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INTRODUCTION

The High Temperature Gas-Cooled Reactor (HTGR) is an advanced
nuclear energy technology employing a ceramic coated particle
fuel system, a graphite moderator (which also serves to
establish core geometry) and a single-phase, iner:, helium
coolant. This particular combination of fuel, moderator/core
structure and coolant provides a capability for high
temperature operation that is unique among current nuclear
concepts.

In the steam cycle Modular HTGR (MHTGR-SC), the high
temperature capabilities of the HTGR have been optimized to
achieve increased efficiency (over 38%), combined with
simplified safety systems and enhanced safety margins. It is
through technological growth, however, that the MHTGR will
renli?e its full potential.

Gas turbine variants of the MHTGR (MHTGR-GT) are particularly
intriguing. At a core outlet temperature of about S50*C
(I562*F) (within the capabilities of the current fuel system
and structural materials), the MHTGR system can be configured
to produce power using the Brayton cycle, thus conceptually
replacing the steam generator, primary circulator and the
entire stenm power conversion system with a relatively simple
closed-cycle gas turbine and associated heat exchangers. In
addition to reduced complexity, gas turbine cycles are
projected to have a higher power conversion efficiency, in the
mid-WVr) range for a core outlet temperature of 85O'C (I562*F).
As the temperature capabilities of fuels and structural
materials continue to increase through future development, even
higher efficiencies will become possible with the MHTGR-GT.

The potential for gas turbine applications of the MHTGR lias
been addressed in a recent evaluation sponsored by the Empire
State Electric Energy Research Corporation (ESEERCO), (he US.
Department of Energy (DOE). Oak Ridge National Laboratory
(OR.ML) and Gns-Cooled Reactor Associates (GCRA). Additional
support for the evaluation was provided by representatives of
the French. German and Japanese nuclear communities. The
results of this internationally based gas turbine evaluation
arc the subject of this paper.

APPROACH TO EVALUATION

An important element of the MHTGR-GT evaluation was an
international Workshop, (hat was held on June 17-19, 1991. The
objective of the workshop was to obtain expert input regarding
the experience base and enabling technologies for [he

MMTGR-GT. The Workshop was attended by 94 invited experts,
including 23 international representatives. The results of the
Workshop were documented in a detailed "Proceedings" (Ref. I),
which continues to be the most complete reference document on
the MHTGR-GI' and related technologies.

Following the Workshop, the top level requirements and basic
assumptions for a gas turbine MHTGR were addressed. Regulatory
requirements identified for the MHTGR-SC (Ref. 2) were found to
be directly applicable to the MHTGR-GT. It was further
concluded that the MHTGR-SC utility/user requirements
pertaining to safety and licensing (Ref. 3) should also be
adopted for the MHTGR GT. Among the latter are the following
which are repeated for emphasis:

• The plant shall be designed to meet the top level
regulatory criteria ... without credit for sheltering or
evacuation of the public beyond the plant's exclusion
area boundary.

• The plant shall be designed to perform its public health
and safety functions without reliance on the control
room, its contents, the automated plant control system,
or the operator for accident mitigation.

Other utility/user requirements were reviewed and, with two
exceptions, were found to be applicable to the MHTGR-GT.

• The site envelope wet bulb temperature value of 2S°C
(82*F) was retained for safety assessments, but a more
realistic annual average wet bulb temperature of I8*C
(G5*F) was identified for economic assessments.

t The weekly load-following cycle specified for the
MIITGR-SC was made an option for the MHTGR-GT.

Input from the Workshop proved to be especially valuable in
further narrowing the design approach. A key conclusion of (he
Workshop was (hat the SiC-based coated particle fuel system,
developed for the MMTGR-SC (Figure I) would be capable of
supporting core outlet temperatures to about 85O*C (I562T).
On this basis, it was determined that the steam cycle reactor
core design could be adopted with minor changes, and that the
major focus of the study could be placed upon the power
conversion system. Subsequent trade studies led to the
selection of a reference preconceptual rlr-sign, which was Hien
subjected to a series of preliminary technical and economic
evaluations. The reference MHTGR-GT concept and the results of
these initial evaluations are further summarized below.
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DESIGN DESCRIPTION

