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ABSTRACT

Unlike the light water reactor, the liquid
metal fast breeder reactor (LMFBR) allows the
designer considerable latitude in the selection
of the steam cycle. This latitude in selection
has been exercised by both foreign and domestic
designers, and thus, despite the fact that ever
25 LMFBR's have been built or are under con-
struction, a consensus steam cycle has not yet
evolved.

This paper discusses the LMFBR steam cy-
cles of interest to the LMFBR designer, reviews
which of these cycles have been employed to
date, discusses steam-cycle selection factors,
discusses why a consensus has not evolved, and
finally, concludes that the LMFBR steam-cycle
selection is primarily one of technical philo-
sophy with several options available.

INTRODUCTION

The liquid metal fast breeder reactor (LMFBR)
is considered by many proponents of nuclear
energy to be the only viable new source of energy
that can meet the needs of industrial nations
over the near term (i.e., the next century).
Diminishing fossil fuel supplies, increased
demand for electrical energy, increased environ-
mental concerns, limited uranium reserves, and
increased demands by developing nations all favor
emphasis on continued development of LMFBR techno-
logy. The great virtue of the LMFBR compared to
most other reactor types is that it produces more
nuclear fuel than it consumes.

Nearly all current LMFBR designs have in
common the use of sodium coolant and the
uranium-238/plutonium-239 fuel cycle. Beyond
that, designers still differ as to detailed fuel
composition, pool versus loop design for primary
coolant system, and other detailed features of
LMFBR plant design. Fortunately for the writers
of this paper, these issues can be ignored as
having little or no influence on their present
topic, which is the selection of the LMFBR steam
cycle. Practically any LMFBR design is capable
of operating at high enough temperatures to allow
great flexibility in the choice of steam cycle.

The steam cycle, comprising the steam gener-
ator and turbine-generator, is the essential link
between the thermal energy produced in nuclear
reactors and the electrical power that is fed
into our utility lines. The steam generator is
perceived by aany to be the Achilles heel of the
LMFBR. It is probably the single most important
design challenge that must be resolved before
successful deployment of the breeder reactor for
the commercial generation of electrical power.
The authors are not aware of any plant construc-
ted to date, with the exception of EBR-II, that
has not had problems with its steam generators;
some of these problems have been quite serious.
The Soviet BN-3S0 plant suffered several substan-
tial sodium-water leaks in its steam generators,
requiring a major rework of the system. Recently,
the French plant Phenix suffered a series of
minor leaks that caused partial shutdown for
several months. (No information has been
available from the Soviet BN-600.)

The main problem, of course, is that no
leakage whatsoever can be tolerated in the steam
generator. Leaks can result in serious equipment
damage and a very messy cleanup task. The conse-
quence has often been an extended plant outage.
When a plant does not operate, electricity is not
available for sale. The clock continues to run
on the fixed costs and repairs are expensive.
The bottom line is: Steam generators wist be
designed, built, and operated for long periods
with high reliability before LMFBR's are commer-
cially deployed.

FACTORS THAT INFLUENCE STEAM CYCLE SELECTION

Four basic factors influence the designer
when making a choice of steam cycle. These
factors are cost, efficiency, reliability, and
risk. For purposes of this discussion, cost is
defined as the capital investment in the plant
plus operating costs; efficiency is simply the
net heat rate for the cycle; reliability is the
degree to which trouble-free operation can be
expected over the design life; and risk is ex-
pressed in terms of how far the cycle departs
from proven technology and therefore the degree
of development necessary. Within these factors
are numerous and complex subsets that are far
beyond the scope of this paper.
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Evaluating each of these basic factors
independently is a relatively straightforward
process and will provide a clear ranking between
steaa cycles. The probleai that the designer has
is combining these factors to select the Most
advantageous steam cycle. Many attempts have
been uade to systematize this process. However,
the results have been inconclusive and have
ultimately come down to the highly subjective
area of design philosophy.

The fact that the LMFBR is capable of easily
producing hot-leg sodium temperatures in excess
of 480°C makes possible a wide range of choices
in selecting the steaa cycle. In theory, the
possibility exists to select a cycle anywhere
between saturated and supercritical steaa. If
cycle efficiency were the only concern, our
choice would be siaple. One could specify
24 000 kPa/480°F high-pressure-turbine throttle
conditions with sodium reheat at 6900 kFa to
480°F and achieve a cycle efficieccy equal to or
better than most modern fossil-fired plants. For
practical reasons, one must follow a more realistic
approach. It certainly would not be wise to
jeopardize the success of the LMFBR by pushing
the state of the art of steam-plant components to
achieve maximum cycle efficiency. Therefore we
are faced with considering the saturated and
superheated steam cycles. Furthermore, there are
variations of the superheat cycle to be consid-
ered. There are, in general, four typsw of steam
generating modes which we will consider:

(1) Saturated cycle
(2) Benson cycle
(3) Sulzer cycle
(4) Controlled-recirculation cycle.

