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Abstract

In JAERI a feasibility study of the High Temperature Gas-cooled Reactor - Gas Turbine (HTGR-GT)
system has been carried out since January, 1997 as an assigned work by the Science and Technology
Agency. The study aims at obtaining a promising concept of HTGR-GT system that yields a high thermal
efficiency and at the same time is economically competitive. Designs of a few candidate systems will be
undertaken and their power generation costs will be evaluated. In parallel with design works, some
experimental works such as the fabrication of a plate-fin type heat exchanger core and material tests will
be carried out. The study will be continued till 2000 fiscal year.

In 1997fiscal year, a preliminary design of a direct cycle plant of600MWt was developed. A reactor
inlet gas temperature of460X^, a reactor outlet gas temperature of 850 t? and a helium gas pressure of
6MPa were selected. Some advanced technologies were adopted such as a monolithic fuel compact and a
control rod sheath made of carbon/carbon composite material. They were very effective to enhance the
heat transfer of fuel and to reduce the core bypass flow. As a result, a power density of6MW/m3 and the
maximum burnup of lO'MfYD/ton were achieved. A single-shaft horizontal turbomachine of 3600rpm
was selected to ease the mechanical design of the rotor supported by magnetic bearings. The turbine,
two compressors, a generator and six units of intercooler were placed in a turbine vessel. Plate-fin type
recuperator andprecooler are installed in a vertical heat exchanger vessel. By this design, a net thermal
efficiency of 45.7% is expected to be achieved. To develop a high performance plate-fin recuperator, a
core model of W200mmXL200mmXH200mm with small fin size of 1.15mm height was fabricated and
as a result of tests, leak tightness, component strength and bonding appearance were found to be
satisfactory.

In 1998 fiscal year, a design of a direct cycle plant of300MfVt is undertaken. The new concept of an
annular pebble bed core and a reactor pressure vessel provided with inner insulator were employed. By
this challenging concept, a very high thermal efficiency could be expected.

1. Introduction

In JAERI a feasibility study of the High Temperature Gas-cooled Reactor - Gas Turbine (HTGR-GT)
system has been carried out since January 1997 as an assigned work by the Science and Technology
Agency. The study aims at establishing a promising concept of HTGR-GT system that yields a high
thermal efficiency at competitive cost. Designs of a few kinds of candidate system concepts will be
undertaken and their power generation costs will be evaluated. In parallel with design works, some
experimental works such as the fabrication of a plate-fin type heat exchanger core and material tests will
be carried out. The study will be continued till 2000 fiscal year. Figure 1 shows the scope and time
schedule of the feasibility study.
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In 1997 fiscal year, that is, from April 1997 to March 1998, a design of a 600MWt direct cycle plant

was carried out in cooperation with nuclear industries such as Fuji Electric Co. Ltd., Hitachi Ltd.,

Mitsubishi Heavy Industries Ltd. and Toshiba Corporation. In addition, the fabrication and testing of a

heat transfer core model of recuperator with small offset-fins was carried out. In 1998 fiscal year, a

design of a direct cycle plant with a smaller capacity of 300MWt is being developed.

In the following, the results of the design of the 600MWt direct cycle plant and the fabrication and

testing of the recuperator-core model are described. In addition, an initial concept of the design of the

300MWt direct cycle plant is introduced.
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Fig. 1 Scope and time schedule of the feasibility study.

2. Design of the 600MWt Direct Cycle Plant

(1) Selection of Main Design Parameters

The thermal power output of 600MWt, a reactor outlet gas temperature of 850*C, a reactor inlet gas

temperature of 460*0 and a helium gas pressure of 6MPa were selected based on the following

considerations.

