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In this paper passive reactivity control devices for a
Generation 1V gas-cooled fast reactor (GCFR) are dis-
cussed. The proposed devices use liquid °Li as absorber.
The device is triggered by a freeze seal, and upon acti-
vation the °Li is irreversibly introduced into the core
region by pressure differences. The device is dubbed the
lithium injection module (LIM). Transient thermohydrau-
lic calculations were done using the CATHARE?2 code on
a simplified thermohydraulic model of GFR600, a 600-
MW (thermal) GCFR investigated in the scope of the Eu-
ropean GCFR-STREP. The thermohydraulic model uses
an accurate model of the ceramic fuel plates and in-
cludes natural convection decay heat removal circuits.
To properly account for power production during the
transient, a synthetic decay power curve was made based

I. INTRODUCTION

In this paper, options for passive reactivity control of
a Generation IV gas-cooled fast reactor (GCFR) are dis-
cussed. The GCFR is one of the six reactor concepts
selected by the Generation IV International Forum, en-
visaged to enter service halfway into the 21st century.'
The reference Generation IV GCFR is a helium-cooled
reactor, with high outlet temperature (850°C) and elec-
tricity production in a direct Brayton cycle. The target
power density in the core is ~100 MW/m?, with a large
fraction of coolant (55%) in the core to decrease coolant
friction. The high power density (for a gas-cooled sys-
tem), in combination with a low thermal inertia in the
core [no large graphite volume in the core like in high-
temperature reactors (HTRs)], and low effective delayed
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on the ANSI/ANS-5.1-1994 law. Loss-of-flow and control
rod withdrawal/ejection transients are presented. Neu-
tronic calculations show that the LIMs have a low reac-
tivity worth between —2.1 and —1.5 $. In spite of their
low worth, the LIMs are capable of keeping the reactor
power bounded during all calculated transients. Shut-
down is not always achieved, depending on the kind of
transient under consideration. For pressurized loss of
flow, recriticality due to Doppler feedback may become
problematic in the natural-circulation phase. For rapid
control rod ejections, the resulting very fast power tran-
sients cause concern for material degradation. One LIM
would be enough to control reactor power, but redun-
dancy may call for more than one LIM in the core.

neutron fraction (uranium-plutonium fuel) open the po-
tential for rapid, high-temperature transients. Within the
current European FP6 GCFR-STREP,? our task is to eval-
uate the impact of adding extra minor actinides (MAs) to
the reference fuel for transmutation purposes. Adding
extra MAs decreases the effective delayed neutron frac-
tion and the magnitude of the Doppler coefficient. To
counteract these effects a passive reactivity control de-
vice has been designed to limit power production of the
reactor under transient situations.

The proposed device, the lithium injection module
(LIM) uses liquid °Li as a working fluid. It is shown in
Sec. III. A that the device can be made small enough to be
integrated into the regular control assemblies. In Secs. IV
and V, the thermohydraulic model of the reactor and the

2European Commission/EURATOM Sixth Framework Pro-
gramme GCFR Specific Targeted Research Programme.
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decay heat model are described. Transient calculations
presented in Sec. VI on an unprotected loss-of-flow ac-
cident (LOFA) and control rod withdrawal (CRW) show
that the LIM can limit the power output of the reactor,
although shutdown is not always achieved. The LIMs
can decrease the risk of unprotected transients and thereby
increase the safety level of the GCFR.

1. PASSIVE REACTIVITY CONTROL:
OPTIONS AND CONSTRAINTS

To shut down a nuclear reactor, three options are
generally available:

1. Introduce a parasitic absorber.
2. Increase leakage from the reactor.

3. Remove the fuel, or reshape the fuel into a less
reactive configuration (possible in mobile fuel reactors,
e.g., molten salt reactor, pebble bed reactor).

Option 1, the introduction of an absorber, is com-
monly used to control nuclear reactors. The device under
investigation is intended to operate in the early phases of
an unprotected transient because as will be shown later,
the Doppler effect is usually not very strong in a GCFR,
resulting in high fuel temperatures and possibly damage.
The first decision to be made for passive devices is which
parameter should provide the activation signal. In a first
design step, it was decided to use the reactor pressure as
the governing parameter. This was motivated by the fact
that a loss-of-coolant accident (LOCA) in a high-power
core would have severe effects: Temperatures in the core
will increase due to a lack of cooling, and the void coef-
ficient may be positive for a GCFR. Pressure-operated
passive reactivity devices for gas-cooled reactors were
investigated earlier, e.g., see Refs. 2 and 3. However,
pressure-operated devices are not practical for several
reasons:

1. There will be a pressure holding system on the
primary circuit, which will keep pressure more or less
constant, also during the beginning of a transient.

2. A change of the reactor power level may intro-
duce pressure variations in the primary circuit. Depend-
ing on the power conversion system (PCS), power output
may be controlled by adjusting the flow (direct cycle
system) or inventory (indirect cycle system, considered
as a backup option), leading to pressure fluctuations. If
the reactor is intended for load-following, the design pres-
sure in the primary system may have a large range.

3. Pressure-operated devices using the absolute sys-
tem pressure need to be disarmed in case of an intended
depressurization. These intended depressurizations might
occur during maintenance and refueling for instance, when
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it is advantageous to use a lower than nominal operation
pressure in the primary system.

The passive device presented in Ref. 2 uses the steady-
state pressure difference between the inlet and the outlet
plenum to lift a control rod above the core, which then
drops in case of loss of flow and/or coolant. However,
this device is intended to keep the reactor subcritical long
after the onset of the transient, relying on Doppler feed-
back only during the initial phase of the transient. It will
be shown that for the GCFR, Doppler feedback only
results in unacceptable fuel temperatures.

