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Abstract

A new gamma densitometer with a Ba-133 source and a Nal(TI) scintillator operated in the
count mode has been designed for transient void fraction measurements in the RD-14M
heated channels containing a seven-element heater bundle. The device was calibrated
dynamically in the laboratory using an air-water flow loop. The void fraction measured was
found to compare well with values obtained using the trapped-water method. The device was
also found to follow very well the passage of air slugs in pulsating flow with slug passing
frequencies of up to about 1.5 hz.

lnhvdwtion

RD-14M, located in the Whiteshell Laboratories of the Atomic Energy of Canada Limited, is
a full-elevation-scaled thermalhydraulic test facility having many features of a CANDU
reactor primary heat transport (PHT) system. It is arranged in a two-pass, figure-of-eight
configuration with five horizontal channels in each pass. Each channel contains a heater
bundle which is made up of seven fuel element simulators (FES). A cross-section of the RD-
14M heated channel with the heater bundle is shown in Figure 1. The test loop is a major
test facility used for ongoing research into thermalhydraulic phenomena in a heat transport
loop under both normal and off-normal operating conditions. Test data are used to improve
the understanding of the physical processes occurring in the CANDU PHT system and to
validate and improve existing computer models.

The RD-14M test loop is extensively instrumented with over 250 sensors. All important
thermohydraulic parameters are measured except the cross-sectional average void fraction in
the heated channels. The heated channel void fraction is a highly desirable parameter for
code development and validation. It is not being acquired because no reliable and accurate
instrument is available, especially during blowdown transients when a fast responding
instrument is required. The major problems are:
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Hostile environment -- Tests were conducted at high pressure and high temperature
conditions. Most intrusive local void probes which can fit into the small sub-channel
space in the heated channel will not survive the hostile flow environment. Non-
intrusive instrumentation is thus preferred.

Small flow area -- The heated channel is small 5.77 cm O.D 448 cm I.D.) and the
heater bundle occupies 60% of the space (Figure 1). The cross-section is thus
dominated by the channel wall and the heater bundle which represent a massive
amount of metal in comparison to the small empty space present. This makes it
difficult to apply the many non-intrusive techniques which have to penetrate the
channel wall and the heater bundle and detect the difference in signal received when
the sub-channels are empty or filled with water. In general, the measurement
sensitivity suffers with smaller space.

Steel Pipe: 5.72 m 0,13.)
4.48 cm (I.D.)

Fuel Mement ShnWators 1.318 an O.D.)

Fgum : RD-14M Ctmnnel with Heater B=Ve

Among the many non-intrusive void measurement techniques, the gamma attenuation
technique is the most versatile 1,21. By choosing the appropriate gamma source and activity,
it is often possible to design a system which can compensate for the loss in beam intensity as
the gamma beam goes through the metal structures and at the same time, provides high
enough sensitivity for good void fraction measurements. Design procedure for a simple
gamma densitometer system can be found in 23]. The use of the gamma attenuation
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technique to measure void fraction in a channel with a rod bundle was described by
Kumarnaru et al 4] recently. However, only the chordal averaged void fractions along the
diameter of the channel between the heated rods were measured.

The use of the gamma attenuation technique to measure the average void fraction in the RD-
14M heated channel will be described in the present paper. Details of the design as well as
system testing and laboratory calibrations will also be presented.

Gamma Densitometer Design

The gamma attenuation technique is based on the fact that the intensity of a collimated
gamma beam decreases exponentially as it goes through matter. It can be shown that for a
two-phase mixture in a pipe, the void fraction can be calculated using the expression,

cc = ln(N./N.)/ln(N,/N.) (1)

where N N. and N, are the transmitted gamma fluxes for a given void (cc) in the pipe,
when the pipe is Ml (a= 0) and empty (a= 1) respectively.

