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SUMMARY OF RESEARCH AND DEVELOPMENT EFFORT

ON CLOSED-CYCLE GAS TURBINES

A. P. Fraas

ABSTRACT

The closed-cycle gas turbine has the advantage over the
open-cycle one in that it can utilize dirty fuels such as
residual fuel oil, coal, or lignite. Further, there is prac
tically no loss in thermal efficiency at part load, and waste
heat can be rejected at temperatures up to 370°C (700°F) for
use in industrial processes. The system has the disadvantage
that the peak turbine inlet temperature is limited to ^815°C
(1500°F) by stress and corrosion in the heat exchanger be
tween the combustion products and the turbine working fluid.
A review of 40 years of research and development effort on
closed-cycle gas turbines together with over 30 years of com
mercial experience with a dozen systems in Europe indicates
that if used just for the production of electric power they
yield a system a little higher in capital costs and a little
lower in thermal efficiency than a conventional steam system.
However, if a dirty fuel is to be used for cogeneration appli
cations where the ratio of the heat energy required to the
electrical energy produced is less than 4, particularly if
the heat is required at temperatures greater than 100°C (212°F),
both the efficiency of utilization of the energy in the fuel
and the capital costs are more attractive for a closed-cycle
gas turbine than for a steam system.

INTRODUCTION

This is one of a series of topical reports each of which reviews

the research and development effort on one of a set of advanced energy

conversion systems. In particular, it is a corollary to a general report

on gas turbines,1 a basic report in this set. The first portion of each

report briefly summarizes the background by giving a chronological his

tory of the research and development effort on the system up to 1977

with the cumulative costs and system operating times. The next section

points up the vital problem areas and recommends experiments deemed most

likely to resolve these problems. This is followed by a more detailed

discussion of the principal problem areas, performance parameters, and

figures of merit characteristic of the system. The current status of the



development work is then outlined, and a more detailed presentation of

the experience gained in the development effort with particular refer

ence to progress in improving the principal performance parameters is

given. This includes the principal reference designs that have been

published on projected full-scale commercial systems, compares these

designs, and appraises the relationship of the performance parameters

anticipated in the full-scale plant designs with those that have been

achieved in the course of the developmental program with a view to pro

viding a basis for appraising the amount of time and funding likely to

be required to achieve the objectives envisioned in the designs for the

full-scale commercial plants.

This work was carried out at the request of the Office of Program

Planning and Analysis of the DOE Fossil Energy Program using funds pro

vided for a general appraisal of advanced fossil energy systems.

BACKGROUND

The closed-cycle gas turbine was patented by Ackeret and Keller in

Switzerland in 1936, and one of the first gas turbines to produce signifi

cant amounts of electric power was a closed-cycle system built and oper

ated in Switzerland in 1939.2»3 Since that time, 14 fairly large com

mercial units have been built and operated in Europe, and a number of

small special-purpose units have been built and operated in the U.S.

At the time of writing, the primary interest in closed-cycle gas

turbines in the U.S. stems from the fact that industrial and institutional

organizations currently using natural gas or distillate fuels for on-

site plants that generate both electricity and process heat are being

faced with a need to shift to coal as fuel. The power requirements of

these organizations are generally in the range of 1 to 50 MW(e).5»6 They

need to be able to procure, install, and bring onto line new power sources

in periods of two to three years.5 For industrial process heat, the

amounts of heat and the temperature requirements are peculiar to the

process; hence the power plant must be of a type that can be tailored to

meet them. For institutional and commercial building heating and air

conditioning applications, the requirements for both heat and electricity



vary diurnally, weekly, and seasonally so that a flexible system is re

quired. The closed-cycle gas turbine coupled to a fluidized-bed coal

combustion system appears to be especially well suited to these appli

cations, 5»6 which are responsible for a large fraction of U.S. energy

consumption.

System Description

Figure 1 is a flowsheet for a closed-cycle gas turbine designed to

operate with a fluidized-bed coal combustion system as the heat source.

This unit was designed to produce both electricity and heat for building

heating or industrial processes.7»8 The heat source, in the form of a

fluidized-bed coal combustion system, is located a little to the right

of the center of the flowsheet, and the closed-cycle gas turbine system
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coupled to it lies below it. Air heated by the fluidlzed bed goes to

the gas turbine inlet at 815°C (1500°F) and about 10 atm at full power.

The hot air exhausted from the turbine at about 580°C (1075°F) enters

the recuperator, where it gives up much of its heat to air enroute from

the compressor to the fluidized-bed coal combustion system. The turbine

air stream leaving the recuperator for the furnace passes first through

an economizer section which removes a substantial amount of heat from

the combustion gas leaving the fluidlzed bed. The low-temperature, low-

pressure turbine exhaust stream leaving the recuperator passes first to

a waste heat recovery heat exchanger to provide process heat, in this

instance for the heating and air conditioning system for building com

plexes. The low-pressure turbine air stream, before going to the com

pressor, is cooled further to 27°C (80°F) by giving up its heat to pot

able water for the domestic hot water system. The combustion air sys

tem on the right side of the flowsheet takes air in at atmospheric

conditions and preheats it to about 535°C (997°F), partly to reduce stack

losses and partly to improve combustion conditions in the fluidlzed bed.

