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This article explores the safety capabilities of the 500 MWe Prototype Fast Breeder Re-
actor that is under construction in India, and which is to be the first of several similar
reactors that are proposed to be built over the next few decades, to withstand severe
accidents. Such accidents could potentially breach the reactor containment and disperse
radioactivity to the environment. The potential for such accidents results from the reac-
tor core not being in its most reactive configuration; further, when there is a loss of the
coolant, the reactivity increases rather then decreasing as in the case of water-cooled
reactors. The analysis demonstrates that the official safety assessments are based on
assumptions about the course of accidents that are not justifiable empirically and the
safety features incorporated in the current design are not adequate to deal with the
range of accidents that are possible.

INTRODUCTION

India plans a major expansion of nuclear energy based on fast breeder reactors
(FBR).! The Indian Department of Atomic Energy (DAE) has been committed to
this program for a long time and continues to pursue it even though many other
countries have suspended their fast breeder programs. India is constructing an
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industrial-scale Prototype Fast Breeder Reactor (PFBR), which will be the first
of several breeder reactors in India.

Fast reactor programs in many countries have been suspended due to safety
concerns (e.g., the SNR-300 reactor in Kalkar, Germany). Fast reactors have
the potential for core disruptive accidents, in which large energies can be ex-
plosively generated. This article looks at the energetics of a core disruptive
accident in the PFBR design from what is known in the open literature and
the capabilities of the physical barriers of the design. The study finds that the
PFBR is not designed to protect against a severe Core Disruptive Accident
(CDA), and the DAE makes favorable assumptions that it has not justified.
Even slight variations in their assumptions could have consequences far worse
than acknowledged by the DAE and could overwhelm the PFBR containment.
Additionally, many uncertainties are omitted from the DAE’s published studies.
These omissions are reason to doubt the safety of the Prototype Fast Breeder
Reactor design.

The article begins with an overview of the Indian breeder program and
the characteristics of the PFBR. Features of fast neutron reactors impacting
safety are then highlighted, especially in the scenarios of severe accidents that
involve melting and potential relocation of the fuel. It then discusses energy
releases, and how these releases may affect reactor structures, in particular
the overpressure on the containment. It concludes by assessing elements of the
design of PFBR that compromise safety.

INDIA’S FAST REACTOR PROGRAM AND THE PROTOTYPE FAST
BREEDER REACTOR

The DAE’s three-phase nuclear energy strategy envisions use of both India’s
limited uranium reserves and much larger thorium reserves.? The first stage
involves using uranium fuel in pressurized heavy water reactors, followed by
reprocessing the irradiated spent fuel to extract plutonium. In the second stage
the plutonium is used in the nuclear cores of FBRs. The nuclear cores of the
FBRs could be surrounded by a “blanket” of either (depleted) uranium or tho-
rium to produce more plutonium or uranium-233, respectively. Plans for the
third stage largely focus on breeder reactors using uranium-233 in their cores
and thorium in their blankets.

The only FBR that has been commissioned in India is the Fast Breeder Test
Reactor (FBTR). The FBTR has suffered a series of accidents that prevented it
from operating for long periods.? It took 15 years before the FBTR operated for
more than 50 days at full power.* In the first 20 years of operation it operated
for only 36,000 hours, resulting in an availability factor of approximately 20%.°

Even before the FBTR came on line in 1985, the DAE started making plans
for a larger PFBR. In 1983, the DAE requested financial support from the
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government.® The first expenditures on the PFBR started in 1987—88.7 In 1990,
it was reported that the government had “recently approved the reactor’s pre-
liminary design and has awarded construction permits” and that the reactor
would be on line by 2000.8 But there were lengthy delays and construction of
the reactor finally began in October 2004; the reactor is now expected to be
commissioned in 2010.° The PFBR will be the first of the many breeder reac-
tors that the DAE envisions building. By mid-century, the DAE has projected
that it would install 262,500 megawatts (MW) in oxide and metallic fueled
breeders.!?

The PFBR has a power rating of 1,250 megawatts thermal (MWt) and 500
megawatts electric (MWe). It uses MOX fuel (a mixture of plutonium and ura-
nium oxides) in the core and depleted uranium oxide in the blanket regions. The
core has two enrichment zones, an inner one consisting of 85 fuel assemblies
with a plutonium fraction of 21%, and an outer zone consisting of 96 assemblies
with a plutonium fraction of 28%. The radial blanket consists of 120 assemblies,
surrounded by a steel neutron reflector. There are 12 control and safety rods.

The DAE has set up two organizations to develop and construct breeder
reactors, the Indira Gandhi Centre for Atomic Research (IGCAR) and the con-
struction company, BHAVINI. In addition, the Bhabha Atomic Research Centre
(BARC) has been involved in breeder research. This article uses the umbrella
term “DAE” to refer to all three organizations.!

FAST REACTOR CHARACTERISTICS

The behavior of fast reactors is quite different in some respects from water-
moderated thermal reactors, with implications for safety. The main differences
are their neutron dynamics and properties of the coolant (liquid sodium in the
PFBR). The same initiating events occurring in both thermal and fast reactors
could produce very different outcomes.

A particular concern with fast reactors is that they are susceptible to large
and explosive energy releases and dispersal of radioactivity following a core
meltdown, or a CDA. CDAs have been the distinguishing concern in safety
studies of fast reactors. The potential for a CDA results from the core not being
in its most reactive configuration. If accident conditions cause the fuel bun-
dles to melt and rearrange, reactivity could increase. This typically does not
occur in a thermal reactor because moderation of neutrons is necessary to
sustain a reaction. The core in thermal reactors is usually designed so that
the fuel is in its optimal configuration and reactivity decreases when it is
rearranged.