The risk of a depressurization is quite small, and at
the same time there are other events that may lead to
reactor damage. Therefore, it was decided to design pas-
sive devices using the core outlet temperature as the gov-
erning parameter. The rationale for this choice is the
following: An accident is basically an unintended mis-
match between power production and power removal
from the core, and any accident will thus manifest itself
as a change of outlet temperature, assuming that the inlet
conditions are not directly affected by the accident. The
activation temperature of the device can be tuned by
using a material with the required melting point, which
should have some margin over the maximum design tem-
perature during normal operation and intended tran-
sients. A temperature-controlled device can be designed
to not require disarming for refueling, etc. For the pro-
posed passive shutdown devices to be successfully inte-
grated into the design of the nuclear reactor, the following
demands and constraints are taken into account:

1. The passive device is intended to limit the reactor
power under accidental conditions when all other active
control systems have failed.

2. The device should be small enough to not inter-
fere with other control systems in the reactor and should
preferably be integrated into the regular control assem-
blies. The assemblies housing passive devices should not
be higher than regular assemblies. The background for
this is the following: Refueling of a GCFR will be done
under (partial) pressurization; hence, all openings through
the reactor pressure vessel (RPV) are kept as small as
possible. All fuel assemblies are removed vertically
through a central hole in the top of the RPV. Thus, to be
able to replace each assembly, the assemblies are lifted
from their diagrid positions, then moved horizontally to
the center of the reactor, and unloaded. Thus, the height
above the core should be at least as high as the tallest
subassembly.

3. The GCFR under investigation in our coopera-
tion has upward flow through the core. For that reason,
suspending a control rod with a Curie-point magnet or
similar device would mean that the rod is subject to
very hot helium for a long time, which could degrade
the reliability of the SCRAM system (self-welding can
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be a problem). Also, the GCFR with its high power
density (20 times higher than the HTR) has a high he-
lium flow velocity, meaning that the rod suspension
mechanism needs to be structurally strong, complicat-
ing fuel handling. All upward-flow GCFR designs have
control rod insertion from the bottom of the core.

4. Other options to suspend an absorber above the
core have been studied, e.g., a fluidized bed of B,C par-
ticles. During steady state, the particles are blown into a
knockout vessel above the core region, and if a loss of
flow and/or coolant occurs, the particles drop into the
core by gravity. This solution was dismissed because of
the required volume of the knockout vessel above the
core. Another problem is that a reactivity-initiated tran-
sient is hard to detect with this system and it would be
difficult to avoid depletion of the B4C particles during
normal operation.

5. Even though the passive device is to be integrated
into a control assembly, the temperature-sensitive ele-
ment should be in the outlet gas stream of a fuel assembly
to adequately detect the hot gas outlet temperature.

6. The reactivity effect of the passive devices should
be so large that activation of only one device will intro-
duce a sufficient amount of negative reactivity.

The last item follows from the behavior of the well-
known point kinetics equations for the time-dependent
neutron flux (or power) in a nuclear reactor.* Consider
the constant decay source approximation of the point
kinetics equations in an initially critical reactor:

P.(1) = P,,(o>exp(p;ﬁ r)

p—

). o

P,(t) = time-dependent neutronic power

+ P,(0) [%P {1 . exp(

where

p = externally introduced reactivity
B = effective delayed neutron fraction
A = neutron generation time.

For p < 3, the exponentials on the right side decay quickly,
and the power immediately after the reactivity insertion
is approximately given by the prompt jump approxima-
tion (prompt drop if negative reactivity introduced):

B
P(07)=——PF,(07) , 2)
B—p
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where P,(07) is the steady-state power before the start of
the transient and P,(07) is the power immediately after
introduction of the reactivity. The amplitude of the prompt
jump equals

P(0") = P,(07) = ——P,(0) . 3)
B—p

If the reactivity p introduced by the LIM is large,
negative, and introduced in a stepwise manner, the power
level of the reactor decreases immediately. The magni-
tude of the prompt jump increases with the magnitude
of the LIM reactivity. Once the prompt jump has
occurred, the outlet temperature of the coolant will
decrease rapidly. If several identical temperature-
controlled passive devices are present, their activation
is a stochastic process due to fabrication tolerances, etc.
One LIM will be the first to respond to the transient,
and the resulting prompt jump causes a rapid decrease
of reactor power. Thus, the other LIMs may not be
activated.

Ill. INTRODUCTION OF GFR600

All calculations presented in this paper concern
GFR600, a 600-MW(thermal) Generation IV GCFR,
The main design features are hexagonal fuel assemblies
with plate fuel, fully ceramic cladding and structures
(SiC), Zr;Si, reflector, a core power density of 103
MW/m3, and high-temperature operation between 480
and 850°C. In Table I some key design data are summa-
rized, while Fig. 1 gives an illustration of a GFR600
fuel element. Table II gives the fuel composition of the
reference fuel and a fuel with extra MA loading, and
Table III finally states the dynamic parameters for the
MA fuel.

TABLE 1

GFR600 Core Parameters
Power [MW(thermal)] 600
Coolant He
Power density (MW/m?3) 103
Specific power (W/g HM) 45
Tcore,in (OC) 430
Tcnre,out (OC) 850
Core H/D (m) 1.95/1.95
Pressure (MPa) 7.0
Fuel type Plates
Fuel material UPuC + MA
Structural material SiC
Reflector material Zr3Si,
Volume percent coolant/structures/fuel 55/10/35
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4.71 mm

5.31 mm
11.67 mm

*sunnnnnnnnnnnnnie o0

Fig. 1. GFR600 fuel assembly. The light-colored wrapper and central mechanical restraint are made of SiC. The darker fuel slabs
contain the fuel mixture clad with SiC. The overall volume fractions are 55 vol% helium, 10 vol% SiC for structures and

cladding, and 35 vol% fuel /matrix.

