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doubly important. Weight-strength
is a prime consideration in all air-
frame and engine design, but in gas

turbines the problem is greatly in-
tensified. It must be remembered
that the gas turbine engine, while
giving speed and power utterly im-
possible from reciprocating engines
has actually only one moving Part
and this part weighing many times
as much as the crankshaft of a re-
ciprocating engine and traveling at
many times its speed must do ali
the power-producing work of the
engine. This part, the comPressor
and turbine rotor assembly or sim-
ply rotor, is made up of hundreds of
smaller parts, each one made and fit-
ted so accurately that the entire as-
sembly will be as one Piece and in
perfect balance, for unbalance pro-
duces vibration, and vibration can
tear an engine to pieces in a matter
of moments.

The weight-strength factor has ef-
fect on every single part of the en-
gine, for while the rotor parts must
produce their mighty power, the
static parts must contain and direct
this power while their weight must
still be at a minimum. The manu-
facturing difficulties resulting from
weight-strength are mostly evident
in the decreased machinability re-
sulting from increased strength and
the extremelv high standards of ac-
curacy and finish which must be
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no\M generally familiar. Obviously
an aero engine becomes better if its
weight drops as its power increases.
Power-weight has two main design
effects: ail possible useless material
is trimmed from every part and the
lightest possible material is used in
every case. These effects present the
first manufacturing troubles, for as
material is trimmed from parts they
become more intricate and thus
much harder to cast and machine,
and much harder to hold as machin-
ing goes on. Also lighter materials
cannot stand the holding and cutting
pressure in regular use. Further, the
accuracies and finishes required in
gas turbine parts are generally con-
sidered practically impossible, even
by today's standards.

Weight-Strength
The weight-strength factor is a di-

rect offspring of power-weight and
should be easily understood, for it
must be obvious that while weight
reduces strength must not, and, in-
deed, must increase in proportion to
power. 'Ihus strength becomes
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maintained. A simple compressor
rotor disc which must fit as accurate-
ly as a tiny instrument Part must
often sustain loads of close to halt
a million pounds, yet these discs are
made of aluminum alloY and run as

thin as .150 in. in the web. Obviously
even an imperceptible finish imper-
fection finish on a Part could have
disastrous results.

Stnength-Temperature Factor
WE HAVE SEEN how the weight-

strength factor introduces ne\M

manufacturing standards, but we
have not yet taken into account the
fact that many parts of the gas tur-
bine engine must operate in tem-
peratures which would render even
the strongest ordinary materials so

soft and plastic that they would soon
fail under the stresses imposed. This
problem shcws up in the strength-
temperature factor, for, as is well
known, the rule in metals is that as

temperature increases strength de-
creases, while the opposite effect is
required in gas turbines. This has
brought about the develoPment of a

whole new range of materials with
truly amazing characteristics.

To point up the strength-temPera-
ture effect let us consider the tur-
bine blades-these blades which
sometimes travel well beYond the
speed of sound at ordinary tempera-
tures, are run red-hot, and yet must
be able to stand pressures that from
centrifugal force alone amount to
many thousands of times their: own
weight. Further to this, the materi-
als from which these blades are
made must be readily forgeable for
manufacturing purposes. Impossible
as it sounds, this has been achieved.
The manufacturing troubles brought
in by strength-temperature are most-
ly in the cuttihg and forming of the
new metals, for these metals which
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retain their strength at high tem-
peratures are almost unworkable at
low temperatures. In fact some of
our present materials are so tough
that they cannot be economically cut
and must be precision cast and then
ground. Strength-temperature, there-
fore, has required the establishment
of radical techniques and may
eventually result in a new concep-
tion of all standard metalworking
practice.

EXPERIMENTAL DIVISION' sHoPs
The gas turbine experimental

shops at Avro Canada employ prob-

Fig.9-Trocer lothe
copying shoft coup-
ling elemeni lrcm o
mosler. Requirements
ol occurocy ond
finish ore most
exocting.

ably the largest trody of highly skill-
ed mechanics in the country and con-
tain, as well as all types of the Iatest
machine tools, many machines devel-
oped by Avro for operations pecu-
liar to gas turbines. To best consider
the tools and techniques used in
making these engines it will be as
well to detail the sections into which
they are divided for design and con-
trol of manufacture. (Blades and
vanes w.ill not be taken in their as-
semblies, as they are a section in
themselves.)