The effects of the reactor inlet and outlet gas temperatures (T RJN and T R,OUT) on the thermal cycle

efficiency are shown in Fig. 2 for the typical values of turbine and compressor adiabatic efficiencies,

recuperator effectiveness and system pressure drop ratio of 5% (summation of Ap/p). Naturally, the

higher T^OUT, the higher the cycle efficiency. It should be noted that there exists an optimum TRJN for a

particular T R,OUT. and it becomes around 500*0 for the T R,OUT of 850*0. The optimal value of T ^IN

becomes higher gradually, as TR,OUT increases. In a usual design, the inner surface of the reactor pressure

vessel (RPV) is in contact with the inlet gas flow, the temperature of which coincides with the operating

temperature of RPV. As the strength of the RPV steel, 9Cr-lMo-V decreases rapidly around 500*C, the
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value of TR,IM affects strongly the RPV structural design as well as the permissible helium gas pressure.
Figure 3 shows the effects of both parameters on the weight of RPV. The horizontal dotted line in Fig. 3
shows the maximum capacity of existing RPV-factory crane. From this figure, it becomes clear that both
a T^IN of less than 500*0 and a gas pressure of less than 6MPa are required.
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and gas temperature and pressure.

The thermal power output is limited by both
the maximum core size and the maximum fuel
temperature. Simplified calculations were
conducted to examine the dependence of the
maximum fuel temperature on the TRJN , TR^UT

and a linear heat rate. The result is shown in Fig.
4, which projects the values of achievable linear
heat rate to be 206, 140 and 83 W/cm,
respectively for the cases of 500 / 850*0, 500*0
/ 950*0 and 350*C / 950*0, as indicated by
the values of intersection between the curves of
reactor inlet/outlet temperature and the
horizontal line of 1400*0 fuel temperature. This
fuel temperature is the allowable limit to restrict
all the failure modes of coated fuel particles
such as a thermal resolution, a palladium attack,
an internal pressure burst and an amoeba effect.
Based on these linear heat rates, the relative
values of achievable reactor power can be
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Fig. 4 Relationship between core linear heat rate

and maximum fuel temperature.
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predicted with respect to the various temperature conditions as follows.

50*0 increase of TR^UT ""* multiplying the reactor power by 0.824 = (140/206)"2

50*C decrease of TRJN — multiplying the reactor power by 0.840 = (83/140)"3

In case of 500/850*0, the actual maximum fuel temperature is additionally affected by the bum-up

and therefore the curve must be shifted up as indicated in the figure. As a result, the achievable linear

heat rate is reduced to 140 to 150W/cm, corresponding to the power density of 5.8 to 6.2MW/m3 because

the arrangement and the dimension of fuel pins in the horizontal cross section is already fixed. In the case

of this power density, the necessary core diameter and height become 7.6m and 6.7m, respectively, for

generation of 600MWt power output. The diameter of RPV becomes 8.2m by adding the dimensions of

the annular flow passage within the RPV. Though this value is slightly exceeding the structural limit for

the RPV, the reactor power of 600MWt was believed to be achievable. Therefore, the parameter set of

600MWt reactor power and 500*0/ 850*0 core inlet/ outlet gas temperature was selected as a starting

design point-

Both reactor thermal power and gas pressure have effects on the volumetric flow rate and eventually

on both the performance of turbomachine and the system pressure drop. To clarify these relations,

parametric aerodynamic design study of turbine and compressor was done for a reactor power range of

450 to 600MW and gas pressure of 5 to 7MPa. The study resulted in the following relationships to be

applicable for projection of adiabatic efficiencies for helium turbine( V,) and compressor V c):

350 7 Q 0.045

7?,= { } X90%
AT p 600

350 7 Q c.025
77C= { } X90%

AT p 600
where, AT, Q and p denote a temperature
rise('C) from the reactor inlet to outlet, the
reactor thermal power(MW) and the gas
pressure(MPa), respectively. As seen, the
aerodynamic performance of the turbine
and compressor is a strong function of the
volume flow rate.

Starting from the parameter set of
600MWt, 850*0/500*0 and 7MPa, which
was adopted in the pioneering design1*
established by GA, cycle thermal
efficiencies and relative weights of RPV
were evaluated. Keeping the pressure
constant, the effects of core outlet/inlet
temperatures were first examined as shown
in Fig. 5. The trade-off among the thermal
efficiency, the reactor power and a relative
figure (W/R) of RPV weight normalized by
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Fig. 5 Effects of reactor inlet and outlet gas tempera-

tures on the cycle efficiency and the RPV weight.

that of GA's design indicates an optimum combination of

42



460/850'C were inlet/outlet gas temperatures.
Even though a moderate T R>IN of 460*0 was
selected, the value of W/R equals to 1.26 which
exceeds considerably the allowable limit of 1.0.
Then, the gas pressure must be reduced, as
shown in Fig. 6, to 6MPa, in order to obtain a
W/R values of 1.07, under which the vessel was
considered to be fabricable.

