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Abstract

Since day one of the gas
turbi ne engi ne the conpressor was
t he key conponent for the success
and al ways required high
devel opnent efforts and costs.

The inportance of the
conpressors for nmodern high bypass
rati o engines is denonstrated by
the fact that 50-60% of the engine
l ength and up to 40% of the
manuf acturi ng costs are covered by
the conpression system The
advances achi eved allow engines to
operate with core engine therm
efficiencies in the 50% area and
propul sive efficiencies
approachi ng 80%

Integrally bladed rotors permt
bl ade speeds significantly above
conventional rotors and hence
stage pressure ratios of >1,8.

A core conpressor study with
i ndependent variation of the
nunber of stages and aspect ratios
fromO0,6 to 2 gives insight into
the relative weight, manufacturing
and direct operating costs.
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Thermal efficiency:

he _ W, X(His- c2/2)
4 W, xHu

His is the isentropic expansion
work to ambient pressure starting
froman internedi ate position
within the LP turbine which covers
t he conpression work for the core
streamon the LP shaft, i.e. fan
core stream + booster.

Propul si on efficiency:

h = 2
i + Fn +W, xC,

1
W; xc,

I nt roducti on

Since the begi nning of the
devel opnent of the nodern gas
turbi ne engi ne the conpression
systemis a decisive key conponent
demandi ng bi g devel opment efforts
on especially expensive test beds.

It was the | ack of conpressor
t echnol ogy which prevented an
earlier appearance of the gas
turbine engine, which in fact is
the |l ast heat engine coming to
fruition as late as 1937.

The devel oprment of the
efficient Iight weight axia
conpressor with high circunferen--
tial speeds required know edge of
cascade aerodynam cs which were
not available for a long tine.

The fact, that the gas turbine
engine first paved its way in
aircraft propulsion is due to its
extrenmely high power concentration
per volunme — about 15 tinmes the
val ue of a passenger car engine.

The conpression system of nobdern
aero engi nes

The gas turbine engi ne has gone
a long successful way since its
first flight 64 years ago and
matured in several steps fromthe
straight jet to the nodern high
bypass rati o engi nes.
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Fig.1l Evolution to the energy
efficient engine

As shown on Fig 1, a big junp
in technology was realised with
the devel oprment of the military
hi gh bypass ratio TF39 for the
Gal axy transport aircraft. This
engi ne introduced a whol e bunch of
advances and in particular the
transoni ¢ conpressor, which first
time allowed conpression ratios in
the 25-30 range, boosting thernmm
efficiency into attractive
regi mes.

The inmportance of the usual 2-
and 3 shaft conpression systems of
nodern engines is described in
Fig. 2.
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Fig.2 The conpression system - key
technol ogy for aero engines

Transoni ¢ conpressi on systens
achi eve pressure ratios up to 45
and — together with high turbine
inlet tenmperatures allow therma
ef ficiencies during cruise of over
50% This reduced the fue
consunption per passenger seat by
40% conpared to the first jet
liners, whose engi nes were of
mlitary origin.

The conpressor section
represents still 50-60% of the
engi ne | ength, 40-50% of the
wei ght, 35-40% of the manufact u-
ring and 30% of the maintenance
costs.

In spite of all the advances
achieved in the anal ysis of
aerodynam cs and vi brations, the
devel opnent of nodern gas turbine
engines is still very nuch
af fected and sonetimes donmi nated
by the conpression system

The difficulty to describe
anal ytically the very conplicated
physics of the 3D flows in nulti-
stage transonic conpressors and to
predi ct the response of al
i mportant bl ade resonances is
still sonmewhat beyond our abili -
ties, also because the require-
ments increase continuously.
However the quality of the avail -
| abl e sinmulation tools inproves
steadily.

The requirenents for the
conpressi on system

The cat al ogue of requirenents
is long and stringent. As shown on
Fig 3, it reflects the three main
success criteria for civi
avi ati on:

- Safety
- High power concentration, i.e.
| ow wei ght

- Affordabl e cost
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Fig.3 Requirenents for the
conpressi on system

The devel opnment of the high
speed transoni ¢ conpressor pernits
a level of propulsion effective-
ness whi ch was never achieved
bef ore.

However as a result of the high
bl ade speeds the safety require-
ments as bird strike resistance,
bl ade contai nnent etc are nore
difficult to fulfil

Engine reliability is a
decisive criterion for present
days dense air traffic. The
enornous standard achieved is best
dermonstrated by the big nunber of
twin engine aircraft crossing the
oceans safely day by day.

