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The core dynamic analysis of an anticipated heat
removal transient without scram in a high-temperature
gas-cooled reactor has indicated that in case of a

Jailure of core cooling, the reactor undergoes a self-

shutdown after 1 min because of its negative tempera-
ture coefficients of reactivity. If the decay heat
removal system operates according to plant specifica-
tion, recriticality, and thus nuclear power generation,
occurs, However, the maximum rise in fuel elements
" temperature is limited to 50°C due to the high heat
capacity of the core.

Without taking into consideration the effect of
xenon feedback on the neutron kinetics, a new steady
core state is established after 2 h in which the fuel
temperature and gas outlet temperature at the lower
core edge are 195°C higher than in normal operation.
Due to transient xenon poisoning, a rise in gas outlet
temperature only occurs during the first 70 min and
amounits to 70°C. For this reason undesirable transient
strains on the components connected behind the core
are not expected. A slow xenon buildup during the
first hour ensures a long-term subcriticality of the reac-
tor. Without any contribution from the shutdown
system, this leads to a decrease in nuclear power and
thus to core cooling with functioning decay heat re-
moval.

INTRODUCTION

In the case of accidents in high-temperature re-
actors with spherical fuel elements, the power genera-
tion must be reduced rapidly enough to the decay
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heat level. This generally takes place by means of the
reactor scram system, which is initiated via the limit
criteria for the facility’s various safety variables, The
scram system, including its excitation signals, is de-
signed in such a way that the probability of its fail-
ure on request remains extremely small, Nevertheless,
a failure cannot be completely excluded.

There is a series of transients that require a re-
actor scram as a result of disturbances in the opera-
tional heat removal system.!? An example of this is
failure of the blowers in the main coolant system, in
the course of which an automatic safety procedure
for decay heat removal is started by initiating the re-
actor scram system.?

If one presumes that the reactor shutdown does
not come into action for a fairly long period of time
in the case of failure of the main cooling system,
anticipated transient without scram, but that the de-
cay heat removal system comes into operation, then
recriticality can be expected as a result of core cool-
ing.2%% The associated concomitant increase in power
generation or fuel element temperatures is primarily
determined by the temporal course of heat removal,
In addition, the transient behavior of the xenon
poisoning is significant for the core dynamics because
of the temperature dependency of the xenon absorp-
tion cross section and the change in its concentration.

The influence of xenon feedback on the core dy-
namics is being investigated in this paper with the aim
of determining the consequences of failure of the
reactor shutdown systems during heat removal tran-
sients of the type described and of possibly deriving
special requirements for the shutdown devices. The
analyses were carried out for the example of a pebble
bed high-temperature gas-cooled reactor (HTGR)
with a thermal power of 500 MW. Because of the dif-
ferent system specifications, the applicability of the
results to the other HTGRs is limited to a certain de-
gree,



Nabbi CORE DYNAMICS

DESCRIPTION OF THE CORE STRUCTURE

A pebble bed HTGR with a thermal power of 500

MW was designed for the generation of nuclear
process heat in the “Prototype Plant Nuclear Process
Heat Project (PNP)” (Fig. 1, Ref. 3). The 6-cm-diam
. spherical fuel elements generate a mean power den-
sity of 4 MW/m3. The fuel element spheres consist
of a 5-cm-diam graphite matrix in which the fuel
particles coated with graphite shells are embedded.

In the two-region core, the degree of enrichment
amounts to 6.1 and 15% 235U (low enriched uranium).
On average, the fuel element spheres are removed
from the reactor after 4 yr corresponding to the once
through then out (OTTO) loading cycle, in which
fresh fuel spheres are continuously fed in at the top
and spent spheres discharged at the bottom.® The
most important design data for this HTGR plant are
shown in Table I.

The helium coolant flows through the core from
top to bottom at 40 bar and is heated from 303 to
990°C. The decay heat is removed by a separate heat
removal system that consists of four independent,
noninteracting helium-helium heat exchanger loops
with associated back cooling loops.