TABLE 1T
GFR600 Fuel Compositions: Reference Fuel and a Fuel Containing 5% MAs
Reference Fuel MA Fuel
Elemental Composition
U 84% 79%
Pu 16% 16%
MA — 5%
Isotopic Composition
Atomic Density Atomic Density
(b-cm)~! Atomic Percent (b-cm)~! Atomic Percent
235U 1.1631e—42 0.60 1.0938e—4 0.56
238y 1.6291e—2 83.52 1.5320e—2 78.60
237Np — — 1.6242e—4 0.83
238py 8.3625e—5 0.43 8.3625e—5 0.43
239Py 1.7395e—3 8.92 1.7395e—3 8.92
240py 8.0163e—4 4.11 8.0163e—4 4.11
24Py 2.2940e—4 1.18 2.2940e—4 1.18
242py 2.2235e—4 1.14 2.2235¢e—4 1.14
24 Am 2.1687e—5 0.11 6.0680e—4 3.11
242m Am — — 2.2072e—6 0.01
23Am — — 1.5020e—4 0.77
22Cm — — 1.9219e—7 0.001
283Cm — — 7.0178e—7 0.004
244Cm — — 4.9558e—5 0.254
25Cm — — 1.2086e—5 0.062
246Cm — — 9.4528e—7 0.005
aRead as 1.1631 X 1074,
122 NUCLEAR TECHNOLOGY VOL. 159 AUG. 2007
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TABLE III
Dynamic Parameters and Reactivity Coefficients for GFR600, for the Reference Fuel and a Fuel with 5% MAs*
Reference Fuel MA Fuel MA Fuel

(No MAs) 0% FIMA®? 9.3% FIMA
B (pcm) 3954 373.7 348.2
A (s) 7.5e—7° 7.5e—7 7.5e—7
FTC (pcm/K) -0.92 —-0.56 —0.47
Void coefficient (pcm/69 bars) +290 +406 +435.6

*See the composition in Table II. FTC expressed as Ap/AT (pcm/K). Void coefficient is reactivity difference between 70 bars and

1 bar, expressed in pcm per 69 bars.
AFIMA = fissions per initial metal atom.
PRead as 7.5 X 1077.

IILLA. Neutronic Design of Passive Reactivity
Control for GFR600

The GFR600 core contains 112 fuel assemblies, 6
control assemblies, and 3 shutdown assemblies and is
surrounded by 210 reflector assemblies (Zr;Si, reflec-
tor). Neutronic calculations were done using the CSAS26
sequence of SCALE 5 (Ref. 5), which uses a KENO-6
Monte Carlo calculation for criticality. The fuel assem-
blies are represented by cell-homogenized mixtures (i.e.,
self-shielding is taken into account). The reflectors are
represented as homogeneous mixtures without any lat-
tice effect, and the absorbers are modeled in their actual
geometry using a cell calculation to correct the cross
sections for effects of absorber self-shielding. For fuel
temperature coefficient (FTC) and void calculations, the
cell calculations are done separately. Delayed neutron
production and decay, and the generation time were cal-
culated using VAREX (Ref. 6) on the unit cell level (one
slab of fuel plus coolant).

To make a temperature-controlled passive introduc-
tion of reactivity, a device with a freeze seal is chosen.
Once the freeze seal melts because of overheating, an
absorber is irreversibly released into the core region.
The selected absorber is °Li because it is a strong ab-
sorber and liquid at GFR600 operating temperatures.
As a liquid, the absorber can be moved easily by pres-
sure differences. The resulting device is similar to the
LIM proposed for the RAPID reactor.” A preliminary
design was made of an LIM: Seven SiC tubes are filled
with SLi in case of off-nominal conditions. A total of
four LIMs are present; their locations will be discussed
later. The storage tank containing the °Li during normal
operation is located in the bottom of the assembly. In
activated mode, the Li should occupy the fueled length
of the core (1.95 m). The inner diameter of the SiC pins
is chosen as 22 mm, giving a required volume of °Li of
5200 cm? for the seven pins. The size of the storage
tank in the bottom of the assembly should allow for the
NUCLEAR TECHNOLOGY
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regular control elements to be operable. The height (axial
direction) of the storage tank is chosen as 45 cm, giving
a required surface area for the tank of ~116 cm? This
corresponds to ~50% of the cross flats surface area
within the control assembly. It is expected that this leaves
enough room for the regular control elements to be op-
erated. Proper shielding of the °Li is maintained be-
cause the height of the shielding in the bottom of the
assembly is ~120 cm, leaving ~75 cm of absorber/
reflector above the storage tank. The seven SiC tubes
occupy ~13.7% of the volume of the assembly, so
enough room is left over for the regular control rods
and mechanisms.

The reactivity worth of the LIMs was calculated for
several permutations: no LIMs active, one LIM active in
the central position of the core, one LIM active in an
off-center position, and all four LIMs active. The reac-
tivity worths are given in Table IV.

The LIM is illustrated in Fig. 2. The seven SiC tubes
are connected to a plenum at the very top of the assembly.
From this plenum, tubelets are protruding sideways into
the hot outlet gas stream of the neighboring fuel assem-
blies. These tubelets contain a small freeze seal of a
material with the required melting temperature. Candi-
date materials for the freeze seals could be silver (7, =
962°C) or gold (7, = 1064°C, maybe adding some alloy-
ing element to lower the melting point). The governing
parameter to melt the seal is the latent heat of melting. An
order of magnitude calculation for a cylindrical freeze
seal of I-cm diameter and 5-mm thickness has shown
that the “worst case” time to melt is ~10 s, for a tem-
perature difference of 66 K between the helium and freeze
seal. The time to melt will be shorter in practice, because
the temperature difference will become larger during the
transient, and the seal will break before a full melt is
achieved. Thus, the seal material should have an ade-
quate melting temperature and low latent heat, and the
mass should be minimized. The fabrication of the freeze
seal should be as uniform as possible. If one of the freeze
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TABLE IV
The Reactivity Effects of the LIMs*
ke p p/B Ap/B
Fresh Fuel
Zero LIMs 1.02432 £ 0.00027 0.0237 6.35 —
One LIM, center 1.01613 = 0.00023 0.0159 4.25 —2.1
One LIM, off center 1.01848 £ 0.00026 0.0181 4.86 —1.49
Four LIMs 0.99922 + 0.00023 —7.8e—4 —0.21 —6.56
Average Burnup 9.33% FIMA?
Zero LIMs 1.01373 £ 0.00022 0.0135 3.89 —
One LIM, center 1.00587 £ 0.00025 0.0058 1.68 —2.21
One LIM, off center 1.00826 + 0.00029 0.0082 2.35 —1.54
Four LIMs 0.98868 = 0.00025 —0.011 —3.29 —7.18

