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INTRODL'CTION

The combat capabi l i ty  of  the U. S. Navy of  the
future wi l l  ,  to a large extent,  be detehined by the
research and developnent programs that are being
accornpl ished today. Important R&D is being accom-
pl ished which is addressed to higher performance
vessels chat have the potent ia l  for  s igni f icant in-
provemenEs in combat capabi l i ty ,  However,  i f  Ehese
vessels are uo provide the Navy with their  fu l l  poten-
t ia l  capabi l i ty ,  todayrs R&D must also be addressed
Eo appropr iate compact l ight  weight propuls ion power-
plants.  Furthermore, the increasing cost of  fuels
and the logist ics di f f icul t ies that  are associated
with the high speeds and long distances lnvolved in
operat ion of  these vessels wi l l  p lace a premium on
operat ional  propuls ion plant ef f ic iency,

The closed cycle gas turbine is a l1ke1y candi-
date pover conversion systen for many of  the high per-
formance vessels thal  are being considered. Such
systens are now being developed for other appl icat ions
and clear ly have promise of  sui tabi l i ty  for  naval  pro-
puls ion use. The character ist ics of  c losed cycle gas
turbine systems of fer  s igni f icant advantages in pro-
puls ion plants where compactness, I ight  weight and
high ef f ic iency are inporEant cr l ter ia.  Because the
closed cycle gas turbineuEi l izes external  heac addi-
t ion,  i t  is  especial ly at t ract ive because of  i ts
ready adaptabi l i ty  for  use with var ious fuels as energy
sources. I ts high and relaEively constanE ef f ic iency
( low speci f ic  fuel  consumption) over a wide range of
power levels are addiEional  character ist ics naking 1t
aEtract ive for  naval  ship propuls ion use.

Compact Closed Gycle Brayton System
for Marine Propulsion
Sea capabilities of the United S tlttes N avl in the decades beyond 1990 will be determineF.
Iargel,v by the research and developmenr lhat was undertaken in the late 19701. If high
performance naval vessels are to realize their potentialfor major improvemenls in combat
capability, it is important for appropriate R&D to be accomplished for comPatible light
weight compacl marine propulsion pov'erplants. This paper summarizes some of the
results from a three-year study conducted for the Ofice of Noval Research on the

feasibility oflight weight compact closed cycle gas turbine power conversion systems. In
that study, critical slstem components were investigated and a pov'er conversion syslem
design concept defned and evaluated. Extended duration creep-rupture malerials tesls
weri conducied in helium at expected turbine inlet lemperoture lor fve candidate turbine
blade materials. The overall results were evaluated and a representative development
program defned.

In order to determine the extent to which general

appraisals of  c losed cycle gas turbine character ist i .cs
can bq translated into real izable advanced ship propul-

s ion uni ts,  and to provide a sound basis for  subsequent
exploratory engineer ing,  the of f ice of  Naval  Research
ini t iated a research program in 1976 (Contract  No.

N00014-76-C-0706).  This paper sumrnar izes sone of  the

rnore important resul ts which were obtained in th is

three-year Compact Closed Cycle Brayton System (CCCBS)

program. Detai led resulcs are documented ln Refer-

ence 1.
The overal l  object ive of  the prog!.rn was to con-

duct the analyt ical  study and exper i .mental  research

requi . red to evaluate and to demonstrate feasibi l i ty  of

a c losed Brayton cycle power conversion system for a

1ow volume, l ight  weighc naval  propuls ion p1ant.  I t
was also the object ive t .o lnsure te levance of  power

conversion system study resul ts to al l  candidate appl i -

cat ions,  including recogni t ion of  the var lous energy

sources which the Navy could deslre to use in the

future.
In order to fuLf i l l  these object ives,  the Program

included invest lgat ion of  componen!s that  were deter-

mlned to be cr i t ical  to feasibi l l ty '  l tera! lve sysEen

deslgn concept def in i t ions,  creeP-rupture nater ia ls

tests in he1lum at expected turbine in let  temperature,

and overal t  evaluat lon and assessments.  The resul ts

of  th ls program therefore provide a valuable basef lne

of data for  use by the Navy in def in lng the advanced

powerplants r . rh lch w111 enhance the capabi l l t ies of

many of  the naval  vessels of  the future.  The resul ts

are also expected to be valuable technology lnPuts to

consideratLons of  c losed cycle gas turbines ln appl i -

cat lons vhere ef f lc iency and hlgh power densi ' ty ln tbe

power conversion system are imPortant character lst ics.
The study r^ras accompl lshed by a tearn of  West ing-

house Advanced Energy Systerns Dlv ls lon and the Garret t

Corporat ionts AiResearch Manufactur lng Company of  Ar l -

zona. AiResearch provided valuable contr ibut ions to

the program ln var ious technical  areas with part lcular

eurphasls upon conpact heat exchangers '  8as bear ings,

and rotor dynamlcs.  The progran also benef i ted f rom

Cor* iUu,.a by rhe Cas Turbine Divis ion of  The Ameri 'can Socicty.  of
Mechuical Engineen for presentation at the Winter Annual Meeting. Novem-ber
l6-21. 1980. Chicago, lllinois. Manuscript received at ASME Headquartcrs July
17.1980.
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technical  contr ibut l .ons f rom other West inghouse Dlvi-
s lons,  parElcular ly f rom the Combust lon Turbine Systems
Dlvis ion and frorn the Research and DeveloDment Center.

REQUIREMENTS

To accompl ish che object ive of  the program, fea-
sibi l i ty  must be evaluated in the context  of  a coher-
ent set  of  representat ive top level  requirements,
These requirenenls must be representa! i .ve of  those
which could reasonably be expected to be placed upon
CCCBS plants for  naval  propuls ion appl icat i -ons.  The
requiremenEs must also be suff ic ient ly str ingent to
support  general ized conclusions regarding feasibi l icy.
Based upon these considerat ionsr a set  of  top level
requirements was def ined and is sumnarized in Table 1.

TABLE 1 -  TOP LEVEL REQUIREMENTS FOR CCCBS

r Reference Appl icat ion -  Surface Effects Ship

o Power Outpur per Unir  -  52.2 l ' I t , I  (70,000 sHp)

I  Speci f ic  Wei.ght of  Power Converslon Assembl.r  -

1.2 ks/Kw (2 lb lHP)

r Li fet i rne -  10,000 EquivalenE Fu11 pover Hours

(40,000 Operat ing Hours)

r  Shock -  MIL-S-901C (Navy)

r  Heat Reject ion -  To Sea Water at  ZgoC (85of)

In order to make the resul- ts of  th is study most
general ly useful ,  the scope of  the power conversion
system was establ ished to inelude the components
which are necessary Co convert  the input energy to
output power.  Interfaces with other sysfems which
wi l l  vary f rom appl icat ion to appl icat ion v/ere Eo be
considered, but were not speci f ical ly included as part
of  Ehe power conversion system. Thus, indiv idual
types of  energy sources, loads and their  t ransmission
systems, and heat reject ion systems were not included
but the inCerfaces with those powerplant.  components,
and the ranges of  ingerface condi t ions.  r rere consider-
ed. The urost  str ingent interface condi t ions were
appl ied as requirements in insure that the study re-
sulEs are val id for  a l l  l ikely appl icat ions.