Each of these will be discussed in the
of the four factors Mentioned above.

LMFBR STEAM CYCLES

Saturated Cycle (Fig. 1)

The saturated cycle has had the support of
many designers because of lower operating tempera
ture and pressure and because it utilizes techno-
logy developed for the pressurized water reactor
(PWR). The argument is that the turbine-generat<
and aoisture-separator-reheater (HSR) developed
for use with the •* 1000-MWe PWR can be nearly
directly applied to the LMFBR. Likewise tbe
lower primary-sodium-system operating temperatur*
of less than 470°C is a very significant advanta)
with regard to material fatigue, material creep,
and the use of ASME elastic-code rules.

The main disadvantage of the saturated steal
cycle is its low thermal efficiency, which i* a
direct result of its low operating temperature.
A steaa temperature of only 285°C would exist foi
a turbine throttle pressure of 6900 kPa. Operati
pressures above 6900 fcPa would be an extension oi
the PWR turbine technology. A plant net efficiei
of about 32% has been quoted for this cycle.

Benson Cycle (Fig. 2)

The Benson cycle utilizes a once-through
boiler and is characterized by the complete
absence of a steaa separating drum. Feedwater
siaply enters one end of the boiler and super-
heated steaa leaves the other. Water is heated,
evaporated, and superheated as it passes along
the length of a tube. Although this type of
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Fig. 1. Saturated Cycle
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Fig. 2. Benson Cycle

design results in a very compact assembly and the
weight savings are considerable, some complica-
tions result:

(1) Dissolved Minerals and solids tend to
be deposited in the tubes. Water purity is extreme-
ly important.

(2) The tubes lack a waterline in the
ordinary sense of the tern, for the level of the
water varies with the operating procedure. This
factor, combined with the boiler's low storage
capacity, makes control complex and may necessitate
an automatic control system to coordinate reactor
power, sodium flow, and water feed.

(3) Superheated steam temperature varies
rapidly because the evaporation point in the
circuit changes with the load variation.

(4) The tubes are vulnerable to corrosion
and thermal fatigue in the water-steam conversion
zone.

(5) Recovery from a loss-of-feedwater
transient can be slow and complicated. Because
of the low water inventory, the boiler will dry
out quickly and become heated to the sodium
temperature. Introduction of water without first
cooling the boiler could cause excessive thermal
stresses.

(6) Startup and operation of the system is
complex and will most likely will require auto-
matic control, since the response time of the
system is much more rapid than for other steam
cycles of interest.

The attractiveness of the Benson cycle is
its low capital cost and potential for high cycle
efficiency. At turbine throttle conditions of
IS 000 kPa/455°C, net plant efficiency of about
37% has been quoted. This 5% increase in effi-
ciency compared to the saturated cycle can be a
significant factor in the gross income over the
life of a 30-year plant. In a 1000-MWe plant at
5C/kWh and with a 70% plant factor, this would
result in an increase in revenue of $1.3 billion.

However, if a plant utilizing a highly
efficient superheat cycle would have a plant
factor of 60% instead of 70%, that 10% would
represent a $1.3 billion loss in revenue over the
30-year life. Hence, we see that a highly effi-
cient cycle can compensate for a loss of plant
factor.

Opponents of the superheat cycle argue that
few turbines have been designed or operated which
fit the needs of the superheat cycle. While that
may be true, it would appear that the vast expe-
rience gained from fossil plants could be utilized
and that the turbine issue is really minor. The
authors suggest that it is not necessary to have
only one turbine, two could be utilized. The
French decided on this route by specifying two
turbines for Super Phenix.

The use of full-flow condensate polishing is
considered a requirement with the Benson cycle,
since water is evaporated to dryness within the
boiler and impurities would be left behind as
tube deposits. This is especially important
during periods when off-normal chemistry can
occur such as during startup, load changes, or
presence of a condenser leak.



One final coaaent with regard to the Benson
cycle is the extension of the technology. Operat-
ing tenperatures of the LMFBR are already high
enough for use of a supercritical steaa cycle.
The plants are also large enough for efficient
use of superpressure and very-high-pressure
turbines. Extension of the steaa cycle to super-
critical would naturally lead to the use of a
Benson boiler, since there is no phase change,
hence no need for a drua, aoisture separator, or
separate superheater, and steaa-generator two-
phase stability probleas would be nonexistent.

