockage was directly observed and

recorded on cine film. The film speed was varied between 50 and 1000 pictures/

second, depending on the conditions of experiments.
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3. Flow Pattern of Two-Phase Mixture

3.1 Classification

The flow of the two-phase mixture in the wake behind the blockage was observed

in both upstream and downstream gas injection cases for a range of gas injec­

tion rates and main flow velocities. The gas was continuously injected and

the injection rate was kept constant. The following gas behaviour was observed

in the wake.

gas bubbles rising up through the wake.

gas bubbles standing still in the wake.

gas bubbles circulating in the wake.

In the present report, a stationary gas bubble with a radius larger than the

hydraulic radius of the sub-channel (2.7 mm) is called a "gas cavity" to dis­

tinguish it from the other rising or circulating bubbles. Within the range of

conditions in the present experiment, the flow patterns which are characterized

by these bubbles can be c1assified into the following three types.

Type 1: Bubbles rise up through the wake without forming agas cavity.

Type 2 : Bubbles circulate around agas cavity.

Type 3: Bubbles circulate in the wake with no gas cavity formation.

Schematic diagrams of these flow pattern types are shown in Fig. 4. In Type

of the upstream gas injection case, gas bubbles coming from upstream of the

blockage circulate and join each other in the central region of the wake, forming

a larger bubble which then rises up through the wake wi th no cavity formation.

In Type 1 of the downstream gas injection case, gas is directly injected into

the wake,forming a larger bubble which then rises up through the wake with no

cavity and no circulating bubble. The flow pattern of Type 1 is characterized

by rising bubbles. The flow pattern of Type 2 is characterized by the existence

of agas cavity, being further divided into (a) and (b). In Type 2(a), gas

bubbles circulate around the gas cavity whose size changes periodically depen­

ding on the experimental conditions, the period varying between 1 - 10 seconds.

Within a single period, the size of the cavity increases gradually and then

decreases due to the discharge of the gas from the top of the cavity. In Type
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2 (b), gas bubbles circulate around the· cavity whose size remains almost constant.

The typical examples of Types 2(a) and (b) are shown in Fig. 5. In Type 3, small

gas bubbles circulate in the wake with no gas cavity formation.

The relation between these types in the downstream gas injection case and in the

upstream gas injection case are respectively shown in Figs. 6 and 7 with refer­

ence to the gas injection rate and the main flow velocity. As shown in these

figures, the pattern is changed from Type to Type 3 in turn with increasing

velocity for any rate of gas injection.

As for the critical conditions between the flow pattern types, the following can

be said from Figs. 6 and 7.

The critical velocity of Types land 2 is about 1.9 m/s, independent of the

gas injection rate and of the position of gas injection.

The critical velocity of Types 2 and 3 increases with increasing rate of

gas injection.

The critical velocity of Types 2 and 3 in the downstream gas injection case

is higher than in the upstream gas injection case for each rate of gas injection.

3.2 Formation of Gas Cavity

The formation of agas cavity in the w'ake was observed using high - speed cine

film at a film speed of 1000 pictures/second. The behaviour of the gas injected

from the gas plenum into the wake (pulsewise injection) is shown 1n Fig. 8,

where the solid line represents the interface of gas and liquid. As shown in

this figure the injected gas 1S accumulated in the wake, forming the gas cavity,

and then gas is released from the cavity toward the main flow in the downstream

direction. The behaviour of the gas injected from the gas plenum into the flow

upstream of the blockage 1S shown in Fig. 9,where the solid line represents the

interface of two-phase mixture (bubbly) and liquid and where the dotted line

represents the interface of gas and liquid. Gas bubbles pass through the spacer

grid and enter the wake forming agas cavity. From Figs. 8 and 9 it can be said

that the gas is accurnulated in the wake, forming agas cavity.
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4. Rise of Gas Bubble

As mentioned in Section 3.1, the flow pattern of Type 1 is characterized by gas

bubbles rising through the wake. The buoyant force can be considered to be one
•
of the most important forces which affect the rise of gas bubbles. This section

discusses the motion of agas bubble under the influence of buoyancy.

4.1 Rising Velocity due to Buoyancy

The velocity of agas bubble rising in a liquid depends on the buoyant force and

the drag force. The buoyant force acting on a spherical gas bubble is expressed

as follows;

-- ( 1)

where Ib is the bubble radius, J'l and J8 are the densities of liquid and gas,

respectively and i is the acceleration of gravity.