The devel opnment history of the
aero engi ne conpressor

The gas turbine originated from
aircraft propul sion and hence was
al ways driven towards the | ean
axi al conpressor of high specific
flow per frontal area
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Fig.4 Evolution of the turbo
conpressor for aero engi nes

As shown on Fig 4, up to the
1960’ s the subsonic mnulti-stage
conpressor with tip Mach nunbers
< 0,8 linmted the achievable
conpression ratios to about 17
within the shaft dynam c
constraints.

The 1968-73 generation of
mlitary and civil engines made
ext ensi ve use of the narrow chord
transoni ¢ conpressor technol ogy,

t he devel opnent of which started
as early as 1952 at NACA in the
US. This application of transonic
conpressors to real engines
doubl ed the average tenperature
rise per stage from21 to 42 K

The next step followed with the
i ntroduction of the wi de chord
conpressor with bl ade aspect
rati os around 1 and stage
tenperature rises of 60-75 K

The increase of the specific
energy addition and hence the
stage pressure rati o depends on
two basic paraneters:

- Mach nunber of bl ade speed

- Flow deflection in the rotor
i.e. the work coefficient

Fig 5 illustrates this relation
and the split into the two
par aneters, where the Mach numnber
is replaced by the sinplified

proportional bl ade speed U/J?i
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Fig.5 Paranmeters affecting stage
pressure ratio

Both el ements of the equation
i ncreased strongly over the years,
first the blade speed and | ater
the work coefficient as a result
of the wide chord design
phi | osophy.

The ability to handle transonic
cascade flows efficiently inproved
continuously since the late 1950’ s
and resulted in a steadily deeper
under st andi ng of the physics.

As shown on Fig 6, the |ow
solidity and highly canbered
subsoni ¢ cascades w th high
suction surface curvature produced
unaccept ably hi gh shock | osses and
a rapid fall off in stage
efficiency.
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Fig.6 Efficient control of high
speed fl ow

The way to | ower shock | osses
| ed through a much decreased
suction surface curvature in
doubl e circular are profiles and
i ncreased solidity — both neasures



limt the supersonic expansion
ahead of the shock and hence the
shock intensity and the inherent
| osses.

The enpirical devel opnent to
the multi-circular arc profile
with further reduced or even zero
curvature in the forward —
supersonic - part of the profile
enabl ed the design of renarkabl e
conpressors with Mach nunbers up
to 1,6 until the analytical codes
becane avail able and al |l owed nuch
better optim sation, also in form
of profiles with external com
pressi on.

The second path to high stage
pressure ratios with increased
pressure coefficient became viable
t hrough the application of |ower
bl ade aspect ratios, i.e. the
‘wi de chord’ design. Although the
enpirical observation that |ow
aspect ratio conpressors show
superior flow range goes back to
bef ore 1960 there were few
attenpts to make use of this
possibility in western engines.
Only as late as 1985 a new
generation of mlitary engines
applied the wi de chord design
phi | osophy (EJ200, F119) and
reduced the nunber of conpressor
stages to 8-9 instead of 12-13 of
the ol der generation engines.
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Fig.7 Effect of aspect ratio on
pressure coefficient

Fig.7 shows a statistical
anal ysis of the maxi mum pressure

coefficients achieved by 19
conpressors, correlated as a
function of aspect ratio. The
superiority of the |ow aspect
ratio blading is inpressive; it
can safe several stages when

conmbi ned with the high bl ade
speeds possi ble by use of
integrally bladed rotors. However
equally clear are the problens and
limts which the wide chord design
provi des to the mechanical stress
situation due to its high weight
and the resulting forces in the

di sk — bl ade root fixing and in
the disk itself.
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Fi g. 8 Achi evabl e stage pressure
ratio and required
circunferential speed

Fig 8 shows the present state
of the art and the linmts of
conventional and integrally bl aded
rotors with our present standard
metallic materials, nanely
Ti tanium and Ni ckel alloys. These
mat erials have a very big data
base behind them and are very safe
due to their benign failure
behaviour with a big elongation to
rupture



Advant ages and di sadvant ages of
| ow aspect ratios

The | ow aspect ratio bl ading
provi ded the conpressor aerodyna-
mcist with a new degree of
freedomto achieve increased bl ade
| oading levels and allowed himto
design for high stage pressure
rati os with good aerodynan c
stability in clean and distorted
inlet flow The superior
aerodynam cs of the | ow aspect
rati o design is connected to the
flowin the corner between the
bl ades and the side walls and the
reduced axial pressure gradient
along the side walls. The details

are still not really wel
under st ood but the 3D Navier-
St okes codes will help to provide

nore insight.

As shown on Fig.9 | ow aspect
ratios result in nore robust
bl ades with better erosion
resi stance.
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Fi g. 9 Advantages and di sadvant ages
of | ow aspect ratios

However there is the serious
di sadvantage in the big weight
whi ch increases the load to the
di sk and the root fixing and
produces a nmuch hi gher unbal ance
in case of a blade | oss. This may
easily result in quite significant
increases in overall nmass for a
gi ven duty.

