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ABSTRACT

Since the onset of gas-cooled reactor werk, almost half a
century ago, the potential for direct coupling of a nuclear heat
source with a gas turbine power conversion system was recognized,
however, the technologies for the realization of this were not
available, and the plants operated to date have used Rankine steam
turbine power conversion systems. In the early 1990s, technology
" transfer from the gas turbine and aerospace industries, now make
possible the tntroduction of the gas turbine modular heltum reactor
(GT-MHR) for utility pewer gencration within the next decade. In
this paper the enabling technologics for the helium gas turbine
power conversion system are discussed, and these include the
turbomachinery, magnetic bearings, compact heat exchangers, and
helium system operating experience. Utilizing proven technology,
the first GT-MHR plant would operate with an efficiency of 47%,
and by exploiting its full potential this could perhaps reach as high
as 60% early in the next century.

1. INTRODUCTION

Since the nuclear gas turbine was first discussed in 1945
(Keller, 1945), engineering studies have been periodicaily under-
taken in the coupling of a gas-cooled reactor with a helium closed-
cycle gas turbine. Comprehensive design and development efforts
were undertaken, both in the U.S. and Germany, in the mid to lae
1970s, and it was concluded then, that the curremt state of tech-
nology was inadeguate 10 support the deployment of a nuclear gas
terbine project (McDonald and Peinado, 1982).

In the last decnde, studies of the helium cooled reactor have
focused on plants that are safer, smaller, simpler. and with
improved economics. A considerable effort has been expended to
establish a modular high temperature gas-cooled reactor (MHTGR)
with a steam turbine power conversion system, with an efficiency
af 38%. In this same decade the following have occurred:
(1) continued hiatus in the U.S, nuclear industry, (2) repeal of the
National Fuel Act 1o permit use of natural gas for power genera-
tion, and (3) large advancements in gas turbine technology. The
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result of these is, that in the next two decades, it is likely that gas
turbines will become the dominant prime-mover for utility power
generation in the U.S. Natural gas burning combined cycle gas
turbine plants, with a capital cost on the erder of 3600/KW(e), are
in service today with demonstrated efficiencies of 55%, and this
will increase to over 58% for large machines soon to enter service
(Farmer, 1993). It .is projected that advanced industrial gas
turbines, rated up to 300 MW(e), will operate at over 60%
efficiency before the end of this century.

In light of the changing power generation market, a
reassessment of the nuclear Brayton cycle in 1992 revealed that
technology advancements in many areas, panicularly frorn the gas
turbine and aerospace industries, would now make the GT-MHR a
reality, and offer much improved economics over the steam cycle
variant. Such a power plant with an efficiency of around 47%, will
have attractive economics for utility power generation shortly after
the year 2000.

This paper addresses the key enabling technologies for the
GT-MHR helium gas turbine power conversion system and includes
the following: (1) turbomachinery technology transfer from aircraft
and industrial gas turbines, (2) magnelic bearings, (3) compaci high
effectiveness plate-fin recuperators, and (4) experience from
operating helium systems, this including circulators in nuclear
plants (with submerged electrical drives), and the 50 MW(e)
Oberhausen 11 helium terbine plant.

In the design of the GT-MHR power conversion system
advantage will be taken of these proven technologies, and it will be
based on the use of existing analytical methods, materials, and
fabrication procedures. Following a significant penetration of the
utilityy power generation market place, the successful operating
experience with the state-of-the-ant GT-MHR, together with
advanced 21st century technologies (primarily to facilitate higher
temperature operation), will permit the full potential of the nuclear
gas turbine to be exploited, namely an efficiency perhaps as high
as 60%.

Presemed al the Intemational Gas Turbine ard Aergengine Congress end Exposition
The Hague, Netherlands = June 13-16, 1994
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2. GAS-COOLED REACTOR EVOLUTION

The evolution of helium ceoled reactors is shown in Fig. 1,
and this is complemented by more than 50 carbon dioxide cooled
reactors buill and operated in the UK. In the 1960s, four experi-
mental facilities were constructed and operated, namely Dragon
(UK), AVR (Germany), and Peach Bottom I and UHTREX
(USA). Data from these plants were used to facilitate the deploy-
ment of two commercial plants in the 1970s, namely Fort §t. Vrain
and THTR.