The drag force acting on the bubble is expressed as folIows;

(2)

where U is the relative velocity of gas and liquid, and CD is the drag coeffi­

cient. The relative velocity 1S

u - ~-1Jj (3)

where ~ is the liquid velocity and ~ is the gas bubble velocity which is

called "rising velocity".

By neglecting the gas density compared to the liquid density, the steady-state

rising velocity of a spherical gas bubble is obtained from Eqs. (1), (2) and

(3) as follows;

(4)
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In the special case that ~ = 0, the rising velocity is

(5)

The motion of gas bubbles in stagnant liquids has been studied by Peeble and

Garber L-5_7 and divided into four types depending on the magnitude of the

bubble Reynolds number defined by

Re), = (6)

where ~is the viscosity.

Two of the four types correspond to the viscous and transition regions and the

other two correspond to the turbulent region. In Region 1 of the Reynolds number

below 2 corresponding to the viscous region, the motion of agas bubble can be

described by Stokes' law on the assumption that it is spherical. Above Reb= 2,

the bubble is deformed. The motion in Region 2 corresponding to the transition

region is described by modifying the drag coefficient based on Stokes' law.

With increasing R.b, the bubble deformation becomes large. The two types of

motion in Regions 3 and 4 corresponding to the turbulent region result from the

variation of gas bubble deformation.

The rising velocity can be calculated by using the drag coefficient equation

obtained by Peeble and Garber for each region of the bubble Reynolds number.

4.2 Rising Velocity in the Wake

A diagram of the motion of the gasbubble rising through the wake is shown ~n

Fig. 10. The gas was injected into the flow upstream of the blockage. Gas bubbles

coming from the main stream join each other in the central region of the wake,

forming a larger bubble, which then rises up through the wake.

In Fig. 10 the shaded reg~ons represent the bubbles before they join together,

and the unshaded regions represent the bubble motion after coalescence with

the time interval of 1/50 second. The motion is upwards and towards the wall.

The rising velocity is obtained from the axial component of the motion. Its

value for each axial position in the test section is shown in Fig. 11. As shown

in this figure, the rising velocity increases in the axial direction and

approaches the main flow velocity. The gas bubble may be accelerated by the

main stream.
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Between 5 and 7 cm, however, the increasing rate of the rising velocity is

small enough to be neglected in comparison with the increasing rate above the

position of 7 cm. This shows that the influence of the main stream on the

rising velocity is very small in this region. Thus the wake region can be con­

sidered to be present below the axial position of 7 cm where the rising ve­

locity is not influenced by the main stream.

In the wake reg1on, the liquid rotates with a velocity distribution. Then it

can be considered that the rising velocity in the wake depends on the liquid

velocity, specially in the reverse flow region of the wake. However, the

rising velocity in the wake, obtained in the experiment, remains almost constant

as seen in Fig. 11. The results show that the influence of the liquid velocity

on the rising velocity is small even when the bubble rises up nearby the wall.

It may be said that the bubble made by 'coalescence 1n the central region of

the wake r1ses up, crossing the radial streamlines of the liquid flow, going

out from the wake before entering the reverse flow region. Thus the assumption

of stagnant liquid may be used for the calculation of the rising velocity in

the wake.

The compar1son of the rising velocity 1n the wake between the experimental and

the calculational results is shown in Fig. 12, where the solid curve is obtained

from Eq. (5) for the rising velocity in stagnant liquid and where the bubble

radius is represented with the effective spherical radius obtained by

(7)

where Q is the width and b is the height of the bubble which can be measured 1n

the photographs. Though the data are scattered, the experimental results are con­

sistent with the calculation, in the limited range of bubble size. Thus it can

be said that the gas bubble rises up through the wake due to the buoyant force.

4.3 Critical Velocity of Types 1 and 2

In the lower velocity range, where gas bubbles r1se up due to the buoyant force,

it may be said that the gas is separated from the liquid in the wake by the rise

of the bubble.
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From Fig. 12, the effective radius of the rising bubble formed in the central

region of the wake is about 6 rnm and then the rising velocity corresponding to

the radius is 0,15 m/s. When the downward velocity of liquid against the

bubble is lower than this velocity, the gas rises up, being separated from the

liquid. With the increasing velocity of the main flow, the downward velocity

of liquid against the rising bubble increases and finally the bubble moves down

with the liquid, resulting in no separation of gas and liquid. The existence of

the gas cavity in the wake results from no separation of gas and liquid. Then

the rising velocity due to the buoyant force can be related to the critical

velocity of Types 1 and 2.

