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ABSTRACT

Safety analysis activities were performed for the HOR, a
pool-type research reactor with plate-type fuel elements
with a maximum licensed power of 3 MW. Following internatio-
nally accepted guidelines, a wide variety of possible
process disturbances has been considered. For the HOR the
most aggravating accident conditions could result from a
sudden flow blockage of cooling channels. If this event oc-
curs in the high power density region of the core, a
decrease of the hot channel flow either causes flow reversal
or is prompting burnout. Unless the reactor is scrammed in
time, the fuel plates will heat up rapidly and locally mel-
ting will occur with possible propagation of voiding and
burnout to adjacent channels. In the analysis, melting of
the cladding has been considered by using a simplified model
approach. The number of voided coolant channels, as well as
the propagation rate of fuel plates reaching locally the
melting temperature, were calculated for different condi-
tions of operation. In order to reduce the risk of a fuel
melt accident occurring at the HOR, the protection system
features a special design option. The system recognizes coo-
ling channel voiding by detection of a sudden decrease of
neutron flux. In the present work, it has been shown that a
flow blockage incident can be detected in the early stages
of development. Also, in accordance with the results of ex-
perimental tests, it can be concluded that in many cases
melting of fuel plates will be effectively prevented. If
such an accident occurs on a very fast time scale, at least
the radiological consequences are significantly mitigated by
preventing the propagation to proceed, thus limiting the
number of molten fuel plates.

1. INTRODUCTION

This paper deals with safety evaluations and protection system
performance in connection with a possible flow blockage incident at
the Hoger Onderwijs Reactor (HOR). The HOR is a pool-type research
reactor, operated and utilized by the Interfacultair Reactor Instituut
of the Delft University of Technology, at Delft, the Netherlands. The
maximum licensed power is 3 MW. For most of the time the reactor is
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operated at a steady state power level of 2 MW. Plate-type fuel ele-
ments are in use with uranium-aluminium dispersion type of fuel with
aluminium cladding. The reactor is cooled by forcing the pool water to
flow downwards through the core, to the primary pump and heat exchan-
ger. The nominal primary flow rate amounts to 60 dm3/s.

In accordance with the recommendations of Ref. [1], a wide va-
riety of possible process disturbances has been considered for the
assessment of the accident spectrum applicable to the HOR. On the ba-
sis of the safety evaluation results, it can be concluded that a major
hazard is constituted by the possibility of a flow blockage of cooling
channels. This incident is supposed to be initiated by an object drop-
ping into the pool during operation of the reactor at the maximum
power level. Subsequently, the object may be trapped on a fuel element
upper inlet section, thereby blocking the coolant flow into one or se-
veral channels. As a consequence, the flow in the affected cooling
channels will either be reduced or completely interrupted. Although
appropriate instructions are in force in order to prevent objects from
dropping into the pool, such an occurrence cannot be fully excluded.

If flow blockage occurs in the high power density region of
the core, a substantial decrease of the hot channel flow either causes
flow reversal in this channel or is prompting burnout. In the safety
analysis, only the latter, extreme case has been pursued further.
Within a very short time after burnout initiation, the blocked cooling
channels will be filled with a steam-water mixture with high void con-
tent. Unless the reactor is scrammed in time the fuel plates will
rapidly heat up until the melting temperature of the cladding and meat
material is reached. Fuel plates at the edges of the blocked array are
for a short time still cooled on one side. The heat input into the
first unblocked cooling channel can only increase, however, until it
exceeds the maximum value imposed by the burnout criterion. Then bur-
nout occurs in this cooling channel too. This mechanism causes the
burnout to propagate into the unblocked region of the core.

Due to the inherent reactivity feedback, the burnout propaga-
tion rate is slowed down. Voiding of coolant channels causes the power
density to decrease locally in the endangered zone and also to some
extent in the adjoining unblocked region. The propagation comes to a
standstill in core regions where the power density is low enough for
the first unblocked cooling channel to remove the higher heat input
without violation of the burnout criterion.

