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Abstract—In this research the axial void fraction distribution in two laterally interconnected channels with
plate or smooth blockages in one of them has been determined experimentally for different void conditions
at the inlet of the blocked and unblocked channels. It is observed that a substantial recirculation zone
with high void content forms downstream of the blockage. Outside of this recirculation zone, the void
fraction in the unblocked channel is somewhat higher than in the blocked channel. The presence of the
blockage promotes mixing between the channels, thus reducing the void differences that may exist between
them.

Key Words: subchannels, blockages, void fraction, diversion cross-flow

1. INTRODUCTION

The investigation of the consequences of coolant flow area blockages in fuel assemblies is of great
importance for both thermal and fast breeder reactor safety. In pressurized water reactors, during
the refilling and reflooding phases of a hypothetical loss-of-coolant accident, the temperature of
the zircaloy fuel cladding may reach very high values. These high temperatures coupled with high
internal pressures, brought about by gaseous fission products, may trigger a ductile or brittle failure
of the cladding. The ductile failure may result in a ballooning of the fuel rod, while with brittle
failure the rod may burst open. In both cases, the flow area of a given subchannel or a group of
subchannels could be reduced. The grid spacers and, especially in CANDU reactors, the end plates
may also perturb the emergency core cooling fluid flow significantly.

One of the consequences of the blockage of a subchannel or a group of subchannels is to divert,
depending on the severity of the blockage, some or all of the flow into neighboring unblocked
subchannels. The flow recovery downstream of the blockage is a slow process and it may take many
hydraulic diameters before the flow is restored to its far upstream value. Therefore, immediately
downstream of the blockage, higher enthalpies will prevail in the blocked subchannels than in the
unblocked subchannels, and the heat transfer in these regions may be impaired or enhanced due
to the turbulence. An adequate prediction of the enthalpies and heat transfer conditions in the
downstream region requires detailed information on the flow redistribution caused by the blockage.

The objective of this research is to study the axial distribution of void fractions in two laterally
interconnected channels when one of them is blocked at various degrees of severity.

2. LITERATURE SURVEY

Earlier experiments on interconnected channels were intended to obtain data on single-phase
unblocked flows. Subchannel mixing caused by turbulence and diversion cross-flow due to the
pressure difference between the subchannels have been studied by Hetsroni et al. (1968), Skinner
et al. (1969), Tapucu (1977), Tapucu & Merilo (1977) and Tapucu & Troche (1977). The
hydrodynamic behavior or two-phase flows in interconnected channels without blockages has been
studied experimentally by Rowe & Angle (1967), Lahey & Schraub (1969), Van Der Ros (1970),
Gonzalez-Santalo (1971), Singh (1972), Tsuge et al. (1979) and Tapucu et al. (1986a). Recently,
the effects of the flow orientation on the two-phase flow distribution have been investigated by
Shoukri er al. (1984), Sato & Sadatomi (1985) and Tapucu et al. (1986b).
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Experiments on two-phase flow in interconnected channels with blockage in one of them are,
to the best of the authors’ knowledge, very limited. However, a great deal of data have been
reported (Stiefel & Nothiger 1969; Stiefel 1971, 1972; Rowe et al. 1973; Vegter et al. 1974; Creer
et al. 1979; Tripe & Weinberg 1980; Hochreiter ez al. 1980) under single-phase flow conditions.

Recently, Gengay et al. (1984) and Tapucu et al. (1984) presented data on mass flow rates and
pressures upstream and downstream of blockages of different shapes and severities for single-phase
flows. The data have also been compared with the predictions of the COBRA-III-C subchannel
code (Rowe 1973). They observed that in the region upstream of the blockage, the diversion
cross-flow takes place over a relatively short distance. Downstream of the blockage, the recovery
of the diverted flow by the blocked channel is a slow process and the rate of this recovery worsens
with increasing blockage severity. For a given blockage fraction, the diversion cross-flow caused
by a smooth blockage is smaller than that of a plate blockage. Except for high blockage fractions,
the equalization of the pressures in the two channels is a fairly rapid process. The authors have
also reported that the COBRA-III-C code predicts the data on 30% plate blockage fairly well.
However, the code fails to predict the data on plate blockages of 60% or higher severity. For 60%
smooth blockage reasonable predictions have been obtained.

