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Industrial Closed-Cycle Gas Turbines for
Conventional and l{uclear fuel
C. KELLER D. SCHMIDT

THE CLOSED CYCLB AND THE TOTAL-ENERGY CONCEPT
Tn menrr mnrJcnn f  hamal nl  rn i :c nn{-  nnl  r r  l -ha

! rqrrvu

rLamndw2rr i  c ovel  e pf  f i  c i  encv and fhe converslon

of heat to mechanicaf work are important but also

the total  energy del ivered in the form of mechani-

cal  work plus useful  heat.  Most c losed air  cycles
cno desi  crerJ e" rr-nwp- p-f l  hpat ino stat iOntt  in ther ruqwfrr6 Jvo

Dower range of  2000 to )0,000 kw (see Table 1 and

Figs. l ,  2,  1) .  Waste heat f rom a gas cycle is

, i l

' l 'I

avai fable at  a much higher and direct ly useful
temperature 1evel  than that f rom steam cycles.
Gas cycles show qui te outstandlng propert ies,  be-

iqg able to work f rom ful l -  load to a very low load
with good ef f ic iency (at  constant fu l1 temperature

before the turbine )  and fol low easi ly the heat and
temperature requirements of  a hot-water dlstr lbu-

t ion network independent of  e lectr ic ef f lc lency.

Tl" ie total  energy del ivered can anount to about 85I

I
I
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Table I List of Some Recent Closed-Cycle Gas Turbine Plants



Fig. 1 Model of new "Gelsenkirchen" (cermany) 1?, 250-kw
heat-power CCGT plant under consrruction. Cycle data: Inlet

pressure = g8 kg/sq cm; inlet temperature = ?20 C; Fuel:
blast-furnace gas and oi l ;  Heat production = 1? x 106 kcal

68. lOb Bru/h). In foreground: Precooler and intercoolers for
hot-water production. Recuperator below turbine group

percent of  the total  fuel  calor i f ic  energy content.

Foss11 fuels such as brourr  coal ,  b i tuminous
coal ,  o11, natural  gas,  and furnace gas can be

burned as in a steam boi ler .  Unt i l  now a l imi ta-
t ion of  the upper cycle temperature to about J2O C
has been pract ical ly determj-ned by the creep re-

sistance of  the heater tubes and, in the ease of

heavy fuel  o i1,  a lso by the resistance to corrc-
s ion. I ig.  J shows the layout,  of  a modern conven-

t lonal  J0 Mw CCGT stat ion.  The machlne set is the

same for an oi1,  B?s, or coal- f i red heater.  Plant
cffJniFhev is i4 to i6 nencent r ienendinq on cnol-

/v P"

1ng water.

In c losed-cyc1e plants r" , i th a nuclear reac-
fnr-  :s r i isnussc. i  I r ten in th iq nencr the famnen-

ature can be pushed to a much higher 1eve1, giv ing
n nonsir icretr le or in nnt nr ' l r r  in pf f ie iennrr  hrr f

Also in electr ical  output per uni t  mass f low of

the working medium.

DESTGN OF CLOSED-CYCLE GAS TURBINE

WITH REGARD TO CONSTRUCTTON MATERTALS OF COMPONENTS

fn a smal ler  part  of  the cycle the tempera-

ture leve1 is high enough to make use of  speciaf
steels end r ' l  lovs necessarv.  i  e.  -  : r rsteni t ic

steels and in some cases a11oys on nickel  bases.

The tubes of  the gas heater,  wi th wa11 tem-

peratures ar"ound 750 C, represent the most cost ly

element;  the tubes of  the combust lon (radiat ion)

sect ion are made of  p la in austeni t ic  steel  br  of

austenl t ic  steel  wl th higher cobaft  or  chromium

content.  The mater la l  stress is a.s 1or^ '  as 2 to

2.J kg/sq mm, owing to the sma11 tube diameter
, r  i -  I  L"+ ^ ^^-r : : in nargJn hes to be included\ r  I r r .  I t  PVv a Lcf  ualrr  r . rqrb,rr

for  the more or less pronounced agressiveness of

the combust ion gases. Also heavy fuel  o i1 has

been used successful ly in cont inuous industr ia l

service,  thanlcs to the lnhlbi tor  ef fect  of  dolo-

2

Fig.2 14, 000 Mw turbine at Oberhausen (Germany) shows sim-
pl ici ty of turbine design without regulat ing valves ar 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 (e0.) ,  powder inJected direct ly into the
combust ion chamber.  The cost of  th is addi t ive is
pract lcal ly negl ig ib le.

