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Results from preliminary Flow Act-
measurements during June 1995

by

Per Linden

Department of Reactor Physics,
Chalmers University of Technology,

S - 412 96 Goteborg

Flow measurements based on the pulsed neutron activation
(PNA) method have been done and analysed. The results show
that the accuracy of the PNA-based Flow Act method is, under
certain conditions, in the same range as the reference flow meter
used. Also, the behaviour of the time distributions obtained is
discussed, though the influence of velocity profile, radial mixing
or other hydrodynamical questions is not taken into account.
However, the objective of this work was to gain sufficient confi-
dence in the method, and sufficient experience to be able to
design and build a dedicated loop with stable flow and high-
accuracy calibration.



1. INTRODUCTION

Maximizing electrical output within the licensed operating limits of a nuclear reactor
depends on accurate measurements of reactor power. At a pressurized water reactor,
the neutron power, measured by in-core neutron detectors and ex-core ion chambers, is
calibrated against reactor thermal power obtained from fully instrumented channels on
the primary side. However, measurements of the primary side reactor power are
affected by e. g. fuel burnup and channel fuelling. It is, therefore, regularly calibrated
by summing all principal heat sources and heat sinks on the secondary side of the unit.
This calculation is referred to as a unit heat balance.

The dominant contribution to the heat balance is the power supplied to steam genera-
tors, which is approximately 95% of the total reactor thermal power. The steam genera-
tor power is determined from the amount of heat transferred to the steam/feedwater
system. To be able to calculate the heat transfer, feedwater mass flow and enthalpies of
steam and feedwater are needed. Since enthalpies are known accurately, it is essential
to be able to measure the feedwater flow accurately in order to determine reactor ther-
mal power.

Pulsed neutron activation (PNA) of the water is one method to determine mass flow
rate or flow velocity in a pipe. The essence of the method is that the oxygen nuclei in

the water are activated through the reaction °O(n,p) °N by a pulsed neutron source.
The induced y-activity is then measured downstream of the source by one or more y-
detectors. The mass flow is determined from the time delay of the detector signals
either with regard the source pulse time or between 2 y-detectors at different distances

from the source. Regarding detection techniques, one advantage is that *"N has a hard y
spectrum ( 1 ^ 6 MeV), which makes it easy to separate from low energy background
gamma radiation.

The PNA method has been used in the past in pilot experiments to check the feasibility

of the method, [Refs 1.-2.]. However, those experiments were only made to yield a
proof-of-principle type result. The ultimate accuracy or performance of the method has
not been determined, even less was a complete flow-meter developed. Also, most
measurements used one y-detector and the time delay between the source and the
detector.

Due to the above, as well as to the fact there is still need for highly accurate, alternative
flow measurement methods, it was decided to start a project at the Department of
Reactor Physics for developing a flow-meter based on the PNA technique. We chose to
use two gamma detectors in combination with a pulsed neutron source. The method,
and the project, were named Flow Act.

The first pilot measurements were done in 1994 [Ref 3.]. The goal of those measure-
ments was to get some basic hands-on experience with the technique and to check the
suitability of the existing equipment for such measurements. The results of these meas-
urements were positive. The next step was to perform a series of experiments, with
dedicated detectors and computer hardware and software, such that the necessary
equipment for a complete laboratory testing of the method could be specified. This
equipment includes, besides the nuclear measurement chain, controlled flow and a pos-
sibility for calibrating the Flow Act method with an accuracy of 0.5 %.



This report describes the series of measurements, done during 1995, which yielded the
supporting material for designing the final laboratory tests. The final tests will be
reported in a subsequent journal publication.

2. EXPERIMENTAL SETUP

The experimental setup, which is a modified version of the one used in the pilot exper-
iments by Drozdowicz [Ref 3.], consists of a closed water circulation loop, a pulsed
neutron source and two gamma detectors. The neutron source is the SAMES neutron
generator at the Department of Reactor Physics at Chalmers University of Technology.