The effect of singularities such as contraction, expansion, combination of contraction and
expansion, orifices, inserts etc., on two-phase flows have only been determined in single channels.
For all practical purposes, only irreversible pressure losses across the restrictions have been
reported (Hoopes 1957; Murdock 1962; Janssen & Kervinen 1964; Weisman et al. 1978; Simpson
et al. 1979, 1983; Fairhurst 1983; Salcudean et a/. 1983a). Salcudean er al. (1983b, ¢) studied the
void fraction distributions and two-phase flow transitions in horizontal air-water flows. Tapucu
et al. (1988) determined the axial distribution of void fractions and pressures upstream and
downstream of plate and cosine-shaped smooth blockages. Visual observation of the blocked
region showed that a recirculation zone forms on both sides of the blockage. The upstream
recirculation zone is small and rich in liquid, whereas the downstream recirculation zone is large
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Figure 1. Experimental apparatus.
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and has a high void content. Using the irreversible pressure drop data the authors have also
determined the contraction coefficient and irreversible pressure loss coefficients.

3. EXPERIMENTAL APPARATUS

The schematic diagram of the apparatus used to perform the blockage experiments is shown in
figure 1. The test section (figures 2 and 3) is made up of two 12.65 mm square channels machined
from transparent acrylic blocks, which were chosen to allow visual observation of the two-phase
flow regimes. The channels are separated by an intermediate plate in which slots were machined
with different geometric parameters. The relevant geometric parameters of the test section are given
in table 1. Plate and smooth blockages of varying severities were mounted in channel 1 on the wall
opposite the interconnection gap, approx. 22 hydraulic diameters downstream of the beginning of
the interconnected region.

The water is supplied to the channels with a pump connected to a constant head water tank.
The flow rate in the channels is adjusted with valves installed in each branch and in the
corresponding bypass circuits. The air is supplied from the mains of the laboratory and regulated
by a relieving-type regulator. The mixing of the liquid and the gas phases is accomplished in a
mixer. At the outlet of the test section, the two-phase mixture flows into an air-water separator
tank which consists of two compartments: one for each channel. The compartments are open to
the atmosphere and their water levels are kept constant. The water flow rates at the inlet of each
channel and at the outlet of channel 1 after the separator tank are measured with turbine meters
with an accuracy better than +1%. The flow rate of the air is measured with rotameters, with an
accuracy of +2% of the full scale.

Since the objective of the present research is to obtain detailed information on the axial
distribution of the average void fractions in the channels upstream and downstream of a blockage,
they should be measured quickly and simultaneously at several axial locations. Because of the
simuitaneous nature of the measurement, the impedance technique is suitable for this research.
Besides the advantages of simultaneous measurement, direct reading and the relatively low degree
of uncertainty in the void fraction determination, the impedance technique also has some
disadvantages: it requires lengthy and complex calibration, has rather poor accuracy at high void
fractions (=80%) and finally, its response depends quite strongly on the temperature of the water
and on the amount of dissolved impurities.

With the impedance technique, the values of the void fraction are obtained by measuring the
admittance between two parallel plate electrodes (void gauge). The electrodes, 25.4 mm in length,
consist of a thin layer of silver paint sprayed onto the opposing faces of the square channels on
both sides of the slot (figure 2). There are ten pairs of electrodes along the blocked and unblocked
channels and their positions are given in figure 3. The electrodes are distributed along the channels
as follows: one pair before the beginning of the interconnected region, three pairs upstream of the
blockage and six pairs downstream of the blockage.
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Figure 2. Cross-sectional view of the test section.
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Figure 3. Positions of the void gauges (electrodes) and tracer sampling stations.

Table 1. Geometric parameters of the test section

Gap clearance (mm) 1.5
Gap thickness (mm) 32
Hydraulic diameters (mm)
Channel 1 12.7
Channel 1* 12.4
Channel 2 12.8
Channel 2° 12.6
Cross-sectional area (mm?)
Channel [ 160.0
Channel 1* 162.4
Channel 2 163.1
Channel 2* 165.5
Length of the interconnection (mm)® 1312.0

*Including half of the interconnecting gap.

®The mid-plane of the blockage is located 272 mm
downstream of the beginning of the inter-
connection.
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Figure 4. Block diagram of the void fraction measurement system.