The combustion gas leaving the system is cooled in the regenerator to

150°C (300°F) and is discharged through an induced draft fan and a bag

house to remove ash particles. (The bag house and a forced draft fan

at the air inlet are not shown in the flowsheet.) Note that an air

compressor and air reservoir are provided at the bottom, so that the

pressure in the turbine air system can be increased rapidly to accommo

date an increase in load. Similarly, a vent valve (No. 3) just above

the compressor provides for a rapid reduction in system pressure to

accommodate a drop in load. Provision has also been made for bypassing

a portion of the air from the compressor around the recuperator to re

duce the amount of heat recovered from the hot turbine exhaust. In this

way the ratio of the energy recovered as heat to the energy produced as

electricity can be changed with changing load conditions. Finally,

valve No. 1, In the lower left corner of the recuperator, makes it pos

sible to bypass high-pressure air around the furnace and turbine if a

mismatch between the compressor and turbine should occur under some pe

culiar load conditions.



Although the design shown is intended to give a relatively high

thermal efficiency in the conversion of chemical energy in the fuel

into electricity (about 30%) while about 50% is recovered as heat at

about 120°C (250°F), the recuperator could be replaced with an

intermediate-temperature steam generator to yield steam at about 260°C

(500°F) if desired. This would, of course, increase the ratio of ther

mal energy output to electrical output but still would represent an

improvement in energy utilization over a steam turbine system in which

steam would be bled from intermediate stages or the turbine operated

purely as a back-pressure turbine.9 Figure 2 shows the specific heat

10,000

4,000
2 3

RATIO OF HEAT ENERGY TO ELECTRICITY

ORNL-DWG 78-2686

Fig. 2. Replot of data from Sulzev Technical Review (April 1975)
showing the heat rates for both gas and steam turbines where both process
heat and electricity are required.



consumption for electrical energy production as a function of the ratio

of electrical to heat output for both a closed-cycle gas turbine system

and a conventional back-pressure steam turbine employed for industrial

plants. Note the distinct advantage of the closed-cycle gas turbine for

applications where process heat is required with a fairly low ratio of

heat to electricity.

The same basic system could also be used to provide clean air at

temperatures up to 815°C (1500°F) for heat treating, paint drying, or

other industrial processes requiring clean, high-temperature heat. This

would, of course, reduce the ratio of electrical to thermal output.

Advantages and Disadvantages

The closed-cycle gas turbine system was originally conceived as a

means of effecting good control of the system over a wide range of loads

with essentially no loss in overall system thermal efficiency with a re

duction in load down to around 25% of design output.3 This is accom

plished by varying the pressure in the closed-cycle system; the output

of the turbine is directly proportional to the mass flow of gas if the

turbine inlet temperature is held constant. This is in sharp contrast

to the performance characteristics of conventional open-cycle gas tur

bines in which control is accomplished by varying the turbine inlet

temperature. That not only reduces the ideal cycle efficiency as the

temperature is dropped and the load is reduced, but it also leads to a

mismatch between the turbine and compressor because the volumetric flow

rate through the turbine is reduced, the relative velocity of the gas

entering and leaving the turbine buckets changes, and the aerodynamic

efficiencies of the turbine and compressor vary as a consequence. (Note

that this does not happen in a closed-cycle gas turbine where the tempera

tures throughout the system remain substantially constant irrespective of

load as does the volumetric flow rate of gas.) Figure 3 shows the over

all thermal efficiency for both a closed regenerated cycle and a simple

open cycle as a function of load.

Early experience with gas turbines quickly showed that they are not

well suited to operation on dirty fuels; even trace amounts of solid
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particles lead to turbine bucket erosion and deposits in the rotor and

stator that obstruct the air flow and detract from the aerodynamic

efficiency.10'11 Thus, a major second advantage of the closed-cycle gas

turbine is that it can be operated with dirty fuel. This has been a
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particularly important advantage in Europe in the past where there has

been a strong incentive to make use of readily available low-grade coal

or dirty gas.

A third major advantage of the closed-cycle gas turbine is that if

a recuperator is introduced to increase the cycle efficiency or if a

waste heat recovery unit is to be installed in the turbine exhaust, the

size and cost of these heat exchangers can be reduced because in the

closed-cycle system the hot gas from the turbine would be at a pressure

of 3 to 10 atm. The high gas density reduces the heat transfer surface

area requirements by a factor of 2 to 6. This is extremely important

because even for closed-cycle units the cost of the heat exchangers is

commonly several times that of the gas turbine-compressor unit.

A fourth important advantage of the closed-cycle gas turbine is

that even in small sizes the Reynolds number is sufficiently high to

give a good turbine efficiency. As a consequence, gas turbines yield a

definite efficiency advantage over steam turbines for power outputs

under about 5 MW(e), and this advantage becomes very pronounced for

power outputs below 1 MW(e), particularly if a high-molecular-weight

gas is used instead of air for outputs below 100 kW(e).

