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ABSTRACT -

Considering the future concern about a more efficient, 
rational use of heat: sources, and also about a greater location 
flexibility of power plants owing to dry cooling possibility, 
closed gas cycles can offer new solutions for fossil or nuclear 
energy. 

An efficient heat conversion into power is obtained 
by the combination of a main non-intercooled helium cycle 
with a flexible, superheated, low pressure bottoming steam cycle. 
Emphasis is placed on the matching of the two cycles ; for that, 
a recuperator by-pass arrangement is used. 

The operation of the main gas turbocompressor does not 
depend upon the operation of the small steam cycle. 

Results are given for a conservative turbine inlet 
temperature of 750°C. Applications are made to a coal-fired 
power plant and to a gas turbine, gas-cooled nuclear reactor. 
Overall net plant efficiencies of 39 per cent and 46 per cent 
respectively are reached. For a cycle top temperature equal to 
850°C, corresponding net efficiencies would be 42 and 49 per 
cent. 
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NOMENCLATURE -

°C = degree centigrade 
L.P., M.P. = low pressure, medium pressure 
MWe, MWt = megawatt electrical, megawatt thermal 
(GT-) HTGR = (gas turbine-) high temperature gas-cooled reactor 
MPa = megapascal. 

I - INTRODUCTION -

In this last quarter of our century there is a well-
established energy crisis but there are also high temperature 
heat sources at our disposal. Now, if we refer to thermodynamics, 
high temperature heat sources are a way to a more efficient 
energy conversion and this way should be investigated. 

Gas cycles offer a possibility of taking advantage 
of the heat source temperature level. Closed gas cycles are parti
cularly appropriate for medium or large power ratings. 

This paper presents the application of particular 
arrangements to closed cycle systems in order to efficiently 
generate power from heat sources, the temperature of which is 
750°C, as a matter of fact a moderate temperature level conve
nient to near term power plants. 

Applications are made to coal-fired and gas-cooled 
nuclear power plants, that is to say to the two main energy 
sources for future large power stations. 
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For the same studied cases, a companion paper (1) deals 
with the combined generation of power and process 01 domestic 
heat. 

II - PRINCIPLES AND GENERAL CONDITIONS -

The best way of improving the gas cycle efficiency 
is to use combined or bottoming cycles. Thus, energy is conver
ted in two stages in series : at high temperature through the 
gas turbine, and at medium or low temperature by expanding an 
appropriate working fluid in an additional turbine. 

Several guiding principles have been followed for 
this study. 

Concerning the general concept of the plant, priority 
is given to the primary gas circuit which generates the most 
part of the plant electric output, can run alone with a satis
factory efficiency and is as simple as possible for a good avai
lability. For these reasons, a recuperative gas cycle is adopted 
and optimum gas cycle parameters are selected. Furthermore, a 
non-intercooled Brayton cycle is considered, which results xr. 
much simpler circuit and turbomachine. 

Particular attention is paid to the coupling and mat
ching of top and bottom cycles, a key consideration for effi
ciency and operation reasons. For this purpose, the so-called 
parallel or by-pass arrangement is used. Presented in detail 
previously (2), (3), (4), this L.P. by-pass of the recuperator. 
Fig. 1, makes it possible to significantly superheat and to 
adjust the bottoming working fluid conditions. This is effected 
without disturbing the operation conditions of the main 
turbogenerator. Owing to this actual flexibility, disadvantages 
of coinb.ined cycles disappear to r larcr?. extent, 

As far as the lower temperature working fluid is 
considered, steam is selected, quite a well proven fluid indeed. 
A superheating, reheating L.P. dual pressure steam cycle is 

* 
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considered , it is a feasible solution for a small power rating 
limited tc about 15 per cent of the total plant output. Given 
the system concept, results are as good as those of an ammonia 
bottoming cycle, i.e. a nc . so usual technique. 

Two key parameters determine the gas cycle performances 
to a large extent. The most important one is the turbine inlet 
temperature, which is limited to the moderate value of 750°C 
for the two investigated cases. The second one is the compressor 
inlet temperature fixed co 22°C, a value consistent wibh an 
ambiant air temperature of 10°C and dry cooling towers as jplant 
heat sinks. 