Water circulates in the closed loop where the mass flow rate, m, is to be determined,

see Fig. 1. With a water pump and a valve different mass flow rates can be achieved
and recorded by a reference flow meter. A neutron collimator with 0.07 m length and
0.02 m slit width is placed between the pulsed neutron source and the pipe. Detectors
with lead shields are placed at different distances downstream a straight pipe. The
detector shields have openings towards the pipe. The inner pipe diameter is 0.1036 m.
By installing a tank, a time delay for the water is achieved and the amount of recircu-
lated activity is reduced.
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FIGURE 1. Piping system. Water circulates in the closed loop. Different water flow velocities
are achieved with a valve and a pump and are recorded by the reference flow meter. To reduce
the gamma activity background of the already activated water a tank is installed to achieve a
waiting time.

The mass flow rate, supplied by the reference flow meter, is converted to mean flow

velocity, v, according to:

m = v • A • p (l)



where A is the cross section area of the pipe and p is the density of the fluid. The flow
velocity range in these measurements is 0.07 to 0.72 m/s as measured by the reference
flow meter. In the lower velocity limit the Reynolds number is approximately 7200
which indicates turbulent flow throughout the whole experimental series. Two types of
scintillating crystals were taken into consideration when choosing the detector, Nal and
BGO. The BGO crystal was chosen, since counting efficiency in a small volume is pre-
ferred to high energy resolution. Placed in a specially designed wagon, the detectors
with shieldings are movable individually along the pipe. The detector that is closer to
the source is referred to as detector #1 and the other is referred to as detector #2.

Calibration of the detectors was done by a °°Co-source so that a gamma photon with 1
MeV energy corresponds to a pulse height of approximately 1 V.

The measuring system contains two separate counting lines. Each detector is connected
to a multi-channel sealer (MCS) via a preamplifier and an amplifier, Fig. 2. The MCS
used is a EG&G Ortec MCS-Plus card for PC with companion software (A68-BI). It is
possible to make single and multiple scans with the MCS cards. On the MCS card there
are input and output possibilities available permitting the user to externally control the
card operation. Here the start output signal from MCS #1 is used to synchronize the
measurement.
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FIGURE 2. The measurement system.

A measurement starts with the MCS #1 beginning to count. The start output signal pro-
vided from MCS #1 generates a neutron pulse at the neutron generator. Simultaneously,
the same start output signal triggers a scan in MCS #2. During the scan, both MCS are



collecting data from the detectors. This procedure is repeated until a predefined
number of scans is achieved. Since the MCS cards are blocked during a scan, the scan
time for MCS #2 must be set shorter than the one for MCS #1 to be able to trigger a
new scan.

To be able to normalize the time distributions from different measurements both for
individual comparison and with other neutron sources, a neutron monitor recording the
number of neutrons emitted was installed. The monitor used was a cylindrically shaped
Pilot-B scintillator with dimensions 2.54 cm x 2.54 cm (diameter x height). A counter
is recording the pulses generated from the neutron monitor. The light from the scintilla-
tor is converted to a time pulse signal via a PM-base and a time pick-off control, see
Fig. 3.
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FIGURE 3. Electronics for the neutron monitoring system and the flow reference meter. The
neutron monitor is a Pilot-B scintillator with dimensions 2.54 cm x 2.54 cm (diameter x height).

The reference flow meter is of fluidistor-oscillator type. A bypass flow to a measuring
chamber is created by a flange. The frequency of the oscillations in the flow, induced
by a flow guide, is directly proportional to the flow rate. This frequency is recorded
and converted into pulses/m fluid by a signal converter. Finally the total number of
pulses is collected in a counter. The reference flow meter was calibrated to a relative
uncertainty of ±2%.

3. RESULTS

All time distributions obtained have been normalized, reduced for background and cor-

rected for the decay of 16N in the above order.

Q

The normalization was done such that each distribution was normalized to 10 neu-
trons/pulse. The reason for this is that the ultimate purpose of the Flow Act project is to
develop a portable flow meter, based on a mobile neutron generator. The typical yield

o

of such a mobile neutron generator is in the order of 10 neutrons/pulse.



Without any better knowledge of the background it is assumed to be linear. By graphi-
cally choosing two points at each side of the time distribution peak, a line intersecting

both points is determined, see Fig. 4. Thereafter, the area below the line is subtracted
from the whole time distribution obtained. The linear assumption is in some cases not a
good approximation which will be seen later.