Of the above, the most germane in terms of the gas wrbine
is the AVR plant in Germany which operated for over 21 years,
and beiween 1974 and 1988, a helium outlet temperature of 950°C
(1742°F) had been maintained on a long-term basis with low
contamination of the circuit. In terms of temperature potential for
the MHR it is of interest w0 note that the UHTREX reacior
operated wiih a reactor outlel temperature of 1315°C (2400°F),

. The next gas-cooled reactor being copstructed is the
30 MW(t) HTTR in Japan which is expected to be operational in
the late 1990s. This reactor has been designed for service up to
950°C (Saito, 1991), and will pave the way for advanced MHTGRs
to meet energy needs that will emerge early in the 21st century
(McDonald, 1993). Based on the wiilization of proven technclogy,
the initial GT-MHR plant could be in operation before the year
2005, and be replicated for utility service shortly after.

Fig. 1. Helium Cooled Reactor Evolution

3. GT-MHR PLANT CONCEPT

The GT-MHR plant configusation has as its genesis the
steam cycle MHR that has eveolved over the last 10 years
{Bramblett, 1991). The gas turbipe plant configusaiion, which is
currently in the conceptual design stage, is shown on Fig. 2. Since
the plant design concept has been described previously (Simon,
Zgliczynski, 1993 and Neylan 1994), only a brief summary is
included here.

The plant is based on a highly recuperatured and indercooled
Brayton cycle with a net plant efficiency of over 47% (with a
reactor ouilel temperature of 850°C), which with a core thermal
rating of 600 MW(1) could give a module output approaching

300 MW(e). The GT-MHR module arrangement consists of two
verlical, juxta-positioned steel vessels with a connecting concentric
crossduct vessel as shown in Fig. 2. The reactor vessel contains
the annular reactor core, which consists of an assemblage of
prismaitc fuel elemenis, and this provides the thermal energy to
directly drive a helium iurbine that is an integral part of the reacior
coolani circuit.

Since this paper addresses the enabling technologies for the
power conversion system, it is germane 10 focus attention on the
internals of the power conversion system as shown in Fig. 3. The
power conversion vessel, made from modified 9Cr alloy steel is
approximately 7 m (23 ft) in diameter and 22 m (72 fi) long,
contains the enlire power conversion system.

The major component, installed on the center line of the
vessel is the vertical single-shaft helium turbomachine which drives
1he geperator. The gas turbine which consists of two compressor
sections (separated to facilitate intercooling) and the turbine, is
supported from a structure in the plane of the main vessel flange.
This structure separates the reactar coolant heliurn from ihe clean
helium within the genesator cavity. The major advantage of the
submerged generator is thar it obviates ihe need for a shaft
penetrating the primary system boundary. While yet to be
optimized, the rotational speed 1s less than 5000 rpm, and the
output of the nonsynchronous generator is coupled 1o a solid state
variable frequency power converter which can provide power at 60
or 50 Hz to the grid. One of the key technologies making the
nuclear gas turbine viable is the use of active magnetic bearings,
since this eliminates one of the earlier concerns, namely lubricant
ingress. The current rotor design is suspended on three journal
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Fig. 2. GT-MHR Plant Ammangement
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Fig. 3. GT-MHR Power Conversion Vessel Assembly

bearings, and the thrusi bearing is installed a1 the top of the
rotating assembly for ease of access.

There are three heat exchangers installed in the power
conversion vessel, and they provide an important role in the
realization of high efficiency. The heat exchangers in the Brayton
cycle are far less demanding in t¢rms of operating temperature than
in the Rankine cycle since they are installed in the sysiem after the
prime-mover, but they do have demanding requirements in terms
of compactness for installation within the vessel. The role of the
recuperator is to utilize thermal energy from the turbine exhaust 1o
preheat the high pressure compressor discharge helium before it
caters the reactor, thus contributing to efficiency enhancement.
The recuperator utilizes a high surface compactness plate-fin type
of geometry to meet the 95% effectiveness requirement. In the
current design, séx recuperator modules are used. The precooler
and intercooler are Jow temperature, radial flow, water cooled, heat
exchangers. The reject heat from the cycle is removed in the

" preceoler. The major role of both of these units is 1o provide low
helium inlet temperature to the compressors, and this is important
since the power absorbed by the compressors is directly propor-
tional to the absolute inlet temperature. These heat exchangers,
utilizing finned-ube geometries and a cross-counterflow configura-
tion, operate in a very quiescent environment. An important aspect
of these Brayton cycle heat exchangers if that water ingress to the
helium circult (in the event of a tube leak) is obvialed since the
helium is at a higher pressure then the water.

