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5|5) ABSTRACT

For several years, design studies have been under way in the U.S.A.
on a nuclear closed-cycle gas turbine plant (HTGR-GT). This paper presents
design aspects of the helium turbomachine portion of these studies. Gas
dynamic and mechanical design considerations are presented for helium tur-
bomachines in the 400-MW(e) (non-intercooled) and 600-MW(e) (intercooled)
power range. Design of the turbomachine is a key element in the overall
power plant program effort, which is currently directed toward the
selection of a reference HTGR-GT commercial plant configuration for the
U.S. utility market. A conservative design approach has been enphasized to
provide maximum safety and durability. The studies presented for the inte-
grated plant concept outline the necessary close working relationship
between the reactor primary system and turbomachine designers. State-of-
the-art technology from large industrial gas turbines developed in the
U.S.A.; considered directly applicable to the design of a helium turbo-
machine, particularly in the areas of design methodology, performance,
‘materials, and fabrication methods, is emphasized.
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INTRODUCTION

It is projected that by the end of the century,
closed-cycle gas turbine (CCGT) power plants will be
operational in the U.S.A. for electrical power gener-
ation because of (1) their adaptability to both nu-
clear and coal-fired heat sources, (2) their very
high fuel utilization efficiency, (3) their potential
for a high degree of reliability and availability and
low maintenance, and (4) their efficient cost-
effective dry cooling where no cooling water is
available. Further development is likely since this
power conversion system seems well suited to pro-
jected fusion and solar power plants of the twenty-
first century. The technology bases for closed-cycle
gas turbine plants are well established by 40 yr of
European operating experience. These European
fossil-fired plants, with electrical power outputs of
up to 50 MW(e), have demonstrated high degrees of
availability and reliability, several ufl thie units
having operated successfully for over 100,000 hr.

’ The benefits of the nuclear gas turbine power
plant are consistent with meeting national eneryy
goals, and the high power, conversion efficiency po-
tential satisfies increasingly important resource
conservation demands. The helium turbomachine is the
key element in the power conversion system, and this
paper outlines the extensive program of design and
development necessary to commercialize the HTGR-GT
plant for utility service in the last deceade of this
century. .

The design of a new power plant concept is an
iterative process to.satisfy the various performance,
economic, safety, and reliability goals, and several
plant configurations have evolved as the program has
progressed in the last few years. The most recent

design studies done by General Atomic Company are for
a dry-cooled commercial plant in the 800- to 1200-
MW(e) power range (1). In these power plant studies
intercooled and non-intercooled variants are being
Investigated, both being based on dry cooling to
ensure maximum site selection flexibility within the
U.S.A. Following previously reported turbomachine
work (2-4), this paper addresses design activities
currently in progress in support of the aforementioned
power plant studies.

For an integrated plant with the power conver-
sion system installed inside the reactor vessel, the
turbomachine cannot be treated as an isolated compo-
nent, and indeed the design of ‘the machine and the
resolution of the gas flow paths and interfacing duct
connections become an inherent part of the plant pri-
mary system development. In suppnrt nf the plant
configuration studies, turbomachine conceptual
designs were done for machines in the 400-, 500-, and
600-MW(e) power classes for both intercooled and non-
intercooled types. To span this power range and to
illustrate the difference between the machine types,
the 400-MW(e) (non-intercooled) and 600-MW(e) (inter-
cooled) design variants will be addressed in this
paper.

To the non-specialist, gas turbines with the
above power ratings may seem extremely large compared
with open-cycle gas turbine experience, where units
up to 100 MW(e) have been built. In actuality, the
high degree of pressurization associated with the
closed-cycle system results in helium turbomachines
that are similar in overall size to existing air-
breathing industrial gas turbines, but of course ex-
hibit much higher specific power because of the high’
density and specific heat of the working fluid.
State-of-the-art technology from large industrial gas
turbines developed in the U.S.A., considered directly
applicable to the design of a helium turbomachine,
particularly in the areas of design methodology, per-
forimance, maierials, and tabrication methods, is
emphasized in this paper.



CLOSED-CYCLE GAS TURBINE BACKGROUND

While the closed-cycle gas turbine is not well
known in the U.S.A., it has demonstrated very high
fuel utilization efficiencies and a high degree of
reliability in the various European plants that have
operated for almost a million hours. Since operation
of the pioneer plant in 1939, 40 yr of experience
have substantiated the claim that this prime-mover is
well established (5). Some 20 plants were built for
combined electrical power and heat production, and
details of the operating experience for those known
to still be in operation have been discussed pre-
viously in Ref. 6.

Since the helium turbomachine itself is the
single most important power conversion loop component
from the development standpoint, it is germane to re-
view the applicability of established technologies.
The industrial technology bases from which the turbo-
machine can benefit are shown in Fig. 1, which illus-
trates existing hardware. The emphasis in this fig-
ure relates to the formidable world-wide resources
which, if utilized on an international cooperative
basis, will make near-term introduction of the nu=
clear gas turbine plant a reality.

While helium turbomachines are nolL well known
in the U.S.A., the array shown in Fig. 2 illustrates
that helium axial flow turbomachines over an impres-
sive power range have been constructed and operated
successfully in Europe.

An important helium turbine plant is the
fossil-fired 50-MW(e) Oberhausen 2 unit, which was
built by Energieversorgung Oberhausen AG (EVO) in
the Federal Republic of Germany (7,8). In addition
to providing electrical power [50 MW(e)] and district
heating [54 MW(t)], the EVO plant is being used for
tests intended to supply information»[fqg the Euro-

pean High Temperature Helium Turbine (HHT) Project]
on the dynamics of the overall plant and on the long-
term behavior of specific components. The selection
of a relatively low system pressure for this power
plant yields a large volumetric flow of the helium
working fluid, and accordingly the actual equipment
is comparable in size to a plant rated at over 200
MW(e). An appreciation for the size of the turbine
is provided by Fig. 3, which shows details of the
high-pressure rotor from the EVO plant.

Another important plant is the high-temperature
helium test facility (HHV) at Kernforschungsanlage in
Jiilich, the Federal Republic of Germany. The opera-
tion of this helium test plant represents a central
test within the European HHT Project. Through this
program, essential characteristics of the turbo-
machine are to be verified. The turbomachine con-
sists of two turbine stages which produce 45 MW(e)
and an eight-stage compressor which absorbs 90 MW(e),
the difference being supplied by a 45-MW(e) synchro-
nous motor. As a result of the compression work, the
helium can be heated to 1000°C (1832°F), so a heater
fired by fossil fuels has been eliminated. The com-
bination of turbine and compressor and the thermo-
dynamic conditions in the closed loop results in a
turbomachine with dimensions representative of a
helium turbine of approximately 300 MW(e) output.