To correct for the decay of T>J, the factor exp (X • t) is used, where K is the decay

constant for

Because of the different decay ratios for the background and for ^ , the order of the
above operations is crucial. If the decay correction is done before the background
reduction the assumed linearity of the background is broken.
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FIGURE 4. Typical time distribution of a FlowAct measurement. The background reduction
line is pointed out.

Four different series of measurements were done:

• Variation of gamma ray discrimination

• Variation of neutron pulse length

• Variation of detector position along the pipe

• Variation of water flow velocity.

3.1 Variation of gamma ray discrimination

In this series of measurements the neutron pulse length was 100 ms and the flow veloc-
ity, as measured by the reference, 0.32 m/s. Detector #1 is positioned at a distance
0.987 m downstream the source and the corresponding distance for detector #2 is 1.987
m. No neutron collimator was installed.



The discriminator window of the EG&G Ortec MCS-Plus has been used during the
measurements. The upper limit of the discriminator was kept constant at the maximum
window limit of 10 MeV according to the calibration. By changing the lower discrimi-
nation level from 1 to 8 MeV the energy window becomes narrower and only gamma
photons of higher energy are accepted. One important parameter to investigate is the
signal to background ratio, S/B, as a function of lower discrimination level. From the
measured raw data one can denote the total area of the time distribution peak by T. The
total area,r, is a sum of the signal, S, and the background, B.

Results from the S/B analysis are shown in Fig. 5. The upper and the lower curve cor-
respond to detector #2 and detector #1, respectively, and the difference between the
curves is due to the different distances from the source. For detector #1 the S/B ratio
is a factor of two lower than that for detector #2. It is seen that for both detectors the
highest S/B ratio is obtained in the region 4-5 MeV.

50 T

• Detector #1

- Detector #2

0 2 4 6 8 10

Lower Level Discrimination Level (MeV)

FIGURE 5. Signal to background ratio as a function of lower level discriminator. Signal to
background ratio is defined as the area of the background reduced time distribution obtained
divided by the area of the background. Upper level discriminator is kept constant (10 MeV).
Detector #1 and #2 are placed at 0.987 m and 1.987 m, respectively, from the source. The mean
flow velocity is 0.32 m/s during the measurement series according to the reference flow meter.

Another way of analysing the data is to use the variance. For a Poisson distributed ran-
dom variable, RV, the variance, Var [RV] , is equal to the mean value, (RV) , of the
variable. By assuming that the number of counts in channel i, C-, is Poisson distrib-
uted, the variance of the total area of the time distribution, Var [T] , can be estimated.
Further, the background is assumed to be linear and with the error propagation formal-
ism the variance for the background, Var [B] , is calculated. Finally, the variance of
the signal Var [5] = Var [T] + Var [B] is obtained. By taking the variance to mean
ratio, Var [5] /(S), the influence of the background can be investigated. The optimal
value of the lower level discriminator is achieved by finding the minimum of the vari-



ance to signal function. Measurements show that the variance to signal function is

rather flat in the region from 2 to 5 MeV of the lower level discriminator, Fig. 6.

25 T

Detector #1
Detector #2

2 4 6 8

Lower Level Discrimination Level (MeV)

10

FIGURE 6. Variance to signal ratio as a function of lower level discriminator. Upper level
discriminator was kept constant (10 MeV). Detector #1 and #2 are placed at 0.987 m and 1.987
m, respectively, from the source. The mean flow velocity is 0.32 m/s during the measurement
series according to the reference flow meter.

Results from the variance analysis show that the favourable region of the lower level
discrimination is from 2 to 5 MeV. This is a rather wide range, but when taking the
results from the S/B analysis into account it is possible to decrease the range from 4 to
5 MeV, see Fig. 5.

In conclusion, a favourable value of the lower level discrimination level is in the region
from 4 to 5 MeV. However, during the rest of the measurements the value 2 MeV was

used. It is at the lower limit given by Fig. 6 and is motivated by the fact that we wanted
to collect as much information as possible during these measurements.

3.2 Variation of neutron pulse length

Before doing this series of measurements a neutron collimator with slit dimension
0.07 m x 0.02 m (length x width) was installed. The installed collimator only restricts
the axially irradiated area of the pipe. No other modification of the experimental sys-
tem was done. Thus, the detector positions are 0.987 m and 1.987 m downstream the
source and the reference flow velocity is 0.32 m/s.

