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1. ABSTRACT

Intrinsic to the design of liquid-metal-cooled fast-breeder-reactors
(LMFBR) are a number of physical processes which inherently contribute to the
safe operation and shutdown of the plant. This paper will focus on one of these
processes: that of natural circulation cooling of the plant following a com-
plete loss of all on-site electrical power. The calculations which are pre-
sented demonstrate that Che reactor core is adequately and stably cooled by
natural circulation for a wide range of postulated initial operating conditions
and plant design parameters.

2. INTRODUCTION

There are a number of physical processes and design attributes which con-
tribute to the substantial inherent safety of a liquid-metal-cooled fast-
breeder-reactor (LMFBR). For example, due to its high boiling temperature
(̂  1000 C) and its excellent thermophysical and neutronic properties, the use
of liquid sodium as the primary working fluid permits the radioactive region
of the reactor plant to be operated at quite low pressures (̂  1 MPa). Because
of the greatly increased reliability of structures operating at this pressure
level and the resultant low stresses, the risk of a release of primary coolant
to the environment is quite low.

The large thermal inertia of a sodium-cooled plant, especially a pool
design, results in a dampening of the consequences of upset conditions origi-
nating in either the core or balance-of-plant. This phenomenon permits the
operators, as well as automatic control systems, reasonable amounts of time for
appropriate response to off-normal conditions. The severity of thermal shocks
are also ameliorated by this effect.

The reactor can be designed to take advantage of certain inherent re-
activity feedback mechanisms in order to reduce the probability of initiating
events leading to a situation with some public risk. For example, the next
generation French plant, SUPER-PHENIX, has been designed taking into account
the feedbacks due to Doppler, sodium density, support grid expansion, sub-
assembly flowering, and fuel and control rod system axial expansion, which,
under a loss of flow accident without reactor scram, result in a negative con-
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tribution to reactivity. Thus, taking into account the large mass of sodium
and the slow pump rundown transient achieved by flywheels on the pumps motor-
generator sets, preliminary analyses [1] have demonstrated the following:
assuming that all off-site electrical power is lost, the reactor can not be
scrammed, and no heat is lost from the primary system, sodium boiling will not
be reached in the short term. This result, which is based upon extremely pes-
simistic assumptions, indicates that a minimum of 20 minutes are available for
the plant operators to either shut down the reactor or restore electrical power
to one of the heat removal systems. In actual fact, due to the unrealistic
conditions imposed, substantially more time will be available for corrective
action.

As a further improvement in safety, an inherently actuated poison system
is under advanced development. This system, which is currently undergoing re-
liability testing, involves the principle of holding the poison assembly out of
the core with a magnetic latch. The curie-point of the magnet is chosen so
that when the coolant temperature rises to a prescribed value, the magnetic
flux is insufficient to hold the weight of the assembly, and the poison material
drops into the core. Therefore, this system is capable of inherently shutting
down a reactor (i.e.,, without any operator or control system action) in re-
sponse to any event which causes a significant coolant temperature increase.

Designs of separate shutdown heat removal systems which operate completely
on natural circulation and transport reactor decay heat to a natural—draft air
cooler are also integral parts of modern LMFBR's. Thus, a reactor can be in-
herently shut down and cooled by basic physical processes requiring no external
energy supplies or manual intervention.

The preceding attributes of an LMFBR all come into play without any
operator action required and provide an inherently safe response to potential
accident initiating events. As more operational experience is gained with
these systems, it is the authors opinion that the risk presented to the public
by the operation of an LMFBR will be demonstrated, and hopefully also per-
ceived, to be extremely low relative to alternative electrical energy generating
technologies. The subsequent material in this paper will address the response
of an LMFBR to one specific initiating event; the loss of all off- and on-site
electrical power.