Reactor and Power Conversion Module

Figure 2 shows the physical arrangement of an individual
MHTGR-GT reactor and power conversion module. The primary
system components are contained within two steel vessels: a
reactor vessel and a power conversion vessel, connected by a
cross-duct vessel. The core assembly is contained within a
steei core barrel which, in turn, is supported within the
reactor vessel. Both the core barrel and reactor vessel are
uninsulated to allow heat dissipation during certain postulated
accident conditions. The lower portion of the reactor vessel
contains the shutdown cooling heat exchanger and the shutdown
cooling circulator, both integral components of the shutdown
cooling system.

The power conversion vessel (Figure 3) .ontains all equipment
necessary to convert the thermal energy transported by the
primary coolant helium into mechanical, and then, electrical
energy. Included within the power conversion vessel are a gas
turbine, recuperator, precooler, compressor and a submerged
generator. The cross-duct vessel provides the connection
between the reactor and power conversion vessels and includes
an internal hot duct.

In the reactor vessel, the helium flows downward through the
core to a plenum located below the core. From the plenum, the
heated helium is directed to the hot duct, which is contained
within and concentric with the cross-duct vessel. The helium
then expands upwards through the power turbine, which is
vertically mounted on a central shaft. The central shaft also
supports the compressor, and is directly coupled with the
generator. At the power turbine outlet, the helium turns
outward and flows downward through the recuperator modules,
which are located in an annulus adjacent to the power
conversion vessel shell. Upon leaving the recuperator at the
bottom of the power conversion vessel, the helium reverses
direction to flow upwards through the precoolcr. The cooled
helium is then compressed in the compressor, which is mounted
on the central shaft just below the power turbine.

Leaving the compressor, the helium again reverses direction,
and Hows downward through an mnulus beKveen the precooler and
the recuperator. The helium enters the recuperator at the
bottom of the power conversion vessel and flows upwards,
accepting heat from the downward flowing helium leaving the gas
turbine. Shrouds and flow devices direct the helium to the
annulus of the cross-duct vessel, which is formed by the
outside of the hot duct and (he inside of the cross-duct
vessel. After re-entering the reactor vessel, the helium flows
upward through ducts, attached to the outside of the core
barrel, to the top of the core.

The vessel primary coolant pressure boundary must be maintained
at or below a temperature of 371"C (700°F) during normal
operation, and during most transients, in order to be
compatible wiili the selected materials, which are tlie same as
those used for light water reactor pressure vessels. This is
accomplished by diverting a small fraction of the helium flnw
(bypass! from the compressor outlet to a space adjacent to the
reactor vessel wall.

Core ami internals

The core and fuel of the reference MIITGR-GT closely resemble
that of the 450 MWt MHTGR-SC. as nitvnnced through a recent cost
reduction study (CRS) (Ref. J). Detailed differences will be

Figure 2 MIITCIl-GT Arrangement

Figure 3 Po»cr Conversion Vessel Arrangement
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required in fuel loading, to accommodate the higher operating
temperatures of the MHTGR-GT. As in the MHTGR-SC. the active
core of the MHTGR-GT will consist of 84 columns of graphite
fuel elements stacked 10 blocks high in an annular nrrny
(Figure 4). The active region of the core consists of three
rings of fueled blocks. Graphite reflectors are provided both
in the center region and outside of the active core. The
annular configuration of the core is an important feature
contributing to the passive safety concept of the MIITGR.

As a first approximation, core related auxiliary systems and
components will be the same in the MHTGR-GT, as in the
MHTGR-SC. Included in this category are reactor
instrumentation and control, reactor refueling equipment and
reactor internals. Some Jetail changes, such as materials
selections for specific components, cooling provisions, etc.,
are likely to be made as the design evolves further.

Gas Turbine and Generator

The rotating machinery design, developed through initial trade
studies, includes a turbine and compressor, mounted on a single
shaft, that is directly coupled with a submerged generator
(Figure 5). By submerging the generator within the primary
helium, the need for rotating penetrations of the primary
pressure boundary are eliminated. The initial trade studies
also concluded that a synchronous speed (3600 rpm) generator
should be selected to avoid the need for frequency conversion.
The latter was found to require additional equipment, and to
reduce the overall plant efficiency by some 3%. Table I
summarizes the key design data for the three main rotating
machinery components.