The rotor for the HHV plant shown in Fig. 4 has a
bearing span of 5.7 m (18.7 ft) and weighs about
60,000 kg (66 tons). The diameters of the bearings
and seals are representative of a large commercial
nuclear gas turbine plant.

A full account is given in Ref. 9 of the roles
of the EVO plant and the HHV facility in the develop-
ment of the European HHT Project. The turbomachine
design activities outlined in the following sections
of this paper are for the HTGR-GT program in the
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U.S.A. .However, it should be mentioned that a for-
midable effort has also been expended in Europe on
the design of the turbomachinery for the HHT Project
(10-13).

HTGR-GT PLANT CONFIGURATION

Since aspects of the overall plant design are
presented in a separate paper for this meeting (1),
only a brief description will be given here, with
emphasis on the significance of prime-mover integra-
tion in the prestressed concrete reactor vessel (PCRV)
for turbomachine design. As the plant configuration
has evolved from an earlier three-loop reference
design (14) to the more recent two-loop arrangement,
an integrated approach has been retained. The degree
to which the turbomachine is integrated in.the PCRV
is clearly shown in Fig. 5.
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Tn current studies of a Lwo-loop plant, both
intercooled and non-intercooled variants are being
evaluatod. MHowever, [ur Lhe purposes ot this paper,
the overall features of the HTGR-GT plant concept can
be most simply reviewed by addressing the non-
intercooled version. The plan view of the PCRV in
Fig. 6 shows the slightly offset core cavity and the
two horizontal turbomachine cavities oriented in a
chordal manner. The recuperator and precoonler are
positioned over the turbomachine cavity; and in the
case of the intercooled variant, the additional heat
exchanger is positioned off to one side of the turbo-
machine. The elevation view through the PCRV shown
in Fig. 7 gives details of the major components in
the power conversion loop. An additional elevation
view in Fig- 8 showe the hot gas ducl iu which the
high-temperature helium is transported from the
reactor to the turbine.

From these figures it can be seen that the
helium turbomachine is truly integrated in the
reactor primary system, and thus cannot be designed
as an isolated component. In addition to the many
mechanical interfaces in the horizontal cavity, the
gas flow path directions in and out of the turbo-
machine play an impartant role in the developmeul of
the flow path geometries within the entire primary
cireuit.
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THERMODYNAMIC CYCLE DATA

As outlined in Ref. 15, studies have been con-
ducted to select cycle parameters (for minimum power
generating cost) for both intercooled and non-
intercooled plant variants. For the purpose of
initiating turbomachine conceptual designs in support
of the plant configuration studies, it was necessary
to establish comparative cycle data. The tentative
values used are shown in Table 1, and these data are
felt to be very representative for turbomachine design
purposes. The key differences between the two cycles
are shown by the loop diagram for the non-intercooled
plant (Fig. 9) and the flow path diagram for the
intercooled variant (Fig. 10).

TABLE 1
HTGR-GT PLANT CYCLE DATA

Thermodynamic Cycle Non-Intercooled Intercooled
Heat Rejection Mode Dry:Cnnled
Ambient Air Temp., °C (°F) 15 (59)
Recuperator Effectiveness n pQ V.90
Approx. System Pressure Loss 9 1
(aP/P), %
Compressor Flow, kg/s/MW(t) 0.57 0.50
Compressor Inlet Temp., °C (°F) 26.7 (80) 26.7 (80)
Compressor Inlet Pressure, 3.17 (460) 2.64 (383)/4.5 (653)
MPa (paia)
Compressor Pressure Rafin 2.50 3.0 (1.73/1.73)
Compressor Efficiency, % 89.8 90.8 LP, 90.2 HP
Turbine Inlet Temp., °C (°F) 850 (1562) 850 (1562)
Turbine Inlet Pressure, 7.65 (1109} 7.56 (1096)
MPa (pola)
Turbine Expansion Ratio 2.34 2.74
Turbine Efficiency, 7 91.8 92.?
Tutbine Cooling Flow, %Z* 3.6 3.6
Precooler Water Ouller Temp., 132 (270) 87 (189)
R G
Intercovler Water Outlet Temp., —-— 66 (150)
R )
Approx. Cycle Efficiency, % 40.0 42.0

*The designs of both machines are based on utilization of uncooled turbine
blades, and the cooling flows indicated (as a percentage of compressor
discharge flow) are necessary for cooling the turbine rotor, structures,
and casing to satisfy the 2801 ,80Nahr life requliement.
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From Table 1 it can be seen that the optimized
value of the compressor pressure ratio for the inter-
cooled variant is a little higher than that for the
non-intercooled cycle, and this results in an in-
creased specific power. The mwaximum system pressure
of 7.93 MPa (1150 psia) is the same for both cycles
and is related strongly to cost of the PCRV. An
important parameter influencing cycle efficiency is
the turbine inlet temperature, and for both cycles
a value nf 850°C (1562°T) was assumed. As shown in
Fig. 11, this temperature is modest compared with that
for most industrial gas turbines. Tt is below the
level where turbine blade couling 1s necessary, and it
facilitates utilization of an existing nickel-base

~alloy which is used extensively in industrial gas

turbines.
TURBOMACHINE GAS DYNAMIC DESIGN CONSIDERATIONS

For both the non-intercooled and intercooled
machines, simple and rugged arrangements consisting
of single-shaft, twn-hearing, directL-drive turbo-
machine arrangements were chosen for the HTGR-GT



plant. Simplified cross sections of the 400-MW(e)
non-intercooled and 600-MW(e) intercooled machines
are shown in Figs. 12 and 13, respectively, and
design details are given in Table 2.