The principal disadvantage of the closed-cycle gas turbine for

fossil-fuel-fired applications is the cost of the heat exchanger required

to transfer heat from the combustion products to the turbine working

fluid. These units are large, heavy, and expensive. Secondly, the metal

temperature in this heat exchanger must be somewhat higher than the gas

temperature entering the turbine; hence its strength and corrosion re

sistance limit the peak operating temperature and thus the thermal ef

ficiency. The open-cycle gas turbine, on the other hand, can operate

with cooled walls so that the turbine inlet gas temperature can run

hundreds of degrees centigrade above the temperature of the hottest

metal.1 These effects are indicated in Fig. 4, which shows the thermal

efficiency as a function of temperature for both a simple open cycle and

a closed cycle with regeneration. Note also that the pressure drop and

pumping power losses in the various components of the closed-cycle system

together with the somewhat higher compressor inlet temperature act to

degrade the thermal efficiency of the closed-cycle system.
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A third disadvantage of the closed-cycle gas turbine for some appli

cations is that a substantial amount of cooling water is required to cool

the recirculated gas before it enters the compressor. In some instances,

this heat exchanger can be integrated into the process heat system so that

this requirement does not represent a penalty, but in other instances it

may constitute an important disadvantage of the closed-cycle gas turbine.

Operating Experience

Table 1 lists the 14 closed-cycle gas turbine units that have been

operated commercially abroad.k Most of these have employed dirty fuels.

The demonstrated reliability has been high, but the capital costs have

also been relatively high.

Army package power plant

The principal operating experience in the U.S. with closed-cycle

gas turbine systems has been with two relatively small special-purpose

units. The first of these was an Army package power unit employing a

high-temperature nitrogen-cooled fission reactor as the heat source.

The turbine was designed for an output of 415 kW(e).12 Turbines were

first operated with combustion-fired heaters in the course of the compo

nent development program. The total operating time in the program was

8000 hr.13

NASA space power plant

One of the NASA nuclear electric power units developed in the 1960's

made use of a closed-cycle gas turbine designed to operate with an iso

tope heat source.11* Units of this model have operated a total of 39,395

hr, 26,000 hr of which has been on the principal system tested.15 The
longest uninterrupted run was 7200 hr. The working fluid was a mixture

of helium and either argon or krypton in an effort to get a good compro

mise between a high heat transfer coefficient and a high molecular weight

to obtain a good efficiency in the compressor and turbine.



Units

Escher-Wyss,
Zurich, Switzerland

Ravensburg, Germany

Coburg, Germany

Oberhausen I,
Germany

Oberhausen II,
Germany

Haus Aden, Germany

Gelsenkirchen,
Germany

St. Denis,
Paris, France

Toyotomi, Japan

Nippon Koran, Japan

Rothes, Great Britain

Altnabreak,
Great Britain

Kashira, Russia

Spittelau, Austria

Die Oxygene, Phoenix

Adv. Power Conv.

Exp. Test Facilities,
Ft. Belvoir, Va.

Adv. Power Conv.

Skid Experiment,
San Ramon, Calif.

11

Manufacturer

Escher-Wyss

E-W + GHH

GHH

GHH

GHH + EVO

GHH

GHH

Fuji Elect.
& E-W

Fuji Elect.

E-W

bbc/e-w

E-W & LaFleur

Corps of

Engineers
(Stratos et al.)

Corps of

Engineers
(Stratos et al.)

Application

Power

Power & heat

Power & heat

Power & heat

Power & heat

Power & heat

comp. drive

Power & heat

Power

Power

Power

Power

Power

Power & heat

Power & heat

Cryogenic gas
production

Army power

requirements

Army power
requirements

Table 1. Summary of closed-cycle industrial and utility power plants that have been built and operated

Continuous

output
[MW(e)]

2.3

6.6

13.75

50

6.4

17.25

12.5

2.0

12

2.0

2.2

12

30-22

2

0.5

0.500

Heat

supply

(MW)

Plant

efficiency

(%)

32.6

2.3-4.1 25

8-16 28

18.5-28 29.5

53 31.3

7.8 29.5

20-29 30

9—12

29-58

26

29

28

31-24

18.6

16.7

Commissioning
date

1940

Running time
(nr)

6000

Fuel

Oil

Turbine Compressor

inlet inlet

temperature pressure

(°c) (bars)

700

1956 120,000 to 6-76 Coal or oil 660 7.2

1961 100,000 to 6-75 Coal 680 7.3

i960 100,000 to 6-76 Coal/coke
oven gas

710 8

1975 3,000 to 5-76 Coke oven gas 750 10.5

1963 100,000 to 6-75 Mine gas + coal 680 9.3

1967 75,000 to 6-76 Bl. furn. gas

& oil

711 10.2

1951 5,000 since '56 Oil 660 ;