The progression of a CDA is classified into two phases. The first phase in-
cludes rearrangement of the core with increasing reactivity and increased fis-
sion energy production. This is accompanied by increased internal pressure due
to coolant or fuel vaporization, ultimately leading to the second phase: explosive
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disassembly with rapid expansion of the fuel and subsequent termination of the
chain reaction.

Another potential reason to be concerned about CDAs in fast reactors is that
they could have a positive void coefficient. In such reactors, if the coolant heats
up and becomes less dense, forms bubbles, or is expelled from the core, reactivity
increases. This increase results from a slight moderating effect by the coolant,
which slows the neutrons. The magnitude of the void coefficient is a measure
of the feedback and tends to increase with core size.'? The core design adopted
for the PFBR has a value of $4.3.13 A dollar worth of reactivity is an increase
in reactivity equal to B, the delayed neutron fraction.!* In thermal reactors, by
contrast, faster neutrons typically lead to fewer fissions and thereby reduced
reactivity.!®

In isolation, the positive sodium void coefficient will lead to a self-
reinforcing cycle in which the reactivity increase leads to further heating of the
core. In the absence of control rod action, this will lead to very high fuel tem-
peratures and possibly melting whenever a transient disturbance increases the
coolant temperature. However, there are other feedbacks that tend to have the
opposite effect.

Two negative feedback effects that are prompt are the axial expansion of
the fuel, which tends to increase neutron leakage and reduce reactivity, and
Doppler absorption, resulting in higher neutron capture as the temperature
increases.’® In addition, there are reactivity feedbacks due to the expansion
of the core, its structural supports, and the control rod system. But these take
time and are more difficult to quantify; some might be positive depending on the
configuration. The extents to which these feedback effects stabilize a transient
depend on various design details.

The neutronic behavior of plutonium-based fast reactors has an impact on
safety because of the smaller fraction of delayed neutrons compared to uranium-
based reactors. This implies that for even small increases in reactivity, the re-
actor could become prompt critical, wherein an exponentially growing chain
reaction is maintained by prompt neutrons thereby making reactor stabiliza-
tion through movements of control rods difficult.

Other safety concerns result from the choice of sodium as a coolant. Chosen
mainly for its thermal properties (high boiling point and thermal conductivity,
which make low pressure operation possible) and compatibility with cladding,
its disadvantage is that it reacts violently with air and water.!” These reactions
are exothermic; additional failure modes must be considered in sodium-cooled
reactors. These include the possibility of sodium-water reactions arising from
leaks in the steam generator, sodium leaks from piping and resulting reactions
with air, and sodium ejection from the primary vessel in a severe accident and
the resulting pressurization and corrosion effects on the concrete containment
building. Therefore, in addition to accidents involving large energy releases,
FBRs are also prone to a host of less severe accidents, especially involving
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Table 1: Maximum CDA work enerygy calculations for FBR systems.*
_____________________________________________________________________________________________________________|

Approximate

Year Power maximum CDA CDA/Power

critical (MWih) work energy (MJ) ratio
Fermi 1963 200 2000 10
EBR-II 1964 65 600 9.2
SEFOR 1969 20 100 5
PFR 1974 600 600-1000 1-1.7
FFTF 1980 400 150-350 0.4-0.9
SNR-300 1983 (anticipated) 760 150-370 0.2-0.5
PFBR 2010 1200 100 0.083

*Calculations based in part on data from Alan E. Waltar and Albert B. Reynolds, Fast Breeder
Reactors.

sodium, which have consequences for safety and economics.'® This is not dis-
cussed further in this article.

CDA ENERGY RELEASES

Due to the potential magnitude of energy release, much of the research on safety
in fast neutron breeder reactors has focused on core disassembly accidents. The
first calculation of the energy released by core disassembly was carried out by
H. A. Bethe and J. H. Tait.!® Since then CDA studies have been conducted for
nearly all of the FBRs constructed or proposed in the United States and Western
Europe. Due to the role of Doppler feedback (neglected by Bethe and Tait),2°
improved treatment of fuel vapor effects, and the employment of a mechanistic
mode of accident propagation, the majority of subsequent studies have produced
energy estimates lower than the early Bethe Tait analysis (see Table 1). Despite
the trend, the ratio of energy release to thermal power has not fallen below a
value of 0.2 for any reactor.

The absolute numbers given in Table 1 are not particularly significant.
“Because of the sensitive relationship between CDA energy release calcula-
tions and licensing considerations,” it is argued, “it is difficult to obtain precise
numbers.”?! Other analyses have estimated different values for CDA energy
release. In the case of the Clinch River Breeder Reactor (CRBR), for example,
estimates of the CDA (work) energy release have ranged from 350 MJ to 1200
MJ (implying ratios of 0.36 to 1.23 for work energy to power).?

Clearly the estimated work energy as a fraction of the nominal power for the
PFBR is far lower than other fast reactors. There are no new reasons to expect
a lower ratio in the PFBR than, say, for the SNR-300. Indeed, the sodium void
coefficient is higher in the PFBR.

If one were to use a ratio of 0.2 for CDA energy to power, the lowest
among all ratios, a PFBR CDA could lead to the release of 240 MdJ. Us-
ing a figure of 1, more representative of the more cautious estimates, would
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result in a CDA energy release of 1200 MdJ for the PFBR. The following
sections sketch out a method by which one can estimate the CDA energy
release.

Reactivity Insertion Rate

The energy releases from core collapse are dependent on the reactivity in-
sertion rate. This is the rate at which the fuel rearrangement increases (“in-
serts”) the reactivity of the reactor core. Once the reactivity insertion rate is
specified, there are standard computer codes that calculate the total mechanical
energy release, although even these have underlying uncertainties, especially
in the modeling of the conversion of heat energy into mechanical energy.