The net power output of the gas cycle is 700 MWe ; it 
is supplied by 2 x 350 MWe turbogenerators in the case of coal-
fired power station and by a unique turbocompressor in the case 
of a nuclear power plant. 

Helium only is considered as the gas cycle working 
fluid within the scope of this paper. It is unquestionable 
for gas-cooled nuclear reactors, but it is also a possible solution 
for fossil-fired power stations, as well as mixtures of he?ium 
with another gas or also air aturally. 

Both investigated cases are based on industrial data 
and studies (5), (6), (7), (8), (9). 

All cycle parameters are taken into account. They are 
adapted to each case. All mechanical, thermal, pressure losses 
and the auxiliary plant power are also considered in order to 
determine the plant net power output. 

Ill - APPLICATION TO A GAS-COOLED NUCLEAR REACTOR -

Given the existence of High Temperature Gas-Cooled 
Reactors (HTGR), it is natural to try to use their core as 
the heat source of large closed cycle systems ; this heat 
source is compact, totally refractory and not at all concer
ned by stack losses. 
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The thermal and thermodynamical conditions are given 
by Fig. 1, 

The turbine inlet temperature of 750°C is very conser
vative ; it results, taking also account of a moderate core 
power density, in a very low activity level of the primary 
circuit. 

A core thermal power of 1800 MWt is required for the 
net electric power of 703 MWe generated by the helium cycle only. 
On account of combined cycle conditions, the compressor pressure 
ratio is equal to 3. The usual value of 0.900 is adopted for the 
recuperator effectiveness. Favorable temperature conditions and 
a relatively large helium mass flow make it possible to take 
advantage of high turbine and compressor efficiencies and of a 
small turbine cooling flow. The relative pressure loss of the 
helium circuit does not exceed 6.7 per cent. 

An amount of heat equal to 100 MWt is derived, paral
lel to the low pressure flow of the recuperator. As shown by 
Fig. 1 and also by the plant diagram Fig. 2, it is transferred 
to an appropriate intermediate liquid. Sodium is proposed ; it 
has very good heat transfer properties, its pressure is low 
with regard to the primary circuit pressure and it is well 
known in nuclear technology. 

This amount of heat is used to superheat and reheat 
up to 390CC and 320°C the dual-pressure steam cycle. Fig. 3 
shows the steam expansion conditions,which are feasible for a 
moderate power rating ; a high expansion efficiency and practi-
cally no moisture at the*exhaust are two important features. 
The steam turbine would consist of one M.P. and two L.P. 
cylinders. Feed-water is preheated by the precooler and not 
'•t nil by h'trtd i.tonin bcnle-s ?vrfingp.d in cascade. This results 
in a simple steam plant. 

The M.P. steam (0.8 MPa) and L.P. steam (0.2 MPa) 
are generated tbrw^pressurized water intermediate circuit, which 
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is the secondary circuit of the first efficient part of the 
precooler. In order to improve the heat recovery conditions, 
this component effectively consists of two parts superimposed 
in the same cavity of the reactor pressure vessel. Fig. 4 pictures 
the relatively simple arrangements of both this double precooler 
and the heat exchanger parallel to the recuperator, located below 
the latter in the same cavity. These recuperator, precooler and 
other main components correspond to industrial studies made by the 
GENERAL ATOMIC ('(U.S.A. ) ? (5),(6) or the H.H.T. Project (Germany) (7). 

The adopted arrangement makes it possible to generate, 
without any disturbance of the main turbogenerator, an additional 
power of 150 MWe, as indicated in Table 1, at the expense of 
a small increase of the heat source thermal power up to 
1850 MWt, that is to say only 50 MWt more. The total plant 
output is 850 MWe and the result worth being emphasized is a 
net plant efficiency for power generation as high as 46 per 
cent. The significance of this achievement is briefly discussed 

eeaJL in Section 5. The plant efficiency would reach 45perfor a single 
pressure (0.3 MPa) steam plant and a compressor pressure ratio 
of 2.8. 