The transmitted gamma flux can be estimated using the equation,

N = Ns*exp(-/t.t.)*exp(-iUbtb)*exp(-Ait.) (2)

where Ns is the incident or source flux
MW is the gamma absorption coefficient of the pipe wall
Ab is the gamma absorption coefficient of the heater bundle
Ai is the gamma absorption coefficient of the fluid present in the pipe
t. is the effective thickness of the pipe wall
th is the effective thickness of the heater bundle
t. is the effective thickness of the empty or flow space in the pipe

The gamma absorption coefficient is a function of the gamma energy, the higher the gamma
energy, the lower the absorption coefficient will be. The effective thickness can be defined
as,

A / L (3)

where Aj is the cross-sectional area occupied by the material
L is the width of the collimated gamma beaten used.
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For optimal designs in pipe flows, L is normally chosen to be the same as the inner diameter
of the pipe. From the dimensions of the RD-14M heated channel as given in Figure 1, the
effective thickness of the flow space (tJ is found to be about 14 cm.

In the design of gamma densitorneters, an important parameter which is often used is the
empty-to-full-pipe transmission flux ratio. This ratio is defined as:

R = N11N = exp[-(A,,-A)*t.] (4)

where A, and A, are the absorption coefficients for vapour and liquid phase respectively.

Since the absorption coefficients are inversely proportional to the gamma energy, a lower
energy gamma source will be preferred to provide a higher empty-to-full-pipe ratio for good
measurement sensitivity. However, a low energy gamma beam will be more heavily
attenuated by the pipe wl and other internal metal structures in the pipe. Therefore, it is
important to choose the appropriate gamma source for a given application. Other constraints
in source selection are the half-life of the radionuclide, the emission ratio of the desired
gammas and cost and availability of the source. For practical reasons, an inexpensive gamma
source with a reasonably long half-life and a high emission ratio is preferred 2].

For the RD-14M heated channel with its large metal content and small flow area, a relatively
high energy gamma beam is needed. Two gamma sources, namely Cesium-137 and Barium-
133 were selected based on the constraints discussed above. The principal gamma energies
for Cs-137 (half-life: 30.1 years) and Ba-133 (half-life: 10.8 years) are 662 KeV (emission
ratio: 0.85) and 356 KeV (emission ratio: 062) respectively. The corresponding empty-to-
full-pipe ratios were found to be about 1 12 Cs- 1 37) and 1 17 (Ba- 1 33) for air-water two-
phase flow. Both sources are considered acceptable for good void fraction measurements. Ba-
133 was recommended in the present study because of its higher measurement sensitivity and
its lower gamma energy. A lower energy gamma source requires less shielding and
consequently, makes a more compact design possible. However, the price of Ba-133 is
twenty to thirty times more expensive than Cs'137. Therefore, Cs-137 may be used for
economic reasons.

The tnsmitted gamma fluxes are collected using a Nal(TI) scintillator operated in count
mode. A Nal(TI) scintillator was chosen because of its high detection efficiency (100%).
However, its relatively long decay time of 023 lis limits its applications to low count rate
experiments (e.g., < 12 x IO' counts per second). In the count mode operation, individual
gamma pulses from the scintillator are amplified, shaped and counted using signal processing
electronics as shown in Figure 2 A major advantage of the count mode operation is the
ability to discriminate against noise and down-scattered gammas using the single channel
analyzer. An energy window is used to collect only the gammas with the desirable energies.
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Both static and dynamic calibrations were performed using the actual RD-14M heated
channel geometry with the heater bundle. An available Ba-133 source with an activity of
about 30 mCl was used. The source strength was relatively weak. However, longer counting
periods were used to compensate for the low count rates for steady state and slow transient
tests.
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Figur 2 PWse Counting Signal Processing System