During core collapse, an increase in reactivity may be influenced by several
factors. These include rearrangement of fuel into a more compact geometry,
such as when fuel in the upper half collapses to fill any voided coolant space
below; changes in neutronic worth of the fuel due to changed relative positions,
in particular when molten fuel flows to central regions after fuel pin failure; and
by changing reactivity worths of control rods due to fuel collapse. If the reactor
has a positive void coefficient, then the expulsion of coolant from central regions
of the core, often accelerated by molten fuel coolant interaction, also contributes
to reactivity increase.

These factors usually occur in combination, and a complete calculation
of the dynamics of the process involves analysis of the coupled neutronics-
thermal-hydraulics of the neutronically active regions of the core. In prac-
tice, CDA analyses have frequently used different computer codes for different
stages.

More generally, it has been argued that due to the complexity of the reactor
core during an accident and once large parts of the core melt, the detailed
modeling of severe accidents using “mechanistic models” is extremely difficult
and laden with uncertainties.?? Therefore it has been “conventional to take a
second approach and postulate a mechanistic series of events leading to an
initial condition, accompanied by a pessimistic assumption of another event
leading to a large ramp (i.e., reactivity insertion) rate.”?*

The specification of an initial reactivity insertion rate has been a central
feature of accident studies of other fast reactors. A standard figure has been
100 dollars per second ($/s), illustrated by the sample exercise in the manual
for the VENUS II code, a standard computer program used to calculate CDA
energy releases.?’ For the CRBR, estimates have ranged from 100 $/s,% to 200
$/s.27 The latter figure corresponds to reactor compaction of fuel to fill all the
void spaces.?®

A suggested rule of thumb is that a collapse velocity in cm/s is equivalent to
the corresponding insertion rate in $/s. As presented in Appendix 1, a simplified
calculation of the PFBR collapse lasts for 280 microseconds. Even assuming that
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the collapse is terminated earlier, that is, at 100 microseconds, the final fuel
collapse velocity is approximately 1 meter per second, resulting in an insertion
rate of approximately 100 $/s.

There is thus ample reason and precedent to use an insertion rate of 100 $/s
as a benchmark for disassembly calculations, with the caveat that it is not an
upper bound. As shown through a simplified and illustrative calculation for the
PBFR (Appendix 1) that takes into account the reduced leakage arising from
fuel collapse and the decreased reactivity worths of control rods, the resulting
reactivity increase rates could be in excess of 100$/s.

In contrast, the DAE’s study of a CDA in the PFBR uses an inter-
nally developed code called PREDIS.?° Based on PREDIS, the DAE claims
that the reactivity insertion rate cannot exceed 50 $/s. The PFBR contain-
ment design is meant to withstand an energy release of 100 MJ, which
corresponds to an insertion rate of 65 $/s. But these relatively low reactiv-
ity insertion rates, and calculated energy releases, are the result of assum-
ing only limited amounts of core involvement in disassembly. According to
the DAE, at the end of the pre-disassembly phase, the molten fuel fraction
is only 53%.3° Barely half of the core can contribute to the reactivity in-
crease. The collapse of the whole reactor core would lead to much larger
reactivity insertion rates and energy releases. The assumption that there
is a limited amount of core participation is not representative of a severe
accident.

The results of the PREDIS code, and the consequent assumptions about
extent of core participation and reactivity insertion rates, are questionable
because there are several omissions in the DAFE’s pre-disassembly scenario
(discussed in detail in Appendix 2 and Appendix 3). Broadly classified, these
omissions relate to the neglect of fuel failure modes other than melting of fuel,
neglect of safety constraints such as limiting coolant temperatures in the ac-
cident analysis, and ignoring uncertainties in thermophysical properties and
reactivity feedback coefficients, especially that from axial expansion due to
burn-up. These omissions are difficult to understand because the DAE’s own
studies reveal the importance of some of these factors. For example, its studies
of protected transients suggest the possibility of cladding failure, but the DAE
has ignored the potentially destabilizing feedback due to cladding relocation or
fission product induced fuel coolant interactions (FCI).

These omissions render the detailed results of the calculation of accident
propagation in the pre-disassembly stage questionable, and suggest that the
reactivity insertion rate used in the DAE’s disassembly calculation is not rep-
resentative of a severe accident.
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Figure 1: DAE’s calculations of mechanical energy release for different reactivity addition
rates.

Energy Release

Once the reactivity insertion is specified, standard codes, such as VENUS
II, can be used to calculate disassembly dynamics and energy release as a func-
tion of reactivity insertion rate. Developed at the Argonne National Laboratory,
VENUS II is a two-dimensional code that models the coupled neutronics and
hydrodynamics processes in the molten fuel to calculate the space-dependent
time histories of fuel temperatures, core material pressures, and core material
motions during disassembly.?! The VENUS II code only addresses the disas-
sembly phase and does not calculate “what portion of the nuclear energy de-
posited during the excursion can ultimately be converted into work done on the
containment.”?

The DAE also uses the VENUS II code and their analysis of the PFBR is
shown in Figure 1.33 The mechanical energy release in Figure 1 “is calculated
by assuming isentropic expansion of the fuel.”* Using the DAE’s figures for
thermal and mechanical energy releases, the efficiency of conversion is approx-
imately 1%.%° The next section describes why this estimate may be low when
modeling a severe accident.

Using a reactivity insertion rate of 65 $/s, the DAE estimates that the
maximum work energy release in a CDA in the PFBR is only 100 MJ. This is an
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artifact of two assumptions: assumption of a low reactivity insertion, and a low
thermal to work energy conversion efficiency of 1%. For a reactivity insertion
rate of 100 $/s that should be considered a minimum benchmark for safety
analyses, the energy release from a CDA is 650 MJ, if one assumes the same
thermal to work energy conversion efficiency as the DAE.