The I 'hot"  p ipe between the heater and the
turbine is of  double-wa1l-  design. Hot gas f lows
through a th in inner tube of  austeni . t ic  steel  sep-
arated from the outer pressure pipe by an insula-
t ion of  mineral  urool  or  a.high-pressure cold gas
f low.

Owing to the elevated worki4g pressure 1evel ,
the machines are smal l .  Rotor and blades are
forged pieces of  austeni t ic  steel  and 1n some cases
of Nimonic a1Ioy.  No cooled bfades have been used
wrt i l  now; the blade serrat ions of  the f i rst  tur-
bine stage are s l ight ly cooled by the smal1 seal-
ins s2s f l  ot"r  thrnrtoh f  hp l lP Ichrrninfh /anlrr  chnr '+vq6rr  vrrv )L!  tapJ t  r r rv l r  t  v l1r iy d!u{u

1 percent of  the main f low),

The stress problem in turblne blades is i l -
lustrated by Fig. '4 which shows the relat ion be-
tween per ipheral  veloci ty at  the hub, hub rat io,

and blade stress.  In th is diagram the bending
stress due to aerodynamic forces has been added to

the centr i fugal  st iess.  In our c losed-cyc1e gas

turblnes both stresses are of  the same magnitude

at fuI l  load. In the lower part ,  at  r ight ,  stress
curves have been plot ted,  corresponding to 2/3 ot
the r t tntrre sfness The ernonianna nf  mrhrr  \ rarrsvr l rqrrJ J !af  r

of industr ia l  service has shotuyr that  b lades are
safely designed under th is assumption.

SEALING PROBLEMS

Pract ical ly no loss of  working mediun from
the ntrc le intn etmnqnhore 

^^n1rr< 
hai fLoF' in nine

v 
,  

r re !  vr4!  !  r^r  !4 yv

Joints nor through the blow-off  valve.  Even in

the glands, losses can be completely avoided,

using the oi1 seal ing system according to Fig.5,
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Fig, 3 layout of modern 30-Mw closed-cycle power stat ion. Oil- f i red air heater can be replaced by coal-f ired heater

without change of iayout and with approximately the same volume

1 LP compressor

2 HP compressor

3 HP rurbine

4 LP turbine

5 Generator

6 Exciter

7 Start ing motor

8 Bypass and rel ief valve

9 Precooler

10 Regenerator

11 Intercooler

l2 Lubr icat ing oi l  tank

13 Air heater (convection)

14 Air heater (radiat ion)

15 Combustion air preheater

16 Burner

17 Suction fan

18 Fresh-air fan

19 Chimney

20 Oil  cooler

21 Control room

22 Elevator

23 Assembly area

24,25 Machine and assembly shop

2B Compressed-air reservoirs

29 Hot-water reservoirs

30 Gear

' : :

+

in which we see from lef t  to r ight  the fo l lowing

connect ions to or f rom the HP gland:

c A bleed l ine to the LP compressor suct ion.

o A pipe for c leaned seal ing gas with auto-

mat ical ly control led pressure di f ference above the
T D arral! !  vJ Lru

o A gas and oi l  out fet  Fipe to a c l -osed

tank under the cyclels 1ow pressure.

The rotor bear ing is worklng both as a sup-

port ing and seal ing element (oi1 seal) .

Oi l  at  atmospher ic pressure f lowing from the

outer s ide of  the bear ing is pumped back into the

closed tanl<.  fn an atomic plant wi th a hel . iurn

closed cycle,  an addi t ional  a i r  separator is pro-

vided in th is oi l  l ine to get r id of  the air  ab-

sorbed by oi1.

HELTUM -IERSUS AIR AS WORKTNG I\MDTUM

FOR LARGER UN]TS

fn recent yeals developrnent work for  the
nlncorr  nrrnla hcc heen concentrated on the tpo mOSt

promising working media,  i ' .e. ,  a i r  and hel ium.

Table 2 show- a comparison of  some physical  data.

With the help of  : imple refat ions of  thermodynan-
i  n.  r ronrr  nnne I ' rc i \ rp n-actrc: l  r r : lcs can be dfavl f tvLr J vvrr !

fnor these few f iFl l res.

We f i r : t  assurne that the working cycles to

be comnpred for,  : i r "  and for hef iurn must remain

- iFrr  
\  ^F^ ^L^, ,  -  -^-d of f in ianarr  r t  fOf lOWSor"rPr s drru rrrvh a 6vv t r

therefore that  the lower and the upper cycle tem-

ner: t r r res wi l l  be about the same for both cases,

t
3

l
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For the same energy loss compared with tur-
bine work we have, therefore,  f rorn

,^-2
: l !  -  ry - 'H. ' It t  5.7 -  

p^." i

Pressurs oil{anl

Cloged or l-bnk

p0mp

Bub falo 8rad. l6hEraturc (oC)

Fig.4 Diagram for evaluadng blade stresses in CCGT

as wef l  as the temperature rat lo of  compressor and
expans i  on,

1 The heat drop being Ai  = AT c* and the
speci f ic  heat of  hel iurn !  t i rnes that oi  a i r ,  the
energy deal t  wi th in the hel ium machines Der Dound
mass f l -ow wi l l  be f ive t imes higher.

c irom

' -  ( l )
'2

where

7I = pressure rat i_o
k = rat io of  speci f ic  heats

a lower expansion rat io for  hel iun than for ai r
resul ts at  a given temperature rat io.