THE COMPRESSOR intake is es-
sentially a casting of magnesium al-

loy and consists of two concentric
rings joined by six hollow struts of
airfoil section. The outer ring is
about 34 in. in diameter by about 12
in. long. The passages between the
rings and struts form the air intake,
while the inner ring houses the front
bearing, power take-off and the
starter. Through the hollow struts
pass the power take-off shafts as
well as oil and electrical connections.

Beyond extremely close machining
tolerances, particularly as to concen-
tricity, the intake casting presents no
great manufacturing difficulties al-
though the annular faces of the air
passages, which are worked out
(fig. 3) on a Prati and Whitney ver-
tical shaper, require very close at-
tention. AII turning on this casting
ls done (fig.4) on a Bullard vertical
turret lathe, while horizontal boring
mills and radial drills complete the
work. The air passage is faired in
by hand to give smoothest possible
airflow.

It might be as well to mention at
this point that while the major en-
gine castings present varying degrees
of machining difficulty, one thing
they have in common is their ex-
treme complexity to the pattern-
maker and foundryman. While the
techniques developed to overeome
these problems are of great interest,
unfortunately they are not within
the scope of this article; possibly this
subject may be covered at another
time. Light Alloys Limited of Ren-
frew, Ont., and the Aluminum Co. of
Canada have done notable work in
producing these castings.

The compressor is made up of two
main components, the stator and the
rotor. The stator also forms the cas-
ing for the compressor assembly.
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Pontogroph duplicoting mochine
(Avro Conodo potented design) for grind-

ing covilies in blode forging dies.

the planning stage and will be soon
under experiment.

The front and rear stub shafts
which are more or less bell-shaped
are contoured (fig. 9) on an Ameri-
can hydraulic tracer lathe, while the
airflow contour on the rotor body,
which forms the inner air passage of
the compressor, is formed on the
Monarch tracer lathe. The rotor
blade tips -which are contoured to fit
the outer air passage are machined
on equipment developed by Awo
for this purpose. This blade-tipping
machine was made by cutting the
centre section from a Bertram 36-in"
engine lathe (fig. 10) and setting this
section on a base somewhat out from
the centre line of the lathe, thus
making a large fixed gap lathe. This
separate section, of course, carries
the saddle of the lathe and to this is
fitted a Turchan hydraulic following
unit to trace in the required contour.

Diffuser Casting
THE CENTRE, or diffuser, casting

is of high-strength aluminum alloy
as it is the "keystone" in the build-

lZ 
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Stoges in mqnufocture of lurbine
blodes from bor stock.

up of the engine. It is similar to the
intake casting in character, that is
two concentric rings form the air
passage while the inner ring houses
the centre bearing, but it has the ad-
dition of six horns on the aft face
which diffuse air to the combustion
chambers. Most of the manufactur-
ing difficulties on this part arise from
the intricacy of the casting and its
mate, the centre bearing housing. As
in the other major castings the ver-
tical turret lathe, horizontal boring
machine (fie. 11) and radial drill
perform most of the machining, with
the addition of some jig boring and
engine lathe work on the bearing
housing.

Backbone Casting
The backbone casting is simply a

slim cylinder of aluminum aIloy, ex-
panding slightly at each end to allow
for spigotting to its related com-
ponents. As with the centre casting,
no gleat djfficulties are met in
manufacturing this ccmponent.

Combustjon System
THE COMBUSTION system con-

sists mainly of the combustion cham-
bers and ine nozzle box. These are
made from high-temperature alloys
anl are mostly fabrications of press-

Fig. l l 
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milling mochine for profiling blodes.
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rying cooling air to the aft face of
the turbine disc. In the jet passage
are four vanes of airfoil section
which serve to support and space the
inner and outer cones. Many other
engine components are made in the
sheet-metal shop, almost without ex-
ception to accuracies till now confin-
ed to the machins shop.

BLADES AND VANES
THE MANUFACTURE of gas tur-

bine blades and vanes has presented
the greatest challenge to metalwork-
ing men to appear in many years.
These parts are thin sections, often
of unworkable materials, held to ex-
treme accuracies, yet almost always
of nongeometrical form. Millions of
dollars have been, and are being,
spent throughout the world to find
practical manufacturing methods
and in this respect Avro is no ex-
ception, for experimentation is al-
ways going on. There are six distinct
types of blades and vanes now used
in the Orenda as well as a wide vari-
ety of test blades.

The inlet guide vanes are made
from precision castings of aluminun-r
alloy (fig. 15) and they ale relatirzely
srmple to make. There is no machin-
ing beyond polishing done on the air-
foil section. The oniy machining is
on the rocts, while the platforms ad-
jacent to the airfoil are worked by
hand in form fixtures.