IV - APPLICATION TO A COAL-FIRED POWER PLANT -

Particularly in the U.S.A., closed cycle systems are 
now considered as possible competitors of the conventional 
steam cycle for future coal-fired power plants. The Department 
of Energy (DOE) has these recent years sponsored several studies 
and particularly the ones carried out by the AIRESEARCH MANUFAC
TURING Co (GARRETT Corporation) (8) and by the ROCKETDYNE Divi
sion Of ROCKWELL INTERNATIONAL (9). 

yjrivesiïçiated in this, paper / 
For the fossil-fired power station^the aforementioned 

arrangements and principles f>.rr> applJeci. 

The thermal and thermodynamical conditions are given 
by Fig. 5, which san be compared to Fig. 1. Turbine and compres
sor inlet temperatures, recuperator effectiveness and compressor 
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pressure ratio are the same. In comparaison with the reference 
value of (8) and (9) (1550°F = 843°C), the cycle top temperature 
of 750°C is very conservative and adequate for a metallic gas 
* eater. 

The net electric power generated by the gas tu?:bine 
only is also 700 MWe but there are 2 x 350 MWe turbogenerators. 
Turbine, compres.sor and generator efficiencies are slightly lower 
relative pressure losses and turbine cooling flows are slightly 
higher. The plant auxiliary power requirements are about three 
times more important, mainly because of the coal burner system, 
namely an atmospheric fluidized bed combustor. The result is that 
»r\ amount-of heat- op f 

T950 MWt has to be supplied to the gas cycle for the generation 
of 700 MWe net. 

The bottoming steam cycle is similar to the one of 
section 3. M.P. steam (0.8 MPa) and L.P. steam (2 MPa) are 
generated directly by L.P. helium flowing from the recuperator, 
and upstream of the precooler. 

At the turbine exhaust, an amount of heat of 125 MWt 
is derived, parallel to the main low pressure flow of the 
recuperator. It is used to superheat and reheat M.P. and L.P. 
steam up to 400°C and 320°C respectively. 

Given the amount of waste heat larger than for the 
direct cycle nuclear reactor, the bottoming steam cycle supplies 
175 MWe (net) to be added to the net power of 700 MWe generated 
by the gas cycle. As indicated in Table 2, an amount of heat 
of 2015 MWt corresponds to this total net output of 875 MWe, 
that is to say 65 MWt more than without the bottoming steam 
cycle. The net efficiency of the combined cycle system reaches 
about 43.5 per cent. By considering on overall coal burner loop 
efficiency of 89. £ par cent, the :>vern.ll net plant efficiency 
is equal to 39 per cent, it exceeds by about 2 points the effi
ciency of up-to-date conventional coal-fired power plants 
provided with electrostatic precipitators and SCK scrubbers 
and it can be considered as satisfactory for a turbine inlet 
temperature limited to 750°C. 
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The plant diagram is pictured by Fig. 6. 

Results for air as a working fluid would not be very 
different. 

V - SIGNIFICANCE OF THE RESULTS -

Sections 3 and 4 have shown that, owing to a satis
factory coupling of a main gas cycle with a secondary super
heated steam cycle, an efficient conversion of heat into power 
can be obtained. It is unquestionable for the helium cycle 
heated by a nuclear heat source ; it can be considered as satis
factory for the coal-fired power plant. 

An important remark to be pointed out is that these 
results, obtained for the moderate turbine inlet temperature 
of 750°C, are promising for the future. As a matter of fact, 
a feature of gas cycles is that, contrary to steam cycles, 
their efficiency steadily increases as a function of the tempe
rature. This property is pictured by Fig. 7 which shows the 
variation of both the actual net efficiency and the ratio : 

actual net efficiency 
Carnot efficiency ' 

as a function of the top temperature of the system for the 
two investigated cases. It appears that for the usual reference 
temperature of 850°C, the nuclear gas cycle plant and the coal-
fired plant reach a net efficiency equal to 49 per cent and 
42 per cent respectively. For the nuclear case, the noticeable 
efficiency value of 50 per cent is obtained for a turbine inlet 
temperature of 885°C whic' would be consistent with the core 
capability in the near ature. Nuclear energy excels fossil 
energy clearly in this respect. 

