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ABSTRACT 

INHERENT DESIGN FEATURES OF THE GCfR* 

W. Medwid, W. Breher, A. Shenoy, and R. Elliott 
General Atomic Company 

San Diego, California 

This paper discusses several inherent design features of the GCFR that 
enhance its safety and presents analyses to demonstrate the de9ree of pro.,. 
tection they provide. These features are a subset of a larger group of 
potential inherent features ~hat forM the third line of protection (LOP.-3) 
for the GCFR. The function of LOP-3 is to demonstrate that the inherent . 
response of the reactor system will limit core damage even if active coolin9 
and shutdown systems in LOP-1 and LOP-2 fail. By providing this function 
with inherent features, which do not depend on active components and are 
self-controlling, an additional level of protection against common cause 
failure mechanisms is provided for both protected and unprotected events. 
The examples of LOP-3 discussed ~n this paper are natural circulation core 
cooling to the ultimate atmospheric heat sink and inherent reactor shutdown 
mechanisms. For a total loss of forced circulation capability under pres
surized conditions, natural circulation can safely cool a shutdown GCFR core 
and provide passive short- and long-term residual heat removal (RHR) to the 
ultimate atmospheric heat sink. For the routine higher probability depres
suriZed events, such as refueling; seeping studies show the GCFR can be 
designed for passive rapid repressurization of t~e prestressed concrete 
reactor vessel (PCRV) to a level where adequate natural circulation RHR is 
provided. Additionally, for a total loss of forced circulation with failure 
to scram, a highly improbable beyond design basis event, exploratory studies 
show the GCFR can be designed to inherently shut itself down to a low power 
level, due solely to negative reactivity feedbacks, before core damage 
results. 

*Hork supported by the Department of Energy, Contract 
DE-AT03-76SF71023. 

1 



INTRODUCTION 

The GCFR demonstration plant is cooled by pressurized helium at 10.5 
MPa. The entire primary coolant system, consisting of the reactor core, 
main loops, and auxiliary coolant loops, is contained within a PCRV, shown 
schematically in Fig. 1. The three independent means of forced circulation 
RHR employed by the GCFR demonstration plant are shown schematically in Fi9. 
2. These systems, the main loop cooling system (MLCS), the shu~down·cooling 
system (SCS), and the core auxiliary cooling system (CACS), are described in 
detail in Ref. 1. They form LOP-1 and LOP-2 to ·prevent core damage as de- . 
scribed in the GCFR Safety Program Plan (Ref~ 2). In addition, the GCFR:has 
inherent safety features (LOP-3) that lir.-tit core ·damage even if active sys
tems in LOP-1 and LOP-2 fail. By providing this function with inherent fea- · 
tures~ free from human intervention, an additional level of protection is 
provided against common cause failure mechanisms. 

Several inherent characteristics of the GCFR that enhance safety have 
been discussed previously·(Ref. 3), in particular: 

1. ·Use of single-phase, nonraqioactive, transparent coolant (helium), 
which has a small reactivity effect and is chemically inert. 

2. All primary·system components are enclosed in a PCRV. This 
precludes the failure of pr.1mary coolant pipes of significant 
size. 

3. Vented fuel. which removes the pressur~ differential across the 
cladding and also significantly reduces the radioactivity in the 
primary coolant circuit. 

Two specific LOP-3 inherent design features that are a direct result of 
an upflow core design, natural circulation RHR to the ultimate atmospheric 
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heat sink and inherent reactor shutdown mechanisms due to negative reactiv
ity feedback, ~re discussed in.this paper~ Detailed transient analysis is· 
pre.sented to show the degree of protection they provide. 

NATURAL CIRCULATION DESIGN 

Natural circulation RHR has been .~dopted as an engineered safety 
feature of the GCFR. This inherent design feature significantly improves 
the accident prevention capability of the GCFR by providing diverse backup 
to the three redundant forced circulation RHR systems described above. How
ever, the GCFR.is designed so that deterministic licensing requirements are 
fully satisfied with the three forced circulation systems. In order to. 
improve system reliability arid diversity and to eliminate potential failure 
mechanisms associated with mechanical systems and operator actions, the GCFR 
design goal is that natural circulation will provide passive short- and· · 
long-term RHR to the ultimate atmospheric heat sink. 

