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ABSTRACT

.4 bayonet4ube, split-bundle-design, sodium-heated
steam generator is being developed for a 1000-Mwe
LMFBTi power plant. It can operate as a once-through
unit at full loads and as a recirculating unit at partial
loads. For 950 F outlet steam temperature, presently
available materials can be used to fabricate a competitively
priced unit for near-term plants. Advantages are shown in
ease of fabrication, maintenance, and operation.
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A 1000 Mwe LMFBR STEAM GENERATOR

INTRODUCTION
Economic success of the Liquid Metal Fast Breeder

Reactor (LMFBR) demands the development of com-
ponents of demonstrated reliability and performance
with costs competitive with those of operating nuclear
power systems. The component in the LMFBR which
requires the greatest development is the steam genera-
tor. Combustion Engineering has undertaken a program
to develop the technology required to furnish the
LMFBR industry with reliable sodium-heated steam
generators for 1000-Mwe central station power plants
for 1980 offering.

The bayonet-tube, split-bundle, steam-generator
concept was developed as part of the AEC LMFBR
program under contract AT(30-l)-4004. This paper will
describe the design and review the operating mode,
construction materials, key features, maintenance, and
the R&D requirements.
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CONCEPT DESCRIPTION
The split-bundle, bayonet-tube steam generator is

illustrated in Fig. 1. The steam generator will operate
as a once-through unit at full loads and as a recirculating
unit at part loads. A schematic flow arrangement for
single evaporator and superheater tubes is illustrated
by Fig. 2.

Feedwater enters the steam generator, passes into a
rectangular-shaped torus feedwater ring, and flows
downward through the double-walled evaporator
bayonet tubes to the base of the heat transfer tubes,
where it flows upward through the annulus, receiving
heat from the sodium. Under full-load operating con-
ditions, the feedwater is preheated and evaporated to
saturated vapor, and passes through the tubesheet.
The saturated steam txits the unit, passes through a
separator and returns to the superheater section of the
unit.

Entering the superheater, the saturated vapor passes
through the tubesheet, and is superheated as it flows
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Fig. 1: Bayoswt-tvbo, split-bundle., sodium-heated steam
generator
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Fig. 2: Internal flow schematic



downward through the annulus between the superheater
bayonet tube and superheater heat transfer tube. The
steam reaches final temperature at the base of this tube,
flows upward through the double-walled superheater
bayonet tube into the dome-shaped superheater outlet
plenum, and leaves the unit.

The high-pressure tubesheet and the entire high-
pressure head operate as a near isothermal structure at
saturated steam temperatures under full-load operating
conditions. This is accomplished, while generating
superheated steam, by the flow arrangement of the split-
bundle, bayonet tubes. The feedwater torus and the
superheater steam outlet dome are double walled to
minimize heat transfer between these items and the
saturated steam which surrounds them. The bayonet-
tube portion of the evaporator and superheater tube
assembh'es is also made up of double-wall tubes for
insulating purposes; the evaporator to prevent downhill
boiling and the superheater to prevent loss of superheat
steam temperature. Insulation is accomplished by the
stagnant space between these thin-walled tubes.

Sodium enters the steam generator at the bottom
center of the unit, and flows upward around the super-
heater tube bundle. As the sodium flow approaches the
top of the unit, it is reversed and flows downward
through the annular evaporators tube bundle. The
sodium exits the unit through radial nozzles at the base
of the evaporator tube bundle.

A flow distributor and thermal baffle extends from
the sodium inlet nozzle and seals to the polygon-shaped
flow baffle which separates the superheat and evaporator
tube bundles. The polygonal flow baffle is utih'zed to
minimize sodium by-pass flow, thus limiting the
possibility of sodium recirculation and stratification as
it is cooled during upward flow in the superheat section.
A circular thermal liner is utilized between the evapora-
tor tube bundle and the vessel wall.

The superheater and evaporator tube bundles utilize
triangular tube pitches and each is free to expand therm-
ally in the axial direction. The tubes are supported
radially via crevice-free, egg-crate tube supports
illustrated in Fig. 3. These egg crates are attached to
the polygonal flow baffle with the entire assembly being
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Fig. 3: Tube grid supports

suspended from the tubesheet via hanger rode so that
this structure expands axially at approximately the
same rate as the heat transfer tubes, thus minimizing
the relative movement between these items.