Sulzer Cycle (Fig. 3)

There is a great deal of siaiiarity between
the Benson and Sulzer cycles. In the Sulzer
cycle, separate evaporators and superheaters are
utilized with a aoisture separator between compo-
nents. The evaporator discharges wet steaa (">• 5%
aoisture) to an external separator. This water
is reaoved by blowdown, carrying with it the
concentrated ainerals and solids. The dry (very-
low-aoisture) saturated steaa then passes to the
superheater. With operating pressures in the
range of IS 000 kPa, the reac of the cycle in-
cluding the turbine reaains the saae as for the
Benson cycle. Obviously, because separate super-
heaters and evaporators are required, the capital
cost is increased. More coapc.entfc, aore coaplex
piping, and aore building space are all required.
The control requireaents are coaparable in com-
plexity to those of the Benson cycle.

Controlled-recirculation Cycle (Fig. 4)

The controlled-recirculation cycle has aost
of the advantages of both the saturated and

superheated cycles, but has one l*rje
disadvantage — high capital cost. This cycle
looks just like the saturated cycle except that a
superheater is introduced as the saturated cteaa
leaves the steaa drua. Hot sodiua is first
routed to the superheater before passing on to
the evaporator. The cycle can be easily designed
to operate at any pressure up to about
18 600 kPa. Above 18 600 kPa, separation of
steaa froa the water in the drua becoaes
difficult because the difference in density is
not sufficient to provide for efficient
separation.

Advantages of this cycle are:

(1) Ease of operation. Startup, shutdown,
and load changes are easily accoaplisbed.

(2) Storage of a significant reserve of
water in steaa drua.

(3) Slow response.

(4) Less sensitivity to off-noraal feed-
water cheaistry.

(5) High cycle efficiency.

(6) Allowance for selection of operating
pressure over a large range to aatcb turbine
requireaents.

(7) Hot sodiua entering evaporator is first
teapered in the superheater.

(8) Less sensitivity to transient changes
in feedwater teaperature or flow rate.

numm

Fig. 3. Sulzer Cycle
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Fig. 4. Controllsd-recirculation Cycle or Coabinad Cycle

(9) Secondary sodiua teaperature to IHX is
relatively constant during plant transients.

Disadvantages are:

(1) Reliable recirculation pusjps required.

(2) High capital cost. (Separate evapora-
tors, steaa drua, recirculation puap, and super-
heaters are all required.)

(3) More building space required.

(4) Piping configuration is the aost complex
of all the cycles described.

REHEAT CONDISERATIONS

An additional consideration is the possible
use of direct or sodiua reheat in conjunction
with the above steam cycles. Sodiua reheat is
extreaely attractive because it can result in an
increase in cycle efficiency of 3-5%. In addition,
turbines developed for ase with fossil-fired
power plants could be utilized with few or no
design changes. All Modern turbines used with
fossil-fired plants are designed for at least one
and often two stages of reheat. It is noteworthy
that the first three of the large LMFBR plants
placed in operation in the woild utilized sodiua
reheat. These were the French Phenix, the British
PFR, and the Russian BN-600. However, since
then, not a single plant that the authors are
aware of has been designed with sodiua reheat.
Obviously, the added coaplexity, added capital
cost, and risk associated with sodiua reheat are
no longer considered worth the increased cycle
efficiency.

Not using direct reheat in the steaa cycles
associated with nuclear reactors (both PWR and
LMFSR) has aade it essentially necessary to
utilize aoisture-separator-reheaters (MSR's) in
conjunction with the turbines. The reason for
this is obvious: to allow expansion of the steaa
through each of the turbine stages without
resulting in excessive aoisture at the turbine
discharge. Fifteen percent aoisture is consid-
ered excessive. High aoisture content in the
turbine will cause daaage and loss of efficiency.
MSR's have been shown in the figures for each of
the steaa cycles discussed herein. No atteapt
has been aade to deteraine how aany stages of
separation or reheating are optiaua for each
cycle. Neither has the source of the reheat
steaa been shown. Whether steaa is taken froa
the aain header or extracted froa the turbine
aust be determined by analysis.

EBR-II STEAM CYCLE (Fig. 5)

By far the aost successful LMFBR steaa cycle
has been that of EBR-II. The EBR-II steaa plant
has provided essentially 19 years of trouble-free
service (1). The t£eaa generating equipment has
had 100% availability. The steaa cycle is not
like any described previously herein and shown in
in Figs. 1-4. However, the cycle is aost like
that shown in Fig. 4, the controlled-recircu-
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Fig. 5. EBR-II St«aa Cycle

megawatts of electrical power are generated at
rated reactor power of 62.5 MW.