(2) Reactor Design

The following design specifications were

assumed.

• Reactor power=600MWt
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Fig. 6 Effects of reactor gas pressure on the RPV

weight and the cycle efficiency.

Support Rib

• Reactor outlet gas pressure = 6MPa

• Monolithic type fuel element

• Maximum burnup = 105 MWD/ton
The following dimensions of fuel block were determined based on the data for the pin-in-block fuel.

• Inner/outer diameter of fuel compact = <J) 9mm/ <£> 25mm

• Cooling channel inner diameter = 4) 37mm

• Fuel triangular pitch = 44mm
For the monolithic fuel compact, a coating layer

of graphite of 1mm was provided on the surface of
fuel compact instead of the sleeve of 3mm thickness.
The saved thickness of 2mm was allocated to the
cooling channel. Then, the cooling channel became
2mm larger in diameter than that of the pin-in-block
fuel element for the HTTR2). Figure 7 shows the
schematic drawing of this fuel element.

A core configuration was determined to realize
the linear heat rate of 140W/cm and the power
density of 6MW/m3 from parametric studies of
dimensions and numbers for the fuel block. The
optimum values of the core design parameters were
established, as shown below, in considerations of a
desirable core height to radius ratio, minimized
pressure drop through the core, a sufficient core
shutdown margin and the maximum effective core
flow rate:

• Fuel-block size : distance between parallel walls
390mm

• Number of fuel channels per block 57

Rib for the spine support

Fig. 7 Schematic drawing of monolithic fuel

element.
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• Number of fuel columns 108
• Number of fuel-column layers 4
• Number of inner graphite reflector columns 43

The total height of the core and the inner diameter
of RPV became 7m (one fuel block height
=875mm) and 7.7m, respectively. The cross-
section of the reactor is shown in Fig. 8. The
control rods were divided into 24 columns, of
which 6, 12 and 12 columns were located at the
inner reflector boundary, the annular fuel region
and the outer replaceable reflector layer,
respectively.

To achieve as a flat radial power distribution
as possible, the fuel enrichment was varied to 6, 8,
10,12, 14 and 16%. To achieve an axially uniform
maximum fuel temperature, a four-batch fuel
exchange method was employed, horizontal layers
of burned fuel blocks are removed from
the core bottom while an equal two
number of layers of fresh fuel blocks are
added at the core top every 300days. As
there are 8 layers, one complete fuel
cycle takes 1200days. By this means, the
fresh fuel blocks generating the highest
power density are always located at the
top at the lowest gas temperature and on
the other hand, the burned fuels at the
bottom at the highest gas temperature.
Therefore, the uniform axial maximum
fuel temperature can be established as
shown in Fig. 9. The maximum fuel
temperatures are maintained just below the
allowable limit of 1400*0.

The time dependent temperature behavior
was calculated for the depressurization accident.
Both the decay heat and after heat in the core are
assumed to be transferred from the core to RPV
by the heat transfer mechanisms of heat
conduction and radiation only, and then from
RPV to a reactor cavity cooling system by
natural convection and radiation only. The
temperature history showing the highest
temperature for each of the key core components
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Control Columns
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Fig. 8 Horizontal cross section of reactor

pressure vessel.
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is given in Fig. 10. The maximum fuel temperature remains under the allowable limit of 1600*0 and the
passive cooling ability was confirmed.

(3) Gas Turbine Design
As the rotational speed was specified to be 3,600rpm, the other major parameter to be determined is

the number of stages. Aerodynamic designs of turbines with 5, 8 and 11 stages have been carried out by
varying both loading and flow coefficients. Under the strength limitations for the blades and discs, the
condition achieving the maximum adiabatic efficiency was obtained. At this condition, the adiabatic
efficiency became 90.78, 93.48 and 93.84% for the 5, 8 and 11 stages, respectively. The rotor lengths of
bladed section were 1.20, 1.92 and 2.64m for the above stages, respectively. The increase in the number
of stages from 5 to 8 was very effective to increase the adiabatic efficiency. On the other hand, the
further increase to 11 stages improves the efficiency marginally but increases the rotor length
significantly. The 8 stages was thus considered to be optimum.