)  According to

-LT, r- l(+)
,2

is considerably smal ler  for
far  an icentrani  o '

- f - ,  expans].on

Schematic of shaft seal for CCGT

B - ,r?,s
with

PL-en
o2

( f  .  ro l" t lvr  prrrrurc lorr)

same temperature Ta and Tl  for
we get

(I:!.) r!:Lr.  k ,H \  k ,A
( r+cr)  .  ( r+f^)

for  fhe q.ha ahaFdr,  l^c^ i  , . i I, . -_-cJ russ compareo urch turbine
work.

Because t  is  smal l  we can put

(?)* ' t  , .  (?)o ' t  a
or

ln t  t
i ;5 ' j r7

Pressure losses are approximately propor-
+i^F^l  +^ +L- r--*^t iC npAqqltna harduv urts uJrtdr-_

t '^9"2
z

Yo
4r
Y.

I

the change of volume

heli .um. For example,
'120 to t9B C,

With air :  The pressure rat io r  amounts to

4.4 and the volume rat io amounts

to 1.
With hel ium: T'he pressure rat io n amounts

to 2.66 and the volume rat io

amounts to 1.8.

4 The energ'y fosses in pipes, di f fusor,  and
bends leads to a diminut j .on of  heat drop in the
I r inhjh6 far a air '6h n^mnpFqqion netr 'nuuMlrs rvr  d 6LvsIr  vvr, .pr

I f  Tf  and pf  a"e the out let  f igures for  the
reduced heat drop, we can put

1

Saatrno Hohum _
resulaiion (pure\lZ! 

I 
t,

" f lo
2.2 co
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Therefore,  wi th the foregoing assumption, a v91oc-

l ty of  2J-4) n/s in the pipes of  an air  c losed
c;cle corresponds to :  veloci ty of  t5-100 m/s in a
hr l ium closed cycle for  equal  percentage loss of

energy.

f f  we consider that  for  the same temperature
ra l i  a he' i  i r rm rr i  e l  ds 6 t imo< mnre r-rnnlr  nan rrni  I

Jr!4vv

"  fnr  n l  entc nf  fho .^n^ a. , i - , ,#i i idr-  r  rUW, wc f  r l lu _ ,^-  _ rdl le UUUUUU

the necessary sect ion to be smal- ler  for  hel ium

than for air  (at  the same pressure),  wi th the

rat i  o

ry ' t '53 d.n. l  ty

At the LP side of  the hel iurn cycle the f fow sec-

t ion wi l l  be fur ther reduced owing to the higher

pressure leve1 in comparison to the air  cycle,

Unquest ionably,  hel ium is an adequate work-
ina madr ' r rm fnr n ' l  ncad-orrale nlants nf  1^- '_ ^"+_"+
-1! t  

r , reul4. .  -  -  LdI  6q uq uPu u t

as i l lustrated by the rather snal f  d imensions of

machines up to 600 Mw, Figs. I2 to IJ.

5 The shock-wave v.eloci ty.  (veloci ty of

sound) in hel iun (eknt)1/2 is J t i rnes higher than

in air  and therefore the Mach number does not

l imi t  the per iphenical  speed of  the compressor

runner blades, as is the case in air .  However,

owing to stress considerat ions'  the speed cannot

be raised more than by a factor of  about l .J t ,o 2.