CCCBS REFERENCE DESIGN

Based upon the plant requirerneqls sr .at .ed previ-
ously,  a design concepE for a reference CCCBS was de-
veloped and ref ined based upon det.al led componenE and
overal l  p lant  analyses. A layout v ievr of  the refer-
ence CCCBS design concept is shown in Figure I  and the
f low path for  the hel ium working f lu. id is i . l lusErated
in Figure 2.  Raced cycle condi t ions are turbine in let
temperature of .  927"C (17OOoF),  turbine in ler  pressure
of 10.3 MPa (1500 psia),  and a cycle pressure rat io of
3.6.  The ent i re powertrain is encasqd inside a cyl in-
dr ical  casing approximately 5.5 m ( l t t  f t )  long by
2.33 n (7,7 f . t )  in dlamerer.  The rotal  CCCBS power
converslon system weight would depend on whether one
or Esro uni ts are operated from one heat source. For
one uni t  operat ion,  the system weight would be approx-
lnately 34,000 kg (75,000 lbs);  wi th t l ro unir  opera-
t lon,  Lhe weighr would lncrease Eo 42,500 kg (94,000
lbs) per uni t ,  due to the necessi ty of  designing the
pressure caslngs Eo withsEand the ful1 system'pres-
sure.  The naximum speci f ic  weight for  the power con-
verslon syscem is 0.8 kglkW (1.34 ILI /SHP),  wel l  under
che 1.2 kg/kw (2 lb/sHp) set  as a reqiuiremenE.
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This CCCBS design concept ls the resul t  of  inte-
grat lon of  the many design considerat lons that are of
pr imary importance to naval  powerplants and of  the need
for compactness and I ight  weighr.  Throughout the con-
cept def in i t ion,  at tent ion r , ras given to insur ing that
the shock requi tenents can be ful f i l led and to maxi-
niz ing uaintainabi l i ty  wi th in the expected constrainEs
of a lor , r  volume l ight  weight powerplant.  The CCCBS
design concept also includes the resul ts of  research
evafuat ions and trade studies of  conponenEs which were
irrdped ro he cr i r ical  Snnc of  fhc conronents which
were examined in detai l  were:  o i l  lubr icated and gas
hper inoc rrrr inrrc f  r rnoc nF 

-rocnnl  
era anA inrornnn' l  nrc

var ious types of  recuperators,  f i rst  turbine stage
blades, and others.  These and other considerat ions
give conf idence in the pracEical i ty of  the design con-
cepE.

The integrated assenbly,  i l lusrrated in Figure I
and discussed in detai l  in Relerences I  and 2.  was con-
ceived as a neans of  achieving the compactness needed
for a low voLurne, ' l ight  weight powerplant,  whi le el im-

' r  r^-  inrar I  ino drt^r jn-  \6r t '^^nrLrdL l r5 LrrE rr€€u LU( rr .LL!  -  LLL5 uJ!  LrrrB UELwE<rr

thc var ious componerts of  Ehe sysEen, The integrated
asserbl . r  has add i f ional  benef iEs in maximizins resjst-
ance to shock and in minimizing design problems asso-
ciated with thernal  expansion, pressure retent ion and
header ing. Al l  of  the major components of  che power
conversion assembly are contained wichin a cyl indr ical
pressure vessel  made of  low a11o, ' -  st  ee1, Al though
lnnal  

^ro. . , , roc 
rhr^, ,^L^ . \F FL- 

-^ '- . . - -JgnouL mosL or Lne pouer conver-
s ion assemblv are below maximum s-vstem pressure under
nornal  operaEinq condir ions,  considerat ion oI  operat ion
" i tL ^- .^ ^^-^ ' .1e1 uni- ts shut dorrn indicates thatu1 Lwu Pdrda

thr^rroh^rrr  iho in-nar. l  i r re rrni  r  na'r  AnnrnA.h

fu11 svstem pressure as a resul t  of  leakage rhrough
shut-of f  valves.  Therefore,  the casing has been de-
signed to wiEhsEand fulL system pressure.
-  The 18,000 rpm high pressure rotor construct ion
consists of  h igh pressure turbine and compressor rotors
joined together by a short  length of  large diameter
hol low dr ive shaft .  The resulEing rotor is supported
at each end in gas journal  bear ings.  Axial  locat ion
of the high pressure rotor is provided bv the low
pressure compressor rotor gas thrust  bear ing through
the dr ive shaft  which connects the t \ ro roEors.  The
high pressure roEor employs mult ip le discs jo ined by
through-bol ts and curvic coupl ings.

The high pressure turbine rotor design has a EotaI
of  f ive stages with cooled discs but uncooled blades.
The f i rst  stage blades are made of  INl00 super-al loy
and are unshrouded since rotat ing shrouds would not
confer an ef f ic iency improvement and would increase
centr i fugal  stresses and thus would reduce the per-
missible in let  temperature.  The blades have extended
root f ix ings which provide a thermal barr ier  between
the hot air fo i l  sect ion and the f i r  t ree at tachment
at  the disc.  Cool ing gas, aL approximately 138oC
(280oF) is di . rected over the extended root and disc
reoinnq tn l  imi l '  fhp rpmncrafrrrp nf  the di .sc r im. The
f i rst  stage bLading was designed for 10,000 ful l -power
hours wi th an in let  tenperature of  927oC ( l700oF) or
for 40,000 hours at  the reference duty cycle.  The
blade root and disc at tachment design was def ined in
suff ic ient  detai l  to perni t  a meaningful  evaluat ion
of the thermal condi t ions in th is region.

The high pressure compressor rotor deslgn was a
total  of  18 stages. The bledes are at tached to the
discs using convent ional  dovetai ls and grooves. AISI
type 403 stainless steel  macer ia l  has been exEensively
used in s imi lar  combust ion turbine appl icat ions and
should be appropr iate in the CCCBS. The large diam-
eter hol low dr ive shaft  which jo ins che high pressure
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Fig.  I  -  Reference CCCBS Design Concept

FRO[1 HEAT SOURCE.