The aforementioned components are interconnected by a
scries of ducts to give 1he required gas-flow paths. The geometries
for these ducts must be carcfully established as the plant design
advances, to minimize pressure loss and ensure good velocity
distributions into the turbomachinery bladed sections and heat
exchangers. In a similar manner detailed attention must be given
to the structural support of the components to accommodate dif-

ferential thermal expansion and to facilitate ase of installation and
removal.

Salient features of the plant are given in Table I, these
representing data at the current conceptual design stage. Work in
progress will confirm the configuration, reactor power, and power
equipment design parameters for the pioneer plant. It should be
pointed out (hat, in the computation of the 47% net plant effi-
ciency, state-of-the-art component performance was assumed. In
looking to the future, perhaps two decades beyond initial introduc-
tion of the GT-MHR, considerable "pushing of the envelope® can
be projected. By increasing the reactor outlet temperature,
factoring in evolutionary advancements in turbomachinery and heat
exchangers, and evaluating the practicality of more advanced
thermodynamic cycles (e.g., two stages of intercooling, combined
cycles, etc.), the potential exists for an efficiency of over 60%
(McDonald and Etzet, 1994).

TABLE |
SALIENT FEATURES OF GT-MHR PLANT
MANT TTPE RUTLEAN GAS TURBINE
CONSTRUCTION TYPE MADULAR
AEACTOR TYPE MHR
GHRE GEAMETRY ANNULAR CORE
pLaNT FUEL ELEMENT TYPE PRISWMATIC BLOCA
B { powss coaveRston sTstin DIRECT CYCLE HELIUM GAS TURBINE
CORE THERRAL RATING, MW1 500
MARULE POWER RUTPUT, Wive e
RET EFFICIENCY, % £18
THERMAfYRAMIE CYCLE RECUPERATED/INTERCODLER
TURBIKE (NLEY TEMPERATURE, *CF} 50 (15A2)
TURRINE IRLET PRESSURE, MPs (PEIA} 7.0 oty
TRERMAL | COMPRESSOR PRESSURE RATIA u
DATA COMPRESSES EFFICIENCL % ]
TURBINE EFRICIENCY, % ”
RECUPERATOR EFFECTIVENESS 1]
STSTEM PRESSURE LOSS (APTPY % [}
TURBIRACKINE FINCLE-ZHAFT ROTDA
COMPRESSON TYPE (STAGES) MULTISTAGE AXIAL FLOWF (1115}
compoxur | TURWINE TYPE ISTAGESH WULTISTAGE AXIAL FLOW (5]
RESIEN GENERATOR TrHE ASYRCHRONGUS SO/ED Kz
—— R ACTIVE MACKETIC SEARINAS
RECUPERATOR TYPE COMPACT PLATE-RN MADULES
PRECOOLERARTERCOOLER TYPE RADIAL FLOW STRAIGHT TuBE
‘| PRESSURE VESSELISH VERTICAL JUXTAPOSITIONED STEEL VESSELS
- RESICE STATUS CONCEFTUAL
TECHWALDCY STATUS STATE SF.THEART
STATUS DEFLOTMENT 0032005
K-890t 3
7-16-93

4. ENABLING TECHNOLOGIES FOR POWER
CONVERSION SYSTEM

4.1. Helium Turbomachinery

While the properties of helium influence the gas flow
geometries (as will be discussed below) it is importaat 1o note that
the aerodynamic and structural design procedures used are identical
to conventional air-breathing gas turbine practice. To the nonspe-
cialist, gas turbines with a rating on the order of 300 MW(e), as
outlined in this paper, may seem large compared with open cycle
units, but in point of fact the high degree of pressurization

_associated with the closed cycle system results in machine sizes
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that are physically smaller than industrial and aeroderivative gas
turbines in utility service, and since the enthalpy drop in the wrbine
is many times greater than air, very high specific power can be
realized. Afier many years of experience, the design of helium
turbomachinery today is well understood (McDonald, 1981
Haselbacher. 1974; and Ponomarev-Stepnoi, 1981).