Table 1
DESIGN PARAMETERS FOR ROTATING MACHINERY

GENERATOR

CtVTfliatUICTfl

• MCTaa VfHf I

Cooling Medium
Pressure, MPa (psig)
Temperature. C (F)
Rotor Power Density, KW/liter
Rotor Diameter, mm (in)
Rotor Length, m (ft)
Rotational Speed, rpm
1st Critical Speed, rpm
2nd Critical Speed, rpm
Windage Loss, M\V

AXIAL FLOW COMPRESSOR

Number of Stages
Hub Diampi'1!. mm (in)
1st Stage lip Diameter, mm (in)
1st Stage Blade Height, mm (in)
Last Stage Ulnile Height, mm (in)
Adiabatii: Efficiency. %

Helium
3.8 (540)
49 (120)
100

1168 (46)
2.13(7.0)
3600

67,878
156,666

0.15

24
904 (35.6)
1173 (46.:)
135(5.31)
95(3.75)
90.3

Figure 4 Reactor Clan View

AXIAL FLOW TURHINE

Number of Stages 9
Hub Diameter, mm (in) 1247 (49.1)
1st Stage Tip Diameter, mm (in) 1826 (71.9)
1st Stage Blade Height, mm (in) 219 (8.63)
Last Stage Blade Height, mm (in) 289 (11.39)
Adiabatic KITicicncy, % 91.8

Note: Above values are based upon a nominal
recuperator effectiveness of 95%

To avoid issues related to lubricant contamination of the
primary helium, magnetic bearings have been selected for the
MIITGR-GT turborrm-hinery in the preconceptual reference design.
This is consistent with the selection of magnetic bearings for
the main and shutdown cooling circulators in the MIITGR-SC.
Additional evaluation will be required to confirm the
availability of magnetic and auxiliary thrust bearings in the
required load range. However, conventional bearing
alternatives are available if problems are encountered.

Heat Exchangers

The reference prcconceptual design of the MIITGR-GT incorporates
two major heat exchangers in the power conversion loop. These

Figure 5 MIITGIJ-GT Turlioinacliinc ami Generator
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are the recuperator and precooler. The recuperator serves as a
waste heat recovery heat exchanger that utilizes heat from the
turbine exhaust to preheat the relatively cool gas leaving the
compressor, prior to its reentering the reactor. As the gas
streams on both sides of the recuperator are within the primary
system, the recuperator is not a primary pressure boundary
component. However, leakage across the recuperator must be
controlled, as it would tend to degrade the thermal performance
of the cycle.

The effectiveness of the recuperator in recovering the exhaust
heat from the turbine, tlint would otherwise be lost from the
cycle, is n critical parameter in the overall efficiency of the
MIITGR-GT. For this reason, the emergence of compact high
performance hea; exchangers at relatively low cost is an
important development that considerably enhances the prospects
for the MIITGR-GT (Ref. 5). For purposes of this initial
evaluation, both plate-fin and prime surface recuperators were
considered, and both appear suitable for the MMTGR-GT
application.

The precooler is a helical coil, shell and tube cross
counierflow heat exchanger that transfers heat from helium on
(he primary side to cooling water on (he secondary side. The
precooler serves as the heat sink for the power conversion
cycle, and is a primary system pr»ssure boundary component.
The precooler design selected for the MHTGR-GT is similar in
configuration to the MHTGR-SC steam generator. Accordingly,
much of the related technology and experience would be directly
transferable to the precooler design. The conditions of
operation in the precooler. however, are much less demanding
than those of the steam generator, since the temperatures are
far lower and no boiling takes place on the tube side during
operation.