Eig. 2 -  Hel ium Working Gas Flow Path

turbine and compressor rotors incorDorates a disc- l ike
appendage at  th;  lurbine end. Radi ; I  passages in the
disc porEion of  the shaft  a l low cool lng gas from the
high pressure compressor ouElet  to f low into the inter-
disc regions of  Ehe high pressure turbine rotor.

The low pressure compressor has a total  of  four-
teen stages and is of  a s i rn i lar  construct ion as the
high pressure compressor.  The mean blade diameter at
the in let  is  409 mm (16.116 in) ,  wich a blade height
of  45.5 nm (1.791 in) .  The rotor is supported in gas
journal  bear ings.  Axial  locat ion j .s provided by a gas
Ehrust bear ing at  the out let  end of  the 1ow pressure
compressor rotor.  The low pressure compressor rotor
ls dr iven frorn the high pressure rotor through a shorE
dr ive shaft .  The dr ive shaft  is  designed to t ransmit
axLal  load and to have sel f -a l igning capabi l i ty  in
addi t ion Eo the abi l i ty  to t ransmj. t  torque. The dr ive
shafC is designed to be easi ly disconnected to a1low
Ehe removal  of  e i ther the LP or HP compressor roEor.
Axlal  rotor- to-stator gaps are 3.2 rnm (0.125 in)  at
al l  locat ions,  a value j 'udged to be achievable $/ iEh Ehe
reference thrust  bear ing locat j .on.  The blade geometry
f lnal ly selected has a tapered chord,  Lncreasing 8 per-
cenL aE the root and decreasing 8 percent at  the t ip
from the value at .  mean blade diameter.

i - r

A detai led analysis was performed on the f i rst
stage compressor blading. This work was largely based
upon work done by l , lest inghouse for the Marine Gas Cooled
Reactor (MGCR) program. The stage aerodynamics are
based on a symmetr ic veloci ty diagrarn at  the rnean blade
height and free vortex Eangent ia l  veloci- ty distr j -but ion
radial ly.  These assumptions are consistent wi th the
resul ts used to opt imize the "MGCR" high pressure com-

Pressor.
The select ion of  hub co t ip diameter raEio,  and the

maximum "wal l  loading factor,"  which places a l imiE on
the blade and vane aerod-vnarnic loadlng, is a comprornise
bet i^/een stage ef f ic iency,  stage work,  and blade and disc
st . ressqs. The fol lowing design select ions were made:

-\- \ .F=
\E

i-

Flow Coeff ic ient  at  Mean 0.55

Maximurn Dif fusion Factor 0.40

Inlet  Hub lo Tip Diarneter 0.80

Inlet  Blockage Factor 0.98

The basic assumptions used to complete Ehe sEage
study were as fo l lows:

ShafE RPM

Fluid State Points at  In let

t  row

Temperature

Pressure

18,000

58.1 kgls
( I27.9 lbs/sec)

38oC (100oF)

3.13 l {Pa (psta)

The design select ions above resulE in a stage wl. th
50 percent react ion at  the nean blade height and con-
stant axial  veloci ty radial1y.  To ident i fy the stage
work,  the blade and vane dl f fusion factor r /as chosen
at the rnaxlnurn 0.4.  The sol id i ty of  both blade and
vane was ln i t ia11y chosen as 1.00, based on NACA 2-D
cascade test  data.

I terat ion between the above aerodynamic deslgn was
done for a sacisfacEory overal l  stage conf igurat lon'
To achj .eve this,  the blade "1oad bui ldup" cr i ter ia and
blade mater ia l  select ions r tere made to deternine blade
chords and prel lminary disc shape.

Blade "Load Bul . ldup" 1.00

Blade Llater la l -  ( \2% chrorn s leel)  AISI 403



Load bul ldup Is def ined as the rat io of  actual
magnlf icat lon factor Eo al lowable magnifact lon factor,
Minimura a1lowable nagni facEion factor Ls der lved frorn
a West inghouse design curve versus blade harmonic.
Actual  nagnl f lcat ion factor is def ined as the rat . io
of  mater ia l  fat lgue strength to blade vibratory stress
t imes a factor of  safety of  1.75. Hlgh cycle fat igue
strength as a funct ion of  mean stress,  in th is case
centr i fugal  p lus gas bending scress,  was taken fron
West inghouse mater ia ls property data.

The blade which evolves f rom thls orocess has a
chord which is tapered 14 percent f rorn i rub to Eip,
and a th ickness/chord which is also tapered fron hub
to t ip.  Blade gas bending and centr i fugal  sEress re-
sul t  in a total  sready srress of  2L5 Mpa (31,200 psi)
at  the blade base secEion of  which 134 Wa (19,400 psi)
is due to centr i fugal  force,

The overal l  compressor ef f ic iency wi l I  be a func-
t ion of  both the indiv idual  stage ef f ic iency and the
compressor leaving 1oss. The perforrnance for the
f i . rst  stage predicts an ef f ic iency of  0.920. Based
on a conpressor polytropic ef f ic iency of  0.920 and a
leaving loss of  4 percenE, a 0.870 compressor ef f i -
c iency resul ts.

Two of  Ehe polent ia l  appl icat ions for  the CCCBS
plant place widely di f fer ing requiremenEs on the 1ow
pressure turbine design. In the f i rst  of  these appl i -
cat ions,  the power turbine dr ives a superconduct ing
generator to provide power for  an electr ical  t rans-
mission system. The opt imum rotat ional  speed in th is
case is approximaEely 9000 RPM. In the second appl i -
cat ion,  the power turbine dr ives a rnechanical  power
transmission sysEem such as a shipIs propel ler  reduc-
t ion gear for  which a speed of  3600 RpM is more sui t -
able.  Therefore,  two poe/er turbine designs rrere de-
f ined; one for 9000 RPM and Ehe orher for  3600 RpM
appl icat  lon.

Figure 1 i l lustrates the design of  rhe 9000 RpM
power turbine. The turbine has eight stageF having a
mean blade dianeter of  0.539mm (21.23 in)  wirh blade
heights of .59.7 nm (2.35 in)  ar  in let  and 86.1 mn
(3.39 in) .  The rotor employs stacked dlsc construc-
t ion using curvic coupl ings and through-bo1ts.  Un-
shrouded blading is shown in Figure 1,  but  rotat ing
shrouds could be ernployed to provide support  in bend-
1ng for the blading. The journal  bear ing stubshafrs
are at tached to the in let  and out let  ends of  i ts  rotor
by means of  the through-bol ts and curvi-c coupl ings.
The out let  end stubshaft  a lso carr ies the thrust  bear-
ing runner and the balance piston used to l imi t  the
thrust bearing maximum load.