The key to the design of high efficiency helium turbo-
machinery is the technology available from the gas turbine
industry, both industrial and aeroderivative units. Details of a pre-
conceptual design of the helium turbine are compared with existing
machines in Table 2. For comparative purposes, two General
Electric gas turbines are included: (1} the MS9001F (Brandt, 1990)
shown in Fig. 4 is a heavy industrial gas turbine that is in operation
with a rating of 226 MW(e) and (2) the LM6000 (Casper, 1993)
shown in Fig. 5 which is derived from the CF6-80C2 commercial
aircraft engine and is rated at 42 MWi(e). State-of-the-art tech-
nology from these engines is directly applicable to the design of
the bhelium turbomachine, particularly in the areas of design
methodology, performance, materials, and fabrication methods.

Design of the helium turbomachine for the GT-MHR by General

Electric Aircraft Engines 1s currently in progress.

TABLE 2
TURBOMACHINE FEATURE COMPARISON
PO FRED MELM FWER CENERATIN
MUCLEAR CAOSED-LYELE WERrY DuTY AERUDERVATIVE
APPLICATION EAS TURRINE AS TURRINE MDUSTRIAL 61 GAS TURBINE
FLANT OESIGRATION ) ORERMAUSEN B MSY01F GE) LMG00 IE¢
FOWER, M¥ic) -0 w o ]
WORKING FLaE LM HELM e A
THERMOZYNAMIC CYELE RECUPERATED & RECUPERATED & SIMPLE CYELE SMmECTCLE
INTERCONED MTERCODLED
TURBINE DELET TEMEF, °C (9F) 90 (1562) 5 N 1o (rEn 120a7M)
‘COMPRESSGA PRESSURE RATIO 1 7] o ]
MASS FLOW RATE K556 (LB/SEQ S B $1I13351} 1zan
ComPRESSON
WUMBZEN OF STAGES e LTI T n 1P .U
MAX. TP DUAMETER, M (. 1H5 U - oo 1372173 (502
TURBINE
WIMBIEN OF STAGES 1 e -1He 2P EHP
MAAY THP DLAMETER, W0M 1M ) 1500 (9% - F-o )k ] heal -]
BLADE CODLINGMATERAL GMCOOUEARCKEL | URCODLED/RCNEL COOED/GTD- 11
BASE ALLOY BASE ALLOY BASE ALLDY
ROTATIONAL SFERD P o0 000 3000 50 ) am
SHAFT ARAANGEMENT NGLE SHAST TWIN/GEARED SIHGLE SHAFT T SHAFT
MALHINT ORENTATION veRmCa
WEAKING TYe AT MARNETIC | omLL [ OIL \IFRCATED
BEARBS
YLAR ENTERING FERVICE 2 N il TSI
Rl el Lici
90020

B-10-¥3¥mac

Fig. 4. MS9001F Industrial Gas Turbine (Courtesy General
Electric Company)

Fig. 5, LM6000 Aeroderivative Gas Turbine (Courtesy General
Electric Company}

Since the choice of working fluid affects the turbo-
machinery, it is germane to briefly discuss the impact of using
helium. The specific heat of helium is five times that of air, and
since the stage temperature rise varies inversely as 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, results in more stages being
required for a helium compressor. It is fortunate that in a highly
recuperated helium closed Brayton cycle the optimum pressure
ratto is Jow (i.e., 2.8) and, in fact, the number of compressor and
turbine Stages are comparable with air-breathing gas turbines.

Substijution of helium for air greatly modifies aerodynamic
requirements by removing Mach number limitations; the problem
then becomes that of trying to induce the highest possible gas
velocities that stress-limited blades will allow, The size of the
machine is dictated by the choice of blade speed, there being an
incentive 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.
In an open cycle gas turbine, the centrifugal blade root stress is
dominant and this is proportinnal to the blading annulus area times
the square of the speed. In a highly pressurized closed-cycle
sysiem, the gas bending stress must also be included and this tends
to give blades of increased thickness and longer chordal dimen-
sions. The lauer impacts the length of the bladed rotor, and hence
the bearing span.