The high energy input of nodern
wi de chord bl ades results in large
wakes whi ch incorporate a heavy
excitation potential for the
upstream and downstream cascades
This is anplified by the
aerodynami cally smaller axial gaps
to the nei ghbour cascades as wake
decay scales with chord. Weight
and shaft dynam cs usually do not
allow for increased axial gaps.

In addition | ow aspect ratio
bl ades contain a nunber of plate
type vibration nodes which were
not so inportant in narrow chord
designs. The possible ways out to
avoid critical blade resonances
have narrowed down considerably in
hi gh speed | ow aspect ratio
designs and the potential coupling
of vibrational excitations over
several stages is increased. The
heavy contai nnent rings required
for wide chord nmachines are an
addi ti onal weight penalty to be
carried.

Conpet ence in conpressor design

Desi gn and anal ysi s

Conpet ence in conpressor design
requi res nmany capabilities.
Besi des a solid know edge in
aerodynam cs, vibrational and
shaft dynam cs, stress and therm
anal ysis a | ong experience and
good capability in the manufacture
of high speed rotors, blisks, rub
strips etc is required. Specific
knowl edge in netallurgy and a well
est abl i shed experi ment al
capability is needed to test and
anal yse conpressors down to
detailed inter-stage data out of
the rotating systemto understand
the aerodynanic and vibrationa
behavi our.

Modern conpressors use the
mat erial properties to their
limts. The freedom for the
designer to find a solution which
is acceptable to all disciplines



is small and the nunber of
iterative steps grows.

Rub Systens

A topic of continuous
difficulty is the bl ade/casing rub
system The bl ade materials need
to be protected against thermnal
over stressing in case of a rub
which usually is done by coating
the casings with abradabl e
mat erial. The problemwi th these
abradables is their tenperature
and erosion limtation, resulting
i n harder coatings which
eventual | y became abrasive.
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Fig.10 Rub system
rotor blade - casing

As illustrated on Fig.10 MIU
devel oped a hard faced rub system
for titanium bl ades which brazes
cubi c boron nitride particles on
to the blade tip as cutting
mat eri al . The system runs agai nst
a netal filled silicate coating.
It is quite stable and provides
good performance retention as wel
as protection to the bl ade.

Manuf act uri ng net hods

The hi gh speed | ow aspect ratio
rotors with high solidity require
the integrally bladed rotor to
overcone basic mechani cal probl ens
in the blade root fixing. Wat
originally appeared as a specific

element of military engines for
thrust/weight ratio reasons has
beconme accepted in the civil field
as wel | .

If the designers followthe
mar ket requirements to reduce the
hi gh conplexity of present engines
with up to 26 turbo machinery
stages they will have to follow
the path of the mlitary engines
whi ch reduced the stage nunbers by
athird in the EJ 200 and F119
engi nes.

Stages 1 and 2 linear
friction walded

Stage 3 milbad af electio-
chamically machined

Fig.11 EJ 200 All blisk fan with
linear friction wel ded
r ot or

MIU noved to integrally bl aded
rotors quite early and covers
today all currently used
manuf acturi ng nmet hods, dependi ng
on the size of the rotor:

- High speed mlling
- Electro-Chem cal machining
- Linear friction welding

Fig. 11 shows the EJ200 All Blisk
Fan which is the first |inear
friction welded rotor in
producti on, manufactured on the
machi ne shown on Fig 12.
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Fig.12 Linear friction welding
machi ne at MIru

Mat eri al s and advanced desi gns

At present npst parts of an
engi ne are fabricated from
titani um and ni ckel based all oys.
However the continuous increase of
circunferential speed has placed
us close to the limts of these
materials and the blisk design
will probably help only for sone
limted tinme. In fact the engi ne
designers |l ook for new nmaterials
which allow them nore freedom as
the introduction of titanium gave
t hem 30 years ago.

New materials like Titani um
Al um nides (TiAl) and Metal Matrix
Conposites (MVC) with high
strength SiC fibres prom se many
good characteristics but |ack the
big elongation to rupture of the
metallic materials. As illustrated
in Fig 13 the new materials are in
fact much nore brittle with
el ongations to rupture of only
around 1% This makes them
difficult for use in engines with
their stringent safety
requirenents. It will take big
efforts to design rotors from
these materials which are safe,
reliable and predictable.
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Fi g. 13 Conparison of todays and
future materials

MIU sees good chances for Ti Al
conmpressor casi ngs and works on a
MMC conpressor rotor as a bl aded
ring. The lighter weight and the
| ack of disks allow for good shaft
dynanmi cs at even higher bl ade
speeds.