ConsideraEion l ras given to design for prevent ion
of excessive po\rer turbine overspeed under loss of
load nal funct ion condi t ions.  prel in lnary analyses in-
dicated the power turbine to be capable of  wl thstand-
lng a 60 percent overspeed traosient,  which ls suf-
f ic ient  to wLthstand urost  malfunct ions.  Eowever,  the
potent ia l  l -s dependent upon the type of  energy source
and also upon whether one or two power conversion
assembl les are coupled to the energy source. Because
the obJeccive of  th ls program was to evaluate and den-
onstrate feaslbl l l ty ,  a urodi f icatLon of  the Figure 1
deslgn concept incorporat ing lnternal  power turbine
bypass valves was der lved whlch could be used in those
appl lcat ions where a malfunct ion ulght otherwise cause
excessive power turbine overspeed. This nodl f lcat ion
would also allow a second parallel- unit to rernain on
ILne whl1e the uni t  which suffered the loss of  load ts
belng shut of f .

Flgure 3 l l lustrates the deslgn of  rhe 3600 RpM
power turbl-ne. The turblne has fifteen stages having
a mean blade dLaneter of  0.985 nm (38.76 in)  wlrh blade
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heights of  50.8 mrn (2 in)  at  in let  and 71' .1 mn (2.8 in)
at  exi t .  The construcEicin is s i rn i lar  to Lhat of  the
9000 RPM design in i ts use of  a scacked disc rotor wi th
curvic coupl ings and through-bol ts.  I {owever,  the in-
creased turbine casing diameter has made i t  i rnpossible
to accommodate the power turbi .ne wi th in the inside
diame!er of  the recuperator high pressure out let  p lenum
casing in the manner of  the 9000 RPM turbine. Conse-
quent ly,  the 3600 RPM turbine is located axial lv f rom
the recuperator plenurn casing in the downstream direc-
t ion.  The increased distance between the power turbine
inlet  and the high pressure turbine out let  has necessi-
tated an annular di f fuser duct of  increased length con-
nect ing the two turbines, Lengthened power turbine in-
let  shaft ing and transi t ion casings have also been re-
quired. The resul t ing increased length of  the turbo-
machinery has necessi tated a corresponding increase in
the length of  the CCCBS pressure casing.

Rnrh orc haer inoq:nd ni l  l r rhr ineror l  hoer inoe hrrra

been evaluated and ei ther type can meet the CCCBS re-
drr i rcnFnlc l iae heerr 'noe rro inhcronf l r r  mnre .^mnrr;-

b1e r : i th c losed cycle powerplants,  especial ly those
with nuclear heat sources. Gas bear ings were selected
for inclusion in the CCCBS design concept,  a lEhough
this select ion does not constrain the design. Ei ther
of  the tvo Eypes would require essent ia l ly  the same
size bear ing cavi t ies.  Demonstrat ion of  CCCBS feasi-
bi  l  i  rv thcrcfnrc dops not denend on F sDec i f ic  bear-
ing type.

The r ip id peometrw hwdrnslaf in eonceq! has been

adopted as a resul t  of  design and evaluat ions by Ai-
Research to l imi t  rotor mot ion under shock condi t ions.
The gas bear ings or ig inal ly selected to replace the
oi1 lubr icated bear ings of  the f i rst  CCCBS design
employed a compl iant  fo i l  arrangernent capable of  oper-
at ing hydrodynamical ly at  raced speed but employing
hydrostat ic augmentat ion at  Lhe lower speeds via a gas
supply to the rotor mernbers,  The foi l  design, al though
very forgiv ing of  thernal  and mechanical  d istorcion, is
inherent ly f lexible and would exhibl t  excessive def lec-
t ion under Nawy shock load condi t ions resul t ing in blade
t ip rubbing.

The journal  bear ings ernploy four pads supported
frorn the housing through courpl iant  d iaphragm members
and suppl ied wi th hel ium from dr i l led holes in the
housing through oreter ing or i f ices at  the pads. The
or i f ices discharge hel iurn into a recessed area machined
into the pads. The thrust  bear ings are s imi lar  in their
use of  the r ig id geometry hydrostat ic design but employ
eight sector shaped pads. The thrust  bear ing stat .or
assembly is supported from a girnbal  mechanism to achieve
uni form circumferent ia l  load distr ibut ion.

Seal ing provis ions at  the bear ings to l imi t  gas
leakage are conf ined to O-r ings at  the var ious casing
jolnts and supply pipes. The bear ing pressur iz ing gas,
af ter  perfonoing i ts funct ion in the bear ings, bleeds
direct ly into the pr inary hel iuur f low circui ts wi th no
contaml,nat ion ef  f  ects.

Var ious types of  compact gas-to- l iquid (precooler
and intercooler)  and gas-to-gas (recuperator)  heat ex-
changers were evaLuated ln the context  of  the CCCBS
requlrements,  In general ,  the compact heac exchangers
desired $rere detemined to be within current aircraf t -
type heat exchanger state-of-Ehe-art  and to require no
iechnology breakthroughs. For each heat exchanger of
the CCCBS, more than one al ternat ive was determlned to
be sul table,  thus providing enhanced assurance of  feasi-
bt1l ty.

;  The reference deslgn precooler and lntercooler are .
slmllar ln design and employ flnned tubing arranged 1n
a helical matlix around the turbomachinery. The tubing
l-s headered ln four equal ly spaced radial  p lpes at  each
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Fie.3-3600RPM

end of  the matr ix.  A " four-sEart"  arrangcment of  the
tubing provides compat ib i l i ty  wi th the header pipes.
Cool ing water is piped into Ehe radi .a l  header pipes
through "bobbio" and O-r ing connectors,  f lows through
the hel ical  tubing and leaves through the radial  head-
er pipes and conneclors at  the oEher end. The hel iurn
cycle gas f lows axial ly across the f inned tubing,

The intercooler matr ix is accomnodated within a
cyl indr ical  pressure she11 which is terminated at  each
end in pressur ized headers.  The headers cenvey the
hel ium gas fron the 1or,7 pressure compressor out let
into the intercooler and from the intercooler into the
high pressure compressor in let .  The intercooler/
header/vessel  assernbl lz is supported from a f lange on
the poverplant pressure vessel  through a conical  sup-
port  member and is sealed to the turbomachinery by
means of  e lastoner O-r ings.  Complete separat ion of
Ehe higher pressure gas in the intercooler f rom the
lower pressure gas enter ing the precooler is thus
achieved whi le permit t ing the turbomachinery to be
freely wi thdrawn from Ehe asseurbly through the 0-r ing
seal  interfaces. The conical  support  member is pene-
trated by a nurnber of  large diameter holes which al1ow
the passage of  the low pressure gAs from the recupera-
tor to the precooler in let .  The precooler and i ts
headers are integrated into a s imi lar  assembly and
supported from a f lange on t .he powerplant pressure
vessel ,