A helium turbomachine tends to be characterized by the
following: (1} high hub-te-tip ratio, (2) low aspect ratio, (3) low
Mach number (<04), (4} high Reynolds number (>3 x 106)._
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(5) very smal! annulus flare (because of small gas density differ-
ence across the blading), and (6) long slender rotor. For the
helium wrbomachine, high compressor and turbine efficiencies are
projecied based on a combination of the following: (1) low Mach
number, (2) high Reynolds number, (3) clean oxide-free blading
surfaces in the closed circuit, and (4) close blade tip clearance for
the based loaded plant. .

In the case of the turbine, the very modest inler temperature
of 850°C can b¢ accommodated with uncooled blades made from
existing nickel-base alloys. The turbine is, of course, free from
carrosion effects associated with combustion products. The load
change transients in the nuclear plant are mild compared with those
in combustion trbines. The helium turbomachine is being
designed for a life of 40 years, with scheduled removal at 7 year
intervals for inspection and maintepance as required. To minimize
plant downtime, a spare turbomachine will be kept at the plant site,
and it is projected that the unit could be remnoved and replaced in
a 10 day period. The unit removed would be decontaminated and
refurbished for futire use.

In closing on this section, it is periinent to point out that the
helium turbomachine is, in fact, less complex than a modern high
bypass ratio turbofan engine for commercial airline service. Within
the industry, a very high confidence level is expressed for near
term deployment of a helium gas turbine.

4.2. Active Magnetic Bearings
LS

In studies of the direct cycle gas turbine done over 15 years
ago, the anly choice of bearing was an oil lJubnicated system since
the rotor weight was too grear for practical gas bearings. Oil
bearing systems were very complex (Adams, 1978), and even with
redundant gas buffered labyrinth seals, there was always concem
about potential oil ingress into the reactor system. Over 5 years
ago the potential for the use of magnetic bearings in closed cycle
systems was recognized (McDonald, 1988), and in the meantime,
there has been substantial use of them in industrial applications
(Dussaux, 1990). Today, over 6 million hours of operating time
has been accumulated on active magnetic bearings. Over 120 large
turbomachines (i.e., gas compressor, gas turbines, turboexpanders,
cte.) have run for maore than 1.5 million hours, and simply stated,
the technology is mature enaugh for the GT-MHR.

In the GT-MHR turbomachine (Fig. 3) the current layout
has a bottom-mounted journal bearing, 2 midspan joumal bearing,
and above the generator is a combined joumal and thrust bearing.
A distinguishing feature compared with the aforementioned appli-
cations is the vertical orientation of the rotating assembly. The
major impact that this has is on the bearing system relates to the
catcher bearing. If the magnetic fiedd is lost (although an unlikely
event because of built-in redundancy), the rotor will drop onto
catcher bearings. The catcher bearing system must be capable of
withstanding muitiple drops without incurring damage during the
rundown of the machine. An approach to give a "soft drop” capa-
bility wauld utilize a hydrostatic gas catcher bearing supplemented
by a self-lubricated sleeve bearing for extreme load conditions and
operation at low speed (Storace, 1993).

For a 300 MW(e) helium wrbomachine, the rotor weight
could be as high as a 40 rons. In the initia) design concept, the
rotor acrodynamic thrust is upwards and is almost identicad in value

_to the rotor weight, This means that a “rotor drep” onto the thrust

catcher bearing at full speed will not be dramatic, nevertheless, the
caicher bearing must be designed to take the full rotor weight.
While the rator is heavier than in applications ta date, the thrust
bearing unit loadings and peripheral velocities are bounded by
turrent operating experience. It is of interest to note, that in
support of a helium circulalor program, funded by EPRI, a mag-
netic bearing test program was conducted by James Howden and
Company in Scotland. A vertical rotor with a rotational speed of
6000 rpm, and a simulated thrust of over 10 tons was repeatedly
dropped onto & dry-lubricated thrust catcher bearing. Over 25
drops were experienced without damage, and valuable data were
generated in terms of material selection and bearing geometry for
operation in a helium system. It is also of interest to note, that a
small [20 KW(e)] helium circulator (Fig. 6) has operated over
15,000 hr trouble-free with magnetic bearings (Henssen, 1985).
The significance of this application is that the circulator operated
in a high temperature helium test loop with a gas inlet temperature
of 950°C, and this nacessitated the vse of ceramic insulation in the
bearing area.