The shutdown system in the PNP-500 consists of
two independent shutdown devices. The first shut-
down system is provided in the form of 36 separate
absorber rods having a reactivity worth of $10.0. In
the case of the reactor scram, they are activated by
interruption of the current to trip magnet coil and
will freely fall to their end position in the boreholes
of the side reflector. The second system consists of
54 absorber rods that are designed to be pneumat-
ically driven into the pebble bed used for reactor con-
trol and shutdown. The reactor scram is achieved by
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Fig. 1. Schematic of the pebble bed high-temperature reactor

PNP-500 with coolant flow directions (dimensions are
in centimetres).

TABLE I

Nuclear Design Data of the Pebble Bed HTGR (PNP-500)
Core

Height/radius, cm 507.5/280

Total power (thermal), MW 500

Average power density, MW/m? 4.0

Helium inlet/outlet temperature, °C 303/990

Helium mass flow, kg/s 139
Reflector thickness

Top/bottom/side, cm 200/100/130
Enrichment zones

Number 2

Quter radii, cm 196/280
Fuel sphere

Total radius, cm 3.0

Radius of the fuel matrix, cm 2.5

Fuel material Uo,

Heavy-metal content per sphere, g - 8
Coated fuel particle

Density of kernels, g/cm? 10.9

Thickness of coatings, pm 90/40/35/35

Density of coatings, g/cm? 0.9/1.85/3.2/1.85

Average burnup, MWd/ton 100.000

25U enrichment, inner/outer, % 6.8/12.6

partial insertion of these core rods to 100 cm and
by activation of all reflector rods. The reactivity
absorption amounts to about $18.0 and is sufficient
for a rapid scram from any operating condition. For
reactor shutdown over a long time range, additional
reactivity resulting from cooling down of the core
and decay of the !*Xe has to be compensated. This
will be achieved by driving the core rods deeper into
the core with the additional reactivity of $25.7.

REPRESENTATION OF THE ANTICIPATED
TRANSIENT

The anticipated heat removal transient begins
with a faulty initiation of the signal to turn off the
blowers at all the steam generator blower units. All
blowers thus come to a stop, whereby the coolant gas
flow drops very rapidly. The reactor scram is initiated
if the response threshold for the diverse system vari-
ables is reached. These are mainly the gas flow rate,
the ratio of the neutron flux to the mass flow, or
rotational speed of the blowers.

The mass flow returns to zero after 120 s corre-
sponding to the blower coasting curve typical of
HTGRs. It is assumed that the reactor shutdown sys-
tem does not go into action on request by the protec-
tive devices but that the decay heat removal loops are -

put into operation according to plant specifications
after 4.5 min.
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If all the decay heat removal loops are started up
simultaneously on request, then up to four times as
much heat as necessary can be removed. This leads to
an undesirably rapid core cooling. In order to avoid
this, an automatic operational “summation control”
of all the decay heat loops is provided that limits the
total 3heat removal to the cooling capacity of a single
loop.

Helium flow rates are assumed for the analyses
carried out here which correspond to the single or
double blower delivery of the decay heat removal
loops. It was assumed that the gas mass flow would
rise from 0 to 6 or 12 kg/s within 30 s with utiliza-
tion of the decay heat removal system after the
blowers had come to a stop. The temporal course of
the helium flow up to 6 min after the beginning of
the transient is shown in Fig. 2.

MODEL OF THE REACTOR CORE

The analysis described here was carried out with
the reactor kinetics code SHOVAV-Jiil (Ref. 7). This
program is a spatially one-dimensional space/time
kinetics code that is based on a multigroup diffusion
approximation for neutron transport. Up to four
energy groups as well as six groups of delayed neu-
trons can be incorporated into the calculations.

The material composition of the reactor core is
modeled by subdividing the core into a certain num-
ber of horizontal segments. To each segment a set of
cross sections is assigned that corresponds to the local
mixture of nuclides.