The commitment to meet these design goals for natural circulation as an 
engineered safety feature has impacted the GCFR design in several areas and 
has required the development of design criteria to ensure that adequate 
thermal heads are available under all conditions where natural circulation 
is desired (Ref. 4) • 

. The most apparent GCFR design change is from a downflow to an upflow 
core ·with elevated heat sinks. The core auxiliary heat exchangers (CAHEs) 
and the steam generators have been located above the core. This provides 
the possibility of natural circulation in either main or auxiliarY coolant 
loops or simultaneously in both. Of these possibilities, natural 
circulation in the auxiliary loops has been identified as the preferred mode 
of operation because of the system and valve desig·n simplicity possible 
while achieving the design goal of a totally passive RHR train to the 
ultimate heat sink. )his goal is achieved· by designing gravity-actuated 
primary coolant isolation valves, providing elevation differences between 
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the CAHEs and the auxiliary loop coolers (ALCs), and by adding an air draft 
chimney to the ALC. Several feasible morles of natural circulation operation 
in the GCFR are described below. 

CACS Natural Circulation 

The CACS design incorporates natural circulation capabilities on the 
helium, \'later, and air sides as a backup to normal forced circulation 
capabilities. Core decay heat is transported by the primary coolant helium 
to the pressurized water-cooled CAHE, which is elevated 12.6 m (41.5 ft) 
above the core. Heated water from the CAHE reaches the ALC .located 27.4 m 
(90 ft) above the CAHE by natural circulation in the pressurized water loop. 
The heat from the ALC is ultimately rejected to the atmosphere by natural . 
draft of air through a 23-m (75-ft) chimney. For a total loss of forced. 
circulation capability, the natural circulation capability of the.CACS 
provides cpoling for an indefinite period if the primary coolant is 
pressurized. 

For the auxiliary loop natural circulation concept, the main loop 
isolation valves'are designed to be gravi-ty closing and the auxiliary loop 
isolation valves to be gravity opening. This valve design provides for pas
sive valve actuations leading to natural circulation, integrates natural 
circulation into the hierarchy of the RHR systems, and is consistent with 
the pressure forces acting on the valves in their natural gravity closed 
(main loops) and gravity opened (auxiliary loops) states. During normal op
eration, the pressure head of the main helium circulator keeps ·the main loop 
isolation valves open and the auxiliary loop isolation valves closed. Upon 
l~ss of forced circulation in the main loops, the main circulators ~oast · 
down. When the circulator pressure head reaches·a small value (typically at 
9% circul~tor speed when all circulators are in 6peration), the main loop 
isolation valves are closed and the auxiliary loop isolation valves are 
opened by gravity. Natural circulation using the auxiliary loops follows. 

6 



Main Loop Self-Isolation 

If the main loop valves fail to close during auxiliary loop natural 
circulation, flow bypassing the core is inherently limited to a small amount 
by buoyancy forces in the main loop. This $elf-isolation feature of main 
loops, which is discussed in the analysis section, is a function of relative 
CAHE, steam generator, core, and upper main loop cross duct elevations and 
resistances. Criteria for these elevations have been established to assure 
that the self-isolation feature is maintained in the desiqn. 

SCS Natural Circulation 

While CACS natural circulation is a major design feature of the GCFR, 
the SCS also has the potential for natural circulation capability in both 
primary (helium) loops and secondary (steam) loops. If the main loop isola
tion valves are designed to have an override to open them, it is possible to 
design natural circulation capability in the SCS should CACS natural circu .. 
lation fail •. This provides additional protection against the common mode 
loss of auxiliary loop heat sinks or the cormnon mode failure of the 
auxiliary loop isolation valves to open. 

Repressurjzatjon 

According to the current philosophy, GCFRrefueling and maintenance 
will be conducted under depressurized conditions using slightly subatmo
spheric helium. Reliability studies have shown that system reliability can 
be significantly improved if natural circulation cooling to the ultimate 
heat sink is available during higher probability depressurized events such 
as r.efue 1 i ng. For these depressurized events the GCFR is designed so that 
upon loss of forced circulation the PCRV can be rapidly repressurized to a 
pressure level where adequate primary coolant natural circulation is 
available. This is accomplished by equalizing pressure between the helium 
storage system (one PCRV inventory stored at high pressure) and the PCRV. 