As for the compressors, the aerodynamic design calculations were conducted by increasing stages one
by one. As the number of stages increases, the diffusion factor, which measures pressure loss per stage,
decreases, leading to improved efficiency. However, the amount of reduction in diffusion factor is
gradually saturated as the number of stages became large and the total stage loss increases corresponding
to the increase of stages. Therefore, an optimum number exists to achieve the maximum efficiency. They
were 27 and 29 for the low pressure compressor and high pressure compressor, respectively.
Nevertheless, a smaller number of stages, that is, 16 and 17, were selected to shorten the axial length for
each compressor, respectively.

The capacities of turbine, low pressure compressor and high pressure compressor are 558MW,
135MW and 135MW, respectively. With a generator efficiency of 98.5% the electric power output
becomes 284MWe. At this capacity with a speed of 3,600rpm, the generator becomes necessarily large,
that is, <$> 1,200mm X 4,900mm core length. The total length of generator including bearings and exciter
became 13,311mm.

The total length of the gas turbine including the generator became more than 20m. Then, it was

13,747

\Dianhracim Coupling

Balance Piston Balance Piston/ Diaphragm Coupling/

Low Pressure Compressor
(16 stages)

High Pressure Compressor Turbine
(17 stages) (8 stages)

Fig. 11 Helium turbine rotor (284MWe, 296.4kg/s, 3,600rpm).
(Unit: mm)
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considered desirable if the rotor could be divided into smaller sections to raise the natural frequencies.
Two diaphragm couplings were provided for this purpose as shown in Fig. 11.

32. OOO 5. 000

(4) Layout Design

In the direct cycle, it is designed to install turbomachinery and heat exchangers in a single vessel

called a power conversion vessel(PCV), because the piping between primary components could mostly

be eliminated and as a result the containment space and helium-gas leakage could be minimized. The

critical issue, however, is the fabricability of such a PCV, where different thermal expansions must be

absorbed, pressure seals among components assured at large temperature and pressure differences, and

the easy replaceability of contaminated rotating machinery satisfied. To date, the turbomachinery is

installed in one vertical PCV

in the design of General

Atomics^ or in two vertical

pressure vessels in the design

of ESK0M3). These vertical

arrangements were chosen to

allow easy replaceability by

cranes and to save space .

However, the following

modification was considered

desirable:

• Horizontal arrangement for
the turbine rotor,

To recuperator (H. P. Side) }
L_>. H. P.
Compressor Compressor

\M HI \

jTo recuperator ( L P . Side)

Turbine Generator

Intercooler

Fig. 12 Vertical arrangement of the turbine vessel.

{ Fr

• Two power conversion
vessels, that is, a turbine vessel and a heat exchanger
vessel, which are shown in Figs. 12 and 13,
respectively.

The horizontal turbine arrangement was preferred because
firstly the rotor could be fixed firmly to the vessel wall,
secondly the division of the rotor by the diaphragm
couplings became possible, and thirdly the large thrust
bearing could be eliminated.

The turbomachinery and generator are mounted on the
rail provided in the turbine vessel. Since the recuperator
and the precooler were transferred to the other vessel, the
sufficient space surrounding the turbomachinery is made
available for lateral access to the rotor. In case any
replacement is necessary, remotely controlled devises
are inserted into the vessel through four hatches at the
side wall, to remove the bolts and clamps of flange
connections. The turbine rotor is then pulled out axially
on the rail with its casing, after which, the machine is
cleaned, serviced and replaced. If the cleaning is not

Fig. 13 Vertical arrangement of the heat
exchanger vessel.
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sufficient for the personal access, another new machine would be installed and the old one would be

stored for several years to allow radiation decay.

Figures 14 and 15 show vertical and horizontal views of the total plant, respectively. The reactor

vessel is fixed horizontally while the coaxial ducts, the turbine and heat exchanger vessels are permitted

to move relative to the reactor by thermal

expansion. Sliding mechanisms are employed for

support of the turbine vessel to absorb the

relatively small movement. The same type of

flexible crank supports as used in the light water

reactors are employed for support of the heat

exchanger vessel.

Fig. 14 Elevated view of the plant

arrangement.

29. OOP
43. OOP

Fig. 15 Horizontal view of the plant

arrangement.