The present results were obtained with a division
into 11 segments, the first and last segment represent-
ing the top and bottom reflectors, respectively (as
fuel-free zones). Subdivision of the active core into
9 segments proves to be sufficiently good to model
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Fig. 2. Mass flow rate during the blower coastdown and after
the start of the DHR system.
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the axial fuel distribution, which has a distinct power
maximum in the upper part of the reactor core
(Fig. 3). This distribution is conditioned by the pre-
defined procedure for loading the core fuel. ‘

All the neutron cross sections can be treated as
temperature-dependent values in order to determine
the temperature dependency of the reactivity. This is
achieved by providing a set of cross sections for each
segment in the reactor core for various temperatures
which are then used as supporting points for a poly-
gonal approximation of the cross sections as a func-
tion of temperature. The current cross sections are
calculated by the program from the present moder-
ator and fuel temperature during the course of a tran-
sient.

These temperatures are calculated in a subroutine
on the basis of a thermohydraulic model of the re-
actor core that is coupled with the neutronics section
in such a way that the neutron kinetics equations and
the thermohydraulic equations form a system of par-
tial differential equations that is simultaneously
solved by means of numerical methods.”

The energy equation for the reactor core consists
of two coupled differential equations. These are the
gas convection equation for the gas flow through the
pebble bed and the thermal conduction equation for
heat transport within the fuel spheres. The two dif-
ferential equations are coupled via heat transfer coef-
ficients for which empirical correlations are used.®
Temporal transients in this system are significantly
determined by the large heat capacity of the fuel
spheres.

The geometric grid for the solution of thermo-
fluid dynamic equations is the same as that of the
material segments of the reactor core already men-
tioned. The temperature distribution in the fuel
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Fig. 3. Axial distribution of the fuel sphere power with a
geometric core mode (dimensions are in centimetres).
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spheres is calculated in each segment for a “represen-
tative” sphere. The inner region of the fuel spheres,
which consists of coated fuel particles embedded in
a graphite matrix, is treated as though it were homo-
geneous. The resulting mean temperature of the repre-
sentative sphere is interpreted as the moderator
temperature. The mean temperature of the fuel
kernel of the coated particles is used as the fuel
temperature. This temperature is generally higher
than the moderator- temperature due to the heat
transfer resistance of the particle coating.

The difference between the fuel temperature and
moderator temperature is determined from the solu-
tion of the thermal conduction equation for a repre-
sentative fuel particle in each fuel sphere.”

The influence of the transient xenon poisoning
on the reactivity absorption is included in SHOVAV-
Jiil on the basis of a feedback model. In this the
concentrations of the isotopes 35 and !35Xe are
calculated as time dependent, i.e., as the solutions to
the system of differential equations that describe the
buildup and decay of these isotopes as a function of
the thermal neutron flux. In calculating the reactivity
absorption by xenon, the temperature dependence of
the absorption cross section of !35Xe is taken into
consideration. The time dependence of the reactivity
absorption by 135Xe is calculated separately for each
of the axial core segments corresponding to the local
thermal neutron flux.

GENERATION OF THE FEW-GROUP
CROSS SECTIONS

The macroscopic four-group cross sections of the
core segments were generated for the one-dimensional
core dynamic calculations. To this end, zero-dimen-
sional spectral calculations were carried out for
various moderator and fuel temperature supporting
points using the MUPO computer code.® Thereby
the group constants of the MUPO nuclear data library
were condensed from 43 to 4 energy groups. The
structure of these neutron energy groups is compiled
in Table II. The nuclide compositions for these cal-
culations were generated from the two-dimensional
nuclide density arrays in the design calculations®
and volume averaged in a radial direction. The group-
dependent buckling values were used in order to take
into consideration the neutron leakages during the
zero-dimensional spectral calculations. The procedure
for generation group data for the kinetic calculation
is represented in Fig. 4.