DESIGN
The split-bundle, bayonet-tube steam generator has

been conceptually designed for 1000 Mwe in the 1980
time frame for LMFBR plant applications. The unit is,
however, very applicable to near-term plants because
of its great flexibility relative to recirculating or one-
through operations. The unit siz:ng for the 1000-Mwe
plants is based on a three-loop system, generating
1000 F steam at 2450 psia. Table I summarizes the per-
tinent conceptual design parameters for one unit.

TABLE I

SUMMARY OF CONCEPTUAL DESIGN PARAMET IS

Thermal rating = 820 Mwt
Sodium flow rate = 2S.4 x 10« Ib/hr
Sodium inlet temperature = 1050 F
Sodium outlet temperature = 700 F
Steam flow rate = 2.85 x 10« Ib/hr
Steam outlet temperature - 1000 F
Steam outlet pressure = 2450 psia
Feedwater flow rate = 2.85 x 104 Ib/hr
Feedwater temperature = 490 F
Feedwater pressure = 2640 psia
Superheater heat transfer

tube = 1.125-in. O.D. xO.835-in. I.D.
Superheater heat transfer

rate = 1.1 x 10» Btu/hr
Superheater overall coefficient = 515 Btu/hr ft2 F
Superheater temperature

difference = 146
Superheater heat transfer

area = 15,000 ftJ

Superheater heated length.... = 30ft
Economizer-evaporator heat

transfer tube = 1.125-in. O.D. x 0.939-in. I.D.
cilm boiling heat transfer rate. = 4.9 x 10* Btu/hr
Film boiling overall coefficient. = 835 Btu/hr ft* F
Film boiling temperature

difference. = 207
Film boiling heat transfer area = 2950 ft3

Film boiling heatod length.... = 7.5 ft
Nucleate boiling heat transfer

rate = 4.8x 10' Btu/hr
Nucleate boiling overall

coefficient = 875 Btu/hr ft» F
Nucleate boiling temperature

difference = 123
Nucleate boiling heat transfer

area = 4660fts

Nucleate boiling heated length = 11.5 ft
Economizer heat transfer rate. = 7.6 x 10" Btu/hr
Economizer overall coefficient = 725 Btu/hr ft3 F
Economizer temperature

difference «= 161
Economizer heat transfer area = 6,520 ft3

Economizer heated length = 16 ft
Economizer-evaporator bundle = 67-in. dfa.
Superheater bundle = 106-in. O.D. x 78-ln. I.D.
Sodium pressure loss = 11.6 psi



The sodium side film coefficient was determined using
applicable liquid metal heat transfer coefficient cor-
relations as presented in Chapter 5,1970 Edition of the
Liquid Metals Handbook by 0 . E. Dwyer. The water/
steam side heat transfer coefficients were determined
via classical correlations utilizing C-E fossil fuel data
for departure from nucleate boiling and film boiling.

Structures were preliminarily sized in accordance with
ASME Boiler and Pressure Vessel Code, Section III,
Class A. However, those regions which operate above
the material temperature range as allowed by Section
III were sized in accordance with Section VIII allow-
able stresses. Reliable creep-rupture test data were
utilized for sizing non-code superheater tubes.a)

MATERIALS
The steam generator concept provides the unique

design feature that only the superheater pressure tubing
and the sodium inlet region of the shell operate at high
temperature where creep properties absolutely govern
design stress. The lower pressure shell, tubesheet, and
high-pressure head all operate below the material creep
range. The sodium shell is of standard 2J£ Cr, 1 Mo
ferritic steel with weld overlay clad of a higher alloy
ferritie composition to prevent carbon transfer. The
tubesheet and the high-pressure steam head are of 9 to
12% Cr ferritic steel. All stress values for these steels
are significantly higher than those for 2*4 Cr, 1 Mo,
thus substantially reducing section thicknesses and
improving temperature distributions.

Austenitic stainless steel or austenitic Fe, Ni, Cr have
been proposed by others for superheater tubing. The
austenitic grades have extensive use as fossil fuel plant
superheater/reheater tubing in the finalizing stage
where the entering steam is highly superheated. How-
ever, with this concept, the steam enters the super-
heater at or near saturation temperature, thereby in-
creasing the hazard of caustic or chloride stress cor-
rosion cracking unless feedwater purity is under
absolute control at all times. For this reason, C-E
prefers a creep resisting ferritic steel for superheater
tubing. Candidate alloys with a chronium content of
9 to 12 percent are advantageous for the following
reasons :(2) '•"

(1) Superior resistance to superheated steam cor-
rosion and scale exfoliation as compared to
grades with low chromium content.

