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New Horizons of Accuracy
In Production as Canadian
Gas Turbine Graduates
From Experimental Stage

By
J. E. NESBITT

Gas Turbine Division
A. V. Roe (Canada) Lid.

JET PROPULSION of aircraft is
achieved simply by directing a
stream of rapidly expanding gases
of sufficient force to overcome the
inertia of the aircraft, in a manner
which will propel the aircraft in the
required direction. There are at pres-
ent three types of jets—the rocket,
the ram, and the gas turbine. For
many reasons not important here it
has become apparent that the gas
turbine is the most practical jet for
today’s need and that the axial flow
gas turbine, such as the Avro
Orenda, offers the best possibilities
for development.

Functioning of gas turbine engines
depends on four main components—
a compressor, expanding air from
which produces the jet stream, a
combustion system to boost the rate
of expansion, a turbine to drive the
compressor and a tail cone to pro-
duce an effective jet stream. The
compressor in the axial flow engine
is made up of rows of rapidly rotat-
ing blades spaced by rows of station-
ary blades in a passage which be-
comes progressively smaller. The
Orenda has more than 1,000 blades.
The turbine in the Orenda is
made up of a single row of blades
driven by the jet stream just for-
ward of the tail cone and mounted
on the rim of a disc which is direct-
ly coupled to the compressor shaft
and thus drives the compressor.

The problems in manufacturing
gas turbines arise from the main fac-
tors which control design. These fac-

Sir Roy Dobson, C.B.E., J.P., F.R.Ae.S (centre), president of Avro Canada, examines the Orenda

with Walter N. Dzisher, general manager (left) and Stanley Anderson. (To the great

Iroquois tribe, Orenda was the ultimate source of all power—the impersonal being trom
which supernatural beings in turn derived their power.

will give a clear picture of general
production difficulties.

The power-weight factor is com-
mon to all aircraft engines and is

tors are three closely related ratios
which we will call Power-Weight,
Weicht-Strength and Strength-Tem-
perature. Examining these in order
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Left: Fig. 3—Compressor intake casting in
vertical shaper.

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 all
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-
¥ . e . gine, for while the rotor parts must

e - £ : . : - ’ 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 extremely high standards of ac-
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Power-weight has two main design thows the earlier
effects: all possible useless material smaller Chinook
is trimmed from every part and the engine.

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 regulz.ar'use. F‘urt}_ler, the Fig. 4—Turning
accuracies and finishes required in compressor intake
gas turbine parts are generally con- casting in Bullard

sidered practically impossible, even gonecialie

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. Thus strength becomes




maintained. A simple compressor
rotor disc which must fit as accurate-
ly as a tiny instrument part must
often sustain loads of close to half
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.

Strength-Temperature Factor

WE HAVE SEEN how the weight-
strength factor introduces new
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 shows 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 cutting and forming of the
new metals, for these metals which

Fig. 5 — Boring compressor stator housing
in Air-Gage tracer lathe.

Fig. 8 — Broaching
fir-tree slots in
compressor disc.

Fig, 7—=Broaching
internal slots for
blades in compressor
stator ring.

Fig. 6—Universal
horizontal boring
machine drilling
bosses in assembled
compressor housing.




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. 10 — Turning blade tips in special Bertram lathe fitted with

Turchan follower.

Fig. 9—Tracer lathe
copying shaft coup-
ling element from a
master, Requirements
of accuracy and
finish are most
exacting.

ably the largest body of highly skill-
ed mechanics in the country and con-
tain, as well as all types of the latest
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 will 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-

Fig. 11 — In foreground,

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 Pratt and Whitney ver-
tical shaper, require very close at-
tention. All turning on this casting
is 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 overcome
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.

diffuser casting in horizontal boring
machine.




Fig, 14 — Tail cone assembly introduces

accuracy to sheet metal work.

Compressor Stator

THE STATOR CASE consists of
two semicylindrical magnesium al-
loy castings which are fitted together
after the joint and end faces are
squared up on a horizontal boring
mill. The conical cylinder thus form-
ed is then bored on a Monarch Air-
Gage tracer lathe (fig. 5) in a series
of concentric steps and angles as well
as three deep grooves which form air
passages to bleed off excess and cool-
ing air. After this boring operation
the stator returns to the horizontal
boring mill for machining of various
exterior bosses (fig. 6) and mounting
pads.