In order to minimize the number of molten fuel plates, the
protection system must scram the reactor as fast as possible. A prompt
signal is provided by the sudden decrease in neutron flux that occurs
if cooling channels are voided. The change in neutron flux can be de-
tected by the neutron flux instrumentation and a scram can then be
initiated. In view of this, the HOR protection system was equipped
with power shut-down amplifiers which are capable to detect a sudden
decrease in neutron flux. The capability of the protection system to
cope with the situation has been analyzed and investigated experimen-
tally.
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The analytical studies were performed for different type of
cores, a water-reflected standard type and a beryllium-reflected com-
pact type. Also, the response time and sensitivity for intervention of
the protection system have been investigated experimentally by intro-
ducing known reactivity disturbances at the reactor, thereby
simulating the cooling channel voiding feedback mechanism on reactivi-
ty.

2. PROTECTION SYSTEM DESIGN FEATURES

The HOR protection system is equipped with Power Shut-Down
Amplifiers which exhibit special features. In addition to the usual
protective function regarding the overall neutron flux level, they
respond to sudden changes in neutron flux. The amplifiers are low le-
vel, input current actuated instruments with automatic margin
adjustment capability. The current signals are received from ioniza-
tion chambers (four-fold redundant). If the input current deviates
excessively from an automatically adjusted internal reference level, a
trip condition is generated.

The input current is converted to a proportional voltage
representing the Power signal. From the Power signal a Power Reference
signal is generated internally as a parameter that is electrically ad-
justed in a closed loop control system. This system maintains a fixed
ratio between the Power Reference signal and the Power signal at stea-
dy state. Both signals are compared and the resulting difference
signal is amplified to provide the Margin signal. This signal is a
sensitive indicator of input current variations which can be used for
protection purposes.

As the Power signal varies, the Power Reference signal will
var1 in sympathy with it, and produces a Margin signal equal to the
"der .nded" Margin, a set proportion of the Power signal. Under tran-
sient conditions with power decreasing, the Power Reference signal can
only follow the Power signal within the limits of the maximum decrea-
sing tracking rate of the system. The high frequency cutoff
characteristic causes the Margin signal to progressively deviate from
the quiescent state, until the Excess Margin trip condition (excessive
rate of power decrease) is reached, generating a reactor scram.

If it is assumed for the sake of simplicity that the reactor
power varies linearly in time, the Power Meter reading of the Shut-
Down Amplifiers will respond to decreasing power accordingly:

P(t) = P(0) - r .t (1)

Theoretically, with perfectly performing electrical circuitry,
the ciine to generate a safety trip under these circumstances can be
expressed as:
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where,
P(t) = Power meter reading as a function of time [%]
P(0) = Power meter reading at beginning of the transient [%]
r = Power transient signal [%/s]
Sp = Margin signal span [%]
r = Negative tracking rate [%/s]
k = Margin proportional factor
t = Time to generate a trip condition [s]

For the minimum negative power step necessary for generating a
trip condition the following expression is valid:

100
P = S.( k) (3)

P(0)

In Section 4. measurement results on Shut-Down Amplifier per-
formance are given.

3. ANALYTICAL STUDIES

3.1 Calculational model

For analyzing the coolant channel blockage mechanism, the two-
dimensional heat conduction code TAC-2D [2] has been applied for
performing the thermohydraulic calculations. The analyses are perfor-
med in x,y-geometry at the axial position at which the minimum safety
margin against burnout occurs at steady state. The horizontal line of
symmetry for the calculations (symmetry boundary) coincides with the
central line of the fuel plate which is dissipating heat on both sides
into the first cooling channels where voiding is supposed to start.

The fuel plates are roll-swaged into the side plates. In the
model, the heat transfer resistance at this interface has been neglec-
ted, since burnout propagates faster if perfect contact is assumed.
Heat transfer mechanisms accounted for, are: forced convection, boi-
ling, radiation and conduction.

