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o Development reports on closed-cycle gas turbines {CCGT) as proposed by Ackeret
Y and Keller [AK system) and promoted mainly by Escher Wyss Ltd., Zurich, Switzerland, %

: and Gutenhoffnungshitte {(GHH), Germany, have been presented since 1945 at ASME §
meetings about every five years {1).' This, the sixth paper, reports on the operating
experience with some newer fossil-fuel fired plants made by different manufacturers a«
and gives the study results of European designers for nuclear gas turbines which can
be built already with today's technology for the 600 to 1000-Mw range. The special |
physical properties of air and helium and their influence on plant design are discussed. -
The combination of @ CCGT and o high-temperature reactor offers many possibilities
for simplifications of nuclear plants and lowering capital costs.
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Industrial Closed-Cycle Gas Turbines for
Conventional and Nuclear Fuel

(. KELLER D. SCHMIDT

THE CLOSED CYCLE AND THE TOTAL-ENERGY CONCEPT

In many modern thermal plants not only the
thermodynamic cycle efficiency and the conversion
of heat to mechanical work are important but also
the total energy delivered in the form of mechani-

available at a much higher and directly useful
temperature level than that from steam cycles.
Gas cycles show quite outstanding properties, be-
ing able to work from full load to a very low load
with good efficiency (at constant full temperature
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cal work plus useful heat., Most closed air cycles before the turbine) and follow easily the heat and
are designed as "power and heating station" in the temperature requirements of a hot-water distribu-
power range of 2000 to 30,000 kw (see Table 1 and tion network independent of electric efficiency.
Figs.l, 2, 3). Waste heat from a gas cycle is The total energy delivered can amount to about 85
Plant Ravensburg  Toyotoai Coburg Kashira Nippon QOberhausen  Haus Aden Dye Oxygens Gelsen-
Germany Japan Germany Russta Kok an Germany Germany Phoenix kirchen
Japan Arizona,USA Germany
Panufacturer EW Ltd.+ fuji Electric GHH Ltd, Ew Ltd. Fuji GHH Ltd. GHH Ltd. EW Ltd, + GHH Ltd,
GHH Ltd. Ed Ltd. Electric LF Corp.
Use Power + Power Pover + Power + Power Power + Power+ Heat Cryogenic Pover +
Heat Heat Heat Heat +Turbo Coa- Helium Heat
pressor drive Cycle
Fuel Bituainous  Natural Bituminous Brown Blast Bituminous  Mine Gas and  Natural Blast
Coal Gas Coal Coal Furnace Coal Bituminous Gas Furnace
Gas Coal Gas+0i 1
OPERATING DATA:
Continuous output 1] 2 300 2 000 6 600 12 000 12 000 14 300 6 370 - 17 250
jafpgrature at compressor o 20 20 20 2 25 % 20 2 2
Pressure at compr.inlet 313 1,2 7,2 1,3 1 6,7 8 9,3 — 10,2
Temperature at turbine inlet C 660 660 680 6680 6680 720 680 680 120
Pressure at turbine inlet ata 27 21 21,5 29 29 32 3 - 38,5
faant sfficiency at generator ¢ 25 % 28 28 29 29,5 29,5 - 30
Compressor+turbine speed ros 12 7% 13 000 8 220 6 600 & 600 6 600 8 220 18 000 6 640
Generator speed rpa 3 000 3 000 3 000 3 000 3 000 3 000 1 500 - 3 000
HEATING WATER: 3
Quantity : /n 0 - 110 280 - 325 130 - 200
Temperature at cocler outlet OC (5 - 100 (5 - 90 90 - 95
Temperature at cooler inlet 49 - A0 L - 40 40 - 40
Anount of heat Geal/h  2,1-3,5 - 7-14 8-10 - 16-24 6,7 - 16,9
DESIGN CHARACTERISTICS:
COMPRESSOR:
Type radial radial axial+ axfal axial axial axial axial axial
radial
TURBINE:
Type axial axial axial axial axial axial axial axial axial
In opera tion since: 1956 1957 1961 1962 End of 1961 1960 1963 starts end 1966 starts 1967
Runaing hours up to December 1966 abt. 60 000 57 o0 39 000 20 000 30 000 42 000 29 000 - -
W Ltd.: Escher Wyss Ltd. Zurich {Switzerland)
GHH Ltd.: Gutehoffnungshiitte Sterkrade Ltd., Oberhausen-Sterkrade (Germany)