3. THE PROTECTED LOSS OF FORCED FLOW EVENT

3.1 Background

During the normal operation of an LMFBR, fuel and structural temperatures
are controlled within prescribed limits by the forced circulation of liquid
sodium. However, during certain events postulated to occur during the operating
life-time of a reactor plant, power to the primary pumps (which maintain the
forced flow) can be lost. As the forced flow starts to decrease, the plant
protective system will, with extremely high reliability, shut down the plant.
However, due to the generation of radioactive material within the fuel and
structural components of the reactor during power operation, a certain amount
of residual decay heat will be generated, even though the primary fission re-
actions have ceased. Therefore, there must be some continued circulation of
coolant, albeit at a much reduced rate, following this event in order to pre-
vent an undesirable overheating of the reactor.



Prudent engineering design necessitates the inclusion of at least one
back-up system to provide sufficient coolant flow to maintain reactor tem-
peratures within prescribed limits. Particular systems which have been de-
signed included redundant electrical power supplies, "pony-motors" on the
primary pumps which may be powered by diesel generators, auxiliary pumps driven
by storage batteries, completely separate and redundant decay heat removal
systems, or other related concepts, all of which provide some form of emergency
electrical or mechanical energy supplies and ultimate heat sinks. However, in
order to assure continued reactor coolability even in the extremely remote
event of a complete failure of these types of engineered systems, the main and
auxiliary heat transport circuits of the plant are designed in order to promote
natural circulation of the coolant driven by buoyancy. Thus, the natural cir-
culation capability of a plant is an ultimate, "fall-back" heat transport
mechanism of reactor cooling.

This paper will present the results of an extensive analytical and experi-
mental program designed to study the dynamics of natural circulation in the
Experimental Breeder Reactor No. II (EBR-II), a complete LMFBR steam-electric
power plant. A wide range of protected accidents are considered, all of which
involve losses of forced coolant flow. The effects of reactor operating
history, balance-of-plant conditions, sequence of reactor scram and pump trips,
etc., upon peak reactor temperatures are presented. As a result of these
studies, a number of plant design options are described and discussed.

3.2 Description of Reactor and Instrumentation

Since the EBR-II reactor and instrumentation have been extensively re-
ported elsewhere in the literature, e.g., [2, 3, 4], only a very brief descrip-
tion will be presented here. The reactor normally operates at 60.0 Mtft at a
coolant flow rate of 0.516 m3/s and contains a complete nuclear-steam-electric
system. A simplified schematic drawing of the EBR-II primary heat transport
circuits is shown in Fig. 1. From this figure, it is apparent that EBR-II is
of the pool design, with coolant being drawn into the two primary pumps direct-
ly from the primary vessel, separated into high pressure and low pressure zones
for core and blanket cooling purposes, discharged into a common outlet plenum,
piped to a single intermediate heat exchanger (IHX), and finally dumped back
into the primary vessel. Temperature and flow rate sensors are located at
appropriate locations along the flow paths.

In addition to the normal plant sensors, special subassemblies containing
extensive instrumentation are usually located in-core. The particular sub-
assembly used for much of the work reported in this paper was designated XX08
and is fully described in Ref. [5]. A simplified sketch of this probe, which
contains 58 fuel and 3 dummy pins, is shown in Fig. 2 where the essential
arrangement of sensors are indicated. The abbreviations BTC, 4TC, 7TC, TTC,
15TC, and OTC refer. to coolant thermocouple locations at core bottom, 0.4 core
height, 0.7 core height, top of core, 1.5 core height, and outlet. Fuel
centerline thermocouples are also located at the TTC position.