For an integrated plant arrangement with a
limitation on machine envelope, close cooperation
between the turbomachinery and primary system
designers is essential. Since high turbomachinery
efficiencies are required, it is important that min-
imum loss ducts to and ‘from the compressor and tur-
bine be incorporated, which necessitates close atten-
tion to the interfacing of the gas turbine with the
other components in the power conversion loop. Min-
imum loss ducts with carefully contoured geometries
to give good flow distribution into the compressor
and turbine tend to require large volutes and scrolls.
However, with the installation of the machine in the
horizontal cavity in the PCRV and the requirement for
minimizing the bearing span to give satisfactory
rotor dynamic characteristics (i.e., critical speed
margin), large flow areas are not available (as can
be seen in Figs. 12 and 13), and trade-offs are nec-
essary to satisfy both aerodynamic and structural
requirements for the selected primary system. Gas
dynamic design considerations for the compressor and
turbine are briefly discussed below.

Compressor Gas Dynamic Design Considerations

Since axial compressor aerothermodynamic design
techniques have been well documented, detailed analy-
ses will not be described herein. The purpose of
this paper is instead to outline how the fluid prop-
erties of helium influence the flow path geometries
and to emphasize that the gas dynamic procedures used
are essentially identical to conventional air-
breathing gas turbine practice.

The choice of working fluid affects the turbo-
machine primarily in two ways: (1) the number of
stages for the attainment of the required compressor
pressure ratio and high efficiency, and (2) the
machine size for a high-pressure closed-cycle system.
The specific heat of helium is five times that of
air, and since the stage temperature rise varies
inversely to the specific heat (for a given limiting
blade speed), it follows that the temperature rise
available per stage when running with helium will be
only one fifth that of air, and this of course re-
sults in more stages being required for a helium com-
pressor. It is fortunate that the optimization (for
maximum cycle efficiency) of a highly recuperated
closed-cycle system gives a relatively low pressure
ratio, because the number of compressor stages (18
and 16 for the non-intercooled and intercooled
variants, respectively, as can be seen from Table 2)
is therefore comparable to existing open-cycle indus-—
trial gas turbines. !

SubstituLion of helium for air greatly modifies
aerodynamic requirements by removing Mach number
limitations. The problem then becomes trying to in-
duce the highest possible gas velnrities that stress
limited blades will allow. For the selected single-
shaft arrangements outlined in Table 2, the compres-
sor rotational speed is, of course, fixed at the gen-
erator synchronous speed of 3600 rpm for a 60-Hz
machine. The size of the machine is thus dictated by
the choice of blade speed, there being an incent ive
to use the highest values possible commensurate with
stress limits to reduce the number of stages, since
the stage loading factor is inversely proportional to
the square of the blade speed.

For the specified thermodynamic conditions,
detailed gas dynamir analysee were performed by
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TABLE 2
DETAILS OF HTGR-GT PLANT TURBOMACHINE DESTGNS
Turbomachine Rating, MW(e) 400 600
Machine Type Non-Intercooled Intercooled
Machine Arrangement Single-Shaft Single-Shaft
Frequency, Hz 60 60
No. of Turbine Inlet Ducts 1 1
Turbine Lnlet Temp., °C (°F) 850 (1562) 850 (1562)
Compressor Pressure Ratio 2.50 3.0 (1.73/1.73)
No. of Compressor Stages 18 81 8
Max. Compressur Tip Dia., 1.83 (71.9) 2.18 (85.9)
m (in.)
Blade Height, mm (in.) 80.0/125.7 76.2/165.1
(min./max.) (3.1/4.9) (3/6.5)
Comp. Adiabatic Efficiency 89.8 90.8 LP/90.2 HP
(across blading), %
No. of Turbine Stages 8 9
Max. Tutbine 1ip Dia., m (in.) 2.18 (86) 2.40 (94.5)
Blade Height, mm (in.) 125.7/297.2 165.1/393.7
(min./max.) (4.9/11.7) (6.5/15.5)
Turbine Isentropic Efficicney 91.8 Q7.2
(acrose blading), %
Blading Life, hr 280,000 280,000
Blade Cooling No No

Turbine Blade Material
Generator Drive End

Nickel-Base Alloy, TN=100
Compressor

Rotor Burst Shield Yes, Integral Part of Machine Structure
Thrust Bearing Position External to PCRV

No. of .Journal Bearings 2 2
Journal Bearing Man Access Yes Yes

Type of Rotor Construction Welded Rotor Welded Rotor
Machine Casing Diameter, m (ft) 4.0 (13.1) 4.0 (13.1)
Machine Length, m (ft) 11.3 (37) 15.8 (52)
Machine Weight, kg (ton) 276.770 (105) 317,600 (350)
Deslygn Tecnnology Base Large Industrial I)])t‘l}-(:}'l‘lt‘ Gas Turbinus
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Fig. 12. Arrangement of 400-MW(e) non-intercooled turbomachine for HTGR-GT plant

United Technologies Corporation (UTC) to identify
optimum solutions for the HTGR-GT turbomachine.
Details of the selected compressor designs are
given in Table 2. Helium compressors for closed-
cycle gas turhines are characterized by swall blade
heights, high hub-to-tip ratios, and low aspect
ratios. An important parameter is the rear stage
hub-to-tip ratio, and an accepled upper limit for
high efficiency compressors is about 0.90. With
high-pressure helium, the blade heights are small
and end-wall losses become significant; thus, care-
ful mechanical design is necessary to minimize tip
clearance effects. While the end-wall effects have
an adverse effect on efficiency, two factors that
will partially offset this are the very high
Reynolds numbers (6 x 106) and the very low Mach
number (0.40). The high-efficiency design solutions
given in Table 2 have acceptable gas dynamic loading
tactors characteristic of conservatively designed
industrial gas turbines and should give a satis-
factory surge margin.

Turbine Gas Dynamic Design Considerations

The properties of helium affect the turbine in
very much the same way that they influence the com-—
pressor. That is, for a given overall expansion

e =

Fig. 13. Arrangement of 600-MW(e) intercooled turbomachine for HTGR-GT plant

ratio, the total number of stages for a helium tur-
bine will be much greater than for an air-breathing
gas turbine. Because it is desirable to have as
high a blade speed as possible in order tn reduce
the number of stages to a minimum, the most critical
stress conditions are those of the first stage since
the rotor blade temperature is at the maximum value.

