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Abstract : This paper discussed the importance of the delayed neutron detection system. We improved the delayed neu—

tron detection station and delayed neutron detector, so the noise was greatly decreased and the detection efficiency was

greatly increased. After the improvement the stability of the detector was enhanced and the false alarm was eliminated.

We introduced the principle of the gas lift pump designed for the sodium cooled fast reactor. A calculation model of the

failed fuel detection system of CEFR was proposed, and from the model a code using LabWindows/CVI was developed.

The minimum broken area that could be detected by the delayed neutron detection system of CEFR was calculated and

the delayed neutron detection signal in a few representative transient conditions during fuel failure happened was stimula—

ted.
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1 Introduction

The failed fuel detection system is used to monitor
the fuel of reactor, prevent fission products from lea—
king to the first loop coolant and contaminating the re—
actor as well as environment, safeguard the safety of
reactor operation. Delayed neutron detection system
can detect the broken area of fuel failure. It is one of
the most important system for the safety of reactor. The
delayed neutron detection signal can be used to decide
whether we need to shut down the reactor. Another
most often used fuel failure monitoring system for PWR
is overall y detection system and for CEFR is cover gas
monitoring system. These systems can only detect the
gas leaking failure. Tt can’t give the information abort
the severity of the failure. Reduce unnecessary reactor
stop can bring great benefit for nuclear power plant.
Elaborate design of delayed neutron detection system
can contribute to reducing unnecessary reactor stop.
This paper introduced the improvement of delayed neu—
tron detection system of PWR and CEFR. Table 1 lists
the main precursors of delayed neutron. Most of them
are isotopes of Br and I. Their half lives are very
short, so the coolant sampling time is very important
for the detection of delayed neutron. For PWR the
sample of water transferred from failed fuel subassem-—

bly to detector should be 30 ~ 60 s.

topes of Br and 1 would decay to a little amount that

Because the iso—

could not be detected if the transfer time is above 60 s,

. 16 .
and the inference of N would be serious when the
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transfer time is less than 30 s. For sodium cooled fast
reactor the sample of sodium transferred from failed fu—
el subassembly to detector should be 15 ~90 s. The vy
radiation emitted from ~*Na and the neutrons leaked
from reactor core construct the main interference for
delayed neutron detection signal. To reduce the inter—
ference the first loop coolant is often elicited out of re—
actor core. For PWR we need to elicit high temperature
high pressure water and for sodium cooled fast reactor
we need elicit high temperature liquid sodium, both of
which are difficult and dangerous. This paper intro—
duced a gas lift pump used for sampling high tempera—
ture sodium, which would be a simple and economical
method.

Table 1 The main nuclides that
release delayed neutron

. . Fission DN branching DN energy
Nuclide  Half life /s . .
yield / % ratio / % /MeV
1371 24.6 6.27 5.4 0.56
138 6.55 6.8 2.5
8By 55.7 2.64 2.3 0.45
Ry 15.9 3.69 4.6 0.53

2 The improvement of delayed neutron
detection system for PWR
2.1 The structure and principle of failed fuel
detection system for PWR
The flow chart of failed fuel detection system for
PWR is shown in Fig. 1. The high temperature high
pressure water (350 C, 17.5 MPa) sampled from first

Vol.7 No.4,Dec.2009 61



loop is cooled by two heat exchangers to less than
45 °C and then transferred to delayed neutron detection
station and overall vy detection station finally brought
back to first loop. If there was a nuclear fuel failed,
fission products would leak to first loop. The delayed
neutron precursors (such as “Br and 1371’ etc. ) would
be transferred to delayed neutron detection station. The
delayed neutrons emitted by precursors could be detec—

ted by neutron detector.
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Fig.1 The failed fuel detection system of PWR