7 



NATURAL CIRCULATION ANALYSIS 

The performance of the GCFR following a complete loss of forced 
circulation was analyzed first for a base case. Sensitivities to the as
sumed base case conditions were then determined by varying individual 
assumptions. 

Base Casg, 

The initiating event of the base case is a total loss of drive power to 
the main circulators. The main circulators immediately begin coasting down, 
followed by a -reactor scram due to a high power·-to.-flow ratio. Under such a 
scenario the SCS P.ony motors would be expected to maintain forced ci rcul a
tion in the main loops. However, it is assumed that, for one reason or 
another, the pony motors are unavailable. In addition, an extremely conser
vative assumption is made that none of the three CACS circulators start. 
Fifty-five seconds after the loss of circulator drive power, core flow de
cays to less than 10%. The low flow then allows the main loop isolation 
valves to shut by gravity while the auxiliary loop isolation valves fall 
open. The temperature profile existing in the auxiliary loop rapidly in
duces natural circulation between the core and the CAHEs. The helium cool
ant flow increases from near 0 to 3.0% of its normal design flow in about 3 
sec. Simultaneously, the increased heat load to the CAHE increases the 
natural circulation in the CACS water loop and in the natural draft chimney. 
These natural circulation flows are found to maintain hot spot fuel cladding 
temperatures below 700°C. (The maximum hot spot cladding temperature at the 
design.point is 750°C; the faulted temperature damage limit for the cladding 
is 1300°C.) The cladding temperature history is illustrated in Fig. 3. The 
maximum temperature reached in the CACS pressurized water loop is 180°C. 
(The saturation temperature of the water loop is 302°C.) 

8 



.. 

1500.---------------------------~--------------------------~ 

1000 
u 
~ 
w 
a: 
:;,· .... 
<( 
a: 
w 
a.. 
::!!!: 
w .... 

500 
BASE CASE (3 CACS LOOPS) 

TRANSFER TO 
CACS NATURAL CIRCULATION 

0 
0 200 . 400 600 800 1000 

TIME (SEC) 

Fig. 3. Hot spot fuel cladding temperature for base case auxiliary loop natural circulation 



Sensitivity Analysis 

It is assumed ·in the above case that all gravity-actuated isolation 
valves are successfully repositioned after 55 sec of main circulator coast
down. The sensitivity to this assumption was evaluated by considering a 
number of variations from the base case including: 

1. Number of loops. Failure of an auxiliary loop isolation valve to 
open was evaluated by considering a transfer to natural convection 
using two auxiliary loops after-55 sec of main_loop coastdown. 
Both maximum fuel cladding temperature, 760°C, and maximum water 
temperature, 215°C, are relatively insensitive to the number of 
auxiliary loops available. 

2. Common mode valve failures.. The effect of a common mode failure 
of the loop isolation valves to correctly operate was analyzed by 
considering two limiting cases: (a) all three auxiliary loop iso
lation valves open early before completion of main circulator 
coastdown, and (b) the main loop isolation valves fail to shut 
after completion of main circulator coastdm'ln. Opening of the 
auxiliary loop valves early (30 sec) .in the main circulator coast
down allows main circulator flow to bypass the core. The resul
tant decrease in core cooling causes a rapid rise in cladding tem
perature. Circulator speed reaches 9% and main loop. isolation 
valves shut earlier than in the base case. Once the main loop 
valves are shut, CACS natural circulation rapidly restores flow to 
the core and halts the rise in fuel cladding temperature, as shown 
in Fig. 4. 