The turbine blade centrifugal stress (for a
given blade geometry) is proportional to rpm2 X
annulus area, and tor a single-shaft, 60-Hz machine,
one degree of freedom is lost to the designer. A
conservative ground rule established for the HTGR-GT
plant is that the stress levels in the primary sys-
tem components must be commensurate with the plant
vperating life ot 280,000 hr (i.e., 40 yr with a
capacity factor of 80%). The preliminary turbine
designs [with a gas inlet temperature of 850°C
(1562°F) ] performed by United Technologies Corpora-
tion and outlined in this paper have been based on
the use of an existing turbine blade nickel-base
alloy that has been used extensively in open-cycle
industrial gas turbines. The use of advanced mate-
rials (molybdenum alloys, for example) or blade
cooling may be desirable at some time in the future
when reactor outlet temperatures are increased above
present—day values.



From Table 2 it can be seen that eight- and
nine-stage turbine designs were selected for the
non-intercooled and intercooled plant variants,
respectively. With tip speeds conservative by
modern industrial turbine practice, it can be seen
that helium turbines are characterized by small
blade heights. 1In fact, the turbine is substan-
tially smaller than an equivalent air-breathing tur-
bine since the enthalpy drop in the helium turbine
is many times greater (i.e., very high specific
power) .

Turbomachinery Performance Predictions

The performance predictions for the helium
turbomachines discussed in this paper are based on
established design methodology, and the high com-
pressor and turbine efficiency values given in Table
2 reflect the influence of technology from a demon-
strated advanced-technology industrial gas turbine
[urc 100-MW(e) FT-50 engine] as described in Refs.
16 and 17. The closed-cycle gas turbine plant is
sensitive to small changes in compressor and tur-
bine efficiencies as can be seen in Fig. 14, which
illustrates performance data for the non-intercooled
cycle.

Since the design of the helium turbomachinery

for the HTGR-GT plant draws heavily on established
industrial gas turbine practice, it is germane to
compare design parameters. In Table 3, the salient
features of the HTGR-GT turbomachine are compared
with the FT-50 100-MW(e) industrial gas turbine.
The flow path geometries and gas dynamic features of
these two machines are compared in Fig. 15. Mechan-
ical design comparisons are discussed in the follow-
ing section.
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intercooled HTGR~GT power plant

TABLE 3
HTGR-GT - INDUSTRIAL GAS TURBINE COMPARISON

Industrial

Nuclear Closed-Cycle Open-Cycle

Application Gas Turbine Gas Turbine
Power Plantl HTGR-GT FT-50
Turbomachine Status Conceptual Design Operational

Turbamachine Type Single-Shaft Split Shaft

Power Output, MW(e) %00 600 T00 Non-Intercooled
Non-Intercooled | Intercooled
Working Fluid Helium Helium Alr
Rotational Speed, rpm 3600 3600 LP Compressor 3520
HP Compressor 4200
Power Turbine 3600

Turbine Inlet Temp., °C (°F) 850 (1562) 850 (1562) 1121 (2050)
Turhine Blade Temp., °C (°F) 816 (1500) 816 (1500) 816 (1500)
Compressor Pressure Ratio 2,50 3.0 16.0
No. of Compressor Stages 18 8 +8 1y
No. of Turbine Stages 8 9 4
Max. Compressor Disk Dia,, 1575 (62) 1854 (73) 1321 (52)

mm (in,)
Max. Turbine Disk Dia., 1600 (63) 1600 (63) 1575 (62)

mm (in,)
Max, Blade Height, mm (in.) 297 (1.1 39 (15,5) 635 (25)
Max, Turbine Tip Speed, 412 (1350) 453 (1485) 536 (1760)

m/s (ft/sec)
Max. Journal Bearing Dia., 508 (20) 600 (24) 381 (15)

mm (in.)
Max. Engine Dia., m (ft) 4.0 (13.1) 4.0 (13.1) 3.2 (10,5)
Overall Length, m (ft) 11.3 (37) 15.8 (52) 11,6 (38)
Assembly Weight, kg (ton) |276,770 (305) | 317,600 (350) [ 113,430 (125)

TURBOMACHINE MECHANICAL DESIGN CONSIDERATIONS

Design criteria unique to the nuclear applica-
tion had a strong influence on the overall design of
the helium turbomachine, and the two variants shown in
Figs. 12 and 13 are similar enough in overall con-
struction to be addressed together as follows. Be-
cause the machine will become contaminated in service,
the overall design of the casings and structures must
be such that remote handling, decontamination, and
maintenance procedures are applicable to such condi-
tions. On first consideration, it would appear that
these requirements could be satisfied with an arrange-
ment having a full-length split casing design. For
such a configuration (as shown in Figs. 3 and 4, for
example), the casings could be separated and the rotor
removed as a single unit. However, an important ele-
ment in the design of the turbomachine is the incor-
poration of containment rings around the rotor bladed

- sections to contain fragments and missiles in the un-

likely event of a rotor failure. Use of a full-length
split casing design would require incorporation of
split containment rings, which, as will be disrussed
below, are uut [elt to be viable.

As shown in Figs. 12 and 13, the turbomachine
casings are of the double-wall type in which the
stator blades of the turbine and compressor are sup-
ported on an inner high-temperature-resistant casing
and the alignment between the bearing housing and the
high-temperature casing is maintained by the cooled
outer casing. The overall structure can be appreci-
ated by studying Fig. 16, which shows the separation
sequence for a candidate intercooled machine. The
way in which the caslugs are split satisfies the
aforementioned requirements of (1) remote disassembly
capability and (2) full circumferential containment
rings. FKey clements ol the helium turbomachine me-
chanical design are discussed below.

Turbomachine Rotor

A simple two-bearing arrangement was selected
for the turbomachine rotor, and man access cavities
have been provided in the PCRV for inspection of and
limited work on the journal bearings. Detailed rotor
dynamic analyses have confirmed the adequacy of the
two-bearing arrangement, aud satisfactory critical
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speed margins have been identified for the overspeed
condition.

The rotor is of welded construction. Welded
rotors have a long successful history in Europe. The
view of the compressor rotor (for the non-intercooled
machine) in Fig. 17 shows the welded disk construction,
the tangential blade attachments, and the dual blade
rows mounted on earh digk. This desigu minimizes
weight, machining time, and number of parts compared
with more traditional bolted-up rotor assemblies. The
turbine design shown in Fig. 18 also employs the weld-
ed rotor concept. It has an insulated case to reduce
materials cost and give tip clearance control. Tan-
gential blade attachments are used to minimize turbine
secondary couling requirements and improve performance.