The consequences of these results are important as 
shown by Fig. 8 which gives the variation of : 

- the heat source thermal power, 
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- the amount of waste heat rejected to the environment, 

- the heat transfer area of the cooling tower. as a function 
of the net plant efficiency. Concerning this last para
meter, it is important to note that a dry cooling tower 
is considered for gas and combined cycles systems which 
could be located in dry areas. The consequence of the 
increase of the energy conversion efficiency is quite 
noticeable and important for the future. 

It is worth mentioning again that the proposed combi
ned cycle arrangement is very satisfactory from the plant ope
ration point of view, because the load variations of the small 
steam cycle do not disturb the operating conditions of the main 
gas turbine. 

The admission conditions of the superheating, reheating 
low pressure steam cycle are not entirely usual but they are 
technologically feasible and practicable for limited power ra
tings. Exhaust conditions are quite favorable. The advantage 
of using steam offset to a large extent the disavantages of 
using unusual working fluids as ammonia, freon, etc... 

The cost of electricity is not estimated within the 
scope of this paper. Data about coal-fired plants can be 
found in (8) and (9). In this field, it is necessary to consider 
that a secondary steam cycle is added to the plant. This addi
tional cost, nevertheless, has to be compared with : 

- a significant increase of the plant efficiency, 
- the simplicity of the main primary gas circuit which is 
non-.intercooled and is optimized for a separate operation, 

- fjat.i sJ-.aotory operating •. ion-'1'- tiens . 

This comparison is certainly favorable to the combined 
cycle concept. 

Additional electrical megawatts are generated at a 
cost much lower than in the case of new energies. 
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VI - CONCLUSION -

For coal-fired and nuclear heated power plants, this 
paper presents an arrangement of combined gas and steam cycles 
which results in a high efficiency for power generation, for the 
conservative turbine inlet temperature of 750°C. That shows 
that gas cycles can very well take advantage of high tempera
ture heat sources for this purpose. These results are all the 
more promising as the gas turbine field is subject to further 
improvements. Effects on the primary energy utilization and on 
the waste heat rejection are not at all of minor importance. 

The aforementioned companion paper (1) presents another, 
application of the same gas cycle arrangement : the cogeneration 
of power and process heat which should be very important for 
limiting the oil consumption. 
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TABLE I - CLOSED CYCLE GAS TURBINE NUCLEAR POWER PLANT 

- MAIN DATA 

Turbine Inlet Temperature, °C 750 

Compressor Inlet Temperature, °c 22 

Gas Cycle Only 

Net Electric Power, MWe 700 

Core Thermal Power, MWt 1800 

Combined Cycle 

Recuperator By-Pass Thermal Power, MWt 100 

Core Thermal Power, MWt 1850 

Steam Cycle Net Electric Power, MWe 150 

Overall Net Electric Power, MWe 850 

Overall Net Plant Efficiency, 
. , „ 

per cent 46 



TABLE II - CLOSED CYCLE GAS TURBINE COAL-FIRED POWER PLANT 

MAIN DATA -

Turbine Inlet Temperature °C 750 

Compressor Inlet Temperature, °C 22 

Gas Cycle Only 

Net Electric Power, MWe 2 x 350 

Thermal Power to the Gas Cycle, MWt 1950 

Combined Cycle 

Recuperator By-Pass Thermal Power, MWt 125 

Thermal Power to the Gas Cycle, MWt 2015 

Steam Cycle Net Electric Power, MWe 175 

Overall Net Electric Power, MWe 875 

Combined Cycle Net Efficiency, per cent 43.4 

Heat Source Thermal Power, (1) MWt 2243 

Overall Net Plant Efficiency, per cent 39 

(1) Including stack losses. 
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FIGURE 5 : GAS TURBINE, GAS-COOLED NUCLEAR POWER PLANT 

- EXPANSION CONDITIONS OF THF COMBINE» STEAM CYCLE 
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FIGURE 6 : CLOSED CYCLE* GAS TURBINE COAL-FIRED POWER PLANT 
- PLANT DIAGRAM -
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