(2) High chromium content provides resistance to
carbon mass transfer compared to lower chro-
mium unstabilized grades.

(3) A higher resistance than lower chromium grades
to "on-load" corrosion, hydrogen damage, and
aqueous corrosion during shutdown.

A number of proprietary and standard grades of 9 to
12 percent Cr have been used successfully ia steam
power plants for critical components such as turbine
blades, turbine rotors, high-temperature bolting, and
valve parts for many years.(2) (3) Also, several grades
have been widely used abroad as superheater/reheater
tubing and as superheated steam piping. Extensive
long-term creep test results of these latter 9 to 12
percent Cr grades, plus extensive operating experi-
ence, would appear to justify a high allowable stress
equivalent to austenitic steels at 1050 F design tempera-
ture.'" (3> Other advantages over austenitic grades are
higher thermal conductivity, better vibration damping,
and higher yield strength at design temperature, along
with lower thermal expansion. Long-term creep tests
also show more consistent notch strengthening behavior
than austenitic grades.M) (5> (6)

For an LMFBR demonstration plant application, the
superheater tube design temperature may be sub-
stantially less than 1050 F, which would allow con-
sideration of standard 9 Cr, 1 Mo (ASME Code SA-
213-T9) as the superheater tube. Except for lower
strength and lower allowable stress, the 9 Cr, 1 Mo
would have all the desirable properties of the above
higher strength 9 to 12 percent Cr creep-resisting
grades.

OPERATION
The steam generator will operate as a once-through

unit at full load and down to some, as yet undeter-
mined, part load level. The load level at which the unit
will be changed to recirculation operation will depend
upon its stability at low-load conditions and the degree
of superheat attained in the evaporator. This will be
established during testing. Recirculation may be found
unnecessary in future prototypes, thus reducing the
size of the separation equipment.

The steam generator will operate in a load following
system, i.e., the reactor plant response will vary with
the electrical system requirements. In such a manner,
overall control wit ^ based on maintaining a constant
reactor aT with load by proportionately decreasing
sodium flow rates with decreases in load. With this type
of control system, reactor temperature and steam
generator sodium inlet temperature will decrease
slightly with a decrease in load from 100 percent. The
feedwater control system will regulate feed flow as a
function of load. Feedwater temperature will decrease
with load as is the case for steam plants utilizing ex-
traction steam for feedwater heating purposes. Under
low-load operating conditions, the separator and re-
circulating pump will function to recirculate saturated
water to the evaporator, as shown in Fig. 4.

Cold start-up of the steam generator is integrally
involved with reactor plant systems in such a manner
that heat-up rates from ambient condition to 350 F are
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Fig. 4: Flow schematic

based on reactor considerations and are limited to
50 F/hr.

When the secondary sodium system and steam
generator (with water in the evaporator) are at 350 F,
they are filled with sodium. Sodium flow and tempera-
ture are established and controlled to bring the separa-
tor and superheater pressure up to match the turbine
requirements. The separator water level is established
and the minimum required flow through the evaporator
is maintained by the recirculating pump. After steaming
begins, the evaporator supplies a saturated mixture to
the separator, where the water is separated and steam
passes through the superheater to the main condenser.
As steam flow is established for warming, rolling,
synchronizing, and loading the turbine, the feedwater
control system will provide the programmed through-
flow. The recirculation control valve will modulate to
maintain the programmed flow through the evaporator
section.

When the start-up sequence is completed, i.e.,
primary and secondary sodium temperatures and flows
corresponding to approximately 20 percent power, the
steam by-pass will be secured and the control system
will be in automatic mode.

The superheater outlet steam temperature will be
maintained by programming the sodium inlet tempera-
ture and flow. Load and throttle pressure will be main-
tained by the feedwater control system.

KEY FEATURES

The reference steam generator concept, the bayonet-
tube, split-bundle, rt presents a design which possesses
great flexibility. Following are the more significant
advantages which this steam generator offers:

(a) Designed to operate as a once-through steam
generator at full load, the unit will operate as a
recirculating steam generator under part load

and start-up conditions. The potential for un-
stable operation at low loads is minir •? ed by
maintaining wetted tube surfaces, thus increasing
the ratio of nucleate to film boiling surface by
increasing the reeirculation water flow rate.