or i -he nfhcn sidc.  c.-  l^ei  ne q t imes bi .gger,  the

dif ference of  enthalpy Ai  in the compressor is

also 5 t imes larger and therefore the total  number

nf comnrFssor st :ses for  s imi l -ar  load coeff ic ientsv: v vr , .y{

wil l  be bigger by a factor of  about

4 -  2.2 ro 1- r .25
I  .5-

6 fhe surface of  heat exchangers is highly

inf luenced by the nature of  the working gas. t r 'or

comparable hel i lun and air  cycles,  wj . th the same

temperatures and the sa,me useful  output,  the same

arnount of  heat has to be transferred, in the re-

cuperator as wel- I  as in the coolers.  I f  the sarne

temperature drop is assumed, the surface wj- l l  be

simrly inversely proport lonal  to the heat-exchange

coeff ic ient  o.  According to Krausold,  a is given

by the relat ion

Molecular rei{rhl

Speci  f lc  Heat c p

Adiabat ic Coeff .  k

Conduct iv i ty o

DynaEic Viscosi ty

I  ata 2ooc

lo ata 6oooc

I ata zooc

30 ata 6oooc

I ata 2ooc

io ata 6oooc

n I  ata 2ooc

lo ata 6oooc

Physical Properties

ala Hel luB

29\

o,2rr  t , )42 kcat/kgoc

o, J6? I  ,24J

1,4 r ,665

I,16 1,665

0,092 ot t2? kcat/EoC hr

0,  05 o ,2 '1

-6 -At,u5. to-"  z,rr . lo-"  ksscc/o3
-6 -R4,O . lO -  t r ,24. lO -

of Air and Helium

(7.2 boiDo thc
rs tl o eol Crl

Table 2

T' lxe veLociry of  hel ium can be taken as,
according to paragraph 4,  up to 2,? t imes the
1'Al  oc i  f r r  i  n tha nnrncsnon. l i  no qi  r  hpef pynhrnoon

uvr r  vuyvlrua rrLav L^vrrarrF!  
-  '

With thrs factor and the physical  data of
Tab1e 2 for

p6 
- 

9.9.Q,
n

where

diame ter

densi ty

viscosi . ty

RGu. t  o
i l i l_7ff i  r 0.2e

I

ad 
,q r  Rco'8 Prbt {u. : i .o.o2

fr t t l  o. t | l  b <o.37J

Ntr = Nusselt number
tro -  

t rewnnlr ls nr:rnbor
r r !  -  i leJ

wE 6s u

and

t$ l . ,B -  o.37

Ttre j .nf luence of  Pr,  being here srnal ler  than
1 percent,  can be neglected, and 1t  remains

h .,ffir"'t tr, - o.5? r r.i t 2.o\
That means that the recuperator surface in the

hel i t -un cycle theoret ical iy wi l l  be 2.04 t imes

smal ler  tharr  in the air  cycle.

Pract ical ly,  the f low path being much short-

er,  the hel ium veloci ty can be increased further

without undue energy losses and the surface rat io

lowered t,o about 1/1 .

THE NUCLEAR CLOSED-CYCI,E OAS TURBINE

Sjnce the successful  start  and operat ion of

hi  ph-temner: t r r re sas-cool  er i  {hel  i r rm )  reactors such

as "Dragonr '  (Brgland ) ,  r rPeach Bottomrt  (U. S. A. ) ,
and BBC/Krupp (Germany) last  year,  i t  has becorne

obvious that th is new heat source for thermal ma-
nhina< iq mn<J- nF^hi<ino f  nn or< f r rn l -

- Ine 
opera-

lff

I

i
I

where
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1 HT reactor 3 Recuperator 5 Generator

2 Gas turbine 4 Helium container .  6 Intercooler

Fig. 6 25-M:we nuclear prototype plant with high-temper-

ature hel ium-cooled reactor and CCGT. Designed in 1966

by Gutehoffnungshii t te (GHH) and Escher Wyss. Tempera-

ture T = ?30 C, pressure = 25 kg/sq cm, plant eff iciency =

3? percent

t ion- A1so, the ear l ier  snal l  JOO-kw set of  the

U.S.Arrny ( l4L- l  ) - - real1y the f i rst  operat ing

nuclear power plant wi th a gas turbine (ni t rogen)

--pointed in th is direct ion (2).  The out let  tem-

peratures of  a l l  the reactorsr cool ing gas is

above JlO C and reactor bui fders do not see any

barr ier  to achieve 85o-fooo C without any signi f i -

cant change of  desien (r) .  Tn the U.S.A. a pion-

eer reactor for  even as high as 1lO0 C out let

(UHTqEX, Los Alarnos) is af leady under develooment.

A strong incent lve to use high-tenperature

reactors as a perfect  heat source for gas turbines

exists in the fcrm of  smal l  pyrol i t ic-coated par-

l ic les.  These new fuel  e lements for  h igh-tempera-

ture reactors nake the danger of  gas-stream act iv-
i ! , .  ^yf  ^^-+^F:_^f j^-  ,  _-^rr^-1r_- 