1957 90,000 Nat. gas 660 7.2

1961 85,000 to 12-70 Bl. furn. gas 680 6.7

i960 ~1,000 Coal slurry 660

1959 ~1,000 Peat 660

1961 Brown coal 680 7

1972 Oil or gas 720

1966 5,000 Nat. gas 680

1959 Oil 650 8.1

1964 Oil 650 8.1

Remarks

First test plant retired

First use of helium as working fluid in elec
tric power plant

First big plant/double pressurized heater

Stopped due to mine closure

Stopped due to mine closure

Achieved guarantees

Achieved guarantees, dismantled

Helium fluid, dismantled

Experimental (fluid, N2)

Experimental (fluid, N2)
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Gas-cooled reactor central stations

There has been a great deal of interest in the use of closed-cycle

gas turbines with high-temperature gas-cooled reactors for central sta

tions, and many design studies have been carried out in the past 20

years.16 This is an obvious application because clearly it is necessary

to circulate gas through the reactor to remove the heat generated, the

gas must be helium to give good heat transfer characteristics, and hence,

at least superficially, the obvious thermodynamic cycle to employ is a

gas turbine.17 Unfortunately, all-ceramic high-temperature fuel elements

emit a few parts per million of the radioactive fission products, vastly

more than is the case for the metal-encapsulated, lower-temperature,

water-cooled reactors. As a consequence, the plant layout is heavily

dependent on reactor safety and maintenance considerations, the adverse

effects of which lead to a situation that favors the use of a steam tur

bine that is isolated from the reactor coolant circuit rather than a

gas turbine,18 and hence the only significant operating experience with

such a system is the small Army package power unit cited above.

Bureau of Mines experiment

The possibility of using a coal-fired closed-cycle gas turbine was

investigated by the Bureau of Mines using a single-stage centrifugal

compressor coupled to a single-stage axial turbine designed to produce

V30 kW(e). The unit was operated on nitrogen at temperatures up to 808°C

(1485°F). A similar unit with a T2M turbine rotor was subsequently

operated for VL00 hr at temperatures up to 843°C (1550°F).19

Fluidized-bed coal combustion system

A closed-cycle gas turbine system designed for operation with an

atmospheric fluidized-bed coal combustion chamber has been designed at

ORNL, and plans have been made to construct an experimental unit. The

principal features of the concept are presented along with the flowsheet

of Fig. 1. The basic concept appears to have major advantages for indus

trial and institutional applications where the amount of process heat

required is two to four times that for electrical energy.
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Ceramic heat exchangers

The efficiency of closed-cycle gas turbines could be increased if

it were possible to build ceramic heat exchangers that could be operated

at a temperature of around 1100°C (2000°F). The excellent high-temperature

strength and oxidation resistance of ceramics such as SIC and Si3Nit make

them appear attractive. This possibility is being investigated in pro

grams funded by both Electric Power Research Institute (EPRI) and DOE-FE.

The problems involved are discussed in a later section in light of the

extensive experience with brittle failures in ceramic components in

other fields.21 This experience indicates that, unless the pressure of

the combustion gases in the furnace is about the same as that of the air

in the turbine circuit, the prospects of success in getting ceramic tubes

to withstand the severe pressure, thermal, and vibrational stresses im

plicit in this application are very slim indeed.

Summary of Costs and Running Time

The research and development costs of the European closed-cycle gas

turbine systems are not available but appear to have been quite modest.

The costs and running time accumulated under U.S. closed-cycle gas tur

bine programs are summarized in Table 2. Note that these costs are ac

tual program costs in terms of the dollars of the year in which they

Table 2. Summary of U.S. closed-cycle gas turbine
system program costs and running times

Total funds

($)

Total system

running time
to May 1977

(hr)

Gas turbine system for 415-kW(e)
Army Package Power Reactor

(1957-1970)

20,000,000° 8,000

NASA gas turbine system for a 26,000,000 37,395

7-kW(e) space power plant
(1961-1977)

ORNL fluidized-bed coal combus- ^5,000,000°
tion system coupled to a 325-
kW(e) closed-cycle gas turbine
(1974-1979)

Estimated for completion of construction plus 5000-hr run.
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were spent with no effort to correct these costs to constant dollars for

some recent year to allow for inflation.

RECOMMENDATIONS

Extensive work in both the U.S. and Europe in the course of the past

30 years indicates that the closed-cycle gas turbine has been less at

tractive than a conventional steam plant for electric energy production

in utility service with the fuel price structure that has prevailed.

However, design studies in the U.S., coupled with both design studies

and extensive operating experience in Europe, indicate that the closed-

cycle gas turbine yields an attractive system for industrial and insti

tutional applications requiring both electricity and process heat if

coal is to serve as the fuel. Such installations make it possible to

obtain as much as 90% of the chemical energy In the fuel in the form of

either heat or electricity. Further, the system is flexible in that the

ratio of the amount of heat produced to the amount of electricity can be

varied while maintaining a high overall efficiency in the use of the

chemical energy in the fuel, and the system can be operated over the full

load range from 100% down to 25% of the design output with little loss

in efficiency.

A closed-cycle gas turbine appears to be particularly well suited

for coupling to a fluidized-bed coal combustion system. The principal

uncertainty appears to be the practicable operating temperature limit

for materials in the heat transfer matrix immersed in the fluidized-bed

coal combustion chamber. Thus, extended endurance tests of the more

promising alloys for such a heat transfer matrix should be expedited.