The recuperator modules are constructed as s inple
thin wa1led cyl inders containing bundles of  heat
transfer tubing. The f low conf igurat ion.  is  that  of
a counterf low heaE exchanger wi th the turbine exhaust
hel iun f lowing in the tubes and with the compressor
exi t  hel ium f lowing on the she11 side. The recupera-
tor is composed of  seven modules which are approxi-
mately 415.5 urm (16.36 in)  1n di .ameler.  Each module
contains about 10,700 tubes with an ouEer diameter of
3 rnm (0.120 in)  and a th ickness of  0.25 tnm (0.010 in) .
The tubes are formed at  their  ends into a hexagonal
secEion. The tube ends are furnace brazed together.
The tube bundle is also btazed at  the ends to an ex-
ternal  cyl inder and a cold end r ing.  Fi11er pieces
are used to f111 the gaps at  the tube an,C cyl tnder

-j=-

Power Turbine

interface. : \ -o tube sheet is required in th is arrange-
ment s ince each tube carr i -es the local  axial  tension
force. The tube module is f ree t .o expand and cont.ract
: '  ^  !^  !L^ rr^-rr--  ^nd r inq- O-r inps are used Eo sealr r r ts crru !  

- r r5.

the f loat ing cold end r ing.  The modules are locaEed
and sealed at  the hot end by bolred f langes. This
arrangemenE el in inates the need for tube sheets wi th
their  numerous dr i l led holes.

The lurbonachinery is designed to be insertable
into or removable f rom the power conversion assembly
as a uni t  together wiEh the generator and the rear
sect ion of  the pressure vessel .  In a hor izontal  ln-
stal lat ion,  the pressure vessel  rear sect ion serves
as a l i f t ing f ix ture and al lows the complete turbo-
machinery assembly !o be suspended at  i . ts center of
gravi ty f rom a crane or t ransporter device whi le i t
is  removed axial ly f rom the power conversion assembly.

AfternaEively,  in a verEical  instal lat ion,  the
turbomachinery can be l i f ted vert ical ly f rom the power
conversion assernbly,  suspended from the generator end.
A smal l  d iameter hatchway, located in the deck of  the
shi .p imrediately above the uni t  could faci l i tate the
rapid removal  and replacement of  the rotat ing machin-

STATE POINTS AND CONTROL

One of  lhe pr joary requi . remencs r^Ias ro provide
fu11y autornat ic and stable control  over the fu l l  oper-
at ing range up to 100 percent of  fu l l  power.  In addi-
t ion,  automat ic control  of  the plant startup and shut-
dor.m was to be provided for.  Both automat lc and nan-
ua1 control  capabi l i ty  were to be provided to al low
for plant uranageabi l i ty  under al l  forseeable c l rcum-
stances. Wherever feasible,  lhe control  and Protec-
t ion system should make maximum pract ical  use of  d i -
verse redundancy of  sensors co maximize the system
rel iabi l i ty .

The system staEe points at  rated condi t ions are
l isted in Table 2.  The nethod of  controL selected
for Lhe CCCBS analyses was that of  a comblnal ion of
temperacure control  and hel lurn lnventory control .  In
this type of  control  system, heat source out let  or
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TABLE 2 - CCCBS

Temperature
oc

t5 l

151
38

38. l39

139
453

449
944

927
708

STATE POINTS

Pressure
MPg-

3.13
6.74

6. 14
6.09

6.09
11.2

1l . l6
' l l . l2

11.0. l
10.43
. l0.  

34
5.88

(eA
??

3.?6
J. tv

3.r9
3.t8

(ps. ia)

(4s4)
(8eo)
(8eo)
(883)

(883)
(r625)

(r6r9)
( ' r6 r  3)
/  l (07\

t rsrz/

(r500)
( Aq2\

1R(2)

(  478)

(472)
(462)

(462)
(4s5)

\  r /

( too)
(304)
( ioq)
(  too)

(  l0o)
(281 )

\ t6t  )
(847)

(840)
(r730)

(r700)
(1306)

(r306)
(e78)

(esr )(+zo1
(420)
( loo)

Rate
Kg/Sec

56. I

58. I

55.2

f ,o. . t

56 ,4

( Lb/Sec )

(127.e)

(1?7 .e)

(  t  2s.3)
I

(120.2)

( l2t .5)

(r24.0)

(124.0)

(127 .e)

(127.s)

Eff i  c i  ency

.87

.98

.87

.84

.90

.90

.84

.98?

Power
Ml.l

COMPRESSOR

INTERCOOLER

COI.lPRESSOR

RECUPERATOR

ENERGY SOURCE

TURBINE

POWER TURBINE

RECUPERATOR

PRECOOLER

Eurbine in let  temperature is control led as a funct ion
of the demanded power output and helium inventory in
the system is adjusted as necessary to provide the
denanded power output.  For the CCCBS analyses, tur-
bine 1n1et t temperature was scheduled to 1i .near1y de-
crease wlth power demand from 927oC (1700oF) at  100
percent power to 900oC (1650oF) at  25 percent porrer.
This tenperature schedule was selected to provlde
maximurn part-power ef f ic iency whi le nalntainlng a
turbine l i fet l rne of  10,000 equivalent fu l l  power hours.
Below 25 percent power,  hel iuur lnventory was maintained
constant and turbine 1n1et teurperature var ied as nec-
essary to provlde the demanded power output.  I t  should
be noted that the select lon of  25 percent power for  the
conLrol  node change was arbi t rary -  e i ther a lower or
higher power for  changeover could be selected depending
upon the needs of  the appl icat lon.

Figures 4,  5,  and 6 show the steady-state plant
ef f ic lency and the system temperatures and pressures
al  part la l  por^rers.  These f igures graphical ly i l1us-
traCe several  i rnportant advantages of  the c losed cycle
gas turbine that resul t  f ron the eapabi l i ty  to main-
tain the turbine in let  temperature relat ively consEant
over a wi.de range of partial po\{ers. As shown in
Figure 4,  the plant ef f ic lency exhibi ts s lgni f icant ly
less reduct lon than ls character ist lc of  open cycle
gas turblnes. In fact ,  there 1s actual ly an lncrease
ln the p1-ant efficlency at part pol.re! wlth a constant
speed load due to the turbine ef f ic iency remainlng
approxlnately constant and the heaE exchanger ef f l -
c iencles lncreaslng wlth the reduced load. The hlgh
eff lc lency at  part la l  power is part icular ly i rnportant
for naval  propuls lon s lnce the uraJor i ty of  the operat-
lng tfutre 1s spent at part poerer. Thus, both unrefueled
range and operat lng fuel  costs can be slgni f lcant ly
benef i ted by the use of  a c l -osed cycle gas turbl5re.