PERFORMANCE

Key operating parameters were selected for the reference
preconceptual MIITGR-GT design, based upon preliminary
optimization analyses and trade studies. The temperature
limitations of fuel and structural materials, and the
capabilities of current component technologies were important
inputs. Independent parameters of particular interest in the
optimization process included the core power, turbine inlet
temperature/pressure, compressor pressure ratio, generator
speed, recuperator effectiveness and the temperature of the
heat sink.

fable 2 summarizes the selected values for the above parameters
and ihe resulting expected performance of the reference
preconceptual MHTGR-GT. The underlying assumptions, while
overly conservative, are founded upon prior HTGR-GT design jata
and actual experience with modern turbomachines and heat
exchangers. The projected efficiency of the MHTGR-GT
represent1; a very significant advancement in the state of the
art for nuclear energy.

SAFETY AND LICENSING

The saf"tv concept of the MIITGR is derived from inherent
materials characteristics and passive design feaiures. The
basic strategy is to maintain the fuel within its design
limits, using inherent and passive means, for all licensing
basis events (l.BF.s). This is accomplished by a strongly
negative temperature coefficient, in conjunction with passive
lipat removal mechanisms that are independent of operator action
or inaction. On-going safety analyses of the MIITGR-SC system
and related interactions with the Nuclear Regulatory Commission

Table 2

MHTGH-CT PERFORMANCE AT 100%

Reactor Power, MWt
Site Ambient Temperature (Wet Bulb), C (F)
Precooler Approach Temperature, C (F)
Recuperator Efficiency, (%)
Compressor Ratio
Turbine Inlet Temperature, C (F)
Inlet Pressure, MPa (psia)
Speed, (rpni)
Turbine Adiabatic Efficiency, %
Compressor Adiabatic Efficiency, %
Therinodynamic Cycle Efficiency, %
House Load, 'Mi
Turbine/Compressor Mech. Efficiency, %
Generator Efficiency (excluding windage), "ii
Pressure Loss Ratio
Generator Windage Loss, MW
Net Output. MWe
Net Efficiency, %

"150
18.3 (65)

10 (18)
95

2.00
843 (1550)
7.1 (IO?M
3600
918
90.3
48.9
3

99.5
99
050

0.15
-10
46.7

(NRC) have substantiated the technical bases for meeting the
top level requirements, described earlier.

In Ihe MHTGR-GT, the passive features of the MHTGR-SC arc
retained, and preliminary analyses by ORNL have projected
adequate margins during the limiting core conduction cooldown
events. However, there are some design specific differences
that must be addressed in MIITGR-GT safety and licensing
assessments. Among these are the following:

• It must be shown that the consequences of rotating
machinery failures can be contained, such that the
safety-related functions of the core, primary pressure
boundary, etc.. are not adversely affected.

• Probabilistic assessments must be conducted in
conjunction with further design studies to \cr i fy that
the expected frequency of conduction cooUlown events can
be limited to levels comparable to the MHTGR-SC.

• It must be shown that the temperature of the reactor
vessel is maintained within acceptable limits during all
normal and off-normal operating modes.

M should be noted that some of the safety-related fcalincs of
the MHTGR-GT are improved, relative to the MHTGR-SC. In
particular, water ingress, which is a bounding event in
MIITGR-SC off-site dose projections, would be a much reduced
concern in the M1ITGR-GT.

ECONOMIC ASSESSMENT

Preliminary estimates of capital, operating and busbar
costs were included ns part of the initial MIITCiK-OT
evaluation. Capital costs were estimated using the detailed
MHTGR-SC estimate as a basis. Simpl\ slated, accounts uniquely
associated with steam power conversion were deleted, e-'inates
were developed for gas turbine unique svstems and components,
and informed judgement was used <o adjust the remaining
accounts. Recognizing the early st.itje of development, the
contingency allowance for the MIITGR-GT was further increased.
relative to the MIITGR-SC. The resulting capital costs are
summarized in Table 3, both on an ab'clute and .SKWe basis. A
i.mge of values is shown for the efficierrv of the MHTOR-CrT. to
indicate the sensitivity of cost estimates to that parameter
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Table 3
MHTCR-GT COST SUMMARY

TARGET PLANT FEATURES

Reactor Thermal Rating (MWt)
Plant Thermal Rating (MWt)
Net Efficiency (%)
ptant Electrical Rating (MWe)
Turbines (Number)
Capacity Factor (%)

CAPITAL COSTS

Total Capital (MS)
Unit Capital (S/KWe)