The tests should include the possible effectiveness of the more promising

coatings designed to inhibit oxidation and sulfidation of the alloys.

Extensive experience with thermal stress problems in high-temperature

metal heat exchangers and in ceramic components indicates that the proba

bility of being able to obtain a ceramic heat exchanger for a closed-

cycle gas turbine is so low that the funds allocated to this area should

be very limited and the program should be monitored with particular



15

attention to the problems of thermal stress and tube vibration in high-

temperature, high-performance heat exchangers.

The prospects for burning high-sulfur coal in a fluidized-bed coal

combustion system coupled with industrial and institutional requirements

for the cogeneration of heat and electricity provide strong incentives to

expedite the construction and endurance testing of a fluidized-bed coal

combustion system coupled to a closed-cycle gas turbine. This should

conserve energy, reduce costs, and facilitate the use of high-ash, high-

sulfur coal.

PRINCIPAL PROBLEMS AND PARAMETERS

There are many parameters that affect both the design choices and

the operating problems characteristic of a closed-cycle gas turbine sys

tem. These range from items peculiar to the particular application

through fundamentals of mechanical component design.

Relative Magnitude of Capital and Fuel Costs

It is clear from the record of the last 30 years that a closed-cycle

gas turbine is of interest only if the cost of clean hydrocarbon fuel is

high relative to the cost of a dirty fuel such as coal or some solid

waste product, so that the high cost of the heat exchangers can be

written off against the low fuel cost. Further, the record clearly

shows that most closed-cycle gas turbines of the past have been used in

applications where large amounts of heat at relatively low temperature

are required, particularly where the ratio of low-temperature heat to

electrical energy is 2 or more. As indicated in Fig. 2, the specific

heat consumption for electric power production is definitely lower for

the gas turbine than for extraction or back-pressure steam turbines if

the ratio of the amount of heat required to electrical energy is less

than about 3. Good data are not available on the relative capital costs

of steam and gas turbines for such installations but, if one may judge

from choices made in the past, it appears that the steam system has

probably been the less expensive. The matter is obscured somewhat by
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the fact that steam systems are more familiar to most plant design engi

neers and hence they are inclined to choose the steam units.

Combustion System

Until recently, emissions of SO2 from a power plant were not a prime

consideration in the plant design. However, the requirement that sulfur

emissions be kept low coupled with the strong cost incentive to employ

relatively high-sulfur coal now strongly favors the use of a fluidized-

bed coal combustion system in which the bulk of the sulfur would be re

moved in the bed by reacting it with limestone to form calcium sulfate.

In attempting to take advantage of this process, one finds that the

design of a fluidized-bed combustion chamber presents a quite different

set of problems than a furnace with pulverized coal burners or a traveling

grate stoker. In particular, one finds that the basic heat transfer

characteristics of fluidlzed beds cooled by steam boiler tubes make them

very much more difficult to control than fluidized beds with gas-cooled

tubes. This stems from the fact that the heat transfer coefficients in

both water-cooled tubes and fluidized beds are not only quite high but

are also essentially independent of the water and combustion gas veloci

ties, so that, unless the bed depth is changed with load, reducing the

flows of fuel and combustion air will lead to quenching of the bed and

coke formation on the tubes.22 This problem is avoided if a closed-cycle

gas turbine rather than a steam generator is employed with a fluidized-

bed coal combustion system. This is of special importance under startup,

part-load, and shutdown conditions.

When designing a furnace for a closed-cycle gas turbine, one finds

that the fluidized-bed coal combustion system has the additional advan

tage that there is no danger of a local hot spot leading to tube burnout

as may be the case for a gas-cooled tube matrix heated with pulverized

coal burners. Both this hot-spot problem and the bed quenching problem

mentioned above represent very important although subtle advantages of

the closed-cycle gas turbine relative to a steam turbine if the combus

tion system is to be a fluidized bed.
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Turbine Inlet Temperature

As indicated in Fig. 4, increasing the turbine inlet temperature

increases the thermal efficiency of the thermodynamic cycle, but it also

increases the rate of oxidation and/or sulfidation attack of the heat

exchanger tubes by combustion gases. The limited data available from

corrosion tests in fluidized-bed coal combustion systems are not com

pletely consistent, probably as a consequence of differences between

operating conditions in the various tests. The indications seem to be

that 300 series stainless steel alloys show the most promise. The

ORNL-FluiDyne tests and the BCURA tests seem to indicate that metal

temperatures in the 1500 to 1600°F range will give acceptably long

lives, 23'2"* but the EPRI-sponsored tests at Stoke Orchard indicate that

the metal operating temperature with these materials may be limited to

a lower value.25'26 A great deal of further test work will be required

to resolve this vital question. Its importance cannot be overemphasized.

System Pressure

As the system pressure is increased, the size of components for

closed-cycle gas turbines is reduced. This results in a reduction in

cost up to the point where the thickness of casings and shells becomes

awkwardly great and the thickness of exchanger tubes becomes sufficient

so that the temperature drop through the tube wall becomes a major factor.