All but the last stage of stator
blades are somewhat similar to the
inlet guide vanes in that their alr-
foils are only polished. They differ,
however, in that they are precis.ion
forgings rather than castrngs. These
forgings are produced by the Alumi-
num Co, of Canada in dies made by
Avro and are held to as close as
.002 in. This is radical departure
from accepted forging practice and
the Aluminum Co. deserves great
credit for 'lheir aehievements in this
important \&'ork. The making of the

dies for this work has required some
very interesting innovations among
them a 10 to 1 pantograph grinder of
patented design (fig. 16) which
works off a plaster master, and a spe-
cial comparator for checking blade
forms and cavities.

The first, second, third and last
stage rotor blades and the last
stage stator blades are made from
stainless steel bar and are complete-
ly machined. The major steps (fig.
17) are as follows: the bar is cut off
somewhat lcnger than the finished
blade and a tooling hole is drilled
and reamed in each end to locate the
work for subsequent operations. The
blank is gashed on milling machines
to some approximation of the finish-
ed blade. 'Ihe airfoil section is rough-
ed in on a three-spindle Keller die
sinker (fig. 1B) and then refined,
again on a Keller, to which has been
added an Avro-developed elec-
tronic unit to increase sensitivity and
eliminate as much as possible "dweil"

fig. 23-[orge Feltows
geor shoper cutting inlernol

teeih.

Below, right: Fig. 22 
-Deloil ol working qreo of

Coventry blode root form
grinder, which grinds {ir-
lree form on both sides of

blqde ol once.

Below: Fig. 2l 
- 

Precisiorr
coslings mode by losl wqx
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ai points of reciprocation. The air-
foil is then ground on a machine de-
veloped by Avro which works off a
master form, and is then rough
polished.

The blade root which, on these
blades is a ,rrodified fir tree, is then
crush-ground on a Thompson grinder
with Avro-developed tooling. The
root platform is now worked in by
hand in form fixtures and the blade
is finally polished and buffed to an
B micro-inch (rms) finish as are all
blades.

The remaining rotor blades are
made from aluminum alloy bar, al-
though it appears that forgings will
be useC in the near future. These
blades follou, somewhat the same
course as the stainless blades except-
ing that Gorton profilers (fie. 20)
rather than Kellers are used to rough
in the airfoil, and the root, being a
dovetail. is milled rather than crush-
ground.
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Operolions in loolroom ond on

produclion detoils indicote the

voriely of mochine lools required.

From lower ie{I, reoding clockwise: Bridgeport

milling mochine; Heold ioolroom grinder; Arter

grinder; King verticol boring mill; Deon, Smith

& Groce lothe; Rivetl loihe; DeYlieg Jigmil.

Nozzle Guide Vanes
THE NOZZLE guide vanes, which

must operate in the hottest part of
the engine, present a major problem
in that the material used cannot be
cut so that all machining is done on
grinders, the airfoil and platforms
being finished by polishing and buff-
ing ontry. These vanes are cast by the
"lost wax" method of precision cast-
ing (fig. 21) and important advances
in thls technique have been made at
Avro.

Turbine Blades
The turbine blades foliow the same

general prccessing as the stainless
steel blades, except that they are
made from high temperature al1oYs

and have the full fir tree roots. This
root is also crush-ground but on a

machine (fi9. 22) made for Avro by
the Coventrv Tool & Gauge Co. of
Engldnd which incorporates two
wheels and thus grinds the entire
form in one setting.

It must be realized that the fore-
going only covers some representa-
tive questions in this wide nev'r
manufacturing field. No mention
has been made of gears, gear boxes,
splines, couplings, bearings, and such
items, which space does not aIlow,
but it is well to remember that any
part which goes into a jet engine is
made to specifications hitherto con-
fined to the finest instrument work.
Nor has any reference been made to
the important problem of inspection
and control of components in which
many new techniques have been de-
veloped. Such measures as X-ray
and supersonic testing have become
commonplace. It is hoped, however,
that this article will provide some
idea of the obstacles to be met in this
new industry.

In closing some mention must
be made of the way in which
the Canadian mechanic has played

his part in helping to achieve
the great success which has brought
worldwide attention to Avro. It
must be remembered that never be-
fore in any branch of manufacturing
in this country has such an ambitious
program of development and experi-
mentation been undertaken, let alone
in such a trying field. The willlng-
ness of the Canadian workman to
learn and often to unlearn, his inter-
est and enthusiasm, have been a
revelation. The result of this is that
in hundreds of hours of testing on
Avro engines there has never been
a failure traceable to poor workman-
ship.
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