Energy Conversion Efficiency

As the fuel vapor generated in a core disassembly expands, it transfers
energy to its surroundings. At any given temperature, sodium has a higher va-
por pressure than the vaporized fuel and will transfer energy more efficiently.
Although high work energies of approximately 30% of heat energy are possi-
ble with thermodynamic considerations alone,?® in the short time scales of the
expansion, heat transfer is small and therefore fuel-coolant mixing and hydro-
dynamics must be considered.

There is very limited understanding of heat transfer in accident situations
involving hundreds of kilograms of fuel. All experimental data pertain to com-
paratively smaller systems. At the lower end, tests performed on a few fuel pins
at a time (less than a kg of core melt) at the Transient Reactor Test (TREAT)
facility at Idaho National Engineering Laboratory suggest mechanical energy
releases of a fraction of a percent.?” But, at the higher end, tests at the UK.s
Winfrith facility with core melt amounts of up to 25 kg suggest releases of ap-
proximately 4%.38 In reactor safety calculations in France for the PHENIX and
in the United States for the Fast Flux Test Facility (FFTF), efficiencies of 5-10%
have been used.3’

Assuming just 1% for the conversion of heat into mechanical energy there-
fore seems inadequate for safety evaluations. Higher conversion factors would
imply higher mechanical energy releases and thus higher overpressures and
greater damage.

POTENTIAL REACTOR DAMAGE DUE TO A CDA

The large quantity of energy released during a CDA will result in significant
damage to the reactor. In order to reduce the likelihood of accidents leading to
large environmental radioactivity releases, reactor designs typically rely on a
“defense in depth” approach wherein multiple barriers have to be breached. In
the case of most reactors, including fast reactors, these barriers include the fuel
cladding, the primary vessel, and the outer containment building.

Because of high temperatures and the large amounts of fuel melting, CDAs
result in significant cladding failure. There are other causes for cladding failure
described in Appendix 2. Therefore, the first barrier is not significant in a CDA.

During the explosive disassembly phase of the CDA, the primary vessel or
the containment could be breached in two ways; damage from the high-pressure
shock wave caused by rapid expansion of fuel or coolant vapor, or as a result of
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impact from a “missile” such as a “slug” of coolant that is accelerated upward
by the expanding vapor. The reactor vessel is designed so that the strain in
the vessel head holds down bolts; the radial strain in the vessel also absorbs
significant amounts of work energy.*’ Nevertheless, if the resulting force is
large enough, it could dislodge the top cover of the pressure vessel or rupture
the vessel; according to the DAE,*! this is unlikely in the PFBR up to 1200 MJ
of energy.*?> Even if neither of these events occurs, leaks could develop in the
vessel and sodium could be ejected into the containment.

There are two ways that sodium can be ejected. First, a vertical pathway is
cleared, allowing for unobstructed ejection of sodium into the containment; this
could happen if a component becomes completely dislodged from the vessel. The
Intermediate Heat Exchanger (IHX) is a likely weak link because its structural
integrity has been assured only up to 200 MJ.*3 Second, the ejection could occur
in a radial direction if bolts are strained and seals, if any, at the base of the bolt
are broken, and the sodium escapes through the gap between the bolt and the
vessel. According to the DAE,* a CDA with a 100 MJ energy release results in
plastic elongation of the hold down bolts of components such as rotatable plugs,
control plug, IHX, primary sodium pump, and the decay heat exchanger, by 0.5
to 1 mm.*

A direct vertical flow-path for the sodium could lead to a high-velocity spray
that burns rapidly in the containment air. In contrast, a radial leak through
gaps is likely to lead to formation of a sodium pool, which burns more gradually
(i.e., in minutes).*® In both cases, the sodium burns in the containment atmo-
sphere leading to elevated temperatures and pressure. If these pressures are
large enough, then the outer containment itself could be breached. Conversely,
if the containment must ensure safety, it should be designed to withstand the
pressures generated by the burning of ejected sodium in a CDA.

The PFBR design includes a rectangular, single, non-vented containment
building made of reinforced concrete*” designed to withstand 25 kPa of over-
pressure.*8

Containment Overpressure From Sodium Burning

As discussed previously, a CDA could lead to sodium ejection into the
containment building. The effects of sodium ejection on the containment are
calculated in two steps. First, the effect of the energy released*® (W) in
the CDA on the amount of sodium leaked (@) into the containment is de-
termined by calculating scaling relationships among the important physical
quantities followed by an analysis of the thermodynamic effects of sodium
burning.

The high pressures generated during the vapor expansion create pathways
similar to the ones described previously for sodium leaks to the containment
building. The amount of sodium leaked, @, is a product of the area A of the
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pathway, the velocity V of ejection, and the duration T of the pressure-wave
produced during the CDA. Thus,

Q = V*A'T (1)

The velocity V is related to the pressure P within the reactor vessel via
Bernoulli’s equation. Thus, V varies with pressure as vP.° The area of the
leakage paths A is assumed to vary with pressure as P”. In a spray fire, where
some direct paths are opened and the sodium is ejected in a vertical direction,
A will be, to first approximation, independent of pressure. Thus, the value of y
will be zero. In a pool fire, where the leakage is proportional to the strain on
the bolt, y = 1.

The overpressure P at the upper wall of the reactor vessel is assumed to
depend on CDA energy W as W*. The resulting impulse, definedas I = P x T, is
assumed to be related to the energy as W#. Experimental results for contained
explosions in water suggest values of « = 0.50 and 8 = 0.66.?! Combining these
relationships, the volume of sodium Q that leaks depends on the energy W as
W", where n = a (y — 0.5) + 8. For spray and pool fires, this leads to values of
nof 0.41 and 0.91, respectively.??