Similarly, the 43 group constants of the MUPO
data library for !35Xe were also condensed to 4
energy groups with the local neutron spectrum.
The absorption cross section of the fourth energy
group together with the space-dependent xenon
concentration in question was used to take into

8

TABLE 11
Boundaries of the Neutron Energy (eV)

Group 1
Group 2
Group 3
Group 4

1.00E +08% 748.5 17.6 1.90 0.0025

2Read as 1.00 x 108,

account the contribution of the xenon absorption.
The energy dependence of the absorption cross
section of 13Xe from the MUPO data library is shown
in Fig. 5.

The effective six-group data of the delayed neu-
trons were used for the transient calculations, these
being determined for each core segment correspond-
ing to the precursor concentration on the basis of
conservation of the total number of delayed neu-
trons. The effective group-dependent decay constants
as well as the fraction of delayed neutrons are repre-
sented in Table III as a function of the core segment.
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Fig. 4. . A flow chart of the few-group data generation for the
reactor kinetic calculations.
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RESULTS OF THE ANALYSIS AND DISCUSSION

The results of investigations on the transient be-
havior of the core for the anticipated operational
transient in the heat removal system are depicted in
Figs. 2 and 6 through 13. The calculations are based
on the temporal courses of the coolant flow rate
according to Fig. 2. The results of the computer sim-
ulation taking the xenon feedback into consideration
are represented by the solid graphs. In comparison,
the broken graphs represent those results that are ob-

Nabbi CORE DYNAMICS

Egined for the constant equilibrium concentration of
Xe.

Figure 6 shows the temporal course of the total
reactivity and the reactor power during the first hour
after the anticipated transient with a final flow rate
of 6 kg/s, which corresponds to the power of a decay
heat removal (DHR) loop. The fuel element tempera-
tures rise when the blowers begin to coast down,
followed by a decrease in core cooling. They are de-
picted in Fig. 7 for various core depth positions on
the core axis.

As a result of the initial core heatup within the
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Fig. 6. Temporal course of the reactivity and power during

the anticipated transient (with and without the xenon
feedback).

TABLE III
Calculated Group- and Region-Dependent Delayed Neutron Fractions with Effective Decay Constants
Effective Delayed Neutron Fractions (%)
Groups
Regions 1 2 3 4 5 6 Sum
1 0.020 0.135 0.118 0.235 0.068 0.025 0.601
2 0.017 0.120 0.103 0.200 0.060 0.021 0.521
3 0.014 0.112 0.093 0.182 0.057 0.018 0.477
4 0.013 0.108 0.089 0.173 0.055 0.017 0.455
5 0.012 0.106 0.086 0.168 0.055 0.016 0.444
6 0.012 0.105 0.085 0.165 0.054 0.016 0.437
7 0.012 0.104 0.084 0.163 0.054 0.015 0.433
8 0.012 0.104 0.083 0.162 0.054 0.015 0.431
9 0.012 0.104 0.083 0.162 0.054 0.015 0.431
Effective Decay Constants (s™")
—— 0.0125 0.0302 0.117 0.322 1.33 3.01 _—
NUCLEAR TECHNOLOGY VOL. 64 JAN. 1984 9
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Fig. 7. Transients of the average temperature of the fuel
spheres at different core depths.

first 60 s, the reactor is automatically shut down by
the negative temperature coefficient of reactivity
and becomes subcritical to such a degree that the heat
removal briefly exceeds the reactor power due to the
instantaneous mass flow. This leads to a slight de-
crease in fuel element temperatures in the upper core
region. Due to the lack of reactor cooling in the
period up to 270 s, the core temperatures rise once
again, whereby the reactivity decreases further to a
minimum. In this time range, the reactor power is
determined by the decay heat production.

After passing through a minimum, the reactivity
increases with the beginning of core cooling by the
DHR system. According to Fig. 6, the reactor be-
comes critical again after 16 min in the case of time-
dependent poisoning by '3*Xe. In its further course,
the rise in reactor power also leads to a rise in fuel
element temperatures after passing through a mini-
mum. This brings about a limitation of the reactivity
to a maximum and a subsequent decrease. In the sub-
sequent period, this process is repeated several times
with decreasing amplitude and results in a similar
course for the reactor power. In comparison to this,
the computer results indicate that the fuel element
temperatures in the lowest core region rise contin-
uously up to # = 45 min after the beginning of the
transient.