In the case of failure of the main loop isolation valves to close 
after main circulator coastdown~ the auxiliary loop isolation 
valves are, open and natural circulation flow from the auxiliary 
loops enters the core. Some of the flow bypasses the core and 
enters the main loop and the steam generators in the reverse 
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direction. However, the steam generators are located above the 
core midplane, and the helium mass is cooler and heavier than in 
the core; therefore, the bypass flow is small. Core flow is re
duced initially by about 25%. If feedwater flow is maintained and 
the .steam generators are cooled further, the bypass flow continues 
to be reduced. After 1000 sec the main loop flow will reverse 
once more, allowing the steam generators to resume acting as heat 
sinks and to operate in parallel with the CACS. Even without 
feedwater flow, the bypass flow ·is small and eventually stagnates. 
The peak fuel cladding temperatures for multiple auxiliary and 
main loop valve failures are shown in Fig. 4. 

loss of Forced Circulation After Trip 

The assumed sequence of events for this transient is the same as for 
the natural circulation base case except the three CACS loops a~e assumed to 
provide forced circulation for 30 minutes following trip. Then forced cir
culation on the primary and secondary sides of the CACS is lost (credit was 
taken for pump coastdown on both primary and secondary sides}. Oespite the 
reduced driving force (temperature difference) between the hot and cold legs 
in the CACS primary, secondary, and tertiary systems under this condition, 
startup of natural circulation is rapid. As shown in Fig. 5, this case is 
less limiting than the base case. The maximum fuel cladding temperature is 
500°C, the maximum blanket temperature is 520°C, and the maximum water 
temperature is 170°C. 

Repressurization 

- .The rapid repressurization capability of the GCFR, described above, is 
designed to provide natural circulation capability during high-frequency de
pressurized events such a~ refueling. Transient analyses of refueling have 
show11: that for a depressurized PCRV (1 atrri) maximum cladding temperatures 
will.exceed the faulted limit approximately 20 minutes after the loss of 
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forced circulation •. This is ample time to repressurize the PCRV by equa
lizing pressure with the high-pressure helium storage system. Scoping 
studies show that the helium pressure required to cool the core by natural 
circulation during refueling is 10.2 atm. If the helium is stored at 50 
atm, the result~ng equalization pressure is more than double the required 
natural circulation pressure. 

The coolant pressure required for adequate natural circulation RHR to 
meet the faulted temperature limit 'using helium and C02 is shown in Fig. 6 
as a function of time after reactor trip. As can be seen from Fig. 6, pro
vision for natural circulation immediately followin9 a DBDA (i.e., 5 minutes 
after trip) requires pressurizing the containment building to levels higher 
than practical from a containment design standpoint. However, the reliabil
ity and walk-away safety of the GCFR could be improved by designing for 
long-term natural circulation capability 2 ~ays after a DBDA. This could 
potentially be accomplished bypressurizing the containment to its design 
pressure of 4 to 5 atm using either C02 or air. 

REACTIV.ITY FEEDBACK MECHANIS~1S-

To mitigate unprotected accident events in the GCFR, it is possible to 
design the shutdown reactivity control systems with inherent design features. 
such as thermally activated curie magnets or pressure-drop-actuated mechan
isms. In addition to the primary and secondary reator shutdown systems, the 
GCFR has inherent reacti vi ~Y feedback mechanisms that wi 11 1 ower the power 
significantly under failure to scram conditions. 

Reactivity feedback effects in the GCFR include: 

1. Doppler effect. 
2. Coolant density. 
3. Core axial expansion. 
4. Grid plate pressure. 
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5. Grid plate temperature. 
6. Fuel assembly duct bowing. 
7. Control rod axial expansion. 

The Doppler effect is caused by the variation in fission cross section 
with fuel temperature. With the control rods inserted to their expected 
operating positions, the Doppler coefficient is predicted to be -0.0032 
(6p/p) per (6T/T), where p i·s the reactivity and Tis the average tempera
ture (absolute) of the fuel. The average is weighted according to the power 
distribution in the active core. Increased fuel temperature causes a 
decrease in reactivi~y. 

The coolant density effect is caused by the moderating effect of the 
helium on the fast neutrons in the core. This effect decreases reactivity 
as the helium density increases. The feedback coefficient is predicted to 
be -2.51 $/(lb/ft3). With a constant inventory of helium in the system, 
increased coolant temperatures within the.active core decrease the local 
density and increase the reactivity •. 

.. The core axial expansion effect is caused by the changes 1n core 
den~ity and geometry when the fuel and its cladding expand axially due to 
increased temperature. The feedback coefficient for this effect used in 
this_study was -0.86 $/in., based on the minimum expansion of the fuel or 
the cladding. 