*Each LIM contains seven tubes with °Li, r;, = 1.1 cm, r,,, = 1.2 cm. The LIM worth increases with burnup, which is mainly

contributed to the decrease of B: from 373.7 to 348.2 pcm.
AFIMA = fissions per initial metal atom.

Jormal of tion LIM Activated
ol JRottmsl
N | R— |

=\

Freeze seals Top reflector
and shielding
height 1.225 m

Top LIM plenum

LIM tubes (7)

Li-6 Fueled region

height 1. 95 m

— ¢ Pist
e
i“ : |II 8 e 6 S NS

Bottom reflec tor
and shielding

H H | ] ]| height 1.225 m
AN L=+ [ J ;

Fig. 2. Rough design of an LIM, activated by a freeze seal (not
to scale). The height of the storage tank is ~45 cm.
When the LIM is activated, the small SiC pistons seal
off the tubes to prevent the °Li from spraying into the
reactor.
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seals ruptures, the ®Li shoots up in the tubes, into the
fueled region of the core. The storage tank should be
adequately pressurized to move the °Li from the tank
into the fueled region of the core [tank pressure at
least several bars above the system pressure relieve valve,
~80 bars (8.0 MPa)]. The seven tubes with °Li are
equipped with small SiC pistons to seal off the top of
the tube in order to prevent the °Li from spraying into
the core after activation. These small sealing pistons
should have a “one-way” operation: Once they have
moved to the top of the assembly, they should stay
there rigidly to make sure that the °Li is not pushed
back into the storage tank if the reactor pressure in-
creases. A layout of the GFR600 core with the LIM
assemblies is shown in Fig. 3. The locations of the
LIMs are chosen to obtain the largest number of fuel
assemblies connected to an LIM assembly. Each LIM is
connected to six neighboring fuel assemblies, with the
freeze seal protruding into the hot outlet gas stream of
the fuel assemblies. From this configuration some im-
portant design issues are identified:

1. If a localized transient occurs, one LIM will be
activated, and the power goes down. The other LIMs will
not be activated unless the transient inserts more reac-
tivity than the worth of one LIM.

2. LIMs respond to events in only one of the con-
nected fuel elements. If the LIMs are to detect highly
localized events like a flow blockage, each fuel assembly
should be connected to at least one LIM.

AUG. 2007
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O Fuel type 1
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Fig. 3. The layout of the GFR600 core with LIMs. The loca-
tions of the LIMs are chosen to obtain the largest num-
ber of fuel assemblies connected to an LIM.

3. The freeze seals have to be as uniform as possible
in order to activate the largest number of LIMs for a
given transient.

I11.B. Remarks

In Ref. 8, four categories of passivity (“A” through
“D”) are defined for components and systems of a nu-
clear reactor. The proposed LIM would fall into category
“C”: “no signal inputs, no external power source or forces;
with moving mechanical part(s) and/or moving working
Sfluid; fluid movement due to thermohydraulic condi-
tions.” From Fig. 2 it is seen that it is advantageous if the
column of Li can be pushed up into the fueled region as
illustrated in Fig. 2. In this way, the required volume of
®Li is smaller than when the entire length of the tube to
the bottom of the storage tank is filled with lithium. A
column of a dense fluid can be maintained over a less
dense fluid if the diameter of the tube is small enough.
The characteristic tube size is given by the limit for the
so-called Rayleigh-Taylor instability.” An order of mag-
nitude calculation shows that for the lithium-helium in-
terface, the characteristic size is ~50 mm. Since an inner
diameter of 22 mm has been chosen, it is concluded that
the liquid lithium can be suspended.

The proposed device may be slow to respond to a
large-break LOCA (LB-LOCA), as the expanding he-
lium will cool the core, until all coolant is gone and the
full void reactivity is inserted. However, as illustrated
in Ref. 10, LB-LOCA is always problematic for GCFRs,
even if the core is adequately scrammed. Special mea-
sures are always necessary to evacuate the decay heat
under depressurized conditions. In that sense, LB-
LOCA is the Achilles’ heel of the GCFR concept. For
reasons discussed later, for the present investigations,
LB-LOCA is not considered. The LIM devices could be
NUCLEAR TECHNOLOGY
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made LOCA-sensitive by including a rupture foil next
to the freeze seals, to break if the system pressure is too
low, and in fact, the freeze seal could probably be en-
gineered to function as rupture disks as well.

The main drawback of the LIMs is that they are
specifically one-way systems. After activation, the pri-
mary system would have to be inspected for traces of
freeze seal material and potentially some °Li. For that
reason, the LIMs should be considered as a reactivity
control device when all else fails. Because the freeze
seals “stick out” into the fuel assemblies, the LIM as-
semblies have to be removed for refueling. This should
not be problematic, as eight other control/shut down
assemblies remain.