Overpressure Generated by Spray Fires

In a spray fire, containment heating occurs rapidly within a few seconds
and heat loss cannot mitigate the rise in pressure. For the range of sodium ex-
pulsion masses considered here, oxygen concentration is not a limiting factor.??
Therefore, it is assumed that containment overpressure increases in proportion
to the amount of sodium sprayed. The latter is proportional to the nth power of
W, the energy released in the accident, with n = 0.41 as calculated previously.
Thus, the ratio of overpressures produced at two different energies in the case
of a spray fire scales as the ratio of the energies to the nth power.

The DAE estimates that the maximum credible energy release in a CDA is
100 MJ. It then calculates that such a CDA leading to sodium leakage into the
containment, which burns in a spray fire, will result in a containment overpres-
sure of 20 kPa.?* This figure is used as the baseline to calculate the overpressure
generated in a spray fire as a function of the energy released in a CDA in the
manner described previously.

Overpressure Generated by Pool Fires

In a pool fire, the sodium burns in a flame sheet above the pool of molten
sodium. Approximately 9.5 MJ of heat is produced for every kilogram of sodium
that burns to produce monoxide.?® The fraction of this heat that goes into heat-
ing the containment volume depends on the temperatures of the pool and the
flame. A pool temperature 7}, of 900 K and a flame temperature 7} of 1230 K¢
are used in this analysis. The burning of sodium is modeled at an assumed
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Containment atmosphere

Mass M, at temperature T,
Containment heat loss
dT/dt = (Hp-How)/(c,*My) How = ha*(T-To)
—_—
Containment heat gain Constants:

Hp = m*DelHX(T¢ T)/(2* Te- Tp -To) T¢=1230K, T, = 900K

DelH = 9.47 MJ/kg of sodium

¢ =719.6 JkgK
Sodium pool and flame M,=1.01x10°kg
(temperatures T, & Ty)

Figure 2: Calculation of containment overpressure in a pool fire.

rate (in kg/s) given by m = kA, where A; is the surface area of the pool and %
depends on the temperature of the pool. Empirical estimates of the coefficient
k lie between 0.005 and 0.015 kg/(m2sec), depending on the temperature of the
pool.?” An average value of 0.01 kg/(m?sec), corresponding to a pool tempera-
ture of 900 K, is used in the calculations.’® In the DAE’s studies of a pool fire,
350 kg of sodium is consumed in approximately 15 minutes to produce an over-
pressure of 9 KPa on the containment.’® From this, the area of the 350 kg pool
is calculated to be approximately 40 m2. On this basis it is possible to calculate
the rate of heat production from the pool fire.

Impact on the Containment Atmosphere

It is assumed that the heat transferred to the containment atmosphere
from the flame instantaneously increases the temperature of the containment
atmosphere by a spatially uniform amount.5° The containment walls are as-
sumed to be instantaneously in temperature equilibrium with the containment
air. The containment walls, in turn, lose heat to the environment by convec-
tion. To model this, it is assumed that heat is lost from the entire surface of the
containment building to an outer environment temperature of 303 K. The heat
transfer coefficient hy for this calculation®! depends on the wall temperature,
with a maximum value of approximately 39.5 kJ/K*s (Figure 2).

Using these values gives us a maximum containment pressure of 9 kPa
when 350 kg of sodium burns as a pool fire, according to the DAE’s estimate. The
DAE multiplies its estimate by 1.3 to account for uncertainties in its computer
models. Our analysis does not use any multiplicative factors.

For larger quantities of sodium, increases in the area of the pool fire are
calculated with the assumption that the thickness is constant if the area of
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Figure 3: Containment overpressure as a function of mechanical work energy from a core
disruptive accident.

the pool is less than 50 m? (the maximum available area on the vessel head for
the sodium to occupy).’? The model described previously is used to calculate
the corresponding temperature and pressure increases.

To determine the overpressure on the reactor containment building (RCB)
in a CDA, two possibilities are considered. First, that half the ejected sodium
burns as a spray fire, while the rest burns as a pool fire. Second, more severe
in terms of containment loading, is that all the sodium burns as a spray fire.
Figure 3 illustrates the possible effects on secondary containment overpressure
for a range of mechanical energy releases. A CDA that releases more than 200
MJ, a value that the DAE itself has considered in some of its studies,®® could
lead to overpressures in excess of the design value. Pressures twice the design
value of 25 kPa can be exceeded if the mechanical energies exceed 900 MdJ.
Further, if the pressure vessel ruptures during a CDA, a much larger amount of
sodium would rapidly enter the secondary containment, leading to even greater
overpressures.5*

There is not enough information available in the public domain regarding
the PFBR’s containment to calculate what might happen when it is subjected to
this level of pressure, in particular whether the containment will maintain its
integrity. Conservative safety studies typically assume that containments that
are stressed much beyond their design pressure limits would fail; an example
is the U.S. Nuclear Regulatory Commission’s Reactor Safety Study.®> However,
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Table 2: Containment design specifications of demonstration fast reactors.”
. ___________________________________________________________________________________________________________|]

Thermal Sodium void Volume Pressure V*P/E
Name power (MWth) coefficient (§) V (m?3) P (kPa) (kNm/MWith)
Phenix 563 — 31000 40 2.20 x 108
PFR 650 2.6 74000 5 0.57 x 10°
CRBRP 975 2.29 170000 170 29.6 x 10°
SNR-300 762 2.9 323000 24 10.2 x 10°
MONJU 714 — 130000 30 5.46 x 10°
PFBR 1250 4.3 87000 25 1.74 x 10°

*Calculations based in part on data from IAEA, “Fast Reactor Database: 2006 Update.”

it has been suggested that the ultimate level of pressure that would initiate
a failure will be much higher, “assuming that good quality control practices
assure that the construction matches the requirements.”®®

There have been questions about quality control in other reactors built
by the DAE, including the quality of the containment buildings. In 1994, the
inner containment dome of one of the units of the Kaiga atomic power station
collapsed during construction due to faulty design.%” This faulty design resulted
from “a major alteration at site of the approved construction design.”®® Another
cause was lack of adequate quality controls: According to DAE officials, “while
inputs such as cement and steel had been tested for quality that was not the case
with the concrete blocks as a whole.”®® These events do not inspire confidence
that the PFBR’s containment’s could withstand high pressures.