In practice, a peak system pressure of 20 to 30 atm is usually favored

except for large fission or fusion reactor heat sources, in which case

pressures of 30 to 50 atm are commonly chosen. Note that Table 1 shows

that all the systems that have been built make use of compressor inlet

pressures between 7 and 10.2 atm. While not shown, the compressor pres

sure ratios commonly run between 3 and 4.

Ratio of Pumping Power to Heat Removal

The size and cost of components such as ducts and heat exchangers

can be reduced by increasing the gas velocity and reducing the flow pas

sage cross-sectional area. However, this leads to an increase in the
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pressure drop and hence in the pumping losses. The problem is particu

larly important in the most vital component in the plant (i.e., the gas

heater). Many different approaches to analyzing this question have been

carried out with generally similar results; the pumping-power-to-heat-

removal ratio for the heater is ordinarily kept below ^2%. ' This

means that if the overall thermal efficiency of the plant is 33%, about

6% of the gross electrical output must go into the pumping power for the

heater. In addition, of course, pressure losses in other components such

as the ducts, recuperator, and cooler commonly increase the overall pump

ing power requirements to around 10% of the gross output.

Regenerator Effectiveness

To a first approximation, increasing the regenerator size for a given

pumping-power-to-heat-removal ratio in the regenerator will increase the

cycle efficiency by recovering a greater fraction of the heat in the

turbine exhaust. However, as the ratio of the temperature rise in the

air stream from the compressor to the temperature difference between the {

compressor outlet and the turbine outlet (i.e., the heating effective

ness) is increased, the size of the heat transfer matrix increases so

that one reaches a point of diminishing returns because the capital cost

of the regenerator increases rapidly with little increase in heat recovery.

This effect is shown in Fig. 5, which was prepared for a gas-cooled re

actor system.18 Studies at both Escher-Wyss on plants such as those in

Table 1 and studies at ORNL on closed-cycle gas turbines coupled to

either nuclear reactors or fluidized-bed coal combustion chambers have

indicated that a heating effectiveness of around 0.80 represents a good

balance between capital costs and fuel costs as influenced by the thermal

m • • 18efficiency.

Recuperator Effectiveness

The heat in the hot combustion gases leaving the heat transfer ma

trix of the turbine air heater can be utilized to good advantage by using

4



3
0.
»-

O

o

cr
t-
u
Hi
_l

UJ

UJ
z

2.6

2.5

2.4

1 2'3
c/)

V)
o
o

UJ

li

en
z
<

en

o

<
I
o

a

5
Z>
en

2.2

2.1

2.0

4.9

19

ORNL-OWG 65-1573

REACTOR OUTLET TEMPERATURE, 1350°F

TURBINE OUTLET TEMPERATURE, 975°F
COMPRESSOR INLET TEMPERATURE,100°F

_ COMPRESSOR OUTLET TEMPERATURE,257°F
COMPRESSOR OUTLET PRESSURE, 1000 psia

I I

CURVE PUMPING POWER-TO-HEAT REMOVAL RATIO
NO. REGENERATOR CYCLE

I 0.01 0.025

II 0.02 0.05

III 0.04 0.09

0.70 0.80

REGENERATOR EFFECTIVENESS

0.90

Fig. 5. Sum of capital charges and fuel, regenerator, and cooler
costs as a function of regenerator effectiveness.



20

it to preheat the combustion air with a heat exchanger called a recupera

tor. Preheating the air also serves to improve the combustion efficiency.

The pressure difference between the two fluid streams is small; hence a

rotary recuperator similar to those employed in conventional steam plants

can be used. As is the case for the regenerator, a good balance between

heating effectiveness and capital costs is obtained with a heating ef

fectiveness of ^80%. Corrosion problems usually make it necessary to

keep the stack gas temperature above 120°C (250°F); hence the latter is

usually the design limitation rather than capital costs.

Choice of Working Fluid

Helium is commonly chosen in design studies as the working fluid

for closed-cycle gas turbine systems. This is done primarily because the

high thermal conductivity of helium coupled with its high specific heat

make it a better heat transfer fluid than any other gas except for hydro

gen. (Hydrogen has sometimes been considered but has never been used as

a working fluid in.a closed-cycle gas turbine because of the explosion

hazard.) A major disadvantage of helium is its cost, which in turn

poses a requirement for an exceptionally high degree of leak tightness

throughout the system, a particularly troublesome problem with respect

to the shaft seal which will be considered in the next section. Carbon

dioxide and nitrogen are also often candidates, primarily because they —

on the surface at least — appear to reduce the oxidation and corrosion

problems. However, it has been found that iron-chrome-nickel alloys

owe their high-temperature oxidation resistance to the formation of a

dense, protective oxide film much like that of the oxide film on anodized

aluminum. For these iron-chrome-nickel alloys, strongly oxidizing con

ditions are required not only to form this film initially but also to

maintain it in the face of tendencies to form minute cracks with thermal

strain cycling. As a consequence, it has been found that at temperatures

above about 600°C, ordinary air is a more favorable environment for the

iron-chrome-nickel alloys than is helium; hence there is really no incen

tive from the structural materials standpoint to use helium rather than

air.28
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The output of a closed-cycle gas turbine system is normally con

trolled by varying the system pressure. The most difficult control con

dition that must be met is the abrupt loss of load as a consequence of a

circuit breaker trip. For this condition, the control problem is greatly

eased if the working fluid can simply be vented to atmosphere, a step

that presents no problem with air but would represent an important expense

if helium were employed.