Unlike fossil-fired open-cycle gas turbines
(aircraft and industrial), low cycle fatigue and hot
corrosion are not design factors with this roLur.
However, creep rupture and high cycle fatigue are
design considerations. For the turbine blading, creep
is the life-limiting factor. Tn the case of the tui-
bine disks, fracture mechanics are the controlling
design criteria. A total bleed flow from the compres—
sor of 3.67% of the total flow is required for cooling
the hot-end structures. The turbine casing requires
0.6% of the flow, and 3.0% is distributed in the tur-
bine welded rotor assembly to give an average disk
temperature of 315°C (600°F). For the turbine blading
(uncooled), the stress level is well within the limits

Comparative sizes of open- and closed-cycle turbomachines

for 1% creep of the nickel-base alloy IN-100 at
280,000 hr, which is the design life of the blading.

Aircraft and industrial gas turbines are de-
signed so that in the ‘event of a blade failure, the
fragments are contained within the machine casings.
However, the casings of these machines are not de-
signed for containment of a failed iulur [or reasons
of weight limitation for the aircraft application and
because of economic considerations in the case of
industrial applications. This design practice has
proved to be sound since rotor failures in modern gas
turbines are rare events.

For the HTGR-GT plant, with the turbomachine in-
stalled inside the reactor vessel, it was felt not
only to be prudent but in fact a safety requirement
that fragments and missiles generated in the unlikely
event of a rotor failure would be rontained within
the turbomachine casing. As mentioned previously,
rotor burst protection is incorporated in the machine
design in the form of containment rings (sometimes
referred to as burst or missile shields) around the
compressor and turbine rotor bladed sections (18).
The procedure outlined in Ref. 19 was used to analyze
the mechanics of containment of the eighth-stage disk
in the 400-MW(e) helium turbomachine at the minimum
burst speed condition, which for this machine is
150% of the 3600-rpm operating speed. The analysis
showed that a containment ring of 178-mm (7-in.)
thickness should be adequate to contain an eighth-
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Fig. 16. Example of assembly separation sequence for
HTGR-GT plant helium turbomachine

Fig. 17. View of welded compressor rotor assembly for
non-intercooled HTGR-GT turbomachine
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Fig. 18. View of welded turbine rotor assembly for
HTGR~CT turbomachine
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stage disk failure. The nature of the energy ab-
sorption process, which depends upon large plastic
strain in the containment ring, precludes the use of
any sort of axial mechanical joints in the ring and,
as mentioned earlier, negates the use of a full-
length horizontally split casing configuration.

Bearings

Oil-lubricated journal bearings were chosen
since, in general, minimum film thicknesses for oil
bearings were found to be about twice as great as
those for water bearings with the same length/
diameter ratio, and maximum allowable misalignments
were found to be more flexible than for water bear-
ings. Similarly, gas and magnetic bearings were not
considered feasible for such large systems with rotor
weights in excess of 60,000 kg (66 tons). The jour-
nal bearings are subjected to high radial loading
during normal operation and must be capable of with-
sLanding temporary overload due to a seismic event.

Tilting pad bearings were selected because of
their self-aligning stability. Details of the jour-
nal bearings for the 400-MW(e) machine are shown in
Fig. 19. The bearings are five-pad tilting pad
designs with a shaft journal diameter of 508 mm
(20 in.) and a length of 406 mm (16 in.). For the
600-MW(e) machine, the diameter is 600 mm (24 in.),
compared with 381 mm (15 in.) for a 100-MW(e) open-
cycle industrial gas turbine (Table 3). The pads are
supported on pivots offset from the pad center in the
direction of rotation to enhance the self-actuation
of the pads (see Fig. 19). Man access cavities are
provided in the PCRV for inspection of and limited
maintenance work on the journal bearings. The spaces
in which the bearings are located are isolated from
the main cycle working fluid by shielding (purge gas
from the helium purification system is used to give
an acceptable radiological environment for man
access) .

Integrating the turbomachine in the PCRV
creates some unique requirements for the thrust
bearing. The high pressure level at which the plant
operates produces very high individual forces in
various parts of the turbomachine rotor assembly.
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Fig. 19. Journal bearing details for helium
turbomachine



Fortunately, most of these forces ténd.to’balance
each other, but small differences in atea exposed to
the various pressures can produce large changes in
axial force. Following detailed analyses, .and to
provide an adequate margin of safety, the design load
for the 400-MW(e) machine was taken to be 90,745 kg
(100 tons). To meet this loading requirement, a )
double-acting tilting pad bearing with a thrust col-
lar diameter of 762 mm (30 in.) and eight pads per
side was designed. The drive to the generator is
from the compressor end of the turbomachine, and this
permits the thrust bearing to be located external to
the PCRV. The reason for external positioning of
this bearing.is twofold: (1) inspection and mainte-
nance are eased, and (2) it keeps to a minimum the
number of oil lubrication systems inside the reactor
vessel. With an outer diameter of 762 mm (30 in.)
and a rotational speed of 3600 rpm, the thrust bear-
ing is slightly beyond current thrust hearing exper-
ience. However, it is the opinion of bearing manu-
facturers who have been consulted that the design is
attainable with little more in the way of development
than a demonstration test.

Bearing Compartment Seals

With the journal bearings enclosed within the
primaty coolant system of the reactor, an important
aspect of the turbomachine design is the prevention
or minimization of the ingress of lubricants into the
primary system. Ingress of oil into the primary sys-
tem is to be avoided or minimized, since it can react
in a deleterious manner with the reactor core or be

PRIMARY HELIUM
API SUPPLY TANK (1300 PSI)
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deposited in the thermal insulation or on the heat
exchanger surfaces. A requirement was established
that the bearing compartment leakage should not ex-
ceed 0.028 m3 (1 ft ) per year. Primary coolant must .
also be excluded from the bearing compartment since
it carries quantities of radioactive material which
would contaminate the lubrication system. A detailed
study (following an initial investigation outlined in
Ref.. 3) of the bearing compartment .seals and service
systems identified a sealing system which appears to
be feasible on the basis of experience with indus-
trial gas turbines.