· ·The grid plate pressure effect is caused by the 
acr~·$s the grid plate and its supporting structure. 
ence is essentially e.qual to the core pressure drop, 
the:tore slightly with respect to the control rods. 

pressure difference 
This pressure differ
and it tends to lift 
This causes the reac-

tivity to increase slightly as the coolant flow rate decreases. This feed
back: coefficient is predicted to be -0.00025 $/psi in terms of the core 
pres:sure drop. 
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The 9rid plate temperature effect is caused by the radial expansion of 
the grid plate when its temperature is increased. This expansion tends to 
spread the core radially. The changes in grid ptate temperature lag the 
changes in reactor coolant inlet temperature by an appreciable time. The 
effective grid plate temperature is computed by use of a thermal model which 
accounts for the mass of metal surrounding each fuel or blanket assembly 
duct socket, using a heat transfer coefficient related to the mass flow rate 
of coolant. The feedback coefficient is predicted to be -0.00135 S/°F in 
terms of grid plate temperature. 

The fuel, assembly duct bowing effect is caused by the radial tempera
ture gradients across the core. These gradients cause the ducts to bow 
either inward or outward. Duct bowing and the resulting reactivity changes 
were computed in Ref. 5 for various power-to-flow ratios. The radial tem
perature gradients were determined using a one-dimensional thermal
hydraulic model and were assumed to be directly proportional to the power
to-flow ratio. Figure 7 shows the predicted-variation of reactivity due to 
duct bowing that was used in this study. In calculating effective values of 
fuel asssembly duct bowing, a first-order lag function between the duct wall 
and coolant temperature is used. 

The control rod axial expansion effect is caused by the thermal expan
sion of the control rods downward and the thermal expansion of the core 
upward. ·This thermal expansion of control rod into the core provides the 
net negative reactivity insertion. All of the control rods that were par
tially inserted in the core at the initiation of an event are included in. 
the reactivity calculations. The change in rod insertion distance is found 
by adding the expansion of the rod supports due to the change in gas outlet 
temperature, the expansion of the control rod bundle due to changes in the 
gas temperature through the bundle, and the expansion of the cladding in the 
active core and the lower and upper blankets. 
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A detailed design of the control rods i.s not yet available; however, 
for the purpose of this analysis it was assumed that the control rods are 
designed so that the hot gas in the upper plenum makes good thermal contact 
with the control rod actuation shafts. For the analysis presented in this 
paper, a first-order lag function, with a time constant of 30 sec at rated 
flow, was used to calculate the control rod temperature response as a func
tion of the helium core outlet plenum temperature. The heat transfer 
coefficient was assumed to vary with the coolant mass flow rate. 

A schematic of the conceptual model used for calculating the effects of 
control rod expansion relative to core expansion is shown in Fig. 8. This 
type of design is being evaluated. 

LOSS OF FORCED CIRCULATION WITHOUT SCRAM 

The following section is included to demonstrate the potential inherent 
self-induced shutdown (walk-away) capability of the GCFR. The loss of 
forced circulation without scram transient considered below is beyond the 
design basis of the GCFR because neither primary nor secondary control rod 

·insertion is allowed, although a number of reactor trip signals are 
generated during the course of the event. 

This event is very similar to the natural circulation analysis base 
case with the exception that all reactor trip signals generated are ignored. 
During coastdown increasing reactor temperatures induce negative reactivity, 
which reduces reactor power to less than 10% within about 100 sec. After 
some natural circulation oscillations, the .. power remains nearly steady at 
this low level. Auxiliary loop natural circulation results in a core flow 

. of about 4% of normal full power flow. He 1 i um flow rate and reactor power 
for this event are shown in Fig. 9. 

The primary reactivity component feedbacks are shown in Fig. 10 and the 
total reactivity is shown in Fig. 11. The two principal negative feedbacks 
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considered are bowing of the fuel rod assembly ducts due to radial tempera
ture gradients and thermal expansion of the control rods downward with 
respect to the core. The principal positive feedback considered .is the Dop
pler effect due to the lower fuel temperature at the lower power level. The 
core axial expansion and heiium density feedbacks are smaller in magnitude 

·and tend to cancel each other for this transient~ The rema.ining feedbacks 
have a negligible effect. 