IV. GFR600 PRIMARY SYSTEM LAYOUT

IV.A. General System Layout

Figure 4 gives an overview of the main design fea-
tures of the primary system of GFR600. Figure 4 is quite
generally applicable for all Generation IV GCFRs, all of
which have a similar system layout. Cold helium enters
through the annular cross duct and flows down through
the downcomer into the lower plenum and into the fuel

DHR circulator

'I DHR heat exchanger
+15m } — 7.1 m—
65 m
m Upper plenum
DHR loop t ' Cross duct to PCS
— L o P > P145mE@23m
f ————
Isolation valves it l AI“I-\- l /Downcnmer
J, [ _'_'*_' """"
------------------------------ : Jrosm 265m 44m
Shielding—T] L
Reflecton=| Ftmmmmr e ===
Core \(EEEE2 Biagad

Lower plenum

Fig. 4. Layout of the primary circuit of GFR600 (schematic,
not to scale). One of the three redundant DHR circuits
is shown. To control the flow of coolant, there are valves
between the DHR circuits, the main RPV, and the main
cross duct.
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assemblies. The flow distribution of the coolant over the
individual assemblies is done with flow gags on each
assembly. The upper plenum is a large volume filled with
hot helium, with the hot leg of the cross duct connected
to it, as well as three decay heat removal (DHR) loops.
To protect the RPV from the hot coolant, the entire pri-
mary circuit is laid out as cross ducting, with cold helium
flowing between the outer RPV and an inner isolation
liner. The RPV thickness is 75 mm, and the vessel ma-
terial is, depending on the operating temperatures and
conditions, 9Cr1Mo steel, or stainless steel.!!-12

IV.B. DHR Strategy

The DHR strategy envisaged for GFR600 is similar
to other Generation IV GCFR designs. Under pressur-
ized conditions natural circulation of the coolant through
the DHR circuits should be sufficient for DHR. To en-
sure adequate natural circulation, a large elevation be-
tween the core midplane and the DHR heat exchanger
of ~15 m is chosen. Also, the fuel elements are de-
signed to introduce a minimal amount of hydraulic fric-
tion. The DHR loops are designed to each extract 3% of
the nominal reactor power. During normal operation mea-
sures have to be taken to isolate the DHR circuits from
the primary coolant flow using valves. Thus, according
to Ref. 8, the natural-circulation DHR loops qualify as
category “D”: “Execution of the safety function through
passive methods; but using an external signal to initiate
the process (opening of valves, etc).” Note that the valves
should be “suitably qualified,” according to the Inter-
national Atomic Energy Agency specifications. The DHR
isolation valves are located on the cold legs of the DHR
circuit.

To obtain an adequate flow through the core and
DHR circuits under depressurized conditions, a small
DHR circulator is present. The entire primary system
is to be surrounded by a ‘“close containment,” which
should maintain a backup pressure of ~10 to 15 bars
under all circumstances. The required pumping power
for the DHR circulators will then be so small that they
can be driven on battery power for 24 h (according to
Ref. 8 such devices are not rated “passive”).

The DHR loops reject heat to a secondary DHR cir-
cuit with water as the working fluid. From this loop, heat
is transferred to the atmosphere as the final heat sink. The
secondary DHR loop relies completely on natural con-
vection. To drive the natural circulation in the secondary
DHR loop, the elevation difference between the mid-
plane of the He-H,O heat exchanger and the heat ex-
changer to the atmosphere is ~5 m.

IV.C. Thermohydraulic Model

The primary circuit of Fig. 4 was modeled using the
CATHARE?2 code."® This code [CATHARE2 v2.5 mod3.1,
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developed by Commissariat & I’Energie Atomique (CEA),
Electricité de France, Framatome-ANP, and Institut de
Radioprotection et de Stireté Nucléaire] is a two-phase
implicit transient thermal-hydraulics code, able to per-
form calculations on helium-cooled reactors. Because a
detailed description of the PCS does not exist, the inlet
and outlet of the reactor are described as boundary con-
ditions. These boundaries are as indicated in Table I, i.e.,
inlet temperature, 480°C; outlet temperature, 850°C; out-
let pressure, 70 bars; helium mass flow, 312 kg/s. The
fuel plates are modeled as flat plates in which power is
produced. The CATHARE2 model (Fig. 5) has six fuel
structures, each representing one ring of fuel assemblies.
The axial power profile has a cosine shape with a power
peaking of 1.3; radial power peaking is 1.15. The bypass
flow between the fuel elements, as well as the flow in the
reflector, is currently not modeled. The flow gags on the
fuel elements are set up to obtain a uniform outlet tem-
perature of 850°C. Heat exchanges between the vessel
and the surrounding environment are not taken into ac-
count, because of a lack of detailed design.

The PCS potentially has a large effect on any tran-
sient in the GCFR. In Ref. 10 a GCFR with a direct cycle
gas turbine is reported. The most important effect of the
PCS is that it will keep spinning because of its inertia,
improving heat transfer in the primary system. Reference
10 also indicates that in fact premature stopping of the
turbocompressor should be avoided and that a typical
time for the braking system to completely halt the tur-
bocompressor would be ~200 s. If the turbocompressor
is allowed to run down by itself, flow will be maintained
for a longer period, and the temperatures will change
more gradually in the transient. The LIMs would still be
activated if the helium temperature reaches an unaccept-
able level.

V. CALCULATION OF REACTOR POWER DURING
A TRANSIENT

The total thermal power of a nuclear reactor is due to
power released by fissions (fission power) and partly due
to the decay of radioactive fission products (the residual
or decay power). The decay power is commonly de-
scribed as the time-dependent power following one fis-
sion in isotope j as

f(t) = /le Vi €xXp(—mt) 4)

This formulation assumes that all fission products
can be grouped into K groups. Each group has a decay
constant u; and a contribution 7y to the total decay
power. Decay heat standards based on Eq. (4) include
the following standards: ANSI/ANS-5.1-1994 with j = 4,
k = 23 (Ref. 14); DIN 25463-1 with j = 4, k = 24
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Fig. 5. Illustration of the CATHARE2 model of the GFR600 primary system.