The selected configuration consists of three
seals mounted in series. The inner two are helium-
buffered labyrinth seals which are backed up by a
failure-actuated collar seal. Details of the bearing
lubrication and buffering system are shown in Fig.
20. The source of buffering helium is two parallel
supply tanks, each with its own isolation valve. Two
helium-buffered labyrinth seals are positioned in
both the compressor and turbine journal bearing
compartments. A view of a single element of the seal
is shown schematically in Fig. 21. The seal shown is
a multistage labyrinth type with the stages in radial
steps. These seals are similar to the Ljungstrom
seals used successfully by the Swedish turbine indus-
try for many years. In normal operation, purified
helium is pumped into the inlet cavity of each seal
and flows in two directions through the seal assembly.
Approximately 95% of the buffering helium flows
through the large number of knife-edge seals and
leaks into the primary coolant flow so as to prevent
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Fig. 20. Bearing lubrication and buffering system for helium turbomachine



-

SHAFT SLEEVE
SPLIT STATIONARY SLEEVE

oiL
SLINGER

l*'. ' s \grem ey
r'ﬁ““ng
) =

)

pE— _—

BEARING

5% OF 95%
HELIUM
FLUW BUFFER g{of‘i:LlUM

(| HELIUM MOVING
BUFFER INLET KNIFE-EDGE
HELIUM CHAMBER STATIONARY CARRIER
INLET KNIFE-EDGE

e CARRIER

€

{CLEARANCES EXAGGERATED FOR CLARITY)

Fig. 21. Details of labyrinth seal in bearing
compartment of helium turbomachine

backflow of contaminated primary helium into the
bearing casing. The bearing compartment 1s sealed
off and permits no through flow, except for a small
amount of 0il and helium mixture which flows back to
the separation system.

Inside the aforementioned twin buffer seals, a
collar eeal has been incorporated. This is basically
a collar around the shaft at a clearance slightly
greater than that of the labyrinth seals. The pur-
pose of this seal 1s to prevent oil leakage into the
main helium stream in the event of destructive fail-
ure of the labyrinth seals due to bearing or shaft
failure. 1In addition, the system includes an oil
return pump. It is designed so that during catas-
trophic fajilure, the high-flow supply .pump can be
shut down while the return pump scavenges the bearing

-compartment, thus leaving a smaller quantity avail-

able for possible ingress into the primary system. A
failure mode and effect analysis was performed on the
journal bearing lubrication and buffering system,

and it revealed no significant concerns.

Turbomachine Cavity Seals

With the installation of the turbomachine into
the horizontal cavity in the PCRV, there are two
possibilities for machine-to-primary-system interface:

.(1) flanged connections and (2) compartmentalization

of the cavity by means of circumferential seals.
Flanged joints require very close tolerance control
between the turbomachine. and the vessel (both of
which are subject to deflection due to thermal and
creep effects over the life of the plant) and remote
mechanicms for eoupling and uicoupling. Early pri-
mary system studies indicated a prefercnce for the
seal concept (as shown schematically in Figs. 12 and
13) based on the following: (1) adventage was taken
of the cavity compartmentation in that the cavity
itself was utilized as the flow boundary, which
effectively reduced the turbomachine inlet and exit
losses by.virtue of the increased area associated
with the "integral" plenum; (2) tolerance flexibility,
and motion compliance between the PCRV and the Lur-
bomachine; and (3) eased maintenance procedure (i.e.,

elimination of remote retraction ‘and back-up systems).

It was recognized in early investigations that
the ‘design of large circumferential seals with mini-
mum leakage characteristics represented a formidable
task. The present conceptual design includes utili-
zation of segmented piston ring seals for isolation
of the various flow plenums. Although the perform-
ance of this type of seal is well known and docu-
mented, and can be used as a standard with which
other types may be compared, concern exists over use
of piston rings of very large size. Current investi-
gations are aimed at the possibility of using a leaf
type seal which can be attached to the basic support
structure and seals against the machined outer diam-
eter of the engine case. More confidence exists in
establishing the roundness of this case than one
incorporated into the support structure.

As shown in a simple form in Fig. 22, the seal
arrangement consists of overlapping leaves in two
layers fixed at one end to the support structure,
with the flexible leaves seated against the case
ring. The system utilizes the pressure differential
across it to create additional sealing force at the
interface, thus minimizing leakage,
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Fig. 22. Details of turbomachine-to-cavity circum-
ferential case seal design concept

Materials Selection for Helium Turbomachine Design

At the onset of HTGR-GT plant studies a phi-
losophy was established,. based on conservatism of
design and safety, that the power ronversion system
components would be designed for the full operating



life of the plant of 280,000 hr (40 yr at 80% ca-
pacity factor). It was recognized that in the case
of the turbomachine, the turbine blading, for exam- .
ple, could be replaced in the 40-yr time. Never-
theless, -the aforementioned criterion was adopted,
and the stress levels in the turbomachine are com-
mensurate with the 280,000-hr operating life. Thus,
while the turbine inlet temperature is modest com-
pared with current industrial gas turbine practice,
the long life requirement necessitates utilization
of high-grade alloys.

While the HTGR-GT plant is a long-term project
(from concept selcction to commercialization), the
aforementioned conservatism was extended to material
selection, and 1t was felt prudent to base the design
on existing materials (i.e., no reliance is made for
materials breakthroughs in the design). From Table 4
it can be seen that for the various elements of the
turbomachine, existing materials have been selected.
It is recognized that as better materials are
developed and qualified for utility service, they
will be factored into the program in a prudent
manner.

TABLE 4
MATERIALS SELECTED FOR HTGR-GT PLANT TURBOMACHINE

Component Material
Compressor
Disks Ladish D6AC Low Alloy Steel
. Hubs 9 Ni -4 Co - 0,2 C Steel
Blades]
Vanes AMS 6414 (AISI4340) Low Alloy Steel
Cases ASTM A-515 Gr 55 Carbon Steel .
Mounts ASTM A-387 Gr 12
Ducts ASTH A-217 WC6 Lov Alloy Steels
Containment Ring AMS 5613 (AISI 410) Stainless Steel
Turbine
Disks . Ladish D6AC Low Alloy Steel
Hubs 9 Ni - 4 Co - 0,2 C Steel
Blades PWA 658 (IN-100) Ni-Base Alloy
Vanes PWA 1447 (MAR-M-247) Ni-Base Alloy
Blade Tip Seals }
High-Temperature Ducts ] AM 5783 (Hastelloy S) Coated
Cases ASTM A-515 Gr 55 Carbon Steel
Mounts ASTM A-387 Gr 12

Ducts ASTH A-2L7 WC6 low Alloy Steale
Contajinment Ring AMS 5613 (AISI 410) Stainless Steel

Insulation PWA 385 (Kaowool)

The long-term behavior of materials under a
represéntative reactor environment is being charac-
terized, and the environmental effects on material
properties are being quantitively established. The
General Atomic materials screéning program represents
only part of an overall effort being carried out by
several countries to establish materials data for
advanced gas-cooled reactor systems. To date, over
25,000 hr have been accumulated in creep and cor-
rosion tests at elevated temperature in a repre-
sentative helium environment of the HTGR-GT primary
circuit. Particularly encouraging are the results
for the baseline candidate nickel-base turbine‘bladd/
vane alloy (IN-100), which shows no apparent degrada-
tiun in properties. -

Fabrication-Related Design Considerations

In view of the previously mentioned philousuphy
of conservatism in design, utilization of existing
materials, and established technology, it was an ob-
vious goal to establish a turbomachine design that
did not require advancements in the state-of-the-art
with regard to fabrication technology (e.g., disk
diameter exceeding curtenl forglug llmlis and:casings
larger than have been cast to date).