MILLS/KWe-HR

Capital
O&M
Fuel
Decommission ing

TOTAL

RELATIVE

COAL
CRS STEAM CYCLE

REF.
COAL

1800
35.6
640

1
80

1050
1641

23.0
7.9

22.1
_J.
53.1

1.00
1.18

CRS
JC

450
1800
38.4
692

4
84

1368
1979

25.8
8.4
10.1

.7

45.0

.85
1.00

LOW
-GT

450
1800
43.0
774

4
84

1302
1682

21.9
5.4
9.2
.6

37.1

.70

.82

REF
j G T

450
1800
46.7
840

4
84

1302
1549

20.2
5.0
8.5

-A
34.3

.65

.76

* Provided to illustrate sensitivity to efficiency value.

Operational costs were similarly extrapolated from the detailed
estimate developed for the MHTGR-SC. The resulting projections
reflect a substantial reduction in the plant staffing level (by
approximately 90). due to the elimination of the steam power
conversion related systems and components. Maintenance costs
include an allowance for removal and refurbishing of the
turbine on an 8-year cycle. Fuel costs reflect off-setting
components. On one hand, the MIITGR-GT requires a higher fuel
loading, due to the increased average core temperature.
However, this is more than offset by the higher efficiency.
Decommissioning costs were set equal to the MIITGR-SC for (his
initial estimate.

Table 3 also summarizes the resulting projected busbar costs
for the iVWTGR-GT in 1990S. Comparisons are provided with rHe
comparable MHTGR-SC and with a reference coal plant developed
for the MHTGR-SC Cost Reduction Study. Again, a sensitivity
range for MIITGR-GT efficiency is shown. The economic
evaluation indicates a significant economic potential for the
MUTGR-GT technology, even at the lower efficiency assumption.

DEVELOPMENT REQUIREMENTS

The higher operating temperatures of the MIITGR-GT, and the
incorporation of liie gas turbine power conversion components in
the primary system lead to additional issues and information
needs that must be addressed through follow-on studies and,
ultimately, through an appropriate development effort.
Included among such items are the following, which .ire
incremental to those for the MIITGR-SC:

• Design development must be further advanced to confirm
feasibility and to provide the basis for additional
technical, licensing and economic assessments. Inputs
from qualified suppliers of key components (e.g..
recuperator, turbine) will be particularly important in
follow-on evaluations.

• Cycle efficiency projections must be confirmed.
• The transient response of the plant to both normal and

off-normal events must be further evaluated.
• Events arising from the failure of power conversion

components must be evaluated to further identify and
quantify plant protection and safety implications.

• The extent and impact of radionurMe contamination of
the turbine must be further evaluated to determine the
implications for plant maintenance.

• The ability to adequately cool Ihe reactor vessel during
normal operation must be verified.

t The availability of magnetic and auxiliary thrust
bearings with adequate capacity to support the gas
turbine and generator must be confirmed.

• A development strategy must be identified for MHPGR-GT
unique components and to provide overall confirmation of
the performance and response of the integrated MIITGR-GT.

As a general observation, the technical issues and information
needs of the MIITGR-GT are relacd to the integrated performance
of the plant as a whole. To date, no potentially "show
stopping" feasibility issues have been identified with
individual components. In appears, then, that the MUTGR-GT
offers a dual opportunity; first, to use existing technology in
a new and effective way and, secondly, to take advantage of
future advances in fuels and materials technologies to achieve
even higher efficiencies.

CONCLUSIONS

In conclusion, an initial evaluation was made of the
technical and economic potential for a gas turbine variant of
(he MIITGR. "Die evaluation process placed maximum emphasis on
the use of existing world-wide expertise in gas cooled reactors
and related enabling technologies. The evaluation resulted in
the selection of a preconceptual direct cycle MHTGR-GT design
that was subsequently subjected to preliminary technical and
economic evaluations. The resulting design is judged to be
technically feasible, based upon current fuel and component
technology, and projections indicate substantial performance
and economic potential. Additional design and analysis will be
required to confirm the results of the initial evaluation nnd
to further assess the operational, licensing and economic
aspects of the design. A follow-on effort is anticipated to
address those needs.
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