In this region of the core, the temporal course of
the fuel element temperatures is not only determined
by the ratio of the sphere power to coolant flow but
also by the local gas temperature. As a result of the
rising gas temperatures, the heat flux from the fuel
element sphere is reduced and leads to a slight in-
crease in temperature.

Results of comparative calculations with a xenon
concentration kept constant indicate that the recriti-
cality point is delayed by 5.5 min by the buildup
of xenon. As can be seen from Fig. 6, the rise in re-

10

actor power and fuel element temperatures occurs
with a delay of 6.0 min. The difference in power
maximum thus amounts to 6.4% of full power.

A new steady core state is established in the
longer time range by neglecting the xenon buildup. In
this state, the fuel element temperatures at the lower
edge of the core are 195°C higher than in normal
operation. In contrast to this, the computer results
show that as a result of transient xenon poisoning,
the reactor will remain slightly subcritical in the long
term so that the reactor power, and thus the fuel
element temperatures, will decrease. In the course
of this, the reactivity absorption as a result of the
xenon buildup is compensated with some delay
through the negative temperature coefficient of
reactivity. This delay is conditioned by the thermal
capacity of the core.

Figure 8 represents the axial distribution of the
maximum fuel temperature 2 h after the beginning
of the transient. This is the fuel temperature in the
center of the fuel element sphere as a function of
core depth. The steady-state distribution of the cen-
tral sphere temperatures in full power operation is
also shown in this figure by way of comparison.

As a result of the considerable decrease in power
in the upper core region, the maximum fuel tempera-
tures are reduced there. Taking xenon feedback into
consideration, this leads to a temperature difference
of 350°C at a core depth of 1.80 m. Without any in-
fluence from transient xenon poisoning, we are
dealing with a new steady-state distribution of the
maximum fuel temperature in the core.

The temporal course of the gas outlet tempera-
ture up to 2 h after the beginning of the anticipated
heat removal transient is shown in Fig. 9. As a result
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Fig. 8. Axial distribution of the temperature of the fuel
kernels in the center of the spheres 2 h after the begin-
‘ning of the anticipated transient (with (@) and without
@ the xenon feedback).

NUCLEAR TECHNOLOGY VOL. 64 JAN. 1984



of transient xenon poisoning, it only rises to a maxi-
mum of 1060°C, and in its further course is reduced
due to decreasing power generation. Undesirable
strains on the components connected behind the core
are thus not to be expected in the case of the tran-
sient analyzed without a contribution from the shut-
down systems. A new steady core state with a gas
outlet temperature increased by 195°C is then es-
tablished without taking xenon feedback into con-
sideration.

The results of calculations for the heat removal
transient with a blower power of two DHR loops of
12 kg/s are shown in Figs. 10 through 13. It can be
seen from the reactivity and power course in Fig. 10
that, as a result of the more rapid core cooling due to
the higher mass flow, the reactor becomes critical
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Fig. 9. Temporal course of the gas outlet temperature 2 h
after the beginning of the transient (with @ and
without @ the xenon feedback).
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Fig. 10, Temporal course of the reactivity and power during
the anticipated transient with the double loop heat
removal capacity (12 kg/s).
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after 8 min, i.e., 8 min earlier than in the previous
case with time-dependent xenon poisoning. The re-
actor power increases corresponding to the relatively
rapid increase in reactivity due to the temperature
decrease. As in the previous case, this leads to a tem-
perature increase (Fig. 11) and thus to a reduction in
reactivity, due to which the reactor power decreases
after passing through a maximum of 30% of the ini-
tial value. In the further course, the total power is
determined by the mass flow and amounts to ~12%
of the initial value.