Figure 12 shows the maximum fuel clad·temperature. The maximum fuel 
clad temperature of 1200°C is reached about 2 minutes into the transient, 
approximately 40 sec after the onset of natural circulat1on on the CACS. 
The ma~imum blanket clad temperature rises more slowly due to.the relatively 
1 ower fl. ow rate and 1 arger rod size to a maximum of about 1 015°C at about 
500 sec. Both of these temperatures are below the faulted ·cladding damage 
1 i.mi t of 1300°C. 

Due to the potentially large feedbacks possible in ~he GCFR as a result 
of assembly duct.;bowing (function of core t.T or power-to-flo\'/ ratio) and 
control rod axial expansion (function of core outlet temperature), it 
appears possible to design a GCFR with natural convection that ·will shut 
i ts.el f down without serious core damage. The nature of these particular 
feedbacks is particularly important because during normal plant operation in 
the 25% to 100% load range the power-to-flow ratio is relatively constant, 
as is the core outlet temperature, and thus these feedbacks have a minimal 
effect. However, under severe accident conditions where large power-to-flow 
ratios are possible, the effects are negative and fairly fast acting. The 
application of. these reactivity effects to other reactivity insertion events 
is being investigated. 

CONCLUSIONS 

The GCFR has several potential LOP-3 ·design features, which do not 
depend on active components, that inherently limit core damage if active 
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systems fail and provide an additional level of protection against common 
cause failures. Two of these inherent design features are passive natural 
circulation core coqling to the ultimate atmospheric heat sink and inherent 
reactor shutdown mechanisms due to ne~ative reactivity feedbacks for high 
power-to~flow transients. 

For a total loss of forced circulation capability under pressurized 
conditions, natural circulation can safely cool a shutdown GCFR core and 
provide passive and diverse short- and long-term RHR to the ultimate atmo
spheric heat sink. For higher frequency depressurized events, such as re
fueling, the GCFR can be rapidly repressuri.zed passively to provide natural 
circulation RHR. Additionally, for a total loss of forced circulation with
out scram, the GCFR.can be designed to inherently shut itself down to a 
lower power level, due solely to negative reactivity feedbacks, before the 
faulted clad temperature damage liMit is reached. 

REFERENCES 

1. Chi, H., H. Chung, and A. Shenoy, 11 GCFR Residual Heat Removal Capabil
ity, .. in Proceedings of the Second Annual GCFR Program Technical 
Review Meeting. June 4-6. 1980. Rancho Bernardo. California, Helium 
Breeder Associates, 1980. 

2. Kelley, A~, B. Boyack, and A. Torri, ... The .Revised GCFR Safety Program 
Plan, .. in Proceedings of the Second Annual GCFR Program Technical 
Review Meeting, June 4-6, 1980, Rancho Bernardo, California, Helium 
Breeder Associates, 1980. 

3. Buttemer, D., C •. Goetzmann, and J. Larrim'ore, 11 Safety Considerations in 
the Design of Gas-Cooled Fast Breeder Reactors, .. in Proceedings of the 
International Meeting on Fast Reactor Safety and Related Physics, 
October 1976, Chicago. Illinois, .(General Atomic Report GA-A14135). 

4. Medwid, W., L. Parme, and A. Shenoy, 11 Design, Analysis, and Verifica
tion of Natural Circulation in the GCFR, 11 in Proceedings of th~ 

26 

.; 



Specialists Meeting on Decay Heat Removal and Natural Convection in 
FBRs. February 28-29, 1980, Brookhaven National Laboratory, Upton, New 
YQ[k, to be published (General Atomic Report GA-A15814). 

5. 11 Gas-Cooled Fast Breeder Reactor Utility Program, Progress Report for 
the Period April 1, 1979 Through December 31, 1979, 11 General Atomic 
Report GA-A15792, March 1980. 

27 



----I>ENERAL ATOMIC:. ___ _ 

GENERAL ATOMIC COMPANY 
P. 0. BOX 81608 

SAN DIEGO, CALIFORNIA 92138 

• 