Costs and the effects of
conpressor design

The conpression systemis a
| arge and expensive part of the
engi ne, both in devel opment and
production. It is therefore
i nportant to know how it affects
the costs of ownership.

Ef fect of mmin engine cost
el enents on airline profits

As shown on Fig 14 the engi ne
rel ated direct operating costs for
short and | ong range aircraft are
about 28% and 34% respectively at
present fuel prices. The by far
bi ggest part of this is represent-
ed by the fuel consunption, nanmely
about 18,5% and 25% followed by
the next inportant fraction, the
mai nt enance/ materi al costs which
accunul ate to 7,5% and 5%
respectively.
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Fig.14 Effect of nmmin engi ne cost
el ements on airline profit

A well operated airline may
gain 5% profit margin of the
di rect operating costs in good
times. It takes only a 25 %
increase in fuel price to eli-
mnate this margin if conpetition
does not allow to transfer the
extra cost to the passengers, as
it happened 7 years ago. Fue
price is very sensitive, i.e. it
is very difficult or inpossible to
beat fuel efficiency by reduced
mai nt enance, especially in future
when oil prices will inevitably
gr ow.

Conpressor devel opnent costs

The devel opnment costs of a new
hi gh pressure conpressor are
around $150-200 MIIlion and thus
too high to be carried purely on
company noney.

As all conpani es do, MIU uses
technol ogy from publicly funded
mlitary and civil programs - ful
engi ne devel oprment prograns and
rig conmpressors.

MIU s technol ogy stens fromthe
RB199 and EJ200 fighter engi ne
programs and over 20 mlitary and
civil research conpressors with
pressure ratios ranging from2.5
to 16 and Mach nunber levels from
0,8-1,7.

Production and Life Cycle Cost

In order to evaluate the
relative production and life cycle
cost of a core engi ne conpressor
with about 11:1 pressure ratio, a
paranmetric study was carried out
varying the nunber of stages from
5 — 8 and the nean aspect ratio
from0.6 to 2 at constant mean
di ameter and at constant surge
mar gi n.
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Fig. 15 Core conpressor study -
relati ve mass and
manuf act uri ng cost

Fig 15 summarises the results
of this investigation, show ng the
relative weight vs relative
manuf acturing costs with aspect
rati o and stage nunbers as
i ndependant parameters. Linmits for
shaft dynamics, first stage
flutter and aerodynam c as well as
mechanical loading limts of the
singl e stage high pressure turbine
are drawn in to show the area of
realistic conpressors. The marked
area shows the technically nost
i nteresting regine.

Fig 16 illustrates the results
on life cycle cost for a
short/ medi um and a | ong range
application. The results show t hat
general ly the higher aspect ratio
conmpressors show hi gher direct
operating costs due to their
hi gher nunber of airfoils. At
present fuel prices there is
little difference between the 5 —
8 stage conpressor variants at
aspect ratios < 1.2 for the



short/ medi um range application and
virtually zero difference between
5 and 6 stages. This will change
very significantly towards al

hi gher efficiency variants as fue
prices increase in future. For the
| ong range mi ssion the higher
efficiency variants with 7 and 8
stages are already better off but
up to about 1.3 aspect ratio the
di fferences are not big enough to
force a decision; it will have to
be made on other criteria |ike
ease of aircraft installation and
aircraft specific requirenents.
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Fig.16 Effect of conpressor design
on direct operating cost

The general inpression however
is, that the | ow aspect ratio
conpressor wins on DOC due to its
| ower manufacturing cost and the
hi gh efficiency it can achieve.

Conpr essor devel opnent — an
i ntegrative chall enge

Aero engi ne conpressors al ways
represented the very | eadi ng edge
of the state of the art in turbo
conpressor technol ogy. Conpressor
devel opnent at the limt of avail-
abl e know edge is a highly inte-
grative challenge to all involved

As a result of the steadily
i ncreasi ng bl ade speeds, stress
| evel s are approaching the linmts
of the classic materials which in
turn requires a very intense

10

interactive effort between
aerodynam ci sts, mechanica
designers and stress specialists
as well as the manufacturing
experts to find satisfactory and
general |y acceptabl e solutions for
performance, life and cost.
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Fig. 17 Conpressor design - an
i ntegrative chall enge

As shown on Fig. 17 it is
especially between the
aerodynam ci sts and the vibration
experts where nost iterations are
needed.

Only nopst intense co-operation
fromthe very beginning of a
desi gn between all disciplines
will lead to the best product.

Conpressor devel opment was a
bi g chal |l enge and a key technol ogy
since day one — it will remin so.