A discussion of the critical velocity is concerned with the liquid velocity

in the reverse flow region where the downward velocity is higher than in any

other region of the wake. Table 1 shows the reverse flow velocity which was

measured from the movement of bubbles (nearby the wall) with a radius of 0,5 rnm.

The rising velocity of the bubble due to the buoyant force is small enough to

be neglected in eomparison with the reverse flow velocity shown in this table.

Then it is sufficient to consider that Table 1 shows the liquid velocity in

the reverse flow region of the wake. As seen in this table, the main flow

velocity is about three times higher than the reverse flow velocity in the

present experiment (water). If it 1S assumed that the separation occurs in the

reverse flow region, the critical velocity should be about

0.15 x 3 0.45 m/s (8)

However, the experimental results in Figs. 6 and 7 show that the critical

velocity is 1.9 m/s. The discrepancy of the critical velocity between the ex­

perimental and the calculated valuesshows that the separation of gas and

liquid does not occur in the reverse flow region. The gas is separated from

the liquid before entering the reverse flow region and as a result the critical

velocity of Types and 2 has the higher value of 1.9 m/s. From the com­

parison between the rising velocity and the reverse flow velocity, it can be

said that the separation of gas and liquid occurs in the region where the down­

ward velocity of liquid is less than a quarter of the maximum reverse flow

velocity.
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5. Breakup of Gas Cavity

5. 1 Gavi ty Size

The dependence of the cavity size on the main flow velocity under the various

rates of steady gas injection is shown in Fig. 13, where the cavity size is

represented with the effective spherical radius obtained by Eq. (7). In the

velocity range corresponding to Type 2(a), where the cavity size changes

periodically, the cavity size is represented with a mean value and an ampli­

tude of the change of size. As shown in this figure, the cavity size decreases

with increasing velocity of the main flow for each rate of gas injection. Under

conditions of constant gas injection rate, the cavity has a maximum radius at

the critical velocity of Types 1 and 2, whereas the cavity has aminimumradius

at the critical velocity of Types 2 and 3.

Figure 14 shows the change of the cavity size after the termination of gas

injection, where the gas injection rate applies before termination. At a main

flow velocity of 2 m/s, the cavity s~ze showed periodic behaviour up to the

termination of gas injection, bot not afterwards.

The initial size is represented with a mean value and an amplitude of the change

of size. As revealed in this figure, the cavity size decreases gradually with

time after the termination of gas injection. The gas cavity may be broken up

by liquid flow forces in the wake, resulting in the decrease of the cavity

size. On the other hand, the gas is accumulated in the wake as described in

Section 3.2. Therefore, it can be considered that 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.

The dependence of the cavity size on the gas injection rate and the ma~n flow

velocity, shown in Fig. 13, can be described by the mass balance of gas due

to the two contrary effects. With increasing rate of the gas injection, the

supply of gas to the cavity may increase. Specially in the downstream gas in­

jection case, the gas is directly injected and accumulated in the wake, as

shown in Fig. 8. Then the cavity size is increased by the increased supply

of the gas with increasing rate of gas injection under conditions of constant

velocity of the main flow. With increasing velocity of the main flow, the

liquid flow forces acting on the cavity may be increased, resulting in the

decrease of the cavity size under conditions of constant gas injection rate.
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In the lower velocity range corresponding to the flow pattern of Type 2(a),

where the cavity size is changed periodically, the liquid flow forces acting

on the cavity may be small., Thus the discharge of gas from the cavity of

Type 2(a), which causes the change of the cavity size, can be considered to

result from the excess supply of gas to the cavity.

5.2 Critical Velocity of Types 2 and 3

The cavity size decreases with increasing velocity of the ma~n flow, as menti­

oned in Section 5.1, and finally the cavity disappears ~n the higher velocity

range corresponding to the flow pattern of Type 3. The liquid flow forces ac­

ting on the cavity may be increased with increasing velocity of the main flow,

resulting in the complete breakup of the cavity in the higher velocity range.

As mentioned in Section 3.1, the critical velocity of Types 2 and 3 increases

with increasing rate of gas injection. This can be also described by the mass

balance of gas due to the two contrary effects on the cavity. The increase of

the gas injection rate causes the supply of gas to the cavity to increase,

whereas the increase of the main flow velocity may cause liquid flow forces

acting on the cavity to increase. Thus, for complete breakup of agas cavity

the main flow velocity should increase against the increased supply of gas

to·the cavity.