Variation of the neutron pulse length affects the axial size of the activated water vol-
ume. If the neutron pulse length is a delta function, the shortest possible axial length of
the activated volume in the presence of a collimator is the slit width of the collimator,

lc. By increasing either the flow velocity v or the neutron pulse length t , the axial

length of the activated volume can be increased.



As long as the pulse duration t is much shorter than the passage time of the water

through the slit, i.e. when t « l c / v , the axial extension of the activated volume is

determined by the slit dimension lc. At the other extreme, when t » / c / v , the axial

extension is determined by v • t . However, the extent of the activated volume does not

have a direct influence on the measurement accuracy. The pulse duration affects the
measurement in two ways:

• the pulse duration should be much shorter than the transport time of the water
between the two detectors or between the source and detectors to get a good time
resolution;

• the pulse should be sufficiently long in order to have good statistics through high
enough activity.

However, the pulse length should not affect the width of the measured time distribu-
tion. The measured width of the time distribution is a transformation of the activated
volume. So, a change in the dimensions of the activated volume would be measurable
if the change is sufficiently large compared with the delta function pulse case.

When choosing a neutron pulse length the flow velocity is to be considered. Because
the activation is strongly radially dependent and peaked at the edge of the pipe, the
flow velocity profile has an effect on the broadening of the initially activated volume.
Therefore, to calculate the optimal neutron pulse length for an unknown flow velocity
is very difficult. But, it can be estimated if the neutron pulse is sufficiently long for the
unknown velocity by changing the pulse length and determine if the measured width of
the time distribution is changing.

Two different pulse lengths were investigated, 50 and 100 ms. The time distributions
were normalized, background reduced and corrected for decay before analysis. The
analysis shows that the peaks from both detector #1 and #2 do not broaden when
changing from 50 to 100 ms pulse length. Thus, to get a higher activation the longer
pulse length should be chosen. However, 50 ms pulse length is used from now on,
because the counting statistics were already sufficient.

Since there is no broadening observed using the above pulse lengths it would be inter-
esting to increase the pulse length further. This is suggested for future work.

3.3 Variation of detector position along the pipe

During these measurements the flow velocity is kept at 0.326 m/s, the neutron pulse
length is 50 ms and the position of detector #2 is kept constant (1.98 m from neutron
source). The neutron source and the detectors are placed in the same horizontal plane

but on opposite sides of the pipe, Fig. 7.

Because the activation is stronger close to the neutron source and the decaying nuclei
are preferentially detected near the detector, a biasing effect occurs which increases the
importance of the nuclei moving near the source and the detector [Ref 4.]. This gives
an activation distribution and a gamma sensitivity distribution that show a distinct
maximum on the side of the pipe near the source and the detector. By combining the



activation and the gamma sensitivity distributions one gets a total sensitivity profile.
As shown by Grosshog and Pazsit, [Ref 4.], a more evenly distributed total profile one
can achieve by placing the source and the detectors on opposite sides of the pipe.

Detector #2 has been used as a reference detector while detector #1 is moved to 6 dif-
ferent positions along the pipe.

Detector #1 Detector #2

- ^
Pipe

Neutron source
1.98 m

FIGURE 7. Experimental set up for the variation of detector position test. Detector #2 is acting
as a reference at a fix position while detector #1 is placed at 6 different positions. The neutron
source and the detectors are located in the same plane but on opposite sides of the pipe.

Due to the decay compensation one assumes that the corrected area of the distribution
should be constant when moving the detector along the pipe. When increasing the dis-
tance between the detector and the source, a broadening of the distribution occurs.
Consequently, to keep the area constant, the intensity of the distribution decreases. The
above behaviour is observed in the analysis of the time distributions from detector #1.
The width (FWHM) of the peaks are calculated with two different methods, one
directly from the distribution (FWHMW) and the other through the standard deviation
(FWHMO).

In Fig. 8 the width (FWHM) of the time distribution as a function of the distance to tar-
get is shown. The FWHMa of the distributions shows a linear behaviour when the dis-
tance between the target and the detector is varying. A linear regression for FWHMO

gives a value of 0.686 s/m for the slope and the intersection with the vertical axis
equals 0.939 s. The slope is a characteristic for the flow in the pipe. To get a deeper
understanding of this variable more measurements are to be done where parameters
like pipe diameter and flow velocity are changed. The intersection with the vertical
axis can in a sense describe the original width of the activated volume.