Figure 4 shows the block diagram of the void fraction measurement system. Each pair of
electrodes is equipped with its own electronic circuit (designed and manufactured by Auburn
International Inc.) which monitors the admittance between the plates. A block diagram of the
electronic circuit associated with each electrode is given in figure 5. Since all the electrodes are
immersed in the same conductive medium, special care must be taken to ensure that no
cross-conduction (resistive or reactive) occurs between the measuring channels. The electric
isolation of each measuring channel is achieved by coupling transformers excited from a common
low impedance 5 kHz oscillator. Also, to avoid a possible current flow through the common power
supply, a differential input stage with high common mode rejection and a very high input
impedance is used. The voltage drop across the resistance R, mounted between the secondaries of
the coupling transformer (figure 5), is a direct function of the current through it. Therefore, it may
be assumed that this voltage is also proportional to the admittance between the electrodes, i.e. a
function of the liquid fraction between them. To correct for water conductivity variations caused
by changes in temperature or impurities, a separate reference channel is used- to continuously
monitor the admittance of the inlet water (figures 4 and 5). The response of each channel is then
divided by the response of the reference, and the errors introduced by the above-mentioned changes
are substantially reduced. All the void gauges may be monitored in real time and, when desired,
an averaging cycle may be initiated. The averaging period may be set anywhere between 1 and 64 s.
After several trials, a 50 s averaging period was found to be optimal for this research. The average
value of each channel is measured by a digital voltmeter.
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The impedance gauges were calibrated by comparing their response to the two-phase mixture
flowing through the channel with the average void fraction in the whole channel determined by
quick-closing valves. A typical calibration curve is given in figure 6. The liquid mass fluxes ranged
between 1000 and 3000 kg/m?s. From the calibration curves, it can be concluded that, for the
present channel geometry, void fractions up to 80% can be measured with this system. It should
be pointed out that each void gauge was calibrated with its associated electronic circuit and
connection cables. The main assumption made in the calibration of the void gauges was that the
changes in void fraction along the channel caused by the expansion of the gas with decreasing
absolute pressure could be ignored. In other words, the void fraction obtained by the quick-closing
valve technique adequately represents the void seen by all impedance gauges. This assumption may
not be completely true when the gauges are distributed over a long distance (1219 mm in the present
research) and when the pressure drop over this distance is not negligible compared to the operating
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Figure 6. Typical calibration curve of a void gauge (unblocked channel). U-6, electrode No. 6 of the
unblocked channel.
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pressure of the system. Therefore, the void fraction obtained from the calibration curve of each
impedance gauge should be corrected to reflect the real void fraction at a given axial location. The
procedure with which the correction was done is described in Tapucu er al. (1988). The estimated
uncertainty in the void fraction measurements is +5%.

4. BLOCKAGE CONFIGURATION

Two blockage configurations have been studied: plate and smooth (figures 7 and 8). The shape
of the latter was a cosine. The plate blockage could be moved continuously in the radial direction
to achieve any blockage fraction. Table 2 lists the geometric parameters of the blockages.

5. EXPERIMENTAL RESULTS

Three blockage fractions have been used for plate blockages: 30, 60 and 90%, whereas smooth
blockages were limited to blockage fractions of 60 and 90%. For each blockage fraction a set of
three experiments was generally conducted:

1. Equal inlet void fractions: 60% at the inlet of each channel,
2. Unequal inlet void fractions with high void at the inlet of the blocked channel:
60 and 0% void fractions at the inlet of the blocked and unblocked channels,

respectively,
3. Unequal inlet void fractions with high void at the inlet of the unblocked channel:
0 and 60% void fractions at the inlet of the blocked and unblocked channels,

respectively.

In this paper, axial void profiles obtained for 30 and 90% plate blockages, and for a 60% smooth
blockage are presented for the groups identified above. More data on void fractions are given in
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Tapucu et al. (1988). Before presenting the experimental results, let us first identify the possible
mechanisms which promote flow interchange or mixing between subchannels, as identified by Tahir
& Carver (1984):

(1) Turbulent interchange

The salient feature of turbulent motion is that the velocity and pressure at a fixed
point do not remain constant with time even in steady state but undergo very
irregular high-frequency fluctuations. These fluctuations affect the diffusion of scalar
and vector quantities. In the study of mixing in rod bundles, this mechanism by which
turbulence enhances diffusion is called “turbulent interchange” (Rogers & Todreas
1972).

In single-phase flow, in the absence of other mixing mechanisms, the subchannel
flow remains essentially constant in order to maintain approximately the same
pressure level in each subchannel at any axial position. Therefore, in single-phase
flow there is momentum and energy transfer between subchannels but there is little
or no net mass transfer.

In two-phase flow, in addition to momentum and energy transfer there will
probably be a substantial net mass transfer (Gonzalez-Santalo & Griffith 1972).

(2) Diversion cross-flow

Diversion cross-flow is the directed flow caused by pressure gradients normal to
the major flow direction. These gradients may be induced by flow section variations
caused by blockages, differences in subchannel geometries, gross variation of heat
flux or by the onset of boiling in one of the subchannels.

(3) Void drift
This mechanism accounts for the tendency of the vapor phase to shift to higher
velocity flow regions. The exact mechanism for this motion is not clear.