Operation of the steam plant is very simple.
The control parameters are:

(1) Drum level - aaintained by a single
control valve at the discharge of the feedwater
pump.

(2) Drum or steam pressure - controlled
either by the turbine's initial pressure regula-
tor or by a bypass valve to the condenser.

(3) Steam temperature is allowed to vary
with reactor power.

(A) Feedwater temperature - controlled at
288°C manually with a bypass valve around the
last stage of feedwater heating.

(5) Reactor inlet temperature - controlled
by manual adjustment of secondary sodium flow
rate.

Startup, shutdown, and changes in load are
very smooth and easily accomplished.

The steam drum has sufficient water inven-
tory to accommodate a feedwater-pump failure.
There are two installed feedwater pumps, both
sized for full-power operation. Should the
operating pump fail, the operator has sufficient
time to start the standby pump and switch the
feedwater load. It would be possible to wire the
standby pump for automatic start, but that was
judged undesirable. It was deemed desirable to
allow the operator to assess the overall plant

condition before taking such drastic action as
starting or switching a feedwater pump.

Although the EBR-II steam cycle has been
very successful, its natural-circulation circuit
for the steam drum would not be applicable to
plants of commercial size. The higher power and
pressure associated with these plants will require
the addition of recirculation pumps. However,
the duplex-steam-tube design used in EBR-II is
well worth considering for commercial plants
because of its inherent lower risk of failure.

HISTORY OF FOREIGN AND DOMESTIC IMFBR
STEAM-CYCLE USAGE

Steam cycles selected for both foreign and
domestic LMFBR's suggest little in the way of a
consensus cycle. Table I lists the various LMFBR
reactors that have either been built or have
reached a mature design state. Worldwide, the
Benson cycle has been selected more often than
the controlled-recirculation cycle, and there
appears to be a trend among the more recent
foreign designs toward the Benson cycle. The
successful experience of the French Phenix plant,
with Benson cycle, has undoubtedly influenced
world opinion. However Phenix, after more than
seven years of steaming without a sodium/water
leak, has experienced three such leaks during the
past year. Until sore information is available on
the cause of these leaks, it is unclear what
impact, if any, this will have on future plant
designs.

There is little consensus in the US on
steam-cycle selection; however, there does appear
to be a trend toward giving more weight to reduced



TABLE I. Worldwide Selection of LMFBR Steam Cycle

Cycle Selected

Controlled
Benson Sulzer Recirculation Saturated

Domestic

SRE X

EBR-II

Fermi X

Hallam

CRBR

PLFR X*

LSPB

Foreign

DFR (British)

Phenix (French) X

PFR (British)

Super Phenix

(French) Ĉ

BN-350 (Russian)

BN-600 (Russian) X

KNK (German) X

Monju (Japan) X

X**

X
X

X**

X

X

*Steam cycles for both the Benson and saturated cycle designed.

**Operated in both Sulzer and recirculation mode.

risk and increased reliability over plant
performance.

THE STEAM-CYCLE DILEMMA

Perhaps the most distinguishing character-
istic of the LMFBR steaai cycle is the need to
transfer reactor heat fro* sodiuai to water.
Because sodiuai and water are incompatible fluids,
which produce an exothermic reaction when they
come in contact, great care must be given to
ensuring separation of these fluids. The poten-
tial for sodium-water reaction thus places a high
premium on the integrity of the heat-transfer
boundary. This emphasis on integrity of the
boundary is at the core of the steam-cycle
dileMia.

In general, two achoola of thought exist
regarding steast-cycle selection. The first
school eaphasizes integrity of the heat-transfer
boundary at the expense of cycle efficiency; the
second school eaphasizes full utilization of the
inherent LMFBR cycle efficiency. Because of
these opposed views, US LMFBR designers have
selected a variety of steaa cycles and the
choices have been doainated by the prevailing
design philosophy at the tiae. Over the years