The influence of voiding on the power density profile has been
assessed with the two-dimensional neutron transport code DOT [3], as-
suming a certain number of cooling channels to be completely filled
with steam. The results for the different situations of voiding have
been taken into account in evaluating the propagation rate.

First the steady state temperature distribution in the fuel
plates is calculated, assuming uniform power density in all fuel pla-
tes. Then the accident is simulated by blocking a certain number of
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cooling channels, thereby adjusting the power density in each fuel
plate according to its distance from the blocked region. The heat
transfer mode, e.i. forced convection or boiling, in each channel and
the burnout criterion is evaluated. If it is violated, the cooling
channel is assumed to be voided and the power density is readjusted
for each fuel plate, accounting for the propagation of the voided core
region. For the HOR, the maximum acceptable local heat flux to be used
in the analysis has been assessed at a value of 39 W/cm2.

After the melting temperature of the cladding has been reached
locally, the cladding temperature is held constant until the heat of
fusion has been added. Then the cladding is assumed to be molten lo-
cally, and the fuel meat slumps since it is no longer supported by the
cladding.

The response of the neutron flux to voiding of cooling chan-
nels depends on the feedback from local void on reactivity. Reactivity
vs. local void characteristics have been determined by reducing the
water densisty for the different core regions under consideration.
From the development of cooling channel voiding in time the correspon-
ding reactivity effects are deduced. Based on this information, point
kinetics calculations are performed which result in the neutron flux
as a function of time. The automatic power control is simulated in a
conservative way: The system is supposed to keep functioning without
any delay, so each decrease in overall neutron flux is counteracted by
instantaneous withdrawal of the regulating rod.

3.2 Result of studies

Analytical studies were performed for two reference types of
cores: 1. A water-reflected standard type with 32 fuel elements, and
2. A beryllium-reflected compact type with 20 fuel elements. For the
sake of brevity only results on the 2nd type are reported here.

The approach used is rather conservative, because the reactor
is assumed to operate at the maximum overpower of 105 % with uniform
peak power density for the whole array of fuel plates, though the peak
design value of the radial nuclear hot channel factor may occur only
in one or two fuel plates of elements with the highest load.

Figure 1 gives a temperature vs. time plot for adjacent fuel
plates under the assumption that the transient has been started by
blockage of the first channel of a standard fuel element in the core
central part. The axial and radial nuclear hot channel factors used in
the calculation are 1.49 and 1.68 respectively. Burnout propagates
very fast at the beginning of the transient. It eventually slows down
to an equilibrium time of propagation of 0.9 s per pair of cooling
channels. The poorly cooled fuel plates then heat up to the melting
temperature of the cladding within approximately 3.5 s. With power le-
vel reduced to 80 % of maximum, the time of propagation increases to
1.1 s per pair. Below 70 % of maximum power burnout does not propagate
anymore in adjacent channels.
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FIG. 1 TEMPERATURE EXCURSION AFTER COOLING CHANNEL BLOCKAGE

Figure 2 gives the neutron flux time response to cooling chan-
nel voiding in one of the control elements. The influence of the
automatic power control system can clearly be seen after the first
flux step. Voiding of a control element is more critical, because the
conditions for adequate protection system intervention are less
favourable, due to slower propagation (lower power density) and the
reduced magnitude of flux decrease (weaker void-effect on reactivity).
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FIG. 2 NEUTRON FLUX VS. TIME FOR COOLING CHANNEL VOIDING
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For this case, in the control element region, the radial
nuclear hot channel factor is 1.34. If a zero first-order time delay
is postulated for the Power Shut-Down Amplifiers, and for the usual
setting for Margin Span (7 %) and Margin Factor (0.5), a reactor scram
would already be initiated by the neutron flux decrease caused by voi-
ding of the first pair of channels as displayed in Fig. 2. For a
finite first-order time delay of 200 ms, voiding of two pairs of chan-
nels would be required for trip generation. In general, it follows
from the studies - which have been performed for all relevant situa-
tions of overall power level and hot channel factors - that the
consequences of cooling channel blockage are mitigated by protection
system intervention, e.i. under unfavourable detection conditions and
conservative assumptions a maximum of 3 fuel plates may either reach
locally the blistering temperature or melt partially before a reactor
scram becomes effective. Under worst case conditions, with failing de-
tection of channel voiding, the first protective action is initiated
by detection of fission product activity in the core coolant outlet
flow. Because of delayed intervention, under very conservative as-
sumptions a total of 11 fuel plates may partially melt in the high
power density region. The radiological consequences are considered in
a separate contribution [4].