. .  The relat{ i re1y constant stat lon tenperatures
l l lustrated ln Figure 5 also have lmportant benef lc la l
ef fects upon both 1l fet fune and rel iabl l l ty  by s lgnl-
flcantly reduclng the thertnal cycllng that components

6
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Fig.  5 -  Stat ion Temperature Versus output Power -
Constant Speed Turbine, 3OoC Sea Temperature

are exposed to.  For instance, 1oca1 temperature
changes in the turbines only range from 20 to 28oC
(36 to 50oF) for  a power change of  75 percent.

Besides steady-staEe operat ions,  the CCCBS rnust
be operated and control led safely dur ing expected
iransients.  Most common are s imple Ehrot t le ramp ups
and ramp downs. In addi t ion,  the system rnust be able
to wi thstand malfunct ion t ransients wi thout severe
darnage occurr ing to the equipment,  A number of  ex-
pected and nal funct j .on t ransients were analyzed to
deternine their  i rnpacE on the syscem design.

A schematic of  the hel ium inventory control  system
that was used for the analyses of  t ransient.s is shown
in Figure 7.  The necessary var iat ions in hel i -um in-
venlory are accompl ished by ei ther bleed of  hel ium
from the high pressure compressor exi t  into a Eero
pressure leve1 storage systen or f low from the stor-
age systeD inEo the low pressure compressor in1et.
Two pressure leve1s of  storage, wi th a switchover be-
tween Ehe t l ro at  45 percent power,  were used to nini-
mize the hel ium sLorage volume required. Control  of
the heat source out let  temperature is dependent upon
the type of  heat source. For a fossi l  fuel  f i red heat
source, the Eemperature is control led by adjust ing the
fuel  f i r ing rate and the combust ion alr  f1ow. For a
gas cooled nuclear reacLor,  the out l -et  te$perature 1s
cont.rol led by adjust ing react lv i ty control  drums or
rods, thereby adjust ing the reactor power,

CV Contrcl Vr'lvc
PI Pmr Turblne

HPT High Pnssure l lrbin€
LPC Ld Pressun ColtEssor
HPC 819h PrrssuE Cmns5or

0n-0ff  V. lv!
RecuP€rator
Precml er
Intercoo I  er
l i igh Prr3sure Resenoir
Ld Ptessure l€scrvorr

Control  Schenat ic

5V

PC
lc

HPR
LPR

7

Fig.  7 -  Hel iun Inventory



Normal and malfunct ion cases were invest igated,
lncluding such as:

o Normal ramp down from 100 percent polrer,

r  Normal ramp up from l0 p"t . " . ra.

.  ReacE.or scran aE ful l  power.

e FuLl-  loss of  load at  fu1l  pover.

.  Inventory valve between compressor
discharge and high pressure reservoir
(CVI)  fa i ls  open ar fu l I  power.

.  Inventorv valve betweef l  h igh pressure
reservoir  and precooler in let  (CV2)
fai ls open at  25 percent power.

The resul ts of  fhese analyses supported the
reference design concept,  and indicated that.  the
nlanf eorr ' id he cnntrnl led rnd nnprr to ' l  , ,^ i - -  ^ ts-- iu u5!rr ts >Ldrru-

ard control  methods.

MATERIALS TESTS

An imn^rfrnr alomanr 
^F 

lha Cl 'aRc 
------  Program was

thar of  creen-r i lnfrrre test inz of  f ive candidate Eur-

bine mater ia ls in hel ium at 927oC (1700oF).  These

tests were conducted to demonsrrate mater ia l  perforn-
!-L:1 i+--  .L-nrrqh tesfs to conFirrn mater ia lsdttLt  sulLdut!  rL v Lrrrvubr

oroDert ies and to nrovide basel ine data for  the feasi-
bl l i ty  evaluat ions.

HisEor ical ly,  superal loy developnent has been
ained at  problems associated with aviat ion and land
gas turbines where thermal fat igue, hot corrosion,
and oxidat ion are the pr imary factors which l imi t
cornponent 1i fe.  Whi le creep-rupture behavior is an
inportant design considerat ion in such svsEems, hot
component l i fe is l i rn i ted to a large degree of  nater-
ia ls compat ib i l i ty  wi th combust ion products,  i .nclud-
ing fuel  i rnpur i t ies such as sul fur  compounds and
catalyt ic agent.s (vanadiurn penEoxide) f rom fuel  pro-
cessing. In the case of  CCCBS turbine components,
creep behavior is expected to be a pr imary design
considerat ion,  Minor amounts of  act ive contaminants
in the inert  working f lu id are expected !o produce
surface react ions which may or mav not inf luence
creep behavior.

The object ive of  the CCCBS nater ia ls test  program
was to determine the feasibi l iey of  potent ia l  turbine
mater ia ls to funct ion under CCCBS operat ing condi t ions
for the design l l fe of  the system. To achieve this
object ive,  the creep-rupture behavi .or  of  f ive selected
a1loys nere evaluated at  927oC (ITOOop) in air ,  in
srat ic ul t ra-high-pur i ty hel ium (UHP-He) and in a
dynarnic s imulated CCCBS hel ium worki-ag f lu id.  Creep-
rupture propert ies were also courpared. to avai lable
publ ished data obtained from the Mechanical  Proper-
t ies Data Center,  Traverse City,  Michigan.