Fuji Electric:

Fuji Electric Kawasaki (Japan)

LF; The La Fleur Corporation, Torrance, Calif., USA

Table 1

List of Some Recent Closed-Cycle Gas Turbine Plants




Fig.1 Model of new "Gelsenkirchen" (Germany) 17, 250-kw
heat-power CCGT plant under construction. Cycle data: Inlet
pressure = 38 kg/sq cm; inlet temperature = 720 C; Fuel:
blast-furnace gas and oil; Heat production = 17 x 106 kcal
68.10° Bru/h). In foreground: Precooler and intercoolers for
hot-water production. Recuperator below turbine group

percent of the total fuel calorific energy content.
Fossil fuels such as brown coal, bituminous
0il, natural gas, and furnace gas can be
burned as in a steam boiler. Until now a limita-
tion of the upper cycle temperature to about 720 C
has been practically determined by the creep re-
sistance of the heater tubes and,
heavy fuel o0il, also by the resistance to corro-
sion, Fig,3 shows the layout of a modern conven-
tional 30 Mw CCGT station., The machine set is the
same for an oil, gas, or coal-fired heater. Plant
efficiency is 34 to 36 percent, depending on cool-
ing water.

In closed-cycle plants with a nuclear reac-
tor, as discussed later in this paper, the temper-
ature can be pushed to a much higher level, giving
a considerable gain not only in efficiency but
3lso in electrical output per unit mass flow of
the working medium,

coal,

in the case of

DESIGN OF CLOSED-CYCLE GAS TURBINE
WITH REGARD TO CONSTRUCTION MATERIALS OF COMPONENTS

In a
ture level
steels and
steels and

smaller part of the cycle the tempera-
is high enough to make use of special
alloys necessary, 1l.e., austenitic
in some cases alloys on nickel bases.
The tubes of the gas heater, with wall tem-
peratures around 750 C, represent the most costly
element; the tubes of the combustion (radiation)
section are made of plain austenitic steel or of
austenitic steel with higher cobalt or chromium
content. The material stress is as low as 2 to
2.5 kg/sq mm, owing to the small tube diameter
{1 in. ), but a certain margin has to be ingluded
for the more or less pronounced agressiveness of
the combustion gases. Also heavy fuel oil has
been used successfully in continuous industrial
service, thanks to the inhibitor effect of dolo-

Fig.2 14,000 Mw turbine at Oberhausen (Germany) shows sim-

plicity of turbine design without regulating valves at machines,

Operation of plant (710 C, 32 kg/sq cm) has reached 42, 000 hr

by end of 1966. Automatic plant survey from control room in
left background

mite CaMg (COB)Z powder injected directly into the
combustion chamber, The cost of this additive is
practically negligible.

The "hot" pipe between the heater and the
turbine is of double-wall design. Hot gas flows
through a thin inner tube of austenitic steel sep-
arated from the outer pressure pipe by an insula-
tion of mineral wool or a.high-pressure cold gas
flow,

Owing to the elevated working pressure level,
the machines are small, Rotor and blades are
forged pieces of austenitic steel and in some cases
of Nimonic alloy. No cooled blades have been used
until now; the blade serrations of the first tur-
bine stage are slightly cooled by the small seal-
ing gas flow through the HP labyrinth (only about
1 percent of the main flow).

The stress problem in turbine blades is il-
lustrated by Fig.4 which shows the relation be-
tween peripheral velocity at the hub, hub ratio,
and blade stress. In this diagram the bending
stress due to aerodynamic forces has been added to
the centrifugal stress. In our closed-cycle gas
turbines both stresses are of the same magnitude
at full load. In the lower part, at right, stress
curves have been plotted, corresponding to 2/3 of
the rupture stress. The experience of many years
of industrial service has shown that blades are
safely designed under this assumption.

SEALING PROBLEMS

Practically no loss of working medium from
the cycle into atmosphere occurs, neither in pipe
Joints nor through the blow-off valve.
the glands,

Even in
losses can be completely avoided,
using the o0il sealing system according to Fig.s5,
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Fig.3 Layout of modern 30-Mw closed-cycle power station.