4. EXPERIMENTAL INVESTIGATIONS

The response of the Power Shut-Down Amplifier to step changes
in power was investigated. This experiment closely simulates the voi-
ding of cooling channels. In Table I test results are given on the
minimum step change and time delay for generating a trip condition.

TABLE I POWER SHUT-DOWN AMPLIFIER PERFORMANCE

Power
Level
fMWl
0.5
1.0
1.5
2.0
2.5
3.0
3.75

Powfir Meter
Reading

[%1
20
40
60
80
100
120
150

N.B. SDA-settings: S -
Percentages given

Margin meter
Reading

m
10
20
30
40
50
60
75

7 %, k =• 0
in Eq. (1)

the instrument's power meter

Minimum Power
Step for Trip
\% of P(0)l

31.1
13.7
8.0
5.1
3.4
2.3
1.1

5 and r - -3 %/s;
to (3) are percentage
scale

Time to
Trip

fmsl
23
22
21
20
18
17
16

readings on

The results show that for the settings chosen, the time delay
for generating a trip condition in the normal power range is on the
order of 20 ms. The trip relay itself contributes about 10 ms to this.
For negative steps of greater magnitude than the minimum step for
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tripping, the total delay time of amplifier plus trip relay comes down
to about 12 ms minimum. From the tests it can be concluded that power
steps of more than 5 % generate a trip condition within about 20 ms if
the initial power exceeds 2 MW. For ramp shaped decrease in power the
response times are much more prolonged, in accordance with Eq. (2),
where the negative tracking rate is an important parameter.

For a scram to become effective, additional delay times must
be added to the instrument's delay time. The initial and end relays of
the guard line system contribute another 28 ms before magnet current
is interrupted. It then takes about another 15 ms before the control
rods drop into the reactor core. So, in total it takes about 63 ms to
drop the rods after channel voiding causes a sudden flux decrease. For
an initial steady state power of 2 MW, power is effectively reduced
below the 200 kW level within 360 ms by control rod insertion.

To check the total system response and sensitivity for detec-
tion of cooling channel blockage, small negative reactivity steps were
introduced into the reactor core at power by insertion of one of the
control rods. The disturbances did not exceed a value of about 80 pcm
and were introduced within a time span of about 100 ms. From the mea-
surements it can be concluded that a minimum reactivity step of about
50 pcm is required to generate an excess margin trip condition under
the prevailing conditions. A trip condition is generated within 100
ms. Voiding of the first channel pair at the critical core position in
one of the control elements, would introduce a reactivity disturbance
on the order of a 100 pcm, so it would be easily detected. For the
compact type of core, with much lower feedback magnitude, voiding of
two channel pairs would be required.

5. CONCLUSION

From the analysis and test results, it can be concluded that a
flow blockage incident can be detected in the early stages of develop-
ment. It has been demonstrated that the Excess Margin trip feature is
a valuable asset of the HOR protection system. The sensitivity for
cooling channel voiding detection is rather good with fast response
time, so in many cases protection system intervention becomes effecti-
ve before fuel plates start to melt. For nuclear hot channel factors
which are just allowing propagation but at a slower rate, in combina-
tion with reduced reactivity feedback, detection is more critical.
Under less favourable conditions 3 fuel plates may melt partially be-
fore further propagation is prevented. Nevertheless, the radiological
consequences are significantly mitigated by limiting the number of
partially molten fuel plates.
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