(Ref. 15); or JAERI-1320 with j = 5,k = 33 (Ref. 16).
The function f(z) is an impulse response and can be
extended to an arbitrary fission rate history ¢ (¢) by con-
volution to find the decay heat at time #,:

Py(ty) = fool//(t—T)f(T) dr . )

The convolution Eq. (5) can be rewritten as a differ-
ential equation. Doing so, a coupled set of differential
equations is found to describe the time-dependent power
of a nuclear reactor:

dp,(1) _ p(t) — B(1)

1 6
Pn(t)—i—A_E/\igi(t)’ (6)

dt A(t) 0i=1
dg(1)  F()
dt - F, Bi(t)Pn(t) - /\igi(t) > (7)
de; %
%(t) = C.f; ik (1) — ppeplt) , (8)
4 Mjk
and
J K
Py(t) = 2 kz Mix€nlt) )
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where
P,(t) = neutronic power (due to fissions)
Bi(t) = effective delayed neutron fractions of each
delayed neutron precursor group (B(¢) =
2:11 B:(1))
Ao, A(r) = steady-state and transient neutron gener-
ation time

£i(t) = precursor concentrations for delayed neu-
trons, with A; the corresponding decay
constants

Fy, F(r) = steady-state and transient fission rate
€;x(t) = pseudo decay power

C. = factor allowing a conservative calcula-
tion of the decay heat power if set to
>1.0

f; = fraction of fissions in isotope j
P,(t) = resulting decay heat power.

If adequate substitutions are made, (¢) can be ex-
pressed in P,(7), and a fully coupled set of equations is
found.

The model described in Egs. (6) through (9) is avail-
able in CATHARE2 with 11 decay heat groups. To
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Decay power after SCRAM for GFR600
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Fig. 6. Decay heat curves using ANSI/ANS-5.1-1994 (Ref. 14)
for 233U and a synthetic mixture for GFR600. Markers
indicate CATHARE?2 result for decay heat.

represent the decay heat source of the GCFR, the decay
power is calculated using the ANSI/ANS-5.1-1994 law,
employing a fissioning mixture with 20% fast fissions in
238U, 40% fissions in 23°Pu, and 40% fissions in 2*'Pu.
The curve obtained in this way was fitted with an 11-
group model based on Eq. (4). The resulting model gives
a steady-state decay power of 6.7% of nominal power.
In Fig. 6 a comparison is presented of the decay heat
power from ANSI/ANS-5.1-1994 for thermal fission of
235U (light water reactor), the synthetic GCFR curve, and
the decay power calculated by CATHARE2 using the
fitted decay heat model.

It should be noted that the decay heat curve proposed
here might not be very accurate. First of all, no data are
available in ANSI/ANS-5.1-1994 for fast reactors. Sec-
ond, alpha decay of the MAs is not taken into account.
Third, the effect of capture reactions in the actinides and
subsequent decay are not treated explicitly. On the other
hand, application of the model of Egs. (6) through (9)
incorporates the entire power history during a transient.
The proposed model is the best possible given the cur-
rently available data on decay heat, fuel design, and ma-
terial properties.

VI. RESULTS OF TRANSIENT CALCULATIONS

Three relevant corewide transients were calculated:

1. A loss of flow at constant pressure: An initiating
event for such a transient would be the (faulty) activation
of the turbocompressor braking system (the braking sys-
tem prevents the turbocompressor from overspeeding,
for instance due to a load rejection). As indicated in
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Ref. 10, the premature stopping of the turbocompressor
can be considered a worst-case scenario under pressur-
ized conditions.

2. Ramp insertion of reactivity: 0.9 $ of reactivity is
introduced linearly over 20 s to simulate the faulty with-
drawal of a control rod. Pressure and flow remain at
steady-state values.

3. Ramp insertion of reactivity, but now 0.9 $ in 1 s:
to simulate the effect of a control rod ejection.

In all calculations the Doppler reactivity coefficient
corresponds to a fuel with 5% MAs at beginning of cycle,
i.e., FTC = —0.56 pcm/K (see third column of Table III).
This is acceptable since the FTC of the irradiated fuel is
of similar magnitude. Since a pressure boundary condi-
tion is used, the void reactivity coefficient is not taken
into account to avoid calculating spurious reactivity ef-
fects. The LIMs are activated when the gas temperature
at the outlet of (one of) the fuel assemblies surpasses
1000°C. Once the LIM is activated, introduction of the
SLiis simulated to take 1 s. All transients were calculated
assuming that one LIM is activated, which implies that
the LIM worth depends on the position of the LIM. As
given in Table IV, one LIM at the center position intro-
duces —2.10 $, while one LIM at an off-center position
has a worth of —1.49 $. An extra calculation was done in
which one LIM with a smaller worth (—1.10 $) is used.
This calculation serves to estimate opportunities to change
the LIM design.

VI.A. Loss of Flow

In this case, the coolant mass flow rate decreases as
1

rh(t) = 1+1t/7 ’

(10)
where 1, is the time since the start of the transient and
7 = 10 s. The constant 7 is a typical timescale for the
decrease of the turbine speed. The value of 7 =10 s has
been adopted in the GCFR-STREP collaboration as a
worst case, i.e., the quickest timescale for stopping the
turbocompressor. With 7 = 10 s, the flow is reduced to
5% of the nominal mass flow after 200 s, which is in line
with the results from Ref. 10. When the mass flow in
the cold duct falls below 5% of the steady-state value, the
cold duct and hot duct are isolated, the valves on the
DHR circuits are opened, and natural circulation is al-
lowed to develop.