(4) Buoyancy drift
In horizontal channels, the void is pushed upward normal to the major flow

direction due to the difference in densities between the two phases. The relative
significance of this mechanism should diminish at high mass fluxes.

Since the present research deals with vertical flow, the buoyancy drift does not apply. The
diversion cross-flow is the major flow interchange mechanism in the blocked region or at the
beginning of the interconnected region when the inlet flow conditions in the channels are
substantially different. The turbulent interchange  and void drift mechanisms govern the mixing
between the channels far downstream of the blockage. Moreover, in this paper the term *‘void
migration” will be used to designate the void transfer (i.e. gas transfer) by one or by any
combination of the mechanisms identified above.

Equal void fraction at the inlet of the blocked and unblocked channels

For 30% plate blockage, no substantial effect of the blockage on the void fractions in the
upstream region is observed until the last measurement point, located at 38.1 mm from the
mid-plane of the blockage (figure 9). In the downstream region, the void fraction varies only in
the vicinity of the blockage. The somewhat higher void fraction observed in the blocked channel
immediately downstream of the blockage is a consequence of bubbles trapped in the recirculation
zone which develops behind the blockage. The same phenomenon was also observed in partially
blocked single-channel flows by Tapucu et al. (1988). Far from the blockage, the void fraction in
both channels remains essentially constant, suggesting that the void equilibrium conditions are
reached within the length of the interconnected region. The void fractions in the unblocked channel
are somewhat higher than those in the blocked channel.

In the 60% smooth blockage the length over which the upstream flow is affected is more visible
(figure 10). The void of the recirculation zone behind the blockage is substantial. It is observed



AXIAL VOID DISTRIBUTION IN CHANNELS WITH BLOCKAGES 73

VERTICAL FLOW, RUN No.1
BLOCKAGE, PLATE: 31.9%

INLET FLOW CONDITIONS

1.0 -

| BCH (D) UBCH (x)
0.9 | GL (kg/m2s)  2006.0 1969.0
0.8 F G (kg/m2s) 10.4 10.5
> I € (%) 58.9 60.0
07 -
(o] | N
[ x x x X X
0.6 fatm——t—c—a | t"Qm——h o - —0-
= os |
L !
o 04+
= |
0.3 -
> w
02 | gl
O
0.1 |- %
o b 1 | | | ! 1 I 1 | !

-40 -30 -~20 -10 O 10 20 30 40 50 60 70 80 90
AXIAL POSITION (ecm)

Figure 9. Void fractions in the blocked (BCH) and unblocked (UBCH) channels.

that this zone is limited to the blocked channel only and does not propagate to the unblocked
channel. After the recirculation zone, the void fraction in the blocked channel goes through a
minimum and then increases slowly towards an asymptotic value. As in the 30% plate blockage,
the void fractions in the unblocked channel downstream of the blockage are higher than those in
the blocked channel. However, the void equilibrium conditions (almost constant void fraction
conditions in the channels) were not reached within the length of the interconnected region. It
should be pointed out that the void migration between the channels in the vicinity of the blockage
is overwhelmingly due to the diversion cross-flow, while far downstream of the blockage two
mechanisms control the void exchange between the channels: turbulent interchange and void drift.
Most probably, the blocked channel gains some void with the first mechanism but it loses some
void with the second mechanism. When these two mechanisms are balanced, the channels reach
their equilibrium void fractions. It is observed that the equilibrium conditions are not those of equal
void fraction in each channel: the void fraction in the unblocked channel, as has already been
pointed out, is higher than that in the blocked channel. This trend has also been observed in
unblocked subchannels by Lahey & Schraub (1969), Gonzalez-Santalo (1971), Tsuge et al. (1979)
and Shoukri et al. (1984).
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Figure 11. Void fractions in the blocked (BCH) and unblocked (UBCH) channels.
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Figure 14. Void fractions in the blocked (BCH) and unblocked (UBCH) channels.

For 90% plate blockage (figure 11), due to the important gas transfer the effect of the blockage
was felt 10 hydraulic diameters (~120 mm) upstream of the blockage. Since the gas transfer
dominates, the void fraction decreases substantially in the blocked channel and increases in the
unblocked channel.

For all blockages, it is observed that a small recirculation zone rich in liquid forms upstream
of the blockage. The same observation was also made by Tapucu et al. (1988) in partially blocked
single-channel flows.