The XX08 flowmeters were calibrated in a special out-of-pile sodium loop
and have an accuracy of about ±1% over almost the entire flow range. The
thermocouples are periodically calibrated in-place by high flow rate, iso-
thermal operation of the reactor and have an estimated accuracy of ±0.5 C.
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Fig. 2. Schematic Drawing of an Instru-
mented, Fueled Subassembly (XX08)

3.3 Analysis of the Base Case Loss of Forced Flow Event

For the purposes of this paper, a base case event will be defined and the
response of EBR-II to this transient will be analyzed. The effect of changing
individual parameters and/or operating procedures upon the maximum in-core
coolant temperatures can then be determined using the base case as a reference
condition. By definition then, the base case event consists of the following
steps: (1), Normal full power operation of the plant for 30 days; (2), Antici-
patory shutdown, followed by 5 days (120 hours) at zero mission power; (3),
Startup and steady operation at 34% power and 34% flow for 24 hours; (4),
Auxiliary pump de-energized just prior to step 5; and (5), Terminate reduced
power and flow run by simultaneously scramming the control rods and tripping
the primary and secondary pumps. The primary pumps are tripped by de-energizing
the 110 volt clutch breaker to the motor-generator set and the shutdown re-
activity in the control rods is taken to be $4.00. This event simulates the
response of EBR—II to a complete loss of primary and secondary forced flow with
a concomitant reactor acram. The thermal, hydraulic, neutronic, and fission
product decay conditions in this case are completely prototypic to the actual
postulated emergency event with the exception of the initial reduced power and
flow levels. The system temperature distribution is essentially identical to
that existing at normal full power operation since the power-to-flow ratio used
in this case is equal to the full power value. ' Therefore, the basic phenomena
occurring during the transition from forceJ flow to natural convective flow in
the base case will be the same as in the full power postulated event, although
the expected peak temperatures reached during the transient will be substan-
tially lower.

The response of EBR-II to the base case transient is summarized in Figs.
3 to 6. The primary and secondary pumps were tripped simultaneously with the
reactor scram and the resulting coastdowns of primary and secondary coolant
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flow are shown in Fig. 3. The primary flow rate through an average driver fuel
subassembly is calculated to decrease to a minimum value of approximately 1.3%
of its rated value, at which time the instantaneous power-to-flow ratio rises
to about 1.7. This increase in power-to-flow ratio causes an increase in
coolant temperature which directly increase the buoyancy of the coolant (re-
duces its density) and thus accelerates the coolant. Thus, the flow rate is
shown to increase steadily, and within about 65 seconds of the start of the
transient, tha instantaneous power-to-flow ratio in the driver drops to 1.0,
and steadily decreases thereafter. The corresponding flow transients in
average reflector and blanket subassemblies is shown in Fig. 4, where similar



behavior is noted. In these subassemblies, however, the recovery of the flow
is somewhat slower, and unity power-to-flow ratios are not reached until about
170 seconds for a blanket and beyond 400 seconds for a reflector.

The thermal response of an average driver to this transient is 1 iStrated
in Fig. 5, where the coolant temperature at core top and subassembly outlet
locations are shown. The rapid initial drop in temperature corresponds to the
initially more rapid decrease in power relative to that of the flow. As the
rate of power decrease slows down and the flow continues to drop, the coolant
temperature increases. This temperature increase continues until sufficient
buoyancy is developed to cause the natural convective flow to increase to re-
move the generated heat. For this base case, the maximum coolant temperature
in an average driver (at core top) reaches 932°F at 52 seconds; the tempera-
ture at the outlet of this subassembly peaks at about 871°F, but delayed by
approximately 60 additional seconds due to transport lags. The top-of-core
temperatures in the average reflector and blanket subassemblies are shown in
Fig. 6, where their slow response is again illustrated. Qualitatively, their
thermal behavior is similar to a driver in that an initial drop in temperature
occurs, followed by an increase to a maximum value and a gradual decrease.
However, the peak temperatures reached are much lower than that in a driver
and occur much later in time. This is primarily due to the significantly
larger heat capacity of these types of subassemblies as compared to a driver.

4. EFFECT OF SYSTEM PARAMETERS UPON IN-CORE TEMPERATURES

In the base case transient analyzed in the preceding section, certain
values of operating parameters were chosen in order to illustrate the response
of EBR-II to a complete loss of primary and secondary forced flow from a re-
duced power and flow operating mode. However, many other operating modes and
parametric and design variables are possible, both in EBR-II and similar
types of plants, and several of the more important ones will be considered next.