For a single-shaft helium turbomachine (with a
rotational speed of 3600 rpm) in the power range of
400 to 600 MW(e), the rotating section is compact
(characterized by small blade heights) and, as out-
lined in Table 3, is substantially smaller than an equiv-
alent air-breathing machine because of the high degree
of pressurization of the helium working fluid (partic-
ularly at the turbine exit). The external dimensions
of the helium turbomachines discussed in this paper
are, in fact, quite similar (as can be seen in Fig.
23) to those of an existing air-breathing, advanced,
open-cycle industrial gas turbine in the 100-MW(e)
range. The fact that the helium turbine (particularly
the rotor assembly and casings) 1is comparable in size
to existing machines substantiates the claim that con-
ventional fabrication methods and facilities can be
used. An appreciation for the overall assembly size
of the FT-50 100 MW(e) open-cycle industrial gas tur-
bine can be gained from Fig. 24.
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Fig. 23. Overall turbomachine envelope comparison
for open- and closed-cycle gas turbines

TURBOMACHINE MAINTENANCE CONSIDERATIONS

For ﬁhe integrated system it is important that
turbomachine maintenance aspects be considered during
the plant conceptual design phase. The primary ob- )
jective of the HTGR-GT maintenance plan 1s to provide
facilities, equipment, and components of reasonable
cost that will yield good plant availability. It is

' therefore a matter of policy to design the reactor

and conversion system installation, as well as the
related maintenance facilities, for practical opera-.
tion for both planned and unplanned maintenance.

The turbomachine will be serviced in scheduled

. inspection and maintenance programs that are intended

to minimize maintenance costs while still providing
assurance that the equipment 1is functioning within
design structural and performance limits. Major
maintenance wili be pertormed on a 6-yr interval.
While removal of the turbomachine is considered to be
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View of overall assembly of FT-50 100-MW(e)
open-cycle industrial gas turbine

Fig.

a scheduled maintenance operation, current maintenance
philosophy for a mature commercial plant is that the
turbomachine will be removed only if the condition
monitoring system indicates a problem. The reliance
on diagnostics to indicate operating problems, to-
gether with turbomachine maintenance philosophy, is
summarized in Table 5.

TABLE 5
HTGR-GT TURBOMACHINE MAINTENANCE PHILOSOPHY

Reliance on Diagnostics To Indicate Operating Problems
Temperatures
- Pressures

- Vibration Monitors On-Line

- Visual (Fiber Optics) Computer

- Direct Contact and Gas-Coupled Emission System for
Transducers Condition

- Clearances and Eccentricities Monitoring

Magnetic Metal Chip Detectors in
Lubrication System
0il Spectrometric Analysis
Primary Syetem Chemistry
® Turbomachine installation and removal procedures are established.
Current design requires man access into the purged areas for
connection/disconnection of drive coupling, service system line
flanges.
® Fu: a mature commercial plant, the turbomachine will be replaced
only if the diagnostic system indicates problems,
Stress levels in the turbomachine are commensurate with the full
280,000-hr plant operacluy life (i.o., nn life-limited subcomponents).
Journal bearing areas are accessible for inspection and maintenance
(bearing pad replacement, etc,).
® In situ balancing of rotor is considered possible by UTC.
Alignment of the turbomachine-generator is not considered a problem.
For many maintenance operations, experience from industrial gas
turbines is directly applicable.

It is recognized thal the turbomachine internal
surfaces will become radioactively contaminated by
deposition of helium-borne condensable fission prod-
ucts. Thus, a procedure must be established for
remote removal of a failed machine and replacemeut
with a spare unit. For a multiloop plant, downtime
will be held to a minimum by performing turbomachine
change-out during a scheduled refueling perivd. Tol-
lowing a preliminary maintenance study (20), an in-
depth investigation has been carried out by General
Atomic Company and United Technolugies Corporation Lo
establish a procedure (and the necessary equipment)
for remote handling maintenance. It has been deter-
mined that essentially all disassembly and decontami-
nation can be handled remotely, and since this will
he a topic of a forthcoming paper, it is merely sum—
marized below.

The turbomachine is being designed to permit
easy disassembly and rebuilding. A procedure has
been established for remote disassembly of the ma~-
chine, and the view shown in Fig. 25 represents an
initial operation in an on-site maintenance facility.
Parts of the turbine and compressor stator cases are
of split design, and this together with other design
features permits the compressor and turbine rotor
assemblies to be split into modules as illustrated in
Fig. 16. Decontamination of each rotor can be car-
ried out separately, since it is expected that fis-
sion product plate-out will be more severe on the
turbine rotor than on the compressor components.
Following decontamination of the major subassemblies,
the separate rotor sections and split stator cases
can be disassembled into parts without the need for
remote manipulators. A goal for the rebuilding of a
used turbomachine, with replacement of subcomponents
as necessary (perhaps turbine blades in the first
stages), would be to perform this operation in a
straightforward "hands-on'" manner.
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Fig. 25. Diagram showing an initial operation in the
remote disassembly of a contaminated helium

turbomachine

For the direct-cycle HTGR-GT plant, the issue
uf in service inspection (ISI) has added importance,
since all the power conversion system componenLs are
installed inside the PCRV and are thus not accessible
for direct visual inspection. In-service inspection
requirements are continually becoming more demanding
to satisfy various code requirements, regulatory
guides, and licensing commitments and Lo meet utility
owners' needs. It is therefore prudent to consider
ISI requirements during the plant conceptual design
and to pursue a policy of providing inspectable
designs where required. While in a very early stage
of development, an on-going study has beeu aimed at
identifying the type of inspection envisioned for
key elements in the major components. Provisions are
incorporated in the turbomachine desigun to permit
borescope inspeation of highly stressed areas while
the turbomachine remains installed in the PCRV cavity.
A summary of the ISI examination and tesling possi-
bilities for the turbomachine is given in Table 6.