2.2 The improvement of delayed neutron
detection station for PWR

The delayed neutron detection station for PWR has
8 layers (Fig.2). The helical pipe is the wiring part.
The sampling water is injected from the middle of the
helical pipe, then divided into two branches, one of
which flow up another of which flow down. Finally two
branches join together and flow back to first loop. As a
result of the improvement the middle of helical pipe
where most of delayed neutrons are emitted is in front

of the middle of the detector where the sensitivity is
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1—Heat-resistant high sensitivity delayed neutron detector;
2—Moderator of delayed neutron;  3—Helical pipe;
4—Neutron reflector,;  5—Cadmium neutron absorber;

6 ium mixed with boron neutron absorber;,
7—Moderator of background nertron;  8—-II detector

Fig.2 The delayed neutron detection station of PWR

62 Engineering Sciences

highest. So we get higher detection sensitivity.
2.3 The improvement of neutron moderating
material and absorbing material

We use high density polyethylene as neutron mod—
erating material. The moderating effect of high density
polyethylene is good, which can reduce the thickness
of moderator and reflector to 25 mm, so as to reduce
the volume of the detection station. As a result, the
detector can be closer to the sampling water. So the
detection sensitivity is increased.

In order to decrease the background neutrons,
both of moderator and absorber are used. We select
polyethylene as moderator and cadmium mixed with bo—
ron as absorber. Cadmium is mainly used to absorb
thermal neutrons whose energy is below 0.5 eV and
boron is mainly used to absorb epithermal neutrons
whose energy is between 0.5 eV and 1 keV.

The system was used for HWER of ALGERIA.
These improvements decreased the backgrounds effec—
tively, increased the stability of the detectors, resolved
the fault alarm problem which had not been resolved for
a long time, and increased the detecting sensitivity ten

times.

3 The improvement of delayed neutron
detection system for CEFR

3.1 The performance of failed fuel detection

system of CEFR

The failed fuel detection system of CEFR includes
the cover gas monitoring system and the delayed neu-
tron detection system. The cover gas monitoring system
is used to detect the gas-Heaking failure and the delayed
neutron detection system is used to detect the contact
failure. The detection limit of the cover gas monitoring
system is 0. 1 % (about 5 fuel pins). As for the de—
layed neutron detection system, the detection limit is
0.01 % (about 1 fuel pin). For the safety of CEFR,
the minimum broken area that could be detected by de—
layed neutron detection system must not be above
10 em’.
3.2 The makeup of the delayed neutron detection

system of CEFR

This system has four delayed neutron detection
stations. They are placed out of reactor vessel and in
front of inter-medial heat exchanger (up left part of
Fig.3). Each detection station has two BF; proportion—
al countertubes, which are used for detecting delayed
neutrons emitted from inter-medial heat exchanger.
Furthermore, each detection station has a neutron
source used for checking the function of the detection

system.
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Fig.3 The failed fuel detection system of CEFR

3.3 The delayed neutron detection station of

CEFR (Fig.4)

Inside the detection station there are lead shiel-
ding materials (50 ~ 150 mm) around the detectors
used for shielding vy radiation. In order to reduce the
interference from background neutrons, there are mod-
erators and absorbers upside, downside and backside
of the detection station. Polyethylene (80 mm) is used
as moderators. Cadmium (10 mm) is used as absorb—
ers for absorbing thermal neutrons and polyethylene
mixed with boron (30 mm) is used for absorbing epi—
thermal neutrons. For the sake of detecting delayed
neutrons emitted from inter-medial heat exchanger,
there are no absorbers in front of the detection station.
But there is polyethylene (25 mm) around the detector
to moderate delayed neutrons. There is a neutron
source canal near the detector canal. The source check
device consists of a drive machine with Am-Be neutron
source and hanger rope. The activity of the neutron
source is 100 mCi, and the neutron yield is 2. 2 x
10’ n/s. The lead shielding materials, moderators and
absorbers are all block shape, installed in solid steel
shuck. Even if temperature exceeds the melting point
of polyethylene, the detection station could not col-
lapse.