The al loys selected for the mater ia ls test ing
program are l ls ted in Table 3.  The f i rsc three al1oys
were selected on the basis of  their  comrnercial  status
and thelr  part icular appl icabi l i ty  to the Coorpact
Closed Brayton Systern requirements.  Al1oys 7l3LC,
IN100, and MAR-M509 qre cornmerci .a l ly  .avai lable al loys
whlch have been used extensively 1n gas turbine appl i -
cat ions over the past 10 to 15 years.  Their  h lstory
of metaI1urgical  development and Dech&nlcal  behavior
ls wel l  docurnented. Thermal stab1l l ty,  as deter-
nlned by nlcrostructural  behavior on thermal exposure
at elevated temperature, ts also well knor,m and

I

recorded. A11oy 713LC is.  one of  a few nickel-base
superal loys which does. not contain cobalE as an inter l=
t ional  a l loying addi t ion.  There are appl icat ions
where cobal t  is  an object ionable al loyi .ng addi t ion,
and i ts presence is undesirable.  IN100 is a "work-
horse" turbine blade nater ia l  designed to have a rela-
t ively low densi ty combined r^r i th excel lent  creep resis-
tance up to 1038oC ( l900oF).  The al lov has been suc-
cessful ly cast  and ut i l ized in a var iety of  shapes
frorn turbine blades, vanes, and nozzles Eo inEegral
wheels.  Cobal t  a1loys are general ly used as ranes,/
nozzles and other stat ic hot s i ructures because of
their  excel lent  hot corrosion (suLf id izaCion) resist-
ance. Cobal t  a l loys,  however,  are not general ly used
5or rotat ing parEs due to their  lower creep and oxida-
t ion resisEance compared to nickel-base a1loys,  PIA.R-
Y509 has good creep strength,  resistance to thermal
srressino. end resis l -ance to crack nronaeaLion. The
al loy can be used in Ehe as-cast condi t ion;  no heat
treaEment is required. I t  can be successful ly weldeci
and jo ined both to i tsel f  qpd to man; '  d issimi lar
met:1s bv convent ional  techt iques.

I tA-754 is a recent l - ; r  developed nickel-chromium
a1 Ioy produced by mechanical  a lLoving which uni Iormlv
r l icnarcec r ' f f r i , 'h nwi. ]o fnr  r l ienorcion cfronofhenino,. .o_. ._.-_--o

at temperatures approaching the aI loy nelr ing point .
yA-754 e-xhibi ts excelLenE sEress-rupiure propert ies
which are equivalent or super ior  !o cast  a l ioys.
MA-754 is current ly being used as vanes in gas-turbine
engines where high Lempcrature strengEh is required.
The super ior  creep-rupture properLies of  YA-754 pro-

vides high temperature growth potent ia l  for  CCCBS
Eurbine components.

TZY, a molybdenurn-base al1oy, is a refractorv
metal  a110y which has denonsErated compat ib i l i ty  wi th
inert  gases at  e levated Eemperatures and has super ior
creep slrength at  9B2oC ( l800oF) and above. TZM pro-
vic ies system growth to higher Eemperature capabi l i t -v.

Creep-rupture Eest ing of  f ive selecled turbine
nater ia ls r^/as conducted in ul t ra-hi .gh pur i ty hel ium
and sinulated CCCBS hel iurn vsorking f lu id environment.
Supplementary creep-rupcure tests were also conducted
in stat ic air  for  a1loy 7l3LC, IN100, MAR-M509, and
ILA-754. The tes!  data generated are l is ted in Table 4.

A total  of  40,035 hours were accumulated in air ,  76,583
hours in ul t ra-high pur i ty hel iurn,  and 11,350 hours in
a dynarnic s imulared CCCBS hel ium working f Iu id.  Termin-
at ion of  the progran prevenEed compleEion of  the tests
involv ing the dynarnic s i rnulated CCCBS hel ium working

f lu id environment.  Test resulEs for each al loy are
descr ibed and evaluated indiv idual ly in References 1
and 3.  In sumrnary,  the mater ia ls tests indicaled:

o Creep-rupture data obtained from the
Mechanical  Property DaLa Cenler for :  the
three relat ively standard gas turbine
superal loys,  7I3LC, IN100 and ! IAR-M509,
conf i rmed the dearth of  publ ished creep-

rupture data that  exists for  rnater ia ls
aE temperaEures above B710C (160OoF)

and foi  test  r imes sreater than 1000 hours.

r  The air  test  data at  927oC ( l700oF) for
Al1oys 713LC, INl00 and MAR-M509 indicate
thar the mater ia ls evaluated in th is Pro-
gran were typical  of  commercLal ly avai lable
heaEs of  the respect ive al loys.  Air  test
data for  I ' lA-754 appeared to agree with the
1lmlt .ed aval lable data suppl ied by the pro-

ducer of  the al1ov.



ALLOY
DETIS ITY

(lusl in3)
COMPOS ITI ON

(wt.  X )

' |  .  A11oy 71 3LC

2. INl00

3. MAR-M509

4. MA 754

5. TZM

0.289

0.280

0.320

0. 300

0.368

N i  -  l  2Cr-4.  5 l ' !o-2Cb- 5.  9Al  -0.  6Ti  -0 '  05C

Ni- I  0Cr- l  5Co-3Mo-4.7Ti  -5.  5Al  -0.  9V-0. 1 8C

Co-23. 5Cr- I  0Ni -7.  0| , l -  3.  5Ta-0.  2Ti  -0.  5Zr-  0.  6C

Ni -20Cr-0.  sTi-0.  3Al  -0.6Y203-0. 05C

Mo-0. 5Ti-0.  0BZr-0.  02C

TABLE 3 - SELECTED ALLOYS AND NOMINAL COMPOSITIONS
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TABLE 4 -  CR,EEP-RUPTURE DATA FoR SELECTED CCCBS MATERIALS AT 93OOc ( ITOOOF)

Mater la l
Test

Atnos
|  , . ' """
lrn;'-G;lt

Tlne to Z Straln (Hou
Total

Strain
(z\

Rup tur€
Ti.ne

(Hrs)

Reduct i-on

in Area
( " t \ Statuso.5z 3.0i1

Al loy

7131C
UHP Ile 138

r.3 8
724
I  n?

20. 0)
20. 0)
18. 0)

84
260
128
050

),92
495
943

t qno

258
691

1522
1150

6.4
8.0
4.8

269
755

1527
11 A)

16.1
22.0

8,4
10.2

Conp 1e t  ed

Conp 1e ted

Conp leted

ConD Leted
Air 138

138
I2L
I 01

20. 0)
20. 0)
18. 0)
1q n\

2L2
8

?o
100

395
86

119

572
324
405

'1870

9 6
10.4
9.6
5.6

623
397
476

195 9

8.7
8.3
ql

Conp-Leted.