Fig. 6. Helium Circulator with Magnetic Bearings (Courtesy
HRB, Germany)

Clearly, the GT-MHR can 1ake advantage of the aforemen-
tioned technology, but testing of the full size bearings must be
undertaken prior ta the fabrication of the first turbomachine.
Design verification of both the journal and thrust bearings will be
an important task earty in the program. Since the turbomachine is
not directly synchronized with the grid (but rather a frequency
converter is used), an inherent pant of the control system will be to
vary the speed. This means thai rotor dynamic stability must be
assumed aver a wide speed range, and this must be verified to get
a good understanding of the critical speeds.

4.3. Compact Plate-Fin Recuperator

Perhaps the key technology that facilitates the high effi-
ciency of the GT-MHR piant is the utilization of a compact
recuperator. [n carly direct cycle gas trbine studies, the state-of-
the-art recuperator technology permitted only the use of tubular
geometries, and with their low compactness, the effectiveness was
limited to Jess than 90% because of volume limitations within the
vessel (McDonald, 1977). Since then, very significant advance-
ments have been made in gas turbine recuperator technology

_(McDanald, 19904, b). 1t is the compact plate-fin type of recuper-
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ator (Kretzinger, 1985), that permits utilizatien of higher effective-
ness values, with attendant gains in plant efficiency and operating
economies.

The GT-MHR plant design embedies six recuperator
modules, of about the same size as used in current regenerative
industrial gas turbine engines (Fig. 7). A comparison of the
GT-MHR recuperator design with other applications is given in
Table 3. Operating in a clean, closed helium circuit, very small
hydranlic diameter passages can be used, with resultant surface
compactness values on the order of three times that in open cycle
gas turbine recuperators. Operating in the laminar flow regime, but
with highly offset surfaces, very high heat transfer coefficients can
be realized by virtue of the surface geometry, high system pressure
and the high thermal conductivity of helium. With the very high
unit thermal density (i.e., 17 MW/m?), an effectiveness of 95%,
together with a low pressure loss, can be achieved with a six
module recuperatar that is readily integrated in the power conver-
sion system (Fig. 3).

Existing recuperator technology established by Allied-Signal
Aerospace Company is directly applicable 1o the GT-MHR. Over

Fig. 7. Compact Plate-Fin Recuperator Module (Courtesy Allied-
Signal Aerospace Company)

TABLE 3
RECUPERATOR FEATURE COMPARISON
FOSSIL-FIRED KELIUM REPRESENTATIVL
MUCLEAR CLOSED-CYCLE RECUPERATEY
APPUICATION GAS TURhDR GAS TUREINE IDUSTRIAL
GAS TURBMLS
PLANT DESIGNATION T DEERHAUSEN
WORKING FLUIDS NELIAMMHILUM HELRAM/MELIUM AR/GAS
GAS TURBINE RATING. Mwia) ] L] =]
KICUPENATDA TYPE FLATE-FIN TUBE AND SHELL PLATE-AN
FURFACE CEOMETRY COMPACT GFFSETRNS | PLAIN TUBES COMGPACT GRPSET ANS
ROW COMAGUR ATION LOUNTERLW CRISY COUNTERRIW COUNTERRIW
TYPY OF CORSTRUGTION SAAZEQ ASSEMBLY [T ERAZED ATIEMELY
KECUPERATON ASSEMBLY WACULAN WTOULAR
K/MBEA OF RECUPENATOR CORES [ 1 TR
WASE LIV, €L/SET (LB/SEC ) (e T (-5
WOT GAS INLET TEM®. '€ 1F) SRS < ey SS9 T
INTERRAL PRESSUIRE DIFERENTIAL MFa [759) oS-y =] (0
EFRELTVINESS 1% [ W34 TD 0
QVERALL MCELSURE LOSS. [T] I 157048
MATERAL WS WIEURPA CARBON STEEL | &931.57
DENSITY. MM [FTIFTY | vow )om) 1R HG IR