It should be emphasized that these possibilities

are tentative and will require special attention in
developing a program of ISI and testing as the turbo-
machine and plant designs mature.



TABLE 6

HTGR—CT TURBOMACHINE ISI POSSIBILITIES

Coupling bolts.

Structures and Verification of

Visual in-place or design | Accessibility for view-

Region or Type of
Subcomponent Examination Method Design Impact Remarks
Bearings Visual From man access areas Access space environ-~ UVevelopment of specialized
Borescopes ment ISI methods necessary
Fiber optics
Direct contact Acoustic emission trans- Shielding Experience from industrial
ducers gas turbine applicable
. 0il analysis .
Blading Visuval Remote Viewing device Proposed in-place exam by
accessibility borescope for gross
. deformation
Rotor Visual Direct, manual Removability of turbo- Existing equipment and
Disks Surface and volumetric | Gas coupled acoustic machine unit for techniques generally
Shaft . Direct contact Emission transducers shop examination applicable
Couplings -

Existing equipment

supports continuing integricy redundancy with ing in -place or instru-
monitoring mented to detect change
Seals No epecific ISI requirements, vigual exam desirable
Welds Volumetric of primary Remote ultrasonic Accessibility to locate Adaptation of existing
. boundaries transducer over welds equipment
Service system Surface or volumetric Manual Access to welds Adaptation of existing
piping and welds equipment

Inetrumentation and
sensors
Mechanical closures Volumetric for stud Remote ultrasonic
bolts > 50.8 mm
(>2 in.)
(Primary boundaries)| Visual for stud bolts Remote

Z 50.8 mm (5 2 in.)

No specific ISI requirements; however, should be capable of detecting cHange in unit performance,

Adaptation of existing
equipment from light
water reactors

Accessibility to locate
transducer.over stud
Stud removability

TURBOMACHINE DEVELOPMENT

While no advancement of turbomachinery state-
of-the-art is needed, several years of in-depth design
work, in conjunction with a comprehensive development
effort, is necessary to realize the goal of progress-.
ing from the present conceptual design stage to plant
commercialization in about 15 yr. In this paper the
formidable technology bases for the design of the
helium turbomachine have been emphasized. Another
point that should be made is the conservative nature
of the turbomachine by virtue of the following:

Low turbine inlet temperature.

Low rotor speed.

Known materials.

Low stress levels.

Uiniform temperatures.

Non-corrosive working fluid.

Modest load-following operation cycle.
All known technologies.

e Industrial design practice.

The development of the turbomachine will essen-
tially consist of extensive component testing and
installation checkout in the PCRV. The following
component testing is planned:

e Bearing and seal tests.

Lubricating system tests.

Flow distribution tests.

Compressor rig tests - 1/2 scale.

Turblne rig tests - 1/2 scale.

Disk and rotor burst tests - blade loss tests.
Shaft seal tests.

Materials compatibility tests.

e Full-scale spin test.

The installation checkout (at zero power) in the
PCRV will consist of the following: ’

o Pressurization checks.

e Turbomachine spin and balance test.

e Motoring checkout.
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e System simulator test.

e Lubrication/buffering system checks.

e Instrumentation

The rise to full temperature operation will be
done over a period of a few months with nuclear heat
input. 1If problems are encountered with the turbo-
machine during this period, it is projected that they
can be remedied in a straightforward and timely manner
since the contamination level will be very low, as
evidenced by experience at the Fort St. Vrain HTGR
plant where maintenance work was performed on the
helium circulators withour difficulty.

SUMMARY

Since closed-cycle gas turbines are not well
known in the U.S.A., a predominant theme in this paper
has been to emphasize that helium turbomachines of
large power rating [400 to 600 MW(e)] bear a close
resemblance to existing large open-cycle industrial
gas turbines. The aerodynamic procedures used for a
helium turbomachine are essentially identical to con-
ventional air-breathing gas turbine practice. The
high degree of pressurization in the closed-cycle sys-
tem results in a compact arrangement, and it has been
shown that helium turbomachines in the 400- to 600-
MW(e) range are similar in overall size to existing
industrial gas turbines in the 100-MW(e) class. In
addition to existing mechanical design methodology
being applicable, an important aspect of the above
size comparison is that conventional fabrication
methods and facilities can be used for the helium
turbomachine.

Emphasis has been placed on the formidable
technology bases from which the design and development
of the helium turbomachine can benefit. While this
paper has been predominantly design-related, it was
felt pertinent to comment on existing hardware and to
point out that large multistage, axial-flow helium



turbomachines have operated successfully in Europe.

Between now and the year 2000, when it is pro-
jected that the HTGR-GT plant could become a commer-
cial option, it is postulated that significant tech-
nology advancements (materials, aerodynamic, etc.)
could impact on the performance of the plant. During
the conceptual design of the plant, however, it was
felt prudent to use existing state-of-the-art tech-
nology, and in the case of the turbomachine, the con-
servative nature of the design (and performance
estimates) reflects the influence of technology from
demonstrated industrial gas turbines. Advancements
in materials and design methodology and improved com-
ponent efficiencies will be factored into the plant
as the design matures.

For the HTGR~GT plant an extensive program of
design, development, and testing is necessary to
achieve the performance and structural integrity to
qualify the equipment for nuclear power generation.
This paper has emphasized salient factors related to
the helium turbomachine, since it represents the
single most important component in the plant. Criti-
cal elements of the turbomachine, such as the bearings
and seals, have been identified, and in these areas
development work is necessary. The formulation of
test plans and the design of specialized rigs, from
which data will be needed for the final machine de=
sign, are in progress.

In summary, it is projected that rigorous devel-
opment attention must be given to areas that impact
the operation of the machine when installed inside the
reactor vessel (i.e., bearings, seals, structural
integrity, etc.). However, because of ibs overall
simplicity and modest operating temperature, the
helium turbomachine is not regarded as any more dif-
ficult a development problem than a new high-
temperature. aircraft gas turbine.
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