aany quasi-technical factors have influenced the
steaa-cycle selection. The purpose of the first
generation of LMFBR's was to deaonstrate the
LMFBR concept, and thus little eaphasis was
placed on total plant performance. As a result,
the nuclear heat was siaply rejected by whatever
means were available. Later as the purpose
became to deaonstrate the LMFBR plant, incentives
for deaonstrating superior performance over
competing reactor technologies became a goal. A
notable exaaple of this period was the Enrico
Fermi plant which utilized the Benson steaa
cycle, the least costly and most efficient choice
available. The Fermi plant was perceived by the
LMFBR designers as the forerunner in a massive
buildup of LMFBR's expected to be operating by
the turn of the century. Unfortunately, the
Fermi plant experienced problems both of steam-
generator stability and heat-transfer-boundary
integrity. In actual fact, the Fermi problem*
had little to do with the particular steam cycle
selected, but nevertheless tended, by associa-
.tion, to give the Benson cycle a bad name. About
the same time as Fermi, EBR-II was being built.
The purpose of EBR-II was to demonstrate the fuel
cycle wiihin an integrated LMFBR complex. Because
demonstration of the fuel cycle was the primary



purpose of EBR-II and the steam cycle was essen-
tially an add-on, the designers chose a very
conservative steam-generator design with a steam
cycle that would be easy to operate. As a result
of these considerations, a natural-recirculation
cycle with superheat was selected. More than
likely as a result of the conservative approach,
the EBR-II steam cycle has been trouble-free for
19 years.

Following EBR-II and Fermi has been the
Clinch River Breeder Reactor (CRBR). The steam
cycle selected for CRBR, in the early 1970's, was
the controlled-recirculation cycle similar to the
successful EBR-II cycle but operating at soaewhat
higher temperatures. Undoubtedly, this cycle was
selected with an eye to the poor performance of
the Ferai steam generators and the general mood
toward a more conservative design philosophy.

Since the decision on the CRBR steam cycle,
there have been several US design studies for
large 1000-MWe-class LMFBR's. Most notable among
these designs have been the Prototype Large
Breeder Reactor (PLBR) and the current reference
US design, the Large Scale Prototype Breeder
(LSPB). The PLBR design study was sponsored
jointly by EPRI and ERDA. Participants in this
study included all of the US vendors of nuclear
steam supply systems as well as many of the more
prominent architect-engineers. The PLBR study
was expected to cover a period of 50 months, but
about halfway through the study ERDA, because of
policy and funding considerations, discontinued
its support. At this point in the study, the
selection of the steam cycle had been extensively
reviewed and although ai final decision was never
achieved, there was a strong leaning by the EPRI
participants toward the saturated cycle. The
tendency toward the saturated cycle by EPRI was
primarily based upon increased reliability and
reduced risk. It was believed by EPRI that
increased reliability would be achieved by lower
temperatures and that risk would be reduced by
avoidance of steam-generator development problems
and future long-term problems not anticipated by
the designers. EPRI supported these arguments by
citing the current PWR steam-generator experience,
wherein unanticipated design problems and thus
poor reliability have occurred.

The PLBR design study was followed by the
DOE-sponsored Conceptual Design Study (CDS),
which is continuing under the name of the Large
Scale Prototype Breeder (LSPB). The participants
in this study are the same as for the PLBR;
however, technical direction has been by DOE. In
the initial phase of this study, the selection of
the steam cycle arose once again. The candidate
steam cycles were the saturated cycle, the Benson
cycle, and the controlled-recirculation cycle.

About this time the design philosophy began
to change. More than likely two factors affected
this change: the accident at TMI-II and recogni-
tion that breeder commercialization was moving
farther out into the future.

The TMI-II accident occurred in a plant
utilizing the Benson cycle with an inherent
dryoat time much shorter than that of the more
common saturated cycle. Although the steam-
generator dryout time probably had little impact
on the TMI-II accident, it was vividly demon?
strated that having a steai* cycle with an evap-
orator and a large water inventory would provide
a distinct margin for the plant operator during
upset events.

The future commercialization of the breeder
was now expected to occur sometime after the year
2000. Because of this and the DOE component
program to design, manufacture, and test advanced
steam generators, the design philosophy moved
toward more efficient steam cycles. Thus the
choice for the LSPB became one of either the
Benson cycle or the controlled-recirculation
cycle. As in the past, a consensus opinion could
not be reached. The final selection was a compro-
mise termed the "combined cycle." This cycle
features all the components of a controlled-
recirculation cycle, while maintaining the ability
to operate as a Sulzer cycle. The combined cycle
is attractive from the viewpoint of plant control
and increased water inventory, but is unattractive
from the standpoint of additional equipment.

Undoubtedly, the choice of the combined
cycle says more about the American talent for
compromise than it does about the inherent
technical virtues of the various cycles. This
reinforces our point that LMFBR steam-cycle
selection is not necessarily a technical issue,
but one of technical philosophy.

The basic steam-cycle issues of reliability
and ease of operation versus low capital cost and
efficiency still remain to be resolved in the
world LMFBR community.
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