65m

-

Oil-fired air heater can be replaced by coal-fired heater

without change of layout and with approximately the same volume

1 LP compressor 11 Intercooler 21 Control room

2 HP compressor 12 Lubricating oil tank 22 Elevator

3 HP turbine 13 Air heater (convection) 23 Assembly area

4 LP turbine 14 Air heater (radiation) 24,25 Machine and assembly shop
5 Generator 15 Combustion air preheater 28 Compressed-air reservoirs

6 Exciter 16 Burner 29 Hot-water reservoirs

7 Starting motor 17 Suction fan 30 Gear

8 Bypass and relief valve 18 Fresh-air fan

9 Precooler 19 Chimney

10 Regenerator 20 Oil cooler

in which we see from left to right the following
connections to or from the HP gland:

@ A bleed line to the LP compressor suction.

e A pipe for cleaned sealing gas with auto-
matically controlled pressure difference above the
LP cycle pressure,

® A gas and oil outlet pipe to a closed
tank under the cyclel!s low pressure,

The rotor bearing is working both as a sup-
porting and sealing element (o0il seal),

0il at atmospheric pressure flowing from the
outer side of the bearing is pumped back intc the
closed tank. In an atomic plant with a helium
closed cycle, an additional air separatér is pro-
vided in this oil line to get rid of the air ab-
sorbed by oil,

HELIUM VERSUS AIR AS WORKING MEDIUM
FOR LARGER UNITS

In recent years development work for the
closed cycle has been concentrated on the two most
promising working media, i.e,, air and helium,
Table 2 shows a comparison of some physical data,
With the help of simple relations of thermodynam-
ics, very conclusive practical rules can be drawn
from these few figures.

We first assume that the working cycles to
be compared for air and for helium mist remain
simple and show a good efficiency. It follows
therefore that the lower and the upper cycle tem-
peratures will be about the same for both cases,
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Fig.4 Diagram for evaluating blade stresses in CCGT

as well as the temperature ratio of compressor and
expansion.

1 The heat drop being Ai
specific heat of helium S§ times that of air, the
energy dealt with in the helium machines per pound
mass flow will be five times higher.

2 From
o

T
“'('TQL)

= AT cp and the

where
il
k
a lower

1]

pressure ratio

ratio of specific heats

expansion ratio for helium than for air
at a given temperature ratio.

5> According to

]

results

5 0y
1. 0T

the change of volume is considerably smaller for

helium, For example, for an isentropic expansion
720 to 398 C:
With air: The pressure ratio 7 amounts to

4, 4 and the volume ratio amounts
to 3.

With helium: The pressure ratio m amounts
to 2.66 and the volume ratio
amounts to 1.8.

4 The energy losses in pipes, diffusor, and
bends leads
turbine for

ir Té and pé are the outlet figures for the
reduced heat drop,

to a diminution of heat drop in the
a given compression ratio,

we can put

Bearing and pressura-
sealing combined

Low-pressure
compressor "E ¢
153 N
> g
Sealing Hetium - Se:lm} between
Regulation (impure) %Y . g Helium and air
- 2
Sealing Helium ® P \0,3k9<cm
regulation (pure ' 7

=3

HeliumCleaning
P

, Helium€leaning h ¢ * Closed oif-tank
oil trap Pressure oil-tank /~ 10kg/cm
V
e 4“5
% ¢
b4 : Oil pump
Fig.5 Schematic of shaft seal for CCGT
G
T, " p
2 2
with

PA-P,
22 .5 . 4

(¢ = relative pressure loss)

and assuming the same temperature T2 and Té for
air and helium, we get
k=l k=1
(1+& ) = (1+£,)

for the same energy loss compared with turbine
work,

Because £ is small we can put

(Ef'!')n‘fn“(!;_t)lx’ftx

or
<o _CA
2, 3.7

Pressure losses are approximately propor-
tional to the dynamic pressure head

Exa % 2

For the same energy loss compared with tur-
bine work we have, therefore, from

2
£ .
ZH 245, Putte
Ea 3.7 pA.ci

CH = / 7-2;1.‘.8 = 2,2 cA