3.4 The delayed neutron detectors of CEFR

(Fig.5)

The detectors could be installed from the detector
canal. The detectors have two parts, which are abort 4
meters apart from each other. The BF; proportional
countertube is installed in downside part. The rated
temperature of countertube is abort 80 °C and the sen—
sitivity of countertube is 1 cps/nv. In the upside part
there are amplifiers and shaping circuits. Their rated
temperature is below 50 °C. The pulse signal out from

shaping circuits is transferred to control room for analy—
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Fig.4 The delayed neutron detection station of CEFR

zing, recording and alarming. We select BF; propor—
tional countertube as neutron detector because it can

greatly decrease y interference.
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Fig.5 The delayed neutron detector of CEFR

3.5 The gas lift pump for sodium sampling
of sodium cooled fast reactors '

To detect delayed neutrons, the background neu-—
trons should be as least as possible. So the first loop
sodium is often sampled out of reactor vessel for detec—
tion. For the safety of reactor, we could not punch the
reactor sidewall. The sodium could only be pumped
from upside of the reactor vessel. The traditional elec—
tromagnetic pump used for sodium sampling has some
shortcomings, such as complex, short life and expen—
sive. We design a gas lift pump (up right part of
Fig. 3) which could draw out the first loop sodium from
the reactor vessel into a container for detection through
a pipe. The pipe, diameter of which is 60 mm, is in-
serted into the reactor vessel from the upside. The vol-
ume of the container is 10 L. Sodium could flow back
to reactor vessel when the pump is out of work. The
gas lift pump is smaller, life longer and easier to re—
place compare to traditional electromagnetic pump.
The experiment verified that the lift and flux of the gas
lift pump satisfy our request. However, it was not used
by CEFR because of the space limit of the top of CE-
FR.

3.5.1 The principle of the gas lift pump (Fig.6)

Purifying argon is emitted from the argon entrance
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at the upside, then flows down through the gas pipe
and enters the lift pipe from the gas emitting entrance
at the downside. The argon is divided into seriate bub—
bles. It’ s these bubbles that lift the high temperature
sodium flowing up. The sodium is separated from argon
at the separate chamber and collected by the bell-
mouthed flow guiding pipe. Then the sodium flows
down in the guiding pipe. When it arrives at the bot—
tom of the container the sodium gets out of the guiding
pipe and flows up. Finally the sodium overflows the
container and flows back to reactor vessel. The separa—
ted argon flows out of the air hole and then back into
reactor vessel through adiabatic sleeve. The guiding
pipe is used to collect sodium and make sure they flow
in and out in order. The sodium flowing in the guiding
pipe would emit delayed neutrons which could be de—
tected by neutron detectors. The adiabatic sleeve
doesn’ t contact with high temperature sodium to de—
crease energy loss. The adiabatic sleeve and the entry
tube join together as a part of pressure boundary of the
reactor.
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Fig. 6 The gas lift pump of high temperature sodium

3.5.2 Argon source

We can connect this device to the cover gas moni—
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toring system and use the sampled argon from this sys—
tem as the argon source, which would be convenient

and economical.

4 The modeling and calculation of delayed
neutron detection system

Through the modeling and calculation of delayed
neutron detection system, we can set the detection limit
for the failed fuel detection system of CEFR more pre—
cisely, so as to set the appropriate operation parameter
and provide theory basis for the commissioning and op—
eration of this system. Therefore, it’ s of great impor—
tance to this work.

4.1 The modeling of delayed neutron detection
system for CEFR

According to the international research in this area
up to the date, the model is generally set up following
the behavior of delayed neutron precursors in fuel ma—
trix, fuel4o-clad gap and first loop coolant. Therein,
the behavior in fuel matrix is the most complex
process. The model shows a little difference for differ—
ent types of reactor. What will we introduce in the fol-
lowing is the model of delayed neutron detection system
for CEFR.

4.1.1
fuel-o-clad gap

The release of precursors from fuel matrix to

It is generally believed that there are three main
mechanisms: recoil, diffusion and knockout governing
the precursors’ release from fuel matrix to fuel-to-clad
gap, among which recoil and diffusion have the most

share.