As the unit progresses through testing and
prototype operation, development, will be directed
toward a total range once-through unit, thus
reducing the size of the part-load recirculating
equipment to that required for a start-up
system.

(b) The entire high-pressure boundary, inclusive of
the top head and high-pressure tubesheet,
operates as an isothermal structure at saturated
steam temperature. This temperature does, how-
ever, increase under part load conditions until
switching from once-through operations to re-
circulating conditions.

(c) The only items in the generator which operate
within the material creep range are the super-
heater tubing and the superheat steam outlet
dome. The superheater tubing, however, is the
only item operating at this high temperature
which must contain full steam pressure. The
superheat steam outlet dome operates at a differ-
ential pressure equalling that of the pressure
drop through the superheater tubing.

(d) The entire top head is assembled with bolted
flanges, thus permitting complete disassembly
and access to the high-pressure tubesheet for
leak testing and tube plugging. The tube bundle
is removable from the sodium shell with complete
provision for individual tube removal. Individual
tube replacement provisions are being studied
and appear feasible.

(e) The straight tube arrangement allows the venting
of reaction products from a sodium-wtiter re-
action with the minimum amount of resistance.

(f) The tubesheet is out of the sodium and insulated
from rapid sodium temperature transients by e_
argon gas space.

(g) The heat transfer tubes, being attached at one
end only, are free to grow axially without stress-
ing the tubes.

(h) Straight tube geometry lends itself to easy tube
inspection.

(i) The steam generator may be simply modified to
accommodate returning sodium from a reheat
unit. The sodium from the reheater would enter
the steam generator shell just below the sodium
level where the sodium exits the superheater
bundle and flows to the evaporator bundle. This
location is ideal for matching the sodium tem-
peratures of the superheater and reheater outlets.



SODIUM-WATER REACTIONS
A sodium-water reaction is the greatest safety prob-

lem associated with the steam generator. As such, it is
essential that the unit have the following:

(1) A rapid and sensitive leak detection system
(2) A reaction products vent and relief system
(3) Means for stopping r,he reaction
(4) Means for tube, inspection

Since the bayonet-tube, splitbundle concept is a
large unit, leak detection sensors will have to be located
at a number of elevations.

For rapid detection of leaks, the in-sodium hydrogen
or oxygen detectors appear to be the most promising
at this time. However, these instruments require
transport of the reaction products and thus, have an
inherent disadvantage because of the potentially high
transport times in large units.

Acoustic leak detectors have demonstrated their
feasibility and have the potential for eliminating the
transport-time lags associated with the other instru-
ments. These detectors are desirable; however, they
require development/7'

Current design practice dictates the use of a vent and
relief system to accommodate the products of large
reactions. A rupture disc set for approximately 50 psig
will be connected to the gas space above the sodium
level in the unit. In the event of a large leak, the reaction
products will be vented through the disc and connecting
piping to a reaction products separator. The cooled
hydrogen will be vented to the atmosphere. A second
system will be available to relieve pressure below 50
psig. This will consist of a vent line with rplief valve
which will vent products to the reaction products
separator without causing disc rupture.

In order to stop a sodium-water reaction, one of the
reactants must be removed. The simplest scheme is to
have a steam/water side isolation and dump system.

After clean-up of the unit following a reaction, the
extent of damage must be determined. If a large reaction
has occurred, the pressure tube bundle will be removed
for visual inspection of the exterior of the bundle.

The straight geometry of the pressure tubes lends
itself to internal tube inspection and wall thickness
determination. This inspection would be performed
after either a large or small leak and would be ac-
complished without, pressura tube bundle removal.
Either eddy current or ultrasonic inspection tools can
be inserted through the top of the tubes at the tubesheet.

MAINTENANCE
The unit has been design* d for ready access for main-

tenance. Tube leak testing, tube plugging, and complete
bundle removal is possible. Access *o the steam/water
side of the high-pressure tubesheet may be gained

independently for either the superheater or evaporator
bayonet tubing or heat transfer tubing (Fig. 1).

Access to the high-pressure tubesheet is gained by
first removing the feedwater inlet piping and saturated
steam outlet piping. The manway in the high-pressure
head is removed and the flange in the superheated steam
outlet duct is unbolted. The high-pressure spherical
head flange is unbolted, thus allowing the head to be
removed.