Helium has the advantage that it makes possible smaller turbine and
1 7

compressor units, but the number of stages of these units is increased.

If an appreciable number of machines were produced, there would undoubtedly

be an important cost savings. However, no such machines are in produc

tion and hence there is a strong incentive to employ air as a working

fluid so that existing gas turbine machinery can be employed without

carrying out a substantial design and development effort.

Shaft Seal

The shaft seal between the turbine and the generator presents some

difficult problems, particularly if helium is employed. It is sobering

to note that of the several different seal arrangements that have been

employed in helium, nitrogen, and CO2 gas-cooled reactor systems, a sub

stantial percentage have encountered serious difficulty with shaft seal

leakage. These instances have included oil leakage from the circulating

blowers of the Calder Hall reactors, oil leakage into the nitrogen cir

cuit of the Army package power reactor, oil leakage into the helium cir

cuits of both the EBOR maritime reactor and Oberhausen helium turbine

system, and water leakage through the blower shaft seal in the Fort St.

Vrain helium-cooled reactor. Rather surprisingly, in only one of these

systems was the instrumentation designed to detect such leakage before

it became great enough to give serious trouble. Such instrumentation

can and should be provided.

Ceramic Heaters

High-temperature heaters for a commercial power system of any type

pose difficult and subtle problems. To keep costs down, fluid velocities
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must be fairly high and hence tube vibration is often a problem. This

is a particularly formidable condition in fluidized-bed coal combustion

systems partly because of the high density of the fluidized bed and

partly because the beds tend to pulsate.29 Thus, the tubes must be

strong and sturdily supported. At the same time, the design must be

such as to accommodate differential thermal expansion between the tubes

and the support structure, and this must accommodate not only temperature

changes from a cold shutdown to the design output condition, but also

the full range of possible off-design conditions to be encountered during

startup or an abrupt shutdown. Further, the support system must accommo

date irregularities in the flow and temperature distribution on both

the working fluid side and in the fluidized bed. In practice, it has

been found difficult to accommodate all these conditions in a heat ex

changer built of a ductile metal that can tolerate local stresses well

above the elastic limit for a limited number of cycles during the life

of the equipment.30

Ceramics are brittle materials that fail abruptly once a critical

stress is reached. Further, ceramic parts inherently always contain

small defects that act as stress concentrations so that the stress for

failure in a mechanical component is ordinarily about half that for good

specimens. In fact, even in carefully prepared test specimens, one finds

that the spread in the stress at which failure occurs will be such that

the maximum stress at failure will be about double the minimum if a large

number of specimens are tested.31

A consideration of fracture mechanics indicates that, first, one

must expect macroscopic stress concentrations in regions in which the

geometry changes (such as in the vicinity of header sheets) and these

will be aggravated by microscopic stress concentrations in the form of

slight defects and cracks associated with the fabrication process. The

combined effect of these two factors will serve to increase local

stresses by a factor of 5 to 10 even in a carefully designed joint.

Once a crack starts in a brittle material, extensive experience indi

cates that it will progress rapidly if the pressure stresses are high,

and shattering of the structure will result. But this is not all; the

Occupational Safety and Health Act (OSHA) standards require that all
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engineering structures withstand an earthquake, and provision for accom

modating the shaking forces to be expected in an earthquake make it es

sential to employ a redundant structure with a multiplicity of restraints;

these make it impossible to satisfy the thermal stress and strain re

quirements when consideration is given to the variety of off-design con

ditions that must be expected in transients in the course of emergencies

or misoperation of the system. As a consequence, if there is a pressure

differential between the gas turbine working fluid and the combustion

chamber, there seems to be no way that one could design an all-ceramic

heat exchanger that will satisfy all the real-life boundary conditions

in a practical power plant and still be economically attractive.

These problems are treated at some length in a companion report on

ceramic gas turbines.21 Significantly, over $50,000,000 has been spent

in the past 30 years on ceramic gas turbines, yet the amount of operating

time that has been obtained has been almost nil. Experience with Pyrex

and fused silica heat exchangers in chemical process work indicates that

the problems of a high-performance, high-temperature ceramic heat ex

changer subject to a large pressure differential are at least as formidable.

DEVELOPMENTAL STATUS

As can be seen in Table 1, 14 closed-cycle gas turbine plants have

been built for commercial operation in Europe, the U.S.S.R., and Japan.

All of these have been built to take advantage of a special fuel supply

situation, and most of them supply both electricity and heat to chemical

processes or district heating systems. Four of these plants have op

erated for 100,000 hr or more, thus indicating their high reliability.

An excellent short summary of the principal design features and operating

experience of each of these plants is presented in Ref. 4 and hence these

foreign plants will not be discussed further here.