Unequal void fraction conditions with high void at the inlet of the blocked channel

In the upstream region, the behavior of the void fraction in the blocked channel for all blockages
is quite similar to that obtained for equal void fractions at the channel inlets (figures 12-14). The
effect of the blockage on void fraction in this channel is felt as far as 12 hydraulic diameters
upstream (~140 mm), depending on the severity of the blockage. The void fraction in the
unblocked channel starts increasing right after the beginning of the interconnected region. This
increase is due mainly to the void migration caused by turbulent void diffusion and diversion
cross-flow. Figure 15, from Tapucu & Gengay (1984), illustrates the variation of the void fractions
in two laterally interconnected channels without blockage for the inlet conditions given in the
figure. Due to the migration, the void fraction in the low void channel increases steadily. This
migration slows down substantially when the void difference between the channels decreases. By
comparing the void fractions in the unblocked channel far upstream of the blockage with those
of the low void channel in figure 15 right downstream of the beginning of the interconnected region,
the similarity in behavior can easily be observed. The high void is still present immediately
downstream of the blockage and its importance increases with increasing blockage severity. Except
for 30% blockage, void fractions in the unblocked channel after approx. 8 hydraulic diameters
(~ 100 mm) downstream from the blockage are higher than those in the blocked channel (figures
13 and 14). For 30% blockage (figure 12), the unblocked channel assumes slightly higher void
fractions far from the blockage (50 hydraulic diameters or 600 mm).

Unequal void fraction conditions with high void at the inlet of the unblocked channel

For 30% blockage, the void fraction increase observed in the far upstream region in the blocked
channel is the consequence of void migration from the high void channel to low void channel
(figure 16). When the effect of the blockage is felt, the increase in void fraction slows down
substantially. In the unblocked channel, the void fraction remains essentially constant; the slight
decrease observed upstream of the blockage could be attributed mainly to the liquid transferred
from the blocked to the unblocked channel. In the downstream region, the void fraction in the
blocked channel increases steadily to reach an asymptotic value and the recirculation region does
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Figure 15. Variation of the void fraction in two laterally interconnected channels without blockage
(Tapucu & Gengay 1984). HVCH = high void channel, LVCH = low void channel.

not have a high void content. In the unblocked channel, the void fraction decreases very slowly
and its value is higher than that of the blocked channel.

For 60% smooth and 90% plate blockages, upstream of the blockage, the blocked channel loses
a substantial portion of the void it gained by void migration (figures 17 and 18). Downstream of
the blockage, a high void recirculation zone in the blocked channel is again observed. As usual
the void fraction in the unblocked channel is higher than that in the blocked channel.

6. SUMMARY OF THE OBSERVATIONS

The following observations can be made concerning void fraction:

1. In the upstream region, the distance over which the effect of the blockage is felt
increases with increasing blockage severity. For a 90% blockage, the extent of this
region is approx. 120 mm (10 hydraulic diameters).
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Figure 16. Void fractions in the blocked (BCH) and unblocked (UBCH) channels.
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Figure 17. Void fractions in the blocked (BCH) and unblocked (UBCH) channels.

. Since the gas phase is easily diverted by the blockage, a small recirculation zone
rich in liquid develops immediately upstream of the blockage.

. A high void region develops in the blocked channel right downstream of the
blockage. This region is the result of the bubbles trapped in the recirculation zone
behind the blockage where low pressures prevail.

. The extent and the void content of the recirculation zone increases with increasing
blockage severity.

. In the downstream region, the void fraction in the unblocked channel is in most
cases higher than that in the blocked channel.

. The behavior of the void fraction in the channels does not seem to be influenced
greatly by the shape of the blockage.

. When there are substantial void fraction differences between the channels at the
beginning of the interconnected region, the effect of the blockage is to equalize
them quite efficiently in the downstream region. The void migration induced by
void differences between the channels can bring about some equalization of the
void between the channels, however, this process is slow and requires long
interconnection lengths.
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Figure 18. Void fractions in the blocked (BCH) and unblocked (UBCH) channels.
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7. CONCLUSIONS

In this research the axial distribution of void fraction in two laterally interconnected channels
with blockages in one of them has been determined experimentally. The experiments were
conducted on adiabatic two-phase flow which consisted of a mixture of air and water at 20°C. Two
blockage configurations have been studied: plate and smooth. The shape of the latter was a cosine.

It is observed that a recirculation zone forms on both sides of the blockage. The upstream
recirculation zone is small and rich in liquid, whereas the downstream zone is large and has a high
void content. Qutside of the downstream recirculation zone, the void fractions in the unblocked
channel are somewhat higher than those in the blocked channel. The presence of the blockage
promotes the mixing between the channels and rapidly reduces any void difference that may exist
between the channels. '
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