Another question to explore is whether the containment has been de-
signed with adequate safety margins. Answering this requires a compari-
son of its design with the containments of other demonstration reactors (see
Table 2). The maximum design overpressure of the PFBR is low compared
to most of these reactors, especially if the size of the reactor as measured
by its thermal power is considered. Further, if the ratio V¥P/E, a measure
of the containment’s capacity to withstand accidents is taken into account,
the PFBR design performs worse than all other reactors except the Proto-
type Fast Reactor.”? The difference appears more acute when considering the
higher positive sodium void coefficient of the PFBR in comparison to other
reactors.

Containments for light water reactors routinely have design pressures
above 200 kPa.”* The design for 700 MW pressurized heavy water reactors that
the DAE is planning to construct includes a containment designed to withstand
up to 156 kPa.” Therefore, it is possible to design containments to withstand
much higher pressures. The DAE could have chosen a containment design that
could withstand higher presures—and given the uncertainties, that would have
been the safer choice.
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DESIGN CHOICES

Despite the general concern about reactors with large and positive reactivity
coefficients, the DAE has also chosen to design the PFBR with a sodium void
coefficient of $4.3.7 This coefficient could be reduced by designing heteroge-
neous or modular cores, which enhance leakage of neutrons. The strength of
the sodium void coefficient could affect both the extent and rate of accident
propagation, and by reducing it one could reduce the likelihood of large parts
of the core participating in a CDA. Despite trade-offs, such as higher tempera-
ture gradients in the coolant and larger fissile material needs, a heterogeneous
core was chosen for the CRBR,” and was considered for the Russian BN-1600
reactor.”®

The DAE has defended its choice of a core with a large sodium void coef-
ficient based on two arguments. First, and more ironically, it argues that the
emphasis on not having a positive sodium void coefficient is mistaken because
a “partial and selective voiding of the core with an overall negative sodium
void reactivity effect can still lead to dangerous situations.””® This is puzzling
because a similar situation in a core with an overall positive sodium void co-
efficient is more dangerous. A related (also puzzling) argument is that the re-
activity addition due to sodium voiding is small compared to reactivity due to
fuel rearrangement. This misses the importance of the sodium void coefficient
in the early stages of a CDA, with larger void coefficient making the CDA more
likely.””

The second argument has been that despite the positive sodium void coef-
ficient, the PFBR is safe because the energy released during the most severe
accident can be contained. But as demonstrated the PFBR’s containment may
not maintain its integrity during a severe accident.

Finally, the DAE has argued that since the effect on safety is minimal, im-
posing the economic cost of a higher fissile material inventory is not justified.”®
But the DAE does not seem to have carried out a comparative study of the
energy releases in a CDA in homogeneous and heterogeneous cores, with the
latter having a negative or smaller sodium void coefficient. Therefore, regard-
less of value judgments about how much one should invest in safety, there is
no basis to the claim that the effect on safety is minimal.

CONCLUSIONS

It has been long understood that fast reactors have unique problems posed
by core rearrangements. These safety concerns became more prominent after
the Chernobyl accident, when a positive coolant void coefficient contributed to
the meltdown.”™ Although on the one hand arguing that these safety concerns
have been considered in the PFBR design, the DAE has also argued that safety
concerns are completely misplaced in the first place. Thus, a DAE official argued
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that the fast reactor community “ought to assert themselves and destroy the
sodium void phobia ... the necessity of a dome on the top of the reactor vessel
and the core catchers needs to be challenged ... after all, if the reactor can be
designed to be inherently safe or if the probability of failure of the shutdown
function can be brought down to le-8 per demand, why invest more funds for
safety features.”® This conviction that the reactor is inherently safe comes in
the way of reliable safety studies and is manifested partly through assumptions
that cannot really be considered “reasonably worst case.”

At the same time, there is concern about the possibility of a CDA at breeder
reactors, necessitating the incorporation of at least some safety features. The
DAE has tried to resolve this contradiction between general perception and its
own convictions by adding minimal and inadequate safety features. Although
the PFBR design does include a core catcher and secondary containment build-
ing, the containment has a low design pressure, and the core catcher is designed
to retain debris during a meltdown of only 7 of the 181 subassemblies in the
core.8!

The DAE has maintained that “the capital cost of FBRs will remain the most
important hurdle” to rapid deployment of breeder reactors.®? Even with the cur-
rent PFBR design, the electricity that it produces will be more expensive than
electricity from other reactors.3? The economic imperative, therefore, might ar-
gue for designs that are less safe. For example, the DAE’s choice of containment
design is directly linked to cost reduction efforts made in the 1990s.8¢ The DAE
has also emphasized that “minimizing capital cost” was one of the design objec-
tives for the PFBR as it “would be the head of a series of at least a few reactors.”®

In addition to the problems with the design, safety also depends on orga-
nizational practices and here the DAE’s record is poor. Poor quality control
practices during construction have already been identified. Other problems
that have surfaced in the past at DAE facilities include inoperative safety sys-
tems, neglect of necessary maintenance activities, and other precautions, and
repeated occurrences of accident initiators despite efforts to control these. All
of this is compounded by the lack of independence of the regulatory agency, the
Atomic Energy Regulatory Board, and the DAE’s ability to ignore its recom-
mendations.5¢

The PFBR is the first reactor of its kind in India, and as the name “Proto-
type” indicates, it is to be the basis for future reactors. The DAE has forecast
that it would build 262.5 GW of fast breeder reactors by 2052.87 Shortcomings of
the PFBR’s design create serious concerns regarding the safety of these breeder
reactors.