(5) Thermal Efficiency
For the above layout, the pressure loss as

well as the mass and heat balance were
calculated as shown in Fig. 16 and the cycle
thermal efficiency was estimated. The
recuperator effectiveness was assumed to be
94%, which was considered achievable from the
experience of the model fabrication and flow
analyses which are described at the next section.
The bypass flow of 9.1kg/s from the high
compressor outlet to the turbine is needed to
isolate the turbine discs from the exposure to
the high temperature working helium gas. The
efficiency of the generator is 98.5%. The cycle
thermal efficiency was calculated to be 47%.
Taking into account of the in-plant electric

85O°C. 6. OOMPa 296. 4kg/s

Reactor

600MW

LP
Compressor

HP
Compressor

460°C

35°C

Precooler
178MW

35°C

Intercooler
135MW

12O1C

Recuperator

523MW

4781C.
2. lOMPa

kg/s
305. 5

fc=47. 3%

Fig. 16 Mass and heat balance of the 600M Wt

direct cycle plant.

power consumption(7.5MWe) and the parasitic heat loss from RPV(5MWt), the net thermal efficiency of
the plant became 45.7%.
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3. Fabrication of Recuperator-Core Model
The recuperator effectiveness among others affects the cycle thermal efficiency strongly. The

maximum values of current industrial plate-fin heat exchangers are around 89%. To obtain the cycle

thermal efficiency of nearly 50%,

much higher effectiveness up to

95% is required. Therefore, the

of such a
recuperator

high

was

A - A

Fig. 17 Heat transfer sectional model of recuperator.

development

performance

undertaken.

There are two factors critical to

the goal of achieving the 95%

recuperator effectiveness. They are

the basic heat transfer

characteristic and the uniformity

of the flow distribution in the heat

exchanging core. The former is

determined by heat transfer surface

design while the latter is affected

by the configurations of inlet and

outlet headers. According to the

calculation conducted in 1996FY, a

core surface structure made from

small and dense offset-fins of ~

lmm height could achieve the performance of 95% recuperator effectiveness. A heat transfer core

sectional model of 200mm7200mm7200mm shown in Fig. 17 was fabricated. The fin size is 1.15 mm

height and 1.4 mm pitch and the

material is 304SS. After the fabrication,

leak proof tests and pressure proof tests

were conducted. At the completion of

the tests, the test body was cut into 9

pieces to examine the integrity of 1

bonding structures. All the results were Layer

satisfactoy and the leakage rate and the

defect ratio were confirmed to be below

the allowable limits. Therefore, the

fabricability of such a plate-small offset-

fin core was experimentally verified.

Figure 18 shows the photo of the model

and a magnified plate-fin structure.

Regarding the flow distribution,

analytical research has been carried out

Fin Height

I T~ 1.15mm
ft1 '• A '

Fig. 18 Photo of the model and a magnified

plate-fin structure.
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for the flow channels at the low temperature gas side of the recuperator for the 600MWt plant. It was
revealed that the mass velocity varies 95 to 103% for the average of 100%. To estimate the recuperator
effectiveness, the flow distributions of the opposite gas sides must be known. Then, a completely
reversed flow distribution was assumed as the worst case. The result of such evaluation showed a
recuperator effectiveness of 93.3%. Therefore, the maximum reduction in recuperator effectiveness due
to any non-uniform flow distribution was clarified to be 1.7%. In an actual component, the flow
distribution could be significantly improved.

To establish the technology for the recuperator of 95% temperature effectiveness, experimental
verifications of both the heat transfer characteristics of small size offset-fin and the fabricability of a
larger scale model are required.

4. Concept of300MWt Direct Cycle Plant

In the case of smaller size plant compared with 600MWt plant, it is generally believed that a pebble

bed core is more suitable than the block type core. Then, the pebble bed core was selected with two kinds

of new challenging concepts under consideration. They are an annular core and a reactor vessel provided

with internal thermal insulation.