Static Calibrations

Steady state calibrations were performed first to confirm the system sensitivity. A schematic
diagram of the test setup used is shown in figure 3 The test assembly consists of a short
length of the RD-14M heated channel with the associated strong box. The strong box was
fabricated using 1/8" steel plate and was filled with rigid insulation to provide both insulation
and support to the long horizontal heated channel in the RD-14M test facility. The channel
could be emptied or filled with water to obtain the empty and M pipe conditions. Slow
transient tests were conducted by filling the channel with water slowly and then draining the
water from the channel. An empty-to-Ml pipe ratio of 1 17 was obtained. This is the same
as calculated based on theoretical considerations. The system was also found to follow the
filling and draining of the channel well.
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Figure 3 Schematic Diagram of Static alibration Setup

Dynamic Calibrations

An air-water flow loop was then constructed for the dynamic calibrations. This is shown
schematically in Figure 4 Major components of the calibration facility are: water and air

supply systems; test section with the garnma densitometer installed; transparent sections with
acrylic bundles upstream and downstream of the test section for visual observations; two

pneumatically controlled quick acting valves interconnected for simultaneous closing and
opening to trap the water content in the test section and a water collection system to measure

the water trapped. Calibrations were performed with the test channel oriented both vertically
and horizontally. The response of the system to unsteady flows was also studied by manually
closing and opening the air supply valve repeatedly to produce slugs of air surging through

the channel at regular frequencies.

Only bubbly and chum-turbulent flows were produced in the vertical test setup. Whereas,

bubbly, annular and wavy stratified/slug flows were observed in the horizontal flow. The
measured void fraction using the gamma densitometer was compared with the void fraction
obtained using the trapped-water method in Figures and 6 for vertical and horizontal
channel respectively. Void fractions from about 0.05 to 09 were obtained. It can be seen

that results obtained from both methods compare well with each other in both cases. The
maximum measurement error was found to be less than 5% void for the vertical orientation
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(Figure 5). For the horizontal setup, a maximum error of about 10% void was observed for
the wavy stratified/slug flow regime. Measurement errors for the other flow regimes tend to
be lower (Figure 6.
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It should be noted that the size of the gamma beam used in the calibrations was 2xl.5" To
measure the void fractions, the transmitted gamma fluxes were collected for up to 0
seconds. Since the count rates obtained were in the order of 20,000 counts per second, a 10-
second counting period effectively reduced the statistical errors to less than 03%. This
corresponds to a void measurement error of about 2% for the present calibration test setup.
The actual void fraction was obtained using the trapped-water method as described above.
The amount of water in the test section was trapped and measured five to ten times for each
set of flow conditions and the ensemble averages were used. The volumes of water trapped
in repeated experiments showed a much larger variation for intermittent flows (e.g., slug
flow) as expected. The measurement uncertainties are given by the error bars in Figures 
and 6.
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Figure 6 Dynamic Calibration Results - Horizontal Flow
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The dynamic response of the system to the passage of slugs in the horizontal test pipe is
shown in Figure 7 The voltage output from the gamma densitometer is shown. The response
time of the system was set at 006 seconds. A steady flow of water was first established in
the test pipe. At time T, (Figure 7 pulses of air were then introduced manually by opening
and closing the air supply valve. The frequency of the air pulses was estimated using a stop
watch. It was varied from about 0.5 hz, to about 1.5 hz and then returned to about 0.5 hz
before it was closed off at T2- It was found that the system followed the passage of the air
slugs well. The voltage fluctuations at (x=O is due to the relatively low count rates which
result in high statistical errors.
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Conclusion

The use of a gamma densitometer with a Ba-133 source and a Nal(TI) scintillator
operated in the count mode has been shown to provide good void fraction
measurements in the RD-14M heated channel geometry. Its ability to follow the
passage of air slugs has also been demonstrated.

The design of a new gamma densitometer for transient void fraction measurements in
the RD-14M heated channels during blowdown tests has been completed based on
results obtained in the present study. It was found that a 500-mCi Ba-133 source is
needed to achieve sampling times of less than 0 I seconds and measurement
accuracies of better than 10% void.
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