A rough estimation of the expected intersection with the vertical axis can be done: The
time length of the activated volume is the sum of the neutron pulse length and the
extension due to the ratio of the slit width and the flow velocity. Thus, with a 50 ms
neutron pulse length, a 0.32 m/s flow velocity and a slit width of 0.02 m the predicted
intersection with the vertical axis is 0.11 s. This is one order of magnitude smaller than
measured, considering the FWHMO. The discrepancy is not unexpected knowing that

10



the width of the time distribution also is affected by more parameters, e.g. pipe diame-
ter, turbulent properties and asymmetry effects in activation and detection.
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FIGURE 8. The width (FVVHM) in seconds of the obtained time distribution as a function of
distance from target. FWHM from the width and from the standard deviation is shown.
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FIGURE 9. Area of time distribution (AU) as a function of distance from target. The area of
the decay corrected time distribution is expected to be constant However, the linear
background reduction is affecting the area erroneously for short distances .

Some comments on the linearity in Fig. 8 are needed. When moving the detector very
close to the source (< 0.2 m) the background contribution to the total time distribution
increases in a non-linear way. This has the consequence that the shape and the position
of the time distribution is affected in an erroneous way by doing the background reduc-
tion. This is one explanation for the points being more scattered around the fitted line

n



when moving the detector closer to the target. This background effect is more clearly
seen in Fig. 9 where the area of the distribution is shown.

3.4 Variation of water flow velocity

In this series of measurements the neutron pulse length was 50 ms and the flow veloc-
ity range was varied from 0.07 to 0.72 m/s, according to the reference. Detector #1 was
positioned at a distance 0.987 m downstream the pipe and the corresponding distance
for detector #2 was 1.987 m. The Reynolds number for the lower limit of the velocity
range (0.07 m/s) is 7200, i.e. well above the value 2300 (the onset for turbulence).
Therefore it is assumed that the flow is turbulent throughout the whole measurement
series.

One difficulty is to find a good estimator for determining the mean flow velocity. The
channel corresponding to the maximum intensity is not well suited to use as an estima-
tor, due to statistical fluctuations at the peak position, see Figure 4 on page 6. One way
of dealing with this problem is to fit a curve to the measured data and from the fit
extract a time position. The peak position method is not used in this report but it is sug-
gested for future work.

Another parameter to use is the average channel of the distribution as a transit time

estimator. We assume a time distribution where there are C(. number of counts in chan-

nel i. The average channel (i) can be defined as:

N

<<> = ^ P )

i = 1

where N is the total number of channels. Further, the estimated transit time (t) and the
flow velocity, v, for the activated volume is given by:

(<> = (<VA< (3)

( )v = Vi
where At is the time channel width and L is the distance between the source and the

detector. Eqns (2)-(4) are further on referred to as the average channel method.
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The average channel method does not seem to be as accurate as expected, but for flow
velocities above 0.2 m/s the uncertainty is comparable with the uncertainty of the refer-
ence flow meter (2%).
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FIGURE 10. Relative difference in measured velocity (% of reference velocity) as a function of
reference velocity. The average channel method was used to determine the measured flow
velocity. For reference velocities above 0.2 m/s the uncertainty of the measured velocity is
comparable with the reference flow meter uncertainty (2 %).
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FIGURE 11. The width (FWHM in s) of the measured time distributions as a function of the
inverse of the reference velocity (s/cm). The results of a least squares fit for both detectors are
shown.
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In Fig. 11 the measured width of the time distributions for both detectors are presented.
A linear dependence between the width and the inverse of the reference velocity is
shown in the measurement interval. The linear dependence seems reasonable if one
assumes that the width of the distribution is proportional to the time that the activated
volume is in front of the detectors. A straight line least squares fit gives for detector #1

a slope of 0.567±0.0045 m'1 and an intersection with the vertical axis of -0.068±0.012
s. The corresponding figures for detector #2 are 0.744±0.0094 and -0.034±0.023,
respectively. The different slopes for the fitted lines are expected to be caused by the
different distances from the source. However, the intersection with the vertical axis was
expected to be the same for both fits.