-^- :x i : tent .I  UJ drru uuf ledrrr  Lar rJ rrvrr_

Therefore,  the ear l ier  proposed t t " 'o-1oop systems

(e,g.  gas cycle/steam cycle) can be much simpl i -

f ied to a dircct-cyc1e sy.  tem u: jn€I  thF l ' r?ssur i . 'ed
eool ine o;c of  thc neeotor ni  rcnt  l  i r  : :  'L^vr-  vLU-J uj  ur ig wv1^Lrr{-

medium for a c losed-cycle gas turbine, f t  is  our

bel ief  that  such systems i . r i l l  not  only have higher

6

Re dcl  of {l co"r,a
-1-

Flg.  7 Schematic lor  600-Mw nuclear CCGT plant wirh HTR

eff ic iencies than todayt s;  l . rater

:Lat ions but i i t11 be:: i rnf ,1er 1n

compact.

xea<' tor  /steam
operat ion and rnore

The hel i lun gas turbine is much smalfer than
a steam tulbine for.  the same output.  The simpJ-er
gas turbine can lower capi ta l  costs,  which is de-
cis ive for  uni t  e lectr ic costs.

Thls system is the base of  a recent proposal
by Gutehof ' fnungsh' i t te (cHH) and Escher Wyss for g
2tr2 t lwe industr laf  prototype plant ( l  )  of  r"rhich
some data are given in Fig.6.  Such a solut ion
already had been ant ic ipated by Ackeret  and Ke1ler
a long t i rne ago (4),  The teclrnological  and metal-
lurgical  developrnenb in bhe last  ten years to-
gether wi th the vasL exper ience gained in fossi l -
fueled closed-cycJ.e gas turbine plants of fer  now
a sound teclur icaf  basis to bui ld the gas turbine
as a pr ime mover for  atomic power stat ions.

Di f ferent gases, such as hel ium, argon, car-
bon dioxide, ni t rogen, or nixtures of  them, are
avai fable for  the design. Combined studies of  re-
actor physic ists and turbine bui l ,ders have led to
the conclusion that hel ium as a working mediun is
the preferable choice,  both f rom the nuclear
nhvs i  c i  sts I  anr i  the mecheni  ce l  cnoi  npcrq I  h^i  ht  . f

vlre+rI !vr !vv!r lvvr

view. T?re use of  gases such as ni t rogen or carbon
oioxide resul ts in somewhat s impler machines and
less stages, but on the other hand asks for much
bigger heat- t ransfer surface in cool-ers and recup-
Ff2tOrS Thermodwn.minol ' l ' r  nnfhina 

^rn he reinedr r ! !d l rJ,  r rvvrrr116 6ulrreu

' i  n nl :nt  t r f f i r ienarr ' . i+L ^ ^--^- ' . i^  -a< r . rhan iek-
--r  Frarrw L!J r \ rv- . !J wLvt l  d DpcuLrrr  t iG_

ing into account a1l  the cycle losses invol-ved.
T'herefore,  a l l  recent studies of  d i f ferent design-
ers have concentrated on the use of  hel ium (?,8),

Most gas turbine bui lders st i l ]  do not seem

to have real  ized that hel ium closed-cycle gas tur-
bines can be bui l t  wi thout departure f rom known
t^nhnique: f rom very smal l  output:  of  a few hun-
dred kw up to 600 Mw and more in one machine set.

Su.ch plants.  may work according to the schematic in
I l l  o '7 anel  f  ha annnocnnnr l i  no ani-rnnrr  ahanf n-. .  R!  !b.  I  ur tu L rr  ua vPJ r .16.  v.

There is pract ical ly no l imi t  for  uni t  outputs.  t
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Fig. 8 Approximate entropy diagram for hel ium cycle in

nuclear plant

As--contrary to steam cycfes--c i rcui t  ef f i -
ciencics 2rc indencnrJcnt of  nncssrrne' l  errc l  mnsl-

sui tabfe working pressures can be chosen freely to

give favorable dimensions. Even in the future

very high uni t  outpubs over 600 Mwe, a maximutn

working pressure of  about f0 kg/sq cm (1OOO tsi)
wi f l  not  be exceeded,

fhe last  Gas Turbine Dlvis ion Meet ing in

Zur ich,  March l !bb,  has, for  the f i rst  t ime, shown
)  e?c) l  nrrnhen nf  n lnqpr i -ntrnJo orq l : r rn l r ino nrn-.

rnsal  s f rom TT S rJes i  sners al  so.  ManV studies for

space appl icat ions and in chemical  processes are

under way; but al l  the U.S, studies del t  wi th in-
stal fat ions below 2000 kw, Contrary to th is,  to-
r ierr l^  Frrrnnoan strrr i i  oc dae l  meinlrr  t . r i  l -L 

-^"^> ^*^vpL or.  v qvaf r / rdrrrrJ 4r err  pvwql r  ud-

t ions and ship propuls ion plants in the medium and

high output ranges comparable wi th steam pfants.
Onlrr  fha aanl  i  on 21 OOO-shn a' l  n<od-nrrn l  a nl  ar f  l r .r r - /  vr^u L2, evv- urrp urvv!u- wJ vrs vfdlrv !J