THEEMAL DENSSTY, MNP 17 1 t

| _SEPNCE UFE YEARS ] » UPTD 4

|_YEAR ENTERING SERVICE 20 i Cil
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60 recuperated industrial gas turbines have accumulated over
3 million hours of service. The operating environment for these
units, in terms of transients and thermal shock is more severe than
those that will be experienced in the GT-MHR. The recuperator
gas inlet temperature of 510°C (950°F) is modest compared with
other applications (e.g., vehicular gas turbine units) and 316
stainless steel can be used. Direct technology transfer to the
GT-MHR will include: (1) heat transfer analytical methodology,
(2) mechanical design, (3) structural analysis, (4) fabrication, and
(5) development testing.

The closed cycle system operates with a higher recuperator
pressure differential than open cycle units, but the valne of
4.6 MPa (664 psi} is bounded by existing plate-fin heat exchanger
experi ence. As part of the component developrment program, a
full size recuperator module would be tested to confirm its per-
formance and structural integrity under representative plant con-
ditions. The recuperator is a helium-to-helium heat exchanger, and
if leaks develop in service, the only impact will be slight degrada-
tion of plant performance. While minor leaks can be tolerated, if
the level reaches a point where performance loss is significant, the
faulted module will be removed and replaced.

The precooler and intercooler are helium-to-water heat
exchangers and they operale in a very benign environment, and in
fact, their metal temperatures are less than 121°C (250°F). The
technology for these units is commercially available. In both units
the water-side is pressurized to suppress boiling and stable oper-
ation is assured. Since the helium pressure is greater than the
water pressure, the issue of water ingress into the reactor circuit,
as a result of a tube failure for example, is obviated.

4.4. Helium System(s) Experience

4.4.1. Rotating Machinery in Gas-Cooled Reactors

Experience gained from the operaon of helinm circulators -
inthe AVR, THTR, and FSV plants provides annther valuable data
source for the GT-MHR. The circulators in the AVR and THTR
(Fig. 8) planis were horizontal machines with submerged electric
motor drives (IAEA, 1988). While the di-electric sirength of
helium is different from that of air or hydrogen (used in the

Fig. 8. THTR Plant Helium Circulator (Courtesy HRB, Germany)
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cooling of conventional generators), the insulation sysiem in the
submerged systems performed well. In the AVR plant, each of the
two circulators operated trouble-free for over 130,000 hr during the
24 year plant life. In the THTR plant, the six circulators had
accumulated over 100,000 hr of trouble-free operation when the
plant was prematurely decommissioned. These German machines
have been included in this discussion mainly because of their
wtilization of submerged electric motor drives. This proven
technology will be used for the submerged generator in the
GT-MHR plant.

Experience gained from the operation of the vertical axial
flow circulators in the FSV plant is also germane {McDonald,
1992). Particularly valuable know-how associated with operating
in helium included sealing techniques, which are difficult with a
low molecular weight gas, and coatings application to avoid galling
and self-welding in mating oxide-free surfaces. Removal and
replacement procedures were wel) established for handling vertical
assemblies, particularly the utilization of shielded casks. A
circulator was removed from the plant after 60,000 hr service, and
with only local water washing of the impeller (shown in Fig. 9),
direct hands-on maintenance was undertaken. It is hoped that this
will be the case for the helium turbomachine.

Fig. 9. Fon St Vrain Plant Helium Circulator

4.4.2. Oberhsusen II Hellum Turbine Plant

The larges: of the European closed-cycle gas turbines was
the 50 MW(e) Obcrhausen 1] helium trbine plant that operated in
Germany (Zenker, 1988). The coke oven gas-fired plant (Fig. 10)
operated for over 30,000 hr with a turbine inlet temperature of
750°C (1382°F). The selection of a relatively low system pressure
for this plant (compared with future nuclear systems) yields a
larger volumetric flow of the helium working fluid, and accor-
dingly, the actual equipment is comparable in size to a plant rated
close to 300 MW(e). The size of the bladed rotor would, in fact,
be similar to that needed for the GT-MHR plant (Table 2).
Valuable experience gained from operation of this plant could
benefit the GT-MHR in the following areas: (1) plant control,
(2) component characteristics (over full operaling spectrum),
(3) transient data, (4) methods to establish helium leak tightness,
(5) rotor dynamics, (6) acoustic data, and (7) reliability.