1) Recoil
R = BO(S./ M (1)

In Eq. (1), R.. is the release rate of certain pre—
cursor from fuel pellet to gap or gas plenum of fuel rod,
1/s; B is the total birth rate of certain precursor from
one fuel rod, 1/s; m is the probability of recoil fission
product not embedded into the clad; u; is the mean
range of certain precursor in the fuel pellet, cm; S,/ V
is the ratio of geometrical area to volume of failed fuel
pellet, 1/cm.

2) Diffusion’

ac(r,t) _ D(1) i{ E HC(r,t)} ~

- 2

ot r or ar
Fi(t)y
NC(r,t) + f(V)y (2)

In Eq. (2), C(r, t) is the concentration of cer—
tain precursor at the radial position r in the fuel pellet
at time ¢, 1/ cm3; D(t) is the diffusion coefficient of
certain precursor in fuel pellet at time ¢, em/s; N is

the decay constant of certain precursor, 1/s; Fi(1) is



the total fission rate of one fuel rod, 1/s; y is the cu-
mulative fission yield of certain precursor; V is the vol-
ume of fuel pellet, cm'.
4.1.2
gap to coolant
dN, (1)
de

The leakage of precursors from fuel-to-clad

= Ruc(t) + R (1) -
(N + (1) )N, (1) (3)

In Eq. (3), N,(t) is the amount of certain pre—
cursor in the fuel-to-clad gap at time ¢; v (1) is the
leak rate of certain precursor from gap to sodium
through cladding failure at time ¢, 1/s. This equation
is set up basing on the conservation of mass of precur—
sor in the fuel4o-clad gap.

4.1.3 The calculation model for the delayed neutron

detection signal
. v(t) . Ng(t). A,
C(t) € Z Z 70 e
Vie fie Nis 0 (4)
In Eq. (4), C(t) is the delayed neutron count
rate at time ¢, 1/s; € is the sensitivity of the delayed
neutron detector; v(t)N,(t) is the leak rate of precur—
sor [ from fuelto—clad gap to coolant, 1/s; Q is the
flow rate of sodium at the exit of failed fuel subassem—
bly; N\, is the B decay constant of precursor ¢, 1/s; t,
is the time of precursors transferred from failed fuel
subassembly to region k, s; V, is the volume of sodium

. . 3
in region k covered by delayed neutron detectors, em’

fi is the branching fraction of B decay of precursor i;
0, is the amount of delayed neutrons emitted per B de—
cay.
4.2 Calculating and analyzing

We developed a code for the delayed neutron de—
tection system of CEFR based on the model set up up-
wards. The code realized two functions, one of which
is to estimate the broken area of the failure basing on
the detected signal and another of which is to calibrate
Using the

code we calculated the minimum broken area that could

the experiential parameter in the model.

be detected by the delayed neutron detection system of
CEFR. We also simulated the delayed neutron detec—
tion signal in a few representative transient conditions
during fuel failure happened.

4.2.1

. (4]
tected by the delayed neutron detection system !

The calculation of minimum broken area de—

We make following presuppositions before calcula—
tion; a. The mean range of fission products in the fuel
pellet is 9 wm; b. The total flux of sodium in the reac—
tor core is 300 kg/s; c. The precursors of delayed
neutron released are equably blended in the quarter of
quadrant just up the failed fuel; d. The precursors to
be considered are " Br and mI; e. The release mecha—
nism is recoil and diffusion to first loop sodium; f. The
diffusion constant of precursors in fuel pellet is 6. 8 x

1040

. The following table lists the calculation result;

Table 2 The result of minimum broken area that could be detected by the delayed neutron detection system of CEFR

Leakage rate from gap to

Precursors of first loop sodium /(s™)

delayed neutrons (broken area was 1 ¢m?)

Delayed neutron flux /( em

(broken area was 1 ¢m?)

ER 54) Minimum broken area that

could be detected / em?