General  Atomics is s imi lar  to such prcJects ( t t lar i -

t ime Gas-Cooled Reactor Program McCR 1960 )  (5 ) .
When i t  became certain that  h igh-rated gas-

cooled reactors would be avai labfe in the near
frr t i lne.  thc fpzsi l i l i tv  dcsipns for r '2s turbine

appl icat ion in combinat ion wi th such reactors were

intensi f ied,  especial- Iy in Switzer land (Escher

Wyss, Brornrn Bover i  ) ,  in England (Ro1ls Royce,

Nat lonal  Gas Turbine Establ ishment )  and in Germany

IcHH = Gutehof fnunsstr l l t te ) .
Todayt s general ly agreed-upon conclusions

and the sneci : I  n l :nt  pnd evclp nnonp-t ies are the

fol lowing:

I  Hel ium is a very sui tabl-e gas both f rom

r ,5 2 2,5 3 3,5 4
Expansion ratio

4.5

Fig. 9 Overal l  plant eff iciencies of CCGT-HTR nuclear
stat ions as function of turbine expansion rat io (a11 losses

included)

the reactor b,ui lCerst  and the turbine bui lderst

noints of  v ievi .
2 At present,  wi th 750 C maximum tempera-

ture,  overal l  p lant  ef f ic i .encies of  l7 to 4J per-
cent according to s ize can be reached without com-
plex cycles.  fnterrnediate heat ing would add an-
other i -4 points.  F\r tur"e tenperature r ise wi l l
have vcnv nrorornncci  ef fect  towards hisher ef f i -up r116rrvr  srrr

ni  onai  oc

J Load var iat ion by pressure- l"eve1 control
at  constant r . rork ing ternperature leads to a high
eff ic iency for part  load also.  No regulat ing
valves at  machine bodies and in elevated tempera-
ture ranges are necessary.

4 ?he pressure- leve1 regulat ion also can be
annl ied ta nernf  nn nrr f  

- r r l -  
r ' rn iof  i  nn n ' la; conslanl

temperature.  Nuclear plants wi th gas-cooled reac-
tors and gas turbines can be bui l t  as power sta-
t ions for  varying load demands for sma11, medium,
and very large outputs,  Just  as can convent ional
thermal plants.  Restr ict ions to base- l -oad service
such as wl th todayts water reactors are nonexist-
ent.

I  Combined power and heat pr:oduct ion as in
convent ional  c losed-cycl-e plants using the waste
heat f rom the cycle coolers can al .so be appl ied to
nuclear sets.  Total-energy instal lat ions look
esneeial  lv  nnomicins : ls .  f ram the econornical

point  of  v iew,

;
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NR : High Temperature'Reactor

lH :  lntermediate reheat

R: Regenerator

PC :  Precooler

lC : Intermediate cooler

HPT - HP-Turbine

\,

LPT :  LP-Turbtne

LPC: LP'Compressor

HPC: HP'Compressor

C: Circulator

G: Generator
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Fig.  11 Var iat ion of  reactor out let  temperature wi th load changes
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Fig. 13 Cross secr ion of 10O-Mwe

b Dimensions of  hel iwl  machinery are much
smal ler  than comparat ive steam turbines, Working
pressures are l -ower too,  1000-psi  maximum even for
vc-v l :nge nrr t r r r t  Closed-crrnJc oeq tr tnhine ennlr ' -

bv vuvysw oFl r r

cat ion bo gas-cooled reactors make reactor c i rcu-
lators superf luous. There is no danger of  corro-
sion or erosion as in steam turblnes.

J As danger of  explosion or of  steam J.eaking
fnnm l :ha <nnnn^anrr  ar '^ ' i  a innn i1-ro nr i r *,nary gas-
cool2nt re:ntor crrc le is not nneqent qrfetr :  is! !vrrv,  Jo j  evJ ! r

i .mproved.

hel ium CCGT with main data

5 The cool ing water requirement is sma11,
onty t /1- t / ,  of  a comparat ive steam turbine plant.

9 Use of  an inert  working gas such as he1ium
prevents oxidat ion.  T 'herefore,  mater iaLs such as
molyboenum a11oys with high stress propert ies at
elevated temperatures above lOOO C, which cannot
be used in an oxidiz ing atrnosphere,  can be appl ied
for turbine design, This opens the way bo e1e-
vated plant ef f ic iencies of  over 5O percent,  never
at ta inable wi th stean cycles.