Fig. 10. Oberhausen II Helium Turbine Power Plant {Cournesy
EVQ, Germany)

4.5, Other Power Conversion System_Components

While the major components have been discussed above,
there are many other pieces of equipment that are important to the
operation of the power conversion sysiem and these include: con-
trols and instrumentation, bypass valves, seals, ducts, condition
monitoring eguipmenl, in-service inspecuion probes, services
(electrical and labyrinth seal buffer gas supply). vessel penetration,
and all of the handling equipment for remote removal and replace-
ment of the turbomachine and other components. The aforemen-
tioned components are installed in the power conversion vessel, and
advantage will be taken of light water reactor experience with steel
pressure boundary components in the U.S. which covers over 1500-
reactor years of successful operation in over 100 operating
commercial power plants. All of these items require detailed
design, but their {abrication and development are bounded by
existing experience in the power generation industry.

5. GT-MHR DEPLOYMENT

The formulation of 2 detailed deployment plan is currently
in progress, and for the power conversion system there are
essentially two major elements: (1) subcomponent testing and
{2) an integrated test {with a nonnuclear heat source) of the
complete power conversion system,

Subcomponent testing would include the following:
(1) wrbomachine magnetic bearings, {2) seals, (3) performance and
life cycle tests of a recuperator module, (4) by-pass valves, and
{5) contro! and instrumentation. Data from these tests would be
factored into the system final design with a high degree of con-
fidence that the first unit will operate well and meet the
requirements.

Because of the complex nature of the integrated system
within the confines of the steel vessel, there is 2 need for a design
verification test of the complete power conversion system using a
nonnuclear heat Source prior to reactor operation. With injtial
operation in a clean helium environment, it will be possible to
quickly remedy any minor deficiencies if they are identified. The
following would be accomplished: (1) interface resolution,
(2) performance verification, {3) bypass/leakage flow qualification,

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use




(4) flow distribution measurement, (5) calibration of control and
instrumentation  system, (6) signature characterization (e.g..
acoustics) for condition monitoring system, (7) verification of
remote handling equipment for turbomachine removal and replace-
ment, and (8) operator training.

Various options for the nonnuclear test facility are currently
being evaluated, but perhaps the most cost-effective method would
be to completely simulate the reactor system. The complete power
conversion system vessel would be identical to future commercial
units, as would be the complete reactor vessel. A temporary
heater, either fossil-fired or an electrical unijt, would be installed in
the reactor vessel. The actual rating of the heater would be related
to the system pressure {perhaps 20% of the design value), but 2
major requirement would be to operate the helivm turbomachine at
full speed and at the design value of turbine inlet temperature
(850°C). Following verification of the system on "clean helium,"
and resolution of any minor deficiencies identified, the temporary
heater would be removed and replaced with the reactor core.
Following 2 short period of monitored nuclear operation, the plant
would start commercial service. This deployment approach is
consistent with a schedule that would facilitate operation of a
revenue-bearing GT-MHR plant before the year 2005.-

6. SUMMARY

The GT-MHR will enter utility service at a time when gas
turbines (burning natural gas and coal gas) could be the dominant
prime-mover in the U.S. These high efficiency plants with high
reliability will pave the way for the nuclear gas turbine, since its
introduction, as perhaps the ultimate "green technology,” is only a
matter of resolve. As outlined in this paper, the GT-MHR plant,
based on existing and proven technology, will operate with an
efficiency of about 47%. With the utilization of advanced tech-
nologies, the potentizl exists for advancement to over 60%.

The major point made in this paper is as follows: the
technology for the GT-MHR plant has a sound basis in the U.S.,,
and no breakthroughs are necessary in tenns of component design/
performance or materials advancements, however, a thorough pro-
gram of development and testing for design verification must be
adhered to.

With a cooperative international program, the GT-MHR
could be realized early in the first decade of the 21st century, and
meet the needs of the industrialized and newly industrializing
nations throughout the next century.
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