4.1 Primary System Operating Parameters

The transient coolant temperatures resulting from a loss of pumping power
event can be influenced by several primary system parameters such as the shut-
down reactivity, the mode of primary pump trip, the sequence of reactor scram
and pump trip, and the pre-transient power level and power-to-flow ratio. As
shown in Fig. 7, the power and flow level at which this event occurs, however,
is quite important. Here, the maximum transient test coolant temperature in-
creases from 9O7°F to 961°F when the reactor power (and flow) is increased
from 30% to 40% of rated.

The relative initial power-to-flow ratio which exists is also an important
parameter. From Fig. 8, the maximum transient test temperature decreases
approximately 15°F for each 0.1 decrease in the power-to-flow ration over the
range shown. The variation in power-to-flow ratio was achieved by fixing the
flow rate at 34% and varying the power level„

Another parameter which can be adjusted by design is the amount of shut-
down reactivity that can be inserted into the core upon scram. An increased
negative reactivity should reduce the maximum temperature experienced. This
is shown in Fig. 9, where a $2 increase in negative reactivity reduces the
maximum in-core transient coolant temperature by about 18°F. The sequence of
reactor scram and primary pump trip also plays an important role in determining
the maximum transient coolant temperatures. If the reactor is scrammed first,
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and the pumps tripped later, the continued forced flow following the reduction
in power will reduce the thermal heads in the primary heat transport system.
This will delay the ultimate establishment of natural convective flow since
higher in-core temperatures are required to provide the necessary buoyancy.
Conversely, if the pumps are initially tripped, and the reactor scrammed later,
the coolant temperature in the core will initially increase, providing an in-
crease in the initial buoyancy, and resulting in lower transient temperatures
during the transition to natural convective flow. These results are summarized
in Fig. 10, where both the first and second temperature peaks are shown as a
function of the delay of the trip of the primary pumps after reactor scram.
From this figure, it appears that the minimum transient temperatures result
when the pumps are tripped first, and the reactor scrammed 2 to 4 seconds later.
For these conditions, neither first or second peak transient temperatures ex-
ceed 495 C.

Finally, the rundown time of the primary pumps must play an important role
in determining the peak core temperatures resulting from a loss of electrical
power. Generally speaking, the longer the pumps remain running (due to pump



and motor-generator inertia), the milder the transient will be. However, for
the case of very rapid pump rundowns, or more properly called pump seizures,
this observation is not entirely correct. If the coolant flow rate drops
quite quickly, the initial power-to-flow ratio is more closely maintained during
the transient than for a prolonged rundown. This has the resultant effect of
maintaining relatively high hot—leg temperatures and thereby improving the
buoyancy required for the establishment of natural circulation. Conversely,
the decay heat is higher when the pumps stop providing flow, so that more
energy must be removed from the fue3 to keep its temperature at a satisfactory
level. The interplay of these two effects result in the transient flow rates
and temperatures shown in Fig. 11; here it is clear that in the case of the
1.0 second pump rundown, the minimum coolant temperature remains about 50 C
above the other case. Thus, the convective flow rate does not drop quite as
low and the peak temperature does not rise quite as far. In Fig. 12, the en-
tire range of pump rundown times are illustrating the difference between the
quite short and much longer rundowns.