A first calculation was done for the LOFA without
any control to check whether an LIM is necessary. Two
calculations were done, one with the FTC as calculated
for the MA fuel (—0.56 pcm/K) and one calculation with
an artificial, ten-times-stronger feedback (—5.6 pcm/K).
The resultis given in Figs. 7 and 8. The small FTC results
in a large temperature variation during the transient. A
larger FTC results in a lower temperature and quicker
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x 108 Reactor power during LOFA, no LIMs
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Fig. 7. Power during unprotected loss of flow. Solid line: FTC =
—0.56 pcm/K; dashed line: FTC = —5.6 pcm/K. In
the natural-circulation phase, the power is governed by
the heat exchange in the DHR circuits.
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Fig. 8. Maximum fuel temperature during unprotected loss of
flow. In the natural-circulation phase, the fuel temper-
ature is dictated by the power transferred by the DHR
circuits and the core inlet conditions, independent of
the magnitude of the Doppler coefficient.

decrease of neutronic power, but in both cases the reactor
stabilizes in the natural-circulation regime at a power of
~75 MW(thermal). This power is larger than the DHR
loops are designed to extract [18 MW(thermal)]. In the
natural-circulation phase, the fuel temperature is ~1200°C,
which may be within limits but is undesirable for a pro-
longed period. It is concluded that some reactivity con-
trol device is necessary. It may be surprising that the
NUCLEAR TECHNOLOGY
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x10° LOFA: reactor power during transient
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Fig. 9. Power during LIM-protected loss of flow for several
LIM worths. Notice the effect of LIM worth on the
prompt drop.

natural-circulation regime is insensitive to the Doppler
coefficient. In natural circulation, the power transfer from
the core is dictated by the natural-circulation conditions
in the DHR heat exchangers. Because of the employed
model, the temperature of the helium in the cold leg of
the DHR loop is more or less fixed. Thus, the core inlet
temperature is the same for both calculations, regardless
of the Doppler coefficient. Because we have used a linear
Doppler feedback model, the temperature profile estab-
lished in the fuel is independent of the magnitude of the
Doppler coefficient.

In Figs. 9 and 10, the result is given for LIMs of
different worths. When the coolant mass flow rate into
the core starts to decrease, the fuel temperature starts to
increase, leading to negative reactivity due to Doppler
feedback. Once the freeze seal melts, introduction of the
lithium into the assemblies is rapid: The pressure differ-
ence between the storage tank and the primary system is
large compared to the pressure difference over the col-
umn of °Li. A quick calculation shows that the time re-
quired for introduction of the lithium is ~0.1 s. In the
calculation, a value of 1 s was adopted. The introduction
of negative reactivity is so large that the fission chain
reaction shuts down quickly. The prompt drop that oc-
curs after activation of the LIM(s) is clearly visible in
Fig. 9. Following the prompt drop, the neutronic power
decrease is governed by the slowest group of delayed
neutron precursors and by the decay power. For a larger
worth of the LIMs, the initial drop is larger [see Eq. (3)].
This results in a lower temperature during circulator run-
down. When the cross duct is isolated, and the DHR
circuit is opened, a “hump” is visible in the graph (at
~200 s). The hump is caused by a short period of flow
stagnation when the cold and hot duct valves are closed.
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LOFA: maximum outlet temperature during transient
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Fig. 10. Outlet temperature of the hottest fuel assembly during
LIM-protected loss of flow. The hump is caused by
the isolation of the turbine, followed by the opening
of the DHR system.

Soon after, natural circulation is established, and temper-
atures in the core start to decrease. Under pressurized
conditions, the DHR circuit has adequate heat removal
capacity: The outlet temperature of the core decreases
steadily under natural circulation. In the natural-circulation
regime, heat exchanges in the system are by and large
governed by the decay heat of the fuel and the natural-
circulation conditions in the helium DHR loop and the
secondary H,O DHR loop and are insensitive to the LIM
worth.

VI.B. Reactivity Evolution After Loss of Flow

While the core cools down, its reactivity increases
because of the Doppler effect. For GFR600, the reference
fuel temperature used to calculate the magnitude of the
Doppler effect is 858°C (steady-state value). There are
three plausible values of the final temperature of the core
after SCRAM:

1. 480°C, the steady-state inlet coolant tempera-
ture: This introduces +212 pcm (0.57 $) of reactivity.

2. 90°C, the temperature of the water in the second-
ary branch of the DHR circuits: This introduces +430.1
pcem (1.15 $) of reactivity.

3. 25°C, the ambient temperature: This introduces
+466.5 (1.25 $) of reactivity.

These values are calculated based on 8 of the GFR600
fuel with 5% MAs. The Doppler effect is stronger for the
standard mixed oxide fuel, leading to larger reactivity
effects during cooldown. In Figs. 11 and 12, the Doppler
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LOFA:p as a function of time, 1 DHR circuit
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Fig. 11. Doppler and total reactivity during LIM-protected loss
of flow; LIM worth = —1.10 $. The total reactivity is
negative during the transient. One DHR loop is active.
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Fig. 12. Comparison of total reactivity during LIM-protected
loss of flow, LIM worth = —1.10 $, with either one or
three DHR loops active. With three active DHR loops,
the core cools down quickly, leading to a smaller re-
activity margin.

reactivity and total reactivity are given for an LIM worth
of —=1.10 $.

The primary system is equipped with three redun-
dant DHR loops, each capable of extracting 3% of nom-
inal power under pressurized conditions. If all three loops
are activated, the primary system will cool down much
faster than when only one loop is activated. As a result,
reactivity effects due to Doppler feedback will have a
different timescale. Figure 12 illustrates this effect. If
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one DHR loop is activated, the rate at which the core
cools down is such that after 1000 s the reactivity is about
—0.6 $, but with all three DHR loops active, the reactiv-
ity is smaller than —0.4 $ at 1000 s. In the calculations
presented here, the temperature of the ultimate heat sink
is 90°C, so with an LIM worth of —1.10 $, the core will
become critical again. The moment of recriticality is de-
termined by the number of active DHR loops, but even a
low-worth LIM would yield several thousands of sec-
onds’ grace time to take action before recriticality occurs.
It should be noted that the three parallel DHR loops have
a potential for unstable flow distribution (no instabilities
occurred in the calculations). The current design philos-
ophy is to have three loops for redundancy, in spite of
potential instabilities.