Recoil Recoil and diffusion Recoil Recoil and diffusion Recoil Recoil and diffusion
S By 2.347 5 x10% 3.665 5 x 108
.15 11.96 15.0 10.2
371 5.602 0 x 10* 7.690 2 x 10*

It can be concluded from the table that the calcu—
lated minimum broken area that could be detected by
the delayed neutron detection system of CEFR is 10.2
em” when both recoil and diffusion are considered ,
which is very close to the objective 10 em’. So the sys—
tem basically satisfies the demand of design.

4.2.2 The simulation of the delayed neutron detec—
tion signal

As the improvement of manufacturing process, the
performance of nuclear fuel clad is greatly increased.
So the probability of fuel failure is very low. However,
as the fuel burnup is higher and higher driven by the
interests, the fuel failure is inevitable. So simulating

the trends of delayed neutron detection signal in transi—

ent conditions and analyzing their transient characteris—
tics is meaningful. The simulation result of delayed
neutron detection signal in a few typical transient con—
ditions is introduced in the following.

Firstly, if we suppose the fuel had failed before
the reactor’ s startup, the precursors of delayed neutron
would be yielded and accumulate in fuel pellet. Then
they will be released to fuel to clad gap and finally
leaked to first loop sodium. The pressure in the gap
would not change much during the whole process, so
we can suppose the leakage constant will not change.
Fig. 7 is the simulation result.

In Fig.7, the first graph is the trend of amount of

delayed neutron precursors in fuel to clad gap. The
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second graph is the trend of amount of delayed neutron
precursors in first loop sodium. The third graph is the
trend of count rate of delayed neutrons. During the
simulation, we suppose the reactor power is increased
following P =5t. The simulation result indicates that
the count rate of delayed neutrons increases approxi—
mately linearly. Finally it stabilizes at a maximum val-
ue. The time for it to stabilize is abort 400 s.

If we suppose fuel failed during reactor was being

in operation at rated power. The fuel to clad gap has

accumulated a lot of fission products, so the pressure
in the gap will be much higher than the first loop sodi-
um at the moment of fuel failure happened. The leak—
age constant would be much larger at the beginning of
fuel failure happened, and then the pressure as well as
the leakage constant would decrease to a stable value.
We suppose the leakage constant decreased following
v=2.0e""" and finally stabilized to 2.0 x 107, Fig. 9

is the simulation result.
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Fig.7 The calculation result in the situation that the fuel failed before the power up

In the simulation upwards, we suppose the reactor
was in operation at rated power and the fuel failed after
fission products had gone into balance in fuel to clad
gap. It can be concluded from Fig. 8 that the simulated
count rate of delayed neutrons steps up soon after the
fuel fails, then it decrease approximately exponentially
to a stable value.

If we suppose the fuel failed at start moment of re—

actor’ s shutdown, the fuel to clad gap has accumula—
ted a lot of fission products, so the pressure in the gap
will be much higher than the first loop sodium at the
moment of fuel failure happened. The leakage constant
would be much larger at the beginning of fuel failure
happened. We suppose the leakage constant decreased
following v = 2. 0e”"" and finally stabilized to 2.0 x
10°.

Fig. 9 is the simulation result.
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Fig.8 The calculation result in the situation that the fuel failed during stable operation
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Fig.9 The calculation result in the situation that the fuel failed before the power off

In the simulation upwards, we suppose the reactor

. 0.1
power decreased following P = P, x e ' from rated
power to zero and the fission products had gone into

balance in fuel to clad gap before reactor power de—
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creased. It can be concluded from the figure that the
simulated count rate of delayed neutrons steps up soon

after the fuel fails, then it decreases quickly to zero.



5 Conclusions

By the improvement of delayed neutron detection
stations and detectors for two different types of reactor
PWR and CEFR, the sensitivity and stability of the de—
layed neutron detection system was greatly improved,
which has been verified by practice of project. We did
some tentative research on the modeling and calculating
of delayed neutron detection system for CEFR and cal-
culated the minimum broken area that could be detec—
ted by it. The result indicated that the system basically
satisfies the demand of design. We simulated the de—

layed neutron detection signal in a few typical transient

Author

conditions. The result would give important theoretical

guidance for the operation of the system.
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