The current study suggests several ways of making the reactor safer or re-
ducing the potential impact of severe accidents. First, the design pressure of
the containment should be much higher with an associated increase in con-
tainment size. Values for both should be selected on the basis of complete
and comprehensive severe accident studies that use “reasonably worst case”
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assumptions; for example, a reactivity insertion of 100 $/s and a thermal to work
energy conversion efficiency of at least 5%. These would reduce the chances of
a massive radioactive release in the event of a severe reactor accident. A more
basic change is to construct reactors that have a much smaller or negative
sodium void coefficient. Despite economic consequences, this would be much
safer. Similarly, although it would imply greater fueling costs, safety would be
enhanced if the burn-up of the fuel was reduced. Given the potentially catas-
trophic impacts of a severe reactor accident at the PFBR, which would be espe-
cially destructive in a densely populated country like India, it is imperative that
the DAE discontinue construction of breeder reactors without adequate safety
margins.
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APPENDIX 1: REACTIVITY INSERTION RATE FROM A SIMPLE MODEL

When the core collapses, reactivity is affected by the change in neutron leakage,
the changing reactivity worth distribution of the fuel, and any simultaneous
coolant voiding that occurs. If the fuel is assumed to collapse axially to fill the
void spaces beneath, a rough estimate of reactivity insertion can be calculated
by considering only the leakage. The simple model that follows describes how
this might be approximately calculated. The neutron multiplication factor of a
cylindrical core with height H and radius R, taking into account leakage effects,
is given by the standard formula:88

koo
ez ([e] 4 57)

where L is the diffusion length (which, following Wirtz,® is assumed to be 20 cm
for the initial core) and £_is the neutron multiplication of an infinite reactor.
The term in the denominator represents the leakage from a cylindrical core.
The initial height of the core is 100 cm and the equivalent diameter of the core
is 197 cm.?® The coolant fraction is 0.41 and so it is assumed that the core
collapses to 60% of its original height while maintaining the same radius. The
change in core density affects the diffusion length, which varies inversely with
the atom density.%!

In the simplified model, only the height of the core varies, and so L is pro-
portional to the height. The initial reactivity of the core is taken from the DAE’s
calculation showing that as the coolant starts boiling at the end of the predis-
assembly phase the reactivity of the PFBR core is $.96. Assuming further that
the composition of the core does not change significantly during the collapse
so that the infinite neutron multiplication £, is unchanged, and assuming col-
lapse driven by gravitation, the new reactivity after collapse and from this the
reactivity insertion rate, can be calculated. The inserted reactivity is 0.094;

(A1-1)
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with a delayed neutron fraction of 0.0034, this is equal to $27.6. The collapse
occurs in 0.28 seconds and therefore the insertion rate is 97 $/s (these estimates
are approximated).

To this, the effect of changing control rod worth must be added. During
normal operation, each of the control rods is inserted to a worth of approx-
imately 250 pecm, or approximately $75. The 12 control rods therefore have
a combined worth of $9 when the reactor is operating at steady state. Be-
cause the collapse length of 40 cm is larger than the 25 ecm for which the
control rods are inserted, the reactivity insertion from the changing rela-
tive position of the control rods and the core is $9. The insertion rate is ap-
proximately 32 $/s. In addition, there is reactivity insertion from displace-
ment of coolant. Even though this simple calculation cannot be taken to be
a definitive estimate of the reactivity insertion rate, it does illustrate that
with whole-core collapse, reactivity insertion at a rate higher than 100 $/s is
possible.

APPENDIX 2: WEAKNESSES IN THE DAE’S CALCULATION OF THE
PRE-DISASSEMBLY PHASE

There are problems with the DAE’s analysis of accidents, which might affect
its conclusions about how much of a core will participate in a CDA. There are
at least three ways through which larger fractions of the core could partici-
pate in a CDA. The first is if fuel assemblies that are assumed to stay intact
actually fail and add reactivity. The second is if assumed reactivity feedback
effects are wrong. Third, differences in thermophysical parameters could al-
ter the onset of fuel melting. Increased core participation would typically im-
ply a higher reactivity insertion rate and a greater energy release during a
CDA.

Fuel and Cladding Failure

In the DAE’s CDA study, fuel failure occurs exclusively due to melting of
the fuel. It ignores the possibility of cladding failure at high temperatures,
even before the fuel melts. This is inadequate because fuel pins in FBRs are
subjected to a hostile environment, which includes high temperatures, high
neutron fluences, molten sodium, and fission products.?? Two of the mecha-
nisms that cause rapid fuel failure are corrosive thinning of cladding and creep
rupture.”®

The possibility of failure depends on both the burn-up and the rate of the
transient. Increased burn-up increases the energy stored in fission products,
decreases the fuel cladding gap, and increases the likelihood of corrosion by
fission products.?* Therefore the temperature at which fuel pins fail reduces
rapidly with burn-up.
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As a way of lowering the cost of electricity from the PFBR, the DAE has
emphasized reducing the fuel requirements by increasing the average burn-up
of the core.” Over the years, the DAE has highlighted the high burn-up to
which fuel has been exposed in the FBTR.?® The DAE claims that “initial peak
fuel burnup” for the PFBR will be “limited to 100 GWd/t” but that in the long
run the targeted burnup is 200 GWd/t.9

For a loss of flow (LOF) scenario, the cladding temperatures at which fuel
pins fail are estimated to come down from over 1,200°C at a burn-up of 10
GWd/t to less than 900°C for a burn-up of approximately 70 GWd/t.?8 Thus, one
would expect failure temperatures well below 900°C at the PFBR’s design burn-
up. In comparison, safety studies of the FFTF suggest a maximum cladding
temperature of approximately 870°C.%?