If access to the superheater section is desired, the
superheater collection chamber spherical head, which is
attached to the low-pressure tubesheet via a bolted
flange, is removed. This provides access to the top side
of the low-pressure tubesheet to which the superheater
bayonet tubing is attached. The superheater bayonet
tubes may be removed individually, or the entire
bayonet-tubing bundle may be removed by breaking the
bolted flange located in the barrel below the super-
heated steam tubesheet. Once this flange has been
broken, the entire superheater bayonet-tube bundle may
be removed, thus gaining access to the superheater
portion of the steam/water side of the high-pressure
tubesheet and the superheater heat transfer tubing.

The evaporator portion of the steam/water side of the
high-pressure tubesheet is accessible by first removing
the flat bolted cover of the evaporator steam chest. The
feedwater inlet nozzle thermal liner is connected to the
water distribution chest via a bolted flange seal ring,
which may now be removed. The evaporator bayonet
tubes may be removed individually, or the entire feed-
water chesv with these tubes attached may be lifted
from the unit, thus gaining access to the evaporator
portion of the steam/water side of the high-pressure
tubesheet and the evaporator heat transfer tubing.

The complete tube bundle may be removed by
separating the low-pressure flanges in the sodium shell.
The welded omega sea.', however, must be removed by
cutting. The entire tubs bundle, inclusive of egg-crate
tube supports and polygon flow baffle, may now be
lifted from the sodium shell.

Individual pressure tube removal is feasible with the
bayonet-tube design. This is a desirable feature from the
standpoint of partial bundle or spot retubing. Pro-
cedural details are presently being investigated.

DEVELOPMENT PROGRAMS
The following areas require detailed analyses and

development testing programs for successful operation
of the split-bundie, bayonet-tube steam generator:

Insulated tube development: Double thin-wall tubes are
utilized for the bayonet tubes in order to minimize heat
transfer (1) to the evaporator downcomer which could
result in downhill boiling and (2) from the superheat
riser which could result in loss of steam superheat
temperature. These double thin-wall bayonet tubes are



open at the lower end and provide insulation by the
gap or stagnant space between the tubes. The state of
the steam/water mixture within this annular gap cannot
be finely defined analytically; therefore, an experi-
mental program is required.

Material design criteria for creep range operations: A
criterion for ihe acceptability of stress levels for cyclic
stresses in the creep range has not been defined, par-
ticularly where complex geometries are involved. This
does not create severe problems in the area of simple
geometry; however, to assure structural integrity over
a 30-year design life for the complex geometries involved
will require careful design and analyses.

Investigation of superheater section sodium flow6: In-
herent to C-E's steam generator concept is the upflow
cooling of sodium in the superheater section. This
feature presents a potential probelm area should sodium
recirculation or stratification occur as the sodium
density increases during upward flow. Sufficient sodium

elocity will be required within this section of the
generator to provide reasonable assurance that such
phenomena do not occur. This may require mock-up
testing.

Sodium and water /steam flow models: Flow models for
both the sodium and water/steam sides are required to
verify experimentally the various hydraulic and heat
transfer analyses and designs incorporated into the
steam generator concept.

Sodium models: As a find verification for C-E's steam
generator concept prior to near term or 1000-Mwe plant
operations, full-tube-length sodium flow models will be
tested. A 1 or 2-Mwt model will be fabricated to

evaluate the total performance of the reference steam
generator design. This mock-up will be based on the
information attained in the performance of the steam
t>;de and sodium side water flow tests.

Demonstrations of the complete concept including
design, fabrication, inspection, performance, and en-
durance testing is required. To be significant, this
should be accomplished with a unit approximating, as
closely as possible, the full-size unit. Presently the
largest test facility available has a capacity of 30 Mwt.
This model will serve as a relatively large scale test of
the entire reference steam generator concept.

CONCLUSIONS
The bayonet-tube, split-bundle concept is a practical

and simple design which offers advantages of:
• Ease of inspection and maintenance
• Simple tube and bundle fabrication
• Flexibility of operation
• All high-pressure boundaries except the super-

heater tubes operate below the material creep
range.

• Simple, straight tube geometry provides a direct
escape path for sodium-water reaction products.

• Individual tube replacement is feasible.

By lowering the outlet steam temperature to 950 F,
the unit may be fabricated for use in a near-term power
plant.

Preliminary estimates of this concept design indicate
that this unit is competitive on a cost basis with other
LMFBR steam generator designs.
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