The special  propert ies of  the c losed-cycle
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svstem ane i f l r rstrated and summarized in the fo1-

lowing paragraphs, together wi th some connnents on

the di f ferent points of  the foregoing l is t .

fo Point  1:  The decis ive character ist ics of

hel ium use have been explained in detai l  in the
far^-aih^ -^-^r '^-hs.  The main advantages for ther  vr  q6wrrr6 

Paa a6r d}Jr!o.

gas turbine bui lder are the fo l lowing:

Pure hel iun does not get act ivated when

passing through the reactor.  Tt  has very good

f - - - - - - - - - -  l6oo ------- - - - - - )

in let  7 l  kg/cn

out leL 25 kg/cs

iulet  75o 
oC

out leL 4150C

J8O kg/sec

helium CCGT with main data

he:t- t - rnsren nrorc-t ie"  (menrr t ines better than

air) ,  leading to smaJ. l  heat-exchanger surfaces.
T,argp orr tnr t  nFn rrr"  - -  ^--  '^  -^ ' ' rer  wi th*. r r  u l l td)> r  rvw uuBE ur

alfowable hiEher nermissible stream veloci t ies re-

sul t  in smalLer f low sect ions than with air .

The veloci ty of  sound is about three t j ,mes
hi ohen i -hrn i  n ei  n.  i :henp forp rrcnrr  h i  oh ni  norrm-

ferent iaf  vel-oci t ies of  turbomachines can be

chosen without rurur. ing into Mach troubles.  I le l ium
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is  cheal  and easi ly evai lable today in l iquid or
gaseous form,

To Point  2:  Fig. !  shows overal l  p lant  ef f i -

c iencies includlng a]1 losses according to the
f  n ' l ' l  orr i  no r tetr  .  l l  -  n Ro, I  

-  
O BC ,rvrrvwr116 udLd! ' ( turbine -  w.v7' ' .compr,  -  v.e) '

Imech = 0 '98; Xg.nerator = o:97; At."u"r ,erator =
2q,oa. t^t i  )  nracclrFe losses E.^.  = 8 percent;- /  v,  - - - - - -  - tot
2 i  ntcncnol  ens :  - l  qf-eoc evnanqi  nn

fntermediate turbine heat ing could be ap-
pl ied,  e.g. ,  according to Fig.1O, adding another

J-4 points to ef f ic iency,  Cas ls reheated by

spl i t -stream. The intermediate heater ( IH) is

sma11 because of  good heat t ransfer.  CircuLator

C needs only a few percent of  p lant output.

To Points J and 4:  The constant working

temperature at  a l l  loads is most favorable to

safety of  operat ion,  both for  the reactor as wel l

as for  the mechanical  parts,  as no deformat ions

^.o11r ^hoa 
the nl  1n# i  

-  
La-#an . ' -  hrni  no I  or |vrae urur lV lD r IcdVEu U!.  Vkr rrre rveu

var iat ion wj . th a combined bypass and pressure-
' ' I  orrol  nnntnnl  crrctom iho naaninn nrr f lc i_ tamnarr-

v* !J!v!r ' r r  v vvlr lvrs

t r r re (?50 C) cen bc kcnt nr:ct ic: l  lv  constant.I  J-  "  t

Fig.11 for example,  shows that th ls plant control

system creates only very smal1 temporary changes

in reactor out let  temperature ( t  20 deg C) even

when load changes are abrupt and heavy. No steam

or water reactor can respond to such requirements.
Tn Dninf  t r .  u6-+ 

^+ 
n l - r i  nh .nzl  d i  ra. i l i trv r  vr l rv r  r  l rsdu dv d rrr6rr  a l ru vr l  se vrJ

usef\r I  1eve1 (70*150 C) is aval lable as in conven-

t ional  c losed-cyc1e pla! ts.  For each Mw of elec-

tr ic i ty about 4 to B.tob BLu/h can be used for

heat ing purposes ( tota1-energy plants )  or  desal t -

ing without inf luencing thermodynalnic cycle eff i-

c iency (electr ical  product ion).

To Point  6:  Flgs.72 t ,o 1f  show the st i l1

most ly unknown fact  that  c losed-cycle hel ium gas

t r rnhi  ncs of  wenw d i  f  fenent rrni  t  nrr f in ' r tS can be

bu1lt  now with todayrs turbine technique. These

deslgns work wi th an infet  temperature of  7r0 C as

already of fered by todayts gas-cooled reactors.

Assuned operat ing hours and design is for  100,000

hr.

Up to about lO0 Mwe straight- through f low

with only one turblne outlet can be achieved at

l0OO rpm. For big outputs such as 600 Mwe and

above, a double-out let  turbine of  JO00 or J6O0 rpm

is favored owing to Larger mass f low and thrust

balancing.