As mentioned also ~n Section 3.1, the critical velocity in the upstream gas

injection case is lower than in the downstream gas injection case. In the up­

stream gas injection case, some of the gas injected into the flow upstream of

the blockage enters the wake, and the rest is swept past with the main flow.

Thus the critical velocity in the upstream g~s injection case is lower because

the supply of gas to the wake is lower for any injection rate. From the com­

parison of the cavity size in Fig. 13, it is estimated that about 2 % of the

gas injected into the flow upstream of the blockage enters the wake forming

agas cavity.
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6. Bubble size spectrum

The bubble size was measured from photographs and a bubble size distribution

obtained. Though the radius of gas bubbles which can be measured is limited

by the photographic resolution, bubble size histograms for resolvable bubbles

'have been obtained for a range of experimental conditions. Figures 15 and 16

show the dependence of the bubble size spectrum on gas injection rate and on

main flow velocity. As shown in these figures, the bubble size spectrum is

influenced markedly by the main flow velocity but not significantly by the

gas injection rate. With increasing velocity of the main flow, the spectrum

becomes sharper and the radius corresponding to the peak of the spectrum is

decreased.

The velocity dependence of the bubble radius is shown in Fig. 17 for both the

downstream and the upstrearn gas injection cases, where the bar represents

the standard deviation from the mean value obtained from the bubble size spec­

trum. A difference of bubble radius between these cases 1S distinguishable

only in the lower velocity range corresponding to the flow pattern of Type 1.

In the case of upstream gas injection, the gas bubbles pass through a spacer

grid before entering the wake, and are probably broken up into smaller bubbles

during their passage. The hydraulic radius of the sub-channel at the spacer

grid is about 1 nun, which agrees well with the bubble size observed in the up­

strearn gas injection case. On the other hand, in the case of the downstream

gas injection, the gas is injected directly into the wake without going through

the spacer grid, and the bubble size at low main flow velocities is about 5

times greater. It may be said that in the lower velocity range the bubble

radius in the wake is influenced by the position of gas injection. However,

no influence of the position of gas injection on the bubble radius can be

seen at higher velocities corresponding to the flow patterns of Types 2 and 3.

In discussing the bubble size in the higher velocity range, the bubble Weber

number is considered. The bubble Weber nurnber is defined as the ratio of the

inertia force to the surface tension, expressed as folIows;

Web - (9)
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where a- is the surface tension. The velocity distribution in the wake shows

large velocity gradient, particularly at the boundary with the main flow.

The bubble circulating in the wake may suffer an inertia force due to the

relative velocity of gas and liquid caused by the velocity gradient. The

radial gradient of the liquid velocity would be more steep than the tangential

gradient in the wake. The relative velocity of gas and liquid caused by the

radial gradient of the liquid velocity is expressed as foliows;

u. = rt ~Vi (10)
b ~ r cb

where ~~ICbrepresents the radial gradient of liquid velocity, defined at the

center of bubble moving with the liquid. Then the Weber number is expressed

as foliows;

( 11 )

The radial gradient of the liquid flow on the ma1n stream side of the wake

may be more steep than the gradient on the wall side. Then the following

assumption is made for the radial gradient;

1.1iJ ~ A1i
~ r tb Ar

~
rw

(12)

where ~ is the liquid velocity on the ma1n stream side of the wake and 1W
is the effective spherical radius of the wake. The liquid velocity on the

main strearn side is expressed as foliows;

il"""
/
(~ 1It)- T +

1 -k- 11; .2 Aq-
1 *where 1-b is the main flow velocity, ~ is

the blockage, A8 is the blocked flow area

flow. The effective radius of the wake is

(13)

the liquid velocity at the edge of

and ~is the total area for the ma1n

expressed as foliows;



r:. = -.Lw 2 J
14

(14)

where Af is the cross sectional area of glass rods within the blockage and

the factor 6 is based on the blockage geometry. Under the present experiment,

~ and rw are respectively

~ - 1. 1 ~ (tm/.s )

rw = 2.1 ~ (0-
2

(111L)

Accordingly, the bubble Weber number is then expressed as folIows;

(15)

(16)

From the express~on of the Weber number, the following equation ~s obtained

for the bubble radius.

(17)

The calculational results obtained by Eq. (17) for var~ous Weber number are

shown in Fig. 17 with solid curve. As seen in this figure, the Weber number of

the bubbles in the wake ranges between O. 1 and 10. Specially in the higher ve­

locity range corresponding to the flow patterns of Types 2 and 3, the experi­

mental results of the bubble radius are described by the solid curve with

~b= 1. It is mentioned that the calculation is based on the assumption of (12)

for the liquid velocity gradient. Though the liquid flow is disturbed on the

main strearn side, the radial gradient of the time-smoothed velocity ~s con­

sidered to be approximately represented by the ratio of ~ to rW ' Then i t

can be said that the bubbles are broken up into smaller bubbles of Mreb ~ 1
by the inertia force of the liquid flow on the main stream side of the wake.