4.2 Secondary System Operating Parameters

In the secondary system, the parameters which have the largest influence
upon the maximum in-core coolant temperature in this type of transient are the
timing of the secondary pump trip relative to the reactor scram and primary
pump trip, the asymptotic natural convective flow rate in the secondary system,
and the temperature of the secondary coolant as it enters the IHX. The im-
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portance of the first of these parameters is shown in Fig. 13. The base case
transient assumed that the primary and secondary pumps were simultaneously
tripped; here, a delay in the secondary pump trip is allowed. The results in
Fig. 13 illustrate that the maintenance of secondary flow is an extremely im-
portant factor in reducing the core coolant temperatures. For example, if the
secondary flow is held at its initial value of 34% for 30 seconds, the maximum
core temperature is reduced by about 35 C. The continued strong cooling of the
primary coolant in the IHX by a high secondary flow during the transient pro-
vides sufficient negative buoyancy (which is favorable in the down-flowing pri-
mary sodium in the IHX) to affect the entire primary system convective flow
rate. It should be noted also that for this effect to be maximized, high
secondary flow rates must be continued for times approaching that required to
reach the maximum core temperatures. This implies that a design which provides
short terra emergency power to the secondary pumps can have a significant impact
in reducing the peak core temperatures. The other secondary system parameters
were found to be of relatively less importance.

5. COMPARISON OF PREDICTED TO MEASURED PERFORMANCE

All of the preceding calculations were performed with the NATCON [6]
module of the NATDEMO System Simulation code. This code is a coupled thermal,
hydraulic, and neutronic model of EBR-II which can describe all types of tran-
sient events short of hypothetical core disruptive events. In order to demon-
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strate that the presented calculations are reasonably accurate, the predicted
values of coolant flow rate and temperature resulting from a transient test in
EBR-II is presented here. The particular test described is illustrative of
the core response to a complete loss of primary forced flow from an at-power
condition. The initial operating power and flow values of 28.5% and 32.1%
(corresponding to a core temperature rise of 90 C above the inlet level of
351 C) were maintained for about 3 hours in order to permit the build-up of
sufficient short-lived radio-isotopes to provide a reasonably prototypic decay
heat transient following reactor scram. Immediately prior to the scram, the
power to the primary auxiliary pump was disconnected; continued forced primary
flow could then be provided only by the primary pumps. The transient was
initiated by interrupting the power to the primary pumps; this resulted in an
immediate flow coastdown and a subsequent automatic reactor scram. The
secondary system pump was permitted to remain in operation during this test.

A typical measured in-core coolant flow rate and temperature transient re-
sulting from this event are shown in Fig. 14. Also indicated are the predic-
tions from NATDEMO for an average driver subassembly. Following the loss of
pumping power, the coolant flow rate drops from its initial value of 32.1% to
a minimum of 2.8% in 43 s, then recovers slightly and finally slowly decreases
as the fission-product inventory in the reactor decays. The coolant tempera-
ture at core top in the instrumented subassembly is seen to initially rise
during the period between the loss of flow and reactor scram. The rapid de-
crease follows the scram, and the subsequent rise and decline follows the
relative values of the decaying power and developing natural convective flow.
Similar behavior is seen at the subassembly outlet location, with the exception
of the changes being considerably damped primarily due to the above-core
structural heat capacity. The maximum top-of-core coolant temperature rise
measured during this transient is seen to be 62 C as compared to the initial
temperature rise of 113 C. The maximum transient value predicted by NATDEMO
in an average driver subassembly for this test was 63 C.

6. SUMMARY AND CONCLUSIONS

The response of EBR-II to a complete loss of forced flow from reduced
power operation with concomitant reactor scram has been studied. A base case
transient was defined in which all plant operating parameters were set at
nominal values and a detailed study of the transient coolant flows and tem-
peratures in average driver, reflector, and blanket subassemblies was com-
pleted. This study indicated that the driver temperatures were the limiting
values, and that even these remained well below 1000°F. An extensive sensi-
tivity study of the effect of a large number of parameters upon the maximum
coolant temperatures revealed that the most critical conditions were the
initial reactor power level and its relationship to the initial flow rate, the
method by which the primary pumps are tripped (i.e., the pump rundown time),
and the level of secondary flow during the transient.

The calculations demonstrate that decay heat can be inherently removed
from the core during the short term following a complete loss of pumping power
by natural convection. The long term capabilities have not been discussed here,
but also can be inherently provided through the installation of a natural air-
draft cooler located either on the secondary piping or to an immersion cooler
in the primary system. The latter concept is used in EBR-II.
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