Army Package Power Plant

Three closed-cycle gas turbine systems were operated under the Army

Package Power Plant Program.12 Two of these were oil-fired; one system
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in which the initial development was carried out was located at Ft.

Belvoir, Virginia, and the second was tested at Aerojet in Azusa, Cali

fornia. A third unit was coupled to the air-cooled reactor designed and

built by Aerojet, and the system was tested at the National Reactor Test

Station in Idaho.

The turbines used in these systems were designed and built specifi

cally for this application by the Stratos Division of Fairchild. As a

consequence, the program had to include basic design and development work

on a new model of gas turbine. The principal problems were associated

with the bearings and shaft seals. Difficulty was experienced with oil

leakage into the gas circuit for the closed-cycle gas turbine, but solu

tions to these problems were found and subsequent operations were satis

factory.

NASA Closed-Cycle Gas Turbine for Space Power Applications

NASA has had a modest continuing effort since about 1960 to develop

a small closed-cycle gas turbine power plant suitable for use with an

isotope or solar heat source. The prime objective in the program has

been to determine whether such a system could be built to give the

extremely high reliability required. This has entailed extensive en

durance testing using an electric heat source.

The operating time on the NASA closed-cycle Brayton space power

plant system has totaled 37,395 hr. Of this, 26,000 hr has been on the

system operated originally at Plumbrook and later moved to Lewis Labora

tory, where operation is continuing. The longest uninterrupted run with

this system was 7200 hr, and that interruption was for equipment diffi

culties rather than the gas turbine itself. The unit has been run at a

constant power of 6 to 7 kW with a turbine inlet temperature of 1600°F

because it was designed to be coupled to an isotope heat source. As a

consequence, the control system was designed to accommodate variations

in spacecraft electrical power load by dissipating energy in an electric

resistance grid.

Some 2600 hr of additional operating time was obtained with rotating

units not incorporated into complete systems.
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The only serious difficulty that has been experienced since going

to all-welded systems to avoid gas leakage problems was a leak in the

cooler which resulted in a silicone fluid getting into the inert gas

working fluid. This led to the formation of carbides which precipitated,

in particular, in the turbine inlet nozzle box and resulted in a reduc

tion in the turbine air flow and thus a loss of power. On shutdown and

disassembly, it was found that some of the carbide particles had gone

through the gas bearings. These were built with three pads, the lower

two of which were rigidly mounted in the casing while the upper one was

spring-mounted. As a consequence, when the carbide particles went

through the clearance between the journal and one of the lower pads,

they scratched and scuffed the pad and journal; however, the shaft

bucked against the spring-loaded upper bearing to force it upward and

provide additional clearance, so that other than the residual scratches

no serious trouble resulted from the particles going through the bearings.

ORNL Closed-Cycle Gas Turbine Coupled to a
Fluidized-Bed Coal Combustion System

When it became apparent in 1973 that shortages of natural gas and

fuel oil would soon make it desirable to shift to coal as the fuel for

heating building complexes, ORNL carried out a study for Housing and

Urban Development (HUD), and subsequently for HUD and the Office of Coal

Research (OCR), to determine how coal might best be employed as the fuel

for small total energy systems designed to supply both electricity and

heat to building complexes.6-8 Prime requirements included a high degree

of reliability for semi-unattended operation to keep operating costs low,

a capability for meeting EPA requirements while burning relatively high-

sulfur coal, a high efficiency in utilizing the chemical energy in the

fuel, and a minimal developmental program. The results of the study

(phase I of the program) indicated that a closed-cycle gas turbine

coupled to a fluidized-bed coal combustion chamber should meet these

requirements including a high utilization of fuel energy over the wide

load range characteristic of housing complexes because of diurnal fluctu

ations in requirements for both electricity and heat. Phase II has en

tailed the preparation of a firm design and estimate of the construction
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costs.20 Phase III, the detail design and construction of an experi

mental unit designed to give 325 kW(e) is under way at the time of

writing. The program has been broadened so that the emphasis is now on

the application of the concept to larger systems for industrial power

and process heat applications.

Computer studies indicate that the dynamic response characteristics

of the proposed system are excellent, including the ability to take a

load trip and yet get back on the line within 60 sec.32 The ratio of

electrical to heat output can be varied over a wide range while main

taining an overall utilization of the chemical energy in the fuel be

tween 70 and 80%. Experience with closed-cycle gas turbines indicates

that a high reliability in the gas turbine system can be achieved; the

principal reliability problems will lie in the coal feed and metering

system. Bench tests of a full-scale set of coal feed and metering

equipment have included a 1000-hr unattended endurance run that indicates

that a high degree of reliability can also be obtained in this system.

The principal cause for concern in the developmental program is cor

rosion of the heater tubes by combustion gases. A 500-hr test of a set

of alloy specimens in an atmospheric-pressure fluidized-bed coal com

bustion system at FlulDyne under the test conditions for the ORNL system

has shown no significant oxidation or sulfidation attack of 300 series

stainless steel or Incoloy 800, the principal candidates for the heater

tubes.23 Preliminary observations of specimens after further testing to

a total of 4500 hr indicate little further attack.
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