Regarding the annular core, two designs have been reported so far4)> 5). The former has a typical

pebble bed core. In this case, a bypass flow will be induced through the central graphite ball region. In

the latter, the core is divided to three regions by the radial partition plates and the strength of the
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V>

Fuel Sphere I nartini pjP f t ft
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AllOV SOPH Stay
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\.C/C Composite
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Reflector
peg Ion »; Graphite;

Sphere
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Fig. 19 Annular pebble core with a C/C compo- Fig. 20 Annular pebble core with a central ref-

site cylinder packed by graphite blocks. lector region consists of smaller graphite spheres.
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900"C, 6.00MPa 165kg/s

iTurbine Generator
155HWe

Inner/
Insulator

partition plates is of concern. We are now considering the following two new concepts shown in Figs. 19

and 20.
The first has a solid central cylinder consisting of an outer cylindrical barrel made of carbon/carbon

composite material and the inner stacked circular graphite blocks. The cylindrical C/C composite barrel

is supported at the bottom by a mating structure and at the top by radial beams made of alloy 800H.

In the second concept, a cylindrical partition plate is provided only at the top entrance section, where

the gas temperature is low enough to use metallic material for the plate. Therefore the strength of

partition plate is no longer of concern. In order to reduce the bypass flow through the central region, the

size of graphite balls is reduced to half of that of the fuel balls. As the flow area in the central region is a

third of the annular area and the pressure drop in the central region is four times larger than that at the

annular region, the estimated bypass flow is only less than 10%. In addition, the effect of bypass flow

could be further mitigated by means of mixing a small amount of fuel particles to the graphite balls to

raise the temperature of the bypass flow.

The second important feature of our concepts exists in the RPV structural design which employs

internal thermal insulation.

Keeping the TRJN high enough,

for example 550 *C is

necessary for optimum turbine

cycle design. With the thermal

insulation on the inner surface

of RPV, the temperature of

RPV can be limited to less

than 3 50*0, which makes the

employment of MnMo steel

(A-533) possible. This

structure is realized owing to

the excellent cooling

characteristic at the

depressurization accident by

both the annular core and the

relatively low thermal power

density of pebble bed core.

By this concept, a very high thermal efficiency is expected as shown in Fig. 21. The design is now

ongoing and will be finished in March 1999.

5. Summary
A preliminary design of 600MWt direct cycle plant and the fabrication of a plate-fin core model for

the recuperater were carried out in 1997 fiscal year as a feasibility study of HTGR-GT.
The main specifications of the preliminary design include a reactor thermal output of 600MWt, a

reactor inlet gas temperature of 460*0, a reactor outlet gas temperature of 850*0 and a helium gas
pressure of 6MPa. The 600MWt was selected as the maximum achievable value within the limit of the
maximum allowable fuel temperature. The values of 460*0 and 6MPa were selected to ease the
structural design of the reactor pressure vessel. Some advanced technologies were adopted such as a
monolithic fuel compact and a control rod sheath made of carbon/carbon composite material. These were
very effective to enhance the heat transfer of fuel and to reduce the core bypass flow. As a result, a power
density of 6MW/m3 and the maximum bumup of 105MWD/ton were achieved. A single shaft horizontal
turbine rotor of 3600rpm was selected. The horizontal arrangement was preferred to ease the mechanical

Multi-Flush Desalination Unit

»7,h=51.8% no°c

Sea Water(30*C)
•*• Fresh Water (93ton/h)

Brine

Fig. 21 Flow diagram for the 3 00MWt direct cycle plant.
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design of the rotor. The turbine, two compressors, a generator and six intercoolers were placed in the

turbine vessel. The turbomachinary may be decoupled from the piping by a device manipulated remotely

and can be removed in axial direction by rail. The turbomachinery can be replaced under the clean

condition by means of FP filtering or by several-year storage for radiation decay. Recuperators and

precoolers are installed in the vertical heat exchanger vessel. By this design, the net thermal efficiency of

45.7% was expected to be achieved. A core model of W200mm7L200mm7H200mm with plate-offset-

fins of 1.15mm height was fabricated. The results of leak tests, pressurized tests and observation of

bonded cross sections were satisfactory. The reduction of temperature effectiveness due to the non-

uniform flow distribution across the core was calculated to be 1.7% at most.

In 1998 fiscal year, a design of a direct cycle plant based on pebble bed core at smaller capacity with

a desalination system is carried out. In this design, unique design concepts, such as an annular core and

internal thermal insulation for the RPV, were adopted. By this means, a very high thermal efficiency is

expected.
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