Consider the case where the flow velocity tends to infinity. It is similar to the case
where the detector and the source are positioned in the same place, which yields that
the width of the time distribution recorded tends to the neutron pulse length when the
velocity tends to infinity. Thus, the intersection with the vertical axis would be equal to
the time length of the neutron pulse. However, assuming a linear dependence as dis-
cussed above this predicts a negative value for the intersection with the vertical axis
which is unreasonable. Therefore, these measurements indicates that the width behaves
nonlinearly for very large flow velocities.

A comment is needed for the least squares fit of the detector #2 data: At the lowest
velocity the total number of channels, N in Eq. (2), was to small. Thus, a large fraction
of the time distribution tail was not recorded which yields that the width of the distribu-
tion is underestimated. Therefore, this point has not been included in the least squares
fit.

3.5 Other results

Consider a rigid-body flow model where a thin slab of fluid is uniformly activated and
the velocity profile is totally flat. Using the reference velocity, the expected position in
the time domain can be calculated for different distances between source and detector.
Comparing these values with the position estimator of the time distribution measured,
one can test the rigid-body flow model.

Because of the asymmetric activation of the fluid, it is not expected that the rigid body
flow model would give reasonable results for small distances between the source and
the detector. For larger distances, where influence from flow properties is higher, one
expects a more evenly distributed activity concentration and the activity flow behav-
iour is more rigid-body like. As can be seen in Fig. 12 the discrepancy between meas-
urements and calculations is decreasing with increasing distance. However, the linear
dependence was not expected.

14
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FIGURE 12. Difference between rigid-body flow model time position and measured time
distribution position (%) as a function of distance between target and detector. The average
channel is used as an estimator of the measured time distribution.

In Section 3.3 on page 9 the measurements when changing the position of detector #1
along the pipe were presented. Since detector #2 is fix during these measurements it is
possible to investigate the reproducibility of the method. Two peak properties have
been considered, the width and the position of the peak. The width (FWHM) of the
peak is 2.233±0.046 s. The flow velocity measured using the average channel method
for detector #2 is 0.3246±0.0009 m/s. This value should be compared with
0.3265±0.0009 m/s which is the reference flow meter value. Thus, the precision of the
flow velocity measured is in good agreement with the reference flow meter.

Another thing that comes from the asymmetric activation of the fluid, is that one
expects to record a different total activity when changing detector position from one
side of the pipe to the other, [Ref 4.]. This behaviour is based on assuming laminar
flow in the pipe, where no radial mixing of the activity occurs. As discussed above, the
actual Reynolds number indicates turbulent flow throughout the whole measurements.
The properties of turbulent flow include radial mixing of the activity in the pipe. By
measuring the total activity at opposite sides of the pipe at the same distance from the
source one can estimate the radial mixing properties of the flow.

Measurements with detector #1 at opposite sides of the pipe was done. The other
experimental parameters were the same as for the pulse variation test, i.e. distance
between source and detector #1 was 0.987 m and the flow velocity 0.32 m/s. The
results of these measurements show no difference in the recorded total activity. This
indicates that there is a rapid mixing in the pipe. However, the amount of data is not
sufficiently large to claim that a rapid mixing occurs.
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4. DISCUSSION AND CONCLUSIONS

It was found that the accuracy of the PNA-based flow measurement method was in the
same range as the accuracy of the reference flow meter. Besides, there is reason to
believe that the flow itself is not stable enough, due to the simplicity of the experimen-
tal facility used. However, the purpose of the measurements reported here was only to
gain sufficient confidence in the method, and sufficient experience to be able to design
and build a dedicated loop with stable flow and high-accuracy calibration. This objec-
tive has been achieved. Such a loop was constructed and a long series of experiments
have been done. The results will be reported in a forthcoming paper.

The purpose of future work is to develop the method such that maximum possible
accuracy is obtained. This will make it necessary to solve also several theoretical and
calculational questions. One of these is to find the best transit time estimator from the
detector signals which gives the true mean flow. Also, the influence of velocity profile,
radial mixing and other hydrodynamical questions need to be investigated, and their
influence compensated for.
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