VI.C. Ramp Reactivity Introduction

For this scenario, the results are summarized in
Figs. 13 and 14. In all cases, one LIM would be sufficient
to limit the reactor power. If one LIM is activated, a
certain amount of negative reactivity is introduced, and
together with the + 0.9 $ due to control rod movement
and the Doppler feedback, a net reactivity is established.
During this transient it is assumed that the coolant inlet
conditions remain at steady-state values. Hence, the low-
est temperature the fuel can attain is 480°C. As shown in
Sec. VLB, cooling down the fuel to 480°C increases re-
activity by 0.57 $. It is concluded that an LIM worth
>0.9 $ + 0.57 $ will shut down the reactor. A lower LIM
worth will establish a new power level in the reactor,

X 108 Control rod withdrawal: transient power

107 1IM adtivated ' '
8 L -
=3 Decay of precursors built up in first part
= of transient results in power increase
g ® 1
3]
Q.
g al -1.1$
I b
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< e 149
248 e T e § d
0 N . QLT ey
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Time since transient [s]

Fig. 13. Power during LIM-protected CRW (+0.9 $in 20 s). If
the LIM is strong enough (>1.47 $, roughly), shut-
down is achieved. For a lower worth, a new power
level is established, where the effects of Doppler feed-
back, control rod reactivity, and LIM reactivity coun-
terbalance each other to give p = 0.
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Control rod withdrawal: maximum fuel temperature
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Fig. 14. Maximum fuel temperature during LIM-protected
CRW.

where the Doppler feedback, LIM worth, and control rod
worth determine the final state.

VI.D. Control Rod Ejection

A calculation was done simulating a control rod ejec-
tion, where the control rod moves out of the core in 1 s.
In Figs. 15 and 16, the results are given for the reactor
power and the maximum fuel temperature. Note that the
power peaks at almost six times the nominal power. The
maximum temperature of the fuel is not much higher
than in the previous case, ~1350°C.

x 10° Control rod ejection: transient power
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Fig. 15. Power during LIM-protected control rod ejection (+0.9
$in 1 s). Note the power peak, which reaches almost
six times nominal power.
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Control rod ejection: max. fuel temperature
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Fig. 16. Maximum fuel temperature during LIM-protected con-
trol rod ejection. Note that although the power peaks
at almost six times nominal, the maximum fuel tem-
perature is only 100 K higher than in the CRW case.

From Figs. 15 and 16, the long-term behavior of the
reactor after the control rod ejection is not much different
from the CRW case, but the beginning of the transient is
much steeper, with a very rapid increase of power pro-
duction and temperatures. This causes concern for mate-
rial degradation by thermal shock. It should be noted that
if an active SCRAM system is used, the resulting tran-
sient would be similar to the result given here.

VIl. CONCLUSION

In this paper a passive device is proposed to limit the
reactor power output of a GCFR under off-nominal con-
ditions when other control elements have failed. From
the investigations presented in this paper, the following
conclusions are drawn:

1. LIMs are capable of controlling the power pro-
duction in the reactor, even if a large reactivity is acci-
dentally inserted (+0.9 $). If only one LIM is activated,
the reactor may not be shut down completely, but the
power production remains bounded.

2. The precise requirement for the worth of one LIM
cannot yet be determined. The required worth depends
on several design parameters, which are not yet known:
the worth of one control rod, the pressure holding sys-
tem, and the lowest fuel temperature reached in a tran-
sient. However, from the calculations presented in
Sec. VLB, itis clear that even a rather low worth (—1.10 $)
will protect the fuel from excessive temperatures.
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3. If a temperature-controlled passive control ele-
ment is present in the core, it is highly likely that only
one LIM will be activated because the prompt jump in
power caused by LIM operation will decrease tempera-
tures below the activation temperature of the other LIMs.
Redundancy may call for more than one LIM in the core.

4. Atemperature-controlled passive device will only
detect off-nominal conditions occurring in a neighboring
fuel assembly.

5. Transients initiated by faulty control rod move-
ment and followed by a quick response of the active or
passive control system result in rapid transients of power
and temperatures. Degradation of ceramic structural ma-
terials might become problematic in these cases.

VIIl. DISCUSSION

Once a more detailed design of the LIM is available,
a laboratory-scale prototype should be made to assess the
important factors such as freeze seal venting, sealing
capability of the SiC pistons, Rayleigh-Taylor stability
under transient conditions, etc. Also, a list of probable
initiating events for LIM failure should be prepared if
and when a more detailed design is available. The pres-
ence of the LIMs in the core may introduce new (extra)
modes of failure. An example could be the spurious ac-
tivation of an LIM or the breach of one of the LIM tubes.
The risks of the presence of the LIMs are currently dif-
ficult to evaluate, as this requires a detailed design of the
LIMs. Other passive systems that could be considered
are a rotating drum with B4C particles, which is driven
by the flow. If the flow stops, the drum stops rotating, and
the particles drop into the core.

The employed numerical models still lack some more
or less important effects, the most obvious being the lack
of a model for the power conversion unit. Other uncer-
tainties are a lack of material data for the SiC fuel plates,
reflector and shielding design within the fuel assemblies,
and a realistic model for the H,O DHR loops. Future
research should therefore focus on an adequate model of
the power conversion unit. A detailed calculation should
be performed to estimate °Li depletion and tritium for-
mation during irradiation. A detailed mechanical design
of the freeze seals should be made to estimate how much
material is required. For example, a considerable pres-
sure difference acts on the freeze seals, especially during
partially pressurized conditions, for instance during re-
fueling. With the amount of material known, it is possible
to estimate how long it would take to melt the seals. The
response to loss of flow should be analyzed for several
timescales. For instance, a turbine deblading accident
could cause a very rapid loss of flow. However, it is the
authors’ opinion that for such an accident, as well as for
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an LB-LOCA, passive reactivity control by itself is not
sufficient to prevent core damage.
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