The axial distribution of the central sphere tem-
perature 2 h after the beginning of the transient
together with that for the state of equilibrium is
depicted in Fig. 12. By way of comparison, this figure
contains the corresponding temperature distribution
for the heat removal transient with the final flow of
6 kg/s. The difference in the axial distribution at =
2 h is to be found in the different level and in the
temporal course of the reactor power as a result of
the different core cooling.

To demonstrate the influence of the core cool-
ing procedure on the temporal course of the gas out-
let temperature, the results of the calculations are
shown in Fig. 13. In the case of a mass flow of 12
kg/s, the gas outlet temperature first rises up to a
maximum of 1080°C and, in comparison with the
one-loop case (6 kg/s), pursues a relatively rapid drop
in the following time. The outlet temperature at ¢ =
2 h after the beginning of the anticipated transient
amounts to 845°C and is 120°C lower than that of
the one-loop case. Compared with the plant operating
value of 990°C, this means a temperature decrease of
145 and 25°C, respectively.

Because of the different transient behavior of the
135Xe after many hours, the long-term dynamics of
the core will be different from that discussed above.
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Fig. 11. Temporal course of the average temperature of the
fuel spheres during the anticipated transient with the
double loop heat removal capacity (12 kg/s).
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Fig. 12. Axial distribution of the temperature of the fuel
kernels in the center of the fuel spheres 2 h after the
beginning of the transient for two different mass flow
rates.

The atomic density of xenon decreases as a result of
the decay process after passing through a maximum
by 9 h, which leads to a slight reactivity, power,
and temperature increase. The reactivity growth fol-
lowing the xenon decay will be compensated for by
the negative temperature coefficients with some de-
lay. The rate of the temperature increase would be
small because of the high heat capacity of the HTGR
core and comparable with the rate of temperature de-
crease presented in this paper. The dynamics of the
HTGR core under these conditions at the beginning
of the anticipated transient has been investigated and
reported in Ref. 11. The time range of many hours is,
however, sufficiently great to activate the diverse pro-
tective devices limiting the power generation and tem-
perature transient.
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Fig. 13. Temporal course of the gas outlet temperature 2 h

after the beginning of the anticipated transient for
two different mass flow rates.
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CONCLUSION

In the case of transients with failure of the main
cooling system in a pebble bed HTGR, the reactor
power generation is reduced as quickly as possible to
the decay heat level by means of the reactor scram
system. A relatively rapid cooling of the reactor core
results with the removal of this heat by the DHR sys-
tem.

For the anticipated failure of the main cooling
system and without any protective actions by the
control and shutdown rods, the results of the com-
puter simulation indicate that the reactor experiences
a self-shutdown after 1 min. This is a result of the
inherent reactivity feedback mechanisms leading to a
negative reactivity conditioned by the initial core
heatup, which is limited to a temperature rise of
50°C. In this time range, the reactor scram is initiated
and the DHR system is activated by the plant protec-
tion system if the safety response threshold for cer-
tain system variables, such as gas flow rate, ratio of
the neutron flux to the mass flow, or rotational speed
of the blowers, is exceeded.

The response of the core to the anticipated tran-
sients in the following period of time is determined
by the DHR procedures resulting in criticality, assum-
ing the failure of the shutdown systems. Nuclear
power is generated at a level according to the coolant
mass flow after passing a maximum. The temperature
increase following the power rise remains below 50°C
because of the high heat capacity of the HTGR core.

The transient behavior of the core within the
ensuing hours is influenced by the time-dependent
xenon poisoning. This effects a gradual decrease in
reactor power and fuel temperature. The decrease of
the gas outlet temperature and fuel temperature at
the bottom region of the core result, however, after
1 h through passing a maximum of 1060°C. This
means that the failure of the shutdown-related con-
trol systems is not associated with any undesirable
strain on the core and components connected behind
it. For this reason, conditioned by the slight subcriti-
cality of the system, there are no particular demands
to be made on the promptness of the shutdown sys-
tems in order to limit the consequences of this type
of transients. In a longer time range, however, the
functional capability of the shutdown systems should
be assured in order to safely limit power generation
and temperature transient.
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