Blade stresses for large sets are not ex-

ceeding IJ-?0 kg/sq nm in the top-temperature

stages. Low-pressure blades also are not heavi ly

1 oaded .
ran--nnA " i+h a sui table nuC]ear steam tur-vvr l rpdr su wI urr

blne of  Nhe same output (e.e.  250 rnw),  the maxlmlnn

t ip dianeter of  the c losed-cycle turbine is fess

than 1/1,  the blade length is less than 7/5,  and,

therefore,  centr i f \ rga1 force of  one blade is much

72

smal" fer,  as is also the total  length of  the whole
set.  These favorable dimenslons of  hel iurn tur-
bines are the resul t  of  the smaI l  expansion rat io
(n = 2.5 t ,o t  )  and the corresponding snal l  speci f -
ic  volume change compared with rr  = 1500-6000 for
a steam turbine. fn order to handle the very big
volumes at  the out l -et  of  a nucLear steam turbine
with saturated steam, a 6OO-Mwe 1!00-rpm set re-
quires in addi t ion at  least  4 paraI1e1 out lets

with an outer diameter of  about ! .J neters,  com-
n:ned ui th ahorr t  I  7 mctF?.s for  :  hel lUm dOUble-

out let  turbine of  1600 rpm. Stean turbines with
jAf lA rnn rnd la i^L nrr tnrr{-c naad A +^ R ^, ,+r^+- f^\
)wvw |  l l l r  drru rr ISrr  wuulJuuo r tssu u uv v uuutcu- t  y, l  .

Ti nnr ;^ 
- f^ f^d ^.hfF--r f  

f^  h.hrr  nna{rr^ inacru udrr  !c rudusu, uurrurdrJ vu utdrrJ prtJuqruc! ,

that  hel ium machinery is by no means very di f fer-

ent f rorn convent ional  c losed-cycle air  turblnes.

This fact  is  demonstrated by Eie.16.
Tn Pni  nJ- ? .  Trhc in l rprenf i  <o f  at--lV TUII IU I  J-rsuv Ul  d gab-

cooled reactor gas turbine plant i -s acknowledged

today, The pyrol i t ic-coated fuel  part ic les (0.2-

0.5-nun dia) prevent al l  d i f fuslon of  f iss ion prod-
r raf  c r 'h +L6 nEr 'h^-rr  nrrnl  e a< mnqi . innneqqi  r re l  r ruLUo I f t  v l ls  l r l r , l ldrJ vJvru,  qu ruvvv arr lp]  cD-IvYfJ

demonstrated in the "Dragoni l  exper iments.  Even

after a long exposure t ime to radlat lon,  the
graphi te tubes contalning the fuel  part ic les could

be handled and touched without special  protect ion.

Al l  th is exper ience shows that the working

cycle and the rnachinery can be bui l t  outs ide a

special  containment.  0n1y the reactor needs a
pr imary concrete shield.

fne gas turbine is s i tuated near the reactor

in a machine hal l  bui l t  as a th in-wal led concrete

housing, Fig.6.  In case of  an MCA (maxlmum credi-

b1e accident )  the total  re lease of  the hel ium con-

tent in the c losed reactor turbine system would
resr; l t  in a nressr) ,a Trr 'sc of  oniv 4 nsi  naximum in

the bui ld ing,  and the hel ium could be released
without danger through a chimney as i ts radioac-

t iv i ty would be below the tolerable l imi t  for  the

surroundings.

To Point  B:  As 1n convent j .onal  c losed-cycle
plants,  the great avai lable temperature di f ference

between cool ing water and cycle gas between the

compressor stages, compared with the sma11 temper-

ature di f ference for a steam turbine at  the con-

denser,  1s the reason for the diminished quant j . ty,

Air  cool ing coul-d be used too.
To Pnir i  Q. Tn l i l *o l? |ono-f . imp hioh-tpm-

narai-rrna cfracc for  d i f ferent mater ia ls are

shor.n.  For the sane working temperature,  molybde-

num and other a11oys offer about I  to 4 t lmes

better stress propert ies at  e levated temperatures,

Such mater ia ls already are appl ied in space tech-

niques and i t  is  certain that  they wi l l  appear in

the near future also ln gas turbines for high-

temperature service.
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Fig.  16

for power

First helium CCGT (about 6500 kw rotor ourpur)
unit of cryogenic cycle, Inlet temperature 700 C,

pressure 25 kg,/sq cm

1 Molybdenum base
2 Nickel base

3 Columbium base

4 Cobalt base

.nFrt t ion in c laqpd saq nrrnloq iq a qfnnno' inaon-
eqv\Ju!vJvrr6rrrvulr

t ive to fur ther development wi th the alm to achieve
cnnn thenmrl  nnrrer-nleni  of f ia iahaip< 6f  n\rar qn

percent wi thout complex instal- fat ions (5,7).
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