These temperature limits are exceeded even in the DAE’s studies of pro-
tected loss of flow accidents where the reactor shutdown systems are assumed
to work.1%? In the DAE’s simulation of protected loss of flow with a flow-halving
time of 2 seconds, the maximum cladding temperature goes up to 1,284°C within
6 seconds, with an apparently high rate of increase. It is therefore likely that
the cladding temperature would exceed safe limits described earlier and there
would be significant fuel pin failure—a factor not included in the DAE’s safety
studies.

Cladding failure has two effects. First, gaseous and volatile fission products
could be ejected into the coolant and contribute to local boiling; this effect also
increases with burn-up.'°! In turn, this could result in an increase in reactiv-
ity. Second, because the cladding contributes to reducing the neutron energy,
its removal from the core would have a similar effect as the loss of coolant.
Simulations of a 700 MWt lead-bismuth cooled reactor suggested a reactivity
insertion of approximately 0.03 occurs when all the cladding is removed, and
this is close to the reactivity insertion from coolant removal calculated in the
same study.!? Therefore, neglect of these cladding failure modes implies that
various reactivity insertions and potentially destabilizing feedbacks have been
ignored.

Burn-up Effects on Reactivity Feedback Coefficients

Although the projected or targeted burn-up for the fuel to be used in the
PFBR has increased over the years, the DAE has not taken these increases
into account in its safety assessments in general, and its estimates of reactivity
coefficients in particular. The burn-up affects reactivity coefficients in several
ways, including through the build-up of fission products, the changing position
of the control rods, the changing volumes of fuel and structural materials, and
the feedback due to axial expansion of the fuel. The last factor is because the
rapid expansion of fuel in response to temperature increases requires a gap
between the fuel and cladding.
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Transient tests at the French CABRI facility of fuel irradiated in the
PHENIX reactor showed that fresh fuel and fuel with open gaps showed the
highest axial expansion.!®® In the JOYO reactor operated in Japan, the mea-
sured power coefficient decreased with burn-up; in going from an average bur-
nup of 22 GWd/tU to 35 GWd/tU, the absolute value of the coefficient at the
beginning of the cycle reduces by approximately 45%.1% The explanation cen-
tered on a decrease in fuel expansion due to thermal restructuring of the fuel
at high burn-up.

These uncertainties have led some analyses to even omit axial expansion
altogether from consideration in transient analysis.'% Because it is comparable
in magnitude to the Doppler coefficient for the PFBR, a reduced fuel axial
expansion coefficient could make fast transients more severe. The DAE assumes
that axial expansion operates in the initial stages of an accident before fuel
melting occurs.

Burn-up Effects on Thermophysical Properties

Both the thermal conductivity and melting point of fuel decrease with burn-
up. Thermal conductivity is also affected by the porosity of the fuel, its stoi-
chiometry, temperature, and some correlations from data are described in the
literature.'%6 These correlations can be used to calculate the thermal conduc-
tivity, which, at a porosity of 10% and average fuel temperature of 1290°C, work
out to be is 1.9, 1.60, and 1.45 W/m/C at burn-up of 0, 5, and 10 atomic per-
cent.!%” The last value corresponds to a burn-up of approximately 88 GWd/t,
smaller than the initial target burn-up.!°® Rather than using a smaller value
of thermal conductivity depending on the burn-up, the DAE uses a constant
value of 2 W/m/C.1% Its own measurements do not either cover temperatures
above 1,200°C or consider the effects of burn-up.!'® As for the effect of burn-
up on melting point of MOX fuel, a decrease of 5°C/at percent is suggested.!!!
Therefore, high burn-up could result in both higher fuel temperatures and lower
temperature margins that are available before the fuel melts.

APPENDIX 3: POTENTIAL FOR CDA INITIATION

As suggested earlier, one reason for the problems with the DAE’s analysis might
be its confidence that a CDA would never occur. Such confidence may have been
buttressed by its finding that in case there is a transient, the reactor shutdown
logic requirements are met before the coolant temperature rises by 100°C.112
The DAE takes this to be evidence that safety has been ensured. However, this
analysis is problematic.

Although the DAE’s analysis does indicate that the reactivity starts com-
ing down, the problem is that the spatially maximum coolant temperature
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continues to rise even after the reactor is shutdown. For the case of the flow
halving time being 10 seconds,!'? the maximum coolant temperature reaches
900°C in less than a minute, the period for which results are presented, and
all evidence at this time (rising cladding temperature, high core power at 50%
of nominal, rising power to flow ratio) suggests that the coolant temperature
would rise further.'' For the more drastic case of a flow halving time of 2
seconds, the maximum coolant temperature reaches over 900°C in less than 6
seconds. Once again, all indicators suggest that the temperature will continue
to increase. Therefore, even though the control rod logic acts to shut down the
reactor, it cannot shut down the reactor fast enough to maintain the coolant
temperature at safe levels.!®

This is where a positive void coefficient might be disruptive and prevent the
reactivity from falling quickly enough. If boiling were to occur, void formation
and associated reactivity increases would render the DAE analysis incomplete.
The DAE analysis acknowledges that boiling occurs in the oxide core for even
a much larger flow halving time constant of 100 seconds, but stops short of
assessing its effects.116