Only bubbles with a Weber number of about unity can be present in the wake.

Agas cavity has a Weber number larger than unity s~nce the cavity s~ze is

larger than the bubble size. Thus the cavity is broken up by the inertia force

of the liquid flow on the main stream side of the wake, but is constantly

renewed by the further accumulation of gas ~n the wake.
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7. Residence Time

As shown in Fig. 14, the cavity size is gradually decreased with time after

the termination of gas injection, and finally the cavity disappears. The

residence time is defined as the time from the termination of gas injection

to the disappearance of the cavity. The dependence of the residence time on

the main flow velocity is shown in Fig. 18, where the gas injection rate

applies before termination and affects the initial size of the cavity. As

shown in this figure, the residence time depends on the ma1n flow velocity,

decreasing with the increasing velocity of the main flow.

The residence time of gas bubbles is also defined as the time from the termi­

nation of gas injection to the disappearance of the bubbles. The dependence

of the res~dence time on the main flow velocity 1S shown in Fig. 19, where

the gas injection rate applies before termination. In the lower velocity range

corresponding to the pattern of Type 1, the gas is separated from the liquid

1n the wake by the rise of a larger bubble made by coalesence of small bubbles

as mentioned in Section 3. In the higher velocity range corresponding to the

pattern of Type 3, small gas bubbles circulate in the wake and gradually dis­

appear from the wake. In the velocity range in between, corresponding to the

pattern of Type 2, small bubbles circulate around agas cavity whose S1ze 1S

gradually decreased with time after the termination of gas injection and finally

bubbles disappear after the complete breakup of the cavity. As shown 1n

Fig. 19 the residence time of gas bubbles depends on the main flow velocity

as does the residence time of gas cavity.
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8. Conc1uding Remarks

Gas may, under some conditions, accumu1ate in the wake behind a b10ckage,

forming a stab1e gas cavity.

The two-phase f10w patterns in the wake are c1assified into three types de­

pending on the velocity range of the main f10w. In the 10wer velocity range

corresponding to the f10w pattern of Type 1, agas cavity cannot remain in

the wake, but rises up as a single bubb1e due to the buoyant force. In the

higher velocity range corresponding to the f10w pattern of Type 3, the gas

cavity is broken up by the inertia force of the liquid f10w on the main stream

side of the wake, on1y sma11 gas bubb1es circu1ating in the wake. In the

velocity r.ange in between, corresponding to the f10w pattern of Type 2, a

gas cavity is present in the wake, engu1fing the glass rods simu1ating fue1

pins. The velocity range corresponding to the f10w pattern of Type 2 is within

the operating range of the coo1ant velocity of typica1 LMFBRs. Though the

physica1 properties of sodium are different from those of water, the formation

of agas cavity in the wake behind a b10ckage in a LMFBR subassemb1y can be

considered possib1e.

The S1ze of the cavity depends on the gas injection rate and on the main

f10w velocity, decreasing with decreasing rate of gas injection and with

increasing velocity of the main f10w. The residence time of the cavity also

depends on the main f10w velocity, decreasing with increasing velocity of the

main f10w. The resu1ts obtained in the present experiment show that the main

f10w, and hence the1iquid f10w in the wake, affects the f10w pattern, the

cavity size, the bubb1e size, and the residence time of the cavity and of

the bubb1es. Furthermore, it is mentioned that the f10w pattern was changed

from Type 1 to Type 3 in turn with increasing velocity for any rate of gas

injection in the range of present experimental conditions. Therefore, the

initiation of fue1 pin dryout caused by the release of fission gas at a b10ck­

age in a LMFBR can be considered to depend on the operating conditions of

the reactor, speciallyon the coo1ant velocity.
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Main flow Reverse flow veloeity, vrev [m/s J
veloeity

Vo
v

Under steady injeetion After the termination of injeetion ;(ev[m/sJ
3/(Downstream: 11.5 Nem s) t=1s t=3s t=5s

2.0 0.7 - - - 2.9

3.0 1.1 1.1 1.1 1.1 2.7

4.5 1.8 - - - 2.5

Table 1: Liquid Veloeity in the Reverse Flow Region of the Wake
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