CoEpleted

Complet ed

ComDi.e ted
cccBS* 7 0) 5 20 130 8.0 1268 26.8 conp 1e Eed

N 100 UHP lte r.5 5
724
110

22.5)
18. 0)
16. 0)

/uo

3000

IT lU

4300

Ltoz

7950

lb.  u

l0-4
1448
9452

t7 .6 Conp 1e t ed
1

Air 201
207
L72
155
L24
110

30. 0
30.0
25.O
22.5
18.0
16.0

d

za
I

110
r460
200

10
93
7

550
2890
3800

2tr
285
490

1130
2985
4900

6.4
7.2
7.2
7.2
7.2
8.0

27I
334
685

1341
3r10
5244

6.1
8.5
4.3
6.0

t2.1
ID-A

Conp leted

Conpleted

CoBp.Leted

Conp le ted

Conpleted

Conoleted
124
110
110

18.0
16. 0
16-O

I55Q

1000

2000

2650

2810

3920

7.2

tJ.  f

3 338
1316
6304

23.7

24.2

Conpleted

1
Completed

MAR
1,r509

UHP He !UJ

86 2.5
2 350
1900

2440 246D
7 900

4.O 2537
1161 5

0.1
LL-r!

Conplcted
ComD 1.t .d

Alr
103
86

15 .0
12.5

I
1
5

)
570
25

2b4

1910
27 50

2L,6
16.8

7.2

oa6

2507
4652

Jq. f

19.6
oq

Conpl-eted

Conpleted
ConD Ieted

uA 754 LtlP He L52
138

22.O)
20. 0)

8751
t7626

1

Alr L)Z
138

zt.u)
20- o) 1480 r5440 2.0

2100
7\172 70-I .

2

cccBs* 65
55
55
52

4. 0)
2 .5)
2.5)
2.0)

20
40

r00

IU9
110
600
500

636
1445
2640

3.0
4.O
4.4

a6y
636

144)

|  - t r

ConpIe ied
conpleted
coople t ed

TZM UHP He t),4
319
)62
131

60. 0)
55. 0)

48. 0)

ztv
450
790
85(1

425
1010
2000

1095
2000
5200

I2.0
lc , f

r0.  2

1483
2256
5592
7818

98.0
98. 0
75.0

Cooplc ted

CoBpl et ed

Conplcted

s toDped

*Slnulated CCCBS He lJorking Flu{d, 40O to 500 p atnos. H2, 40 to 50 lJ atDos. CI l4,  40 to 50 tr  atnos. CO, 1 to 3 u atnos. H20,

C02 equi l ibr j .@ 1evdls.

1 Tenperature Cont lol ler Malfunct loned

2 Speclnen Fal1ed 1.n Grlps

9



.  The ul t ra-hlgh pur l ty hel ium envirorunenEal
creep-rupture test  resul ts lndicated that
al l  f lve mater ia ls were noE adversely
af fected by the ul t ra-high pur i ry hel ium
test environment.  Creep-rupture l i fe
t imes at  927oC () .700oF) were comparable
to or exceeded l i fe c imes for mater ia l
tested in air .  The TZM al1oy being a
refractory meEal al loy was not tested in
air  due to react iv i ty wi th oxygen. TZy
creep-rupture l i fe data was comparable
to extrapolated data obtained under ulEra-
high vacuum tesc condi t ions.

r  L imited creep-rupture data obtained in
a dynamic s imulated hel ium working f lu id
containing 400 Eo 500 micro-acmospheres
hydrogen, 40 -  50 micro-atmospheres car-
bon dioxide, 4A -  50 micro-atrnospheres
methane and 1 to 3 micro-atmospheres-
moistures,  at  a test  temperature of  927oC
(1700oF) for  three al loys,  7 l3LC, INl00
and MA-754. indicated no ef fect  of  rhe
test  environnent on urater ia l  rupture l i fe
for t imes up to 4000 hours.

One test  $/as conducted for Al loy 7l3LC,
two for IN100. and four for  I lA-754. Tesr
t imes were less than 4000 hours,  thus proof
of  conpat ib i l i ty  for  t imes greater than
f0,000 hours was not obtained.

CONCLLlS IONS

As a resul t  of  the analyt ical  study and exper i -
mental  research of  th is program, the feasibi l i ty  of
a c losed Brayton cycle power conversion system for a
low volume, l ight  weight naval  propuls lon powerplant
has been shown. The overal l  CCCBS character ist ics,
dimensions and weights are shovm in Tables 5 and 6,

The Compact Closed Cycle Brayton Systen (CCCBS)
program has included der ivat ion of  the most str ingent
representat ive requirements for  the CCCBS poi , rer  con-
version system, considerat ion of  the interfaces with
the ship and with other po$rerplant components which
were outside the scope of  the s) /stem under study,
i .nvest igat ion and evaluat ion of  the spnp6ngl ts which
are most cr i t ical  to feasibi l i ty ,  iEerat ive def in i t ion
of a reference 70,000 HP CCCBS design concept,  exten-
sive creep-rupture tests of  candidate turbine mater-
ia ls above the expected turbine ln1et mater ia l  tem-
perature,  and overal l  evaluat j -ons and assessnents.
The resul ts have shown the feasibi l i . ty  and at t ract ive
character ist ics of  a CCCBS and have l -ndicated that no
high r isk developments or technology breakthroughs
are needed for the CCCBS power conversion system.
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TABLE 5 - TURBOMACHINERY

DELIVERED POWER

OVEMLL COMPRESSOR PRESSURE MTIO

ILUW MI L

TURBINE INLET TEMPERATURE

COMPRESSOR EXIT PRESSURE

COMPRESSOR EFFICIENCY

TURBINE EFFICIENCY

HP TURBINE BLADE MEAN DIA}IETER

MEAN TURBINE WHEEL SPEED

\
NLI}tsER OF STAGES:

LOI,I PRESSURE COMPRESSOR

HIGH PRESSURE COMPRESSOR

HIGH PRESSURE TURBINE

LOW PRESSURE TURBINE

52 Mt^r

58 kglsec

g27o c

11.2 MPa

87 7"

902

38.8/crn

366 M/sec

(70,000 hp)

(128 1blsec)

(  17 o0oF)

(1625 psia)

(r5.28 in)

(1200 f t lsec)

l+

lb

5

8
l5

/onnn f-- \
\ /vvv rH,, ' /

| ' l6nn rnn)

OUTSIDE DIAJYETER

OVERALL LENCTH

WEIGHT

- TWO I]NIT OPEMTION

- SINGLE I]NIT OPERATION

SPECIFlC WEIGHT

- TWO UNIT OPEMTION

- SINGLE IJNTT OPERATION

TABLE 6.-  POWERPLANT SIZE AND WEIGHT

9000 RPl l

POWER TURBINE

2.33M(92ins)

5.49 M (216 ins.)

42,616 Kg (93,755 lb)

34,138 Kg (75,103 lb)

0.82 Ks/kw (r .34 lb/sHP)

0.65 Ks/kw (1.07 1b/sHP)

9000 RPII

POWER TLTRBINE

2.33M(92ins)

6.5 M (256 ins)

50,347 Kg (110,763 1b)

40,979 Kg (  90,153 1b)

0.96 Ks/kw (1.58 lb/sHP)

0.79 Ks/kr,r  (1.288 lb/sHP)

TI