The casing is then ready to receive
the blade rings and spacers, which
are of aluminum alloy. The spacers
are plain rings while the blade rings

Fig. 12 — The gas turbine rotor on its shaft.

have a number of dovetailed slots
through their inner faces to hold the
dovetail roots of the stator blades.
These slots are broached in a special
fixture (fig. 7) on a horizontal
broaching machine. After the rings
are fixed in the casing the entire as-
sembly is set up on the Monarch
tracer lathe and the airflow contour
machined on the passage formed by
the inner faces of the rings. The
blades are now mounted in the rings
and after pouring wax between the
blades to support them the blade tips
are machined to the contour of the
inner air passage, again in the tracer
lathe.
Compressor Rotor

THE COMPRESSOR rotor consists
of discs separated by spacing rings
and mounted on three drums which

new requirements of Fig. 15 — Variety of aluminum blades and vanes that go to make up
a gas turbine compressor.

are joined end-wise to form a shaft.
With the exception of the last stage
disc all these parts are of aluminum
alloy. The last stage disc and the
stub shafts, which are mounted on
the drum ends, are of alloy steel.
The discs are broached through their
outer rims (fig. 8) to receive the ro-
tor blades, this operation being done
on a vertical broach. The rotor discs,
being among the most vital members
of the engine, have presented an in-
teresting manufacturing problem,
particularly as to accuracy of form
and finish on the webs. At present
the aluminum discs are turned on
large turret lathes by means of spe-
cial formers, while the steel disc is
being turned on a Bullard vertical
turret lathe with an electronic trac-
ing unit. Other methods are now in

Fig. 13 — Grinding turbine rotor blade tips.




Fig. 16 — Pantograph duplicating machine
(Avro Canada patented design) for grind-
ing cavities in blade 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 Avro
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-

Fig. 17 — Stages in manufacture of turbine
blades from bar 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 (fig. 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 alloy, ex-
panding slightly at each end to allow
for spigotting to its related com-
ponents. As with the centre casting,
no great difficulties are met in
manufacturing this component.

Combustion System

THE COMBUSTION system con-
sists mainly of the combustion cham-
bers and the nozzle box. These are
made from high-temperature alloys
and are mostly fabrications of press-

Fig. 19 — Special attachment in Modern
milling machine for profiling blades.



ings and castings, and present a great
many difficulties in manufacturing.
Up to now most of these parts have
been obtained from Joseph Lucas of
England, but in a short time the en-
tire system will be made at Avro.
Those parts which® are made at
Avro have given rise to some very
interesting problems in metal-cutting
technique, though very little special
equipment has been involved. The
carbides are used extensively on
these materials and experimentation
has constantly been carried on to im-
prove results. An imposing mass of
data has been gathered and this will
probably form the basis for re-ex-
amination of all standard metal-
working practice for it has been
found that the generally accepted
standards of machinability, rate of
stock removal and finish, fall signifi-
cantly short of what can be achieved
in actual practice when put to the
test.

TURBINE

THE TURBINE (fig. 12) is made
up of a number of parts, but the
major component is, of course, the
disc which is probably the most ex-
acting single part to manufacture in
the entire engine. This disc is ma-
chined from a large well-worked
forging of a special Timken alloy, the
stub shaft being included on the
forging. Some 240 1b. of material are
removed during machining. All turn-
ing is done on a vertical turret lathe
with the help of special camming
and other tools, but the chief neces-
sity on this job is extreme care and
patience from the mechanics con-
cerned, both in grinding the cutting
tools and machine setup and opera-
tion, for the slightest slip on this part
would be disastrous.

After turning, the “fir tree” slots
are broached in the rim of the disc.
This “fir tree” is used generally
throughout the industry and has
been the subject of a tremendous
amount of discussion and research.
It is in the form of a V with a num-
ber of serrations on each side giving
a silhouette similar to that of the tree
for which it is named. In the United
States it is generally known as the
“Christmas tree” form. This form
constitutes an envelope over the root
of the turbine blade, which is simi-
larly formed, the inner faces of the
serrations taking the bearing of the
blade. The elements of this form are
held to extreme limits of accuracy
and require the utmost vigilance in
manufacturing. After broaching the
disc is splined and threaded on the
stub shaft, some milling operations
are performed and the stub shaft is

Above: Fig. 20 —
Grinding blade con-
tour in Avro du-

plicator.

Fig. 18—Kellering
three blades at one
setting.

silver-plated, while the air seal
lands are chrome-plated.
Tail Assembly
The tail assembly (fig. 14) is fabri-
cated entirely from high-temperature
alloys. It is made mostly in the sheet-
metal shop and has opened up a new
era in this phase of metalworking,
requiring the use of tools such as
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height gauges and verniers hitherto
unknown in this trade. This assem-
bly consists mainly of an inner and
outer cone, the outer being truncat-
ed, which form the passage leading
the jet stream to the final nozzle and
the jet pipe. These cones are mount-
ed together by a series of tubes
which also serve the purpose of car-




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 machine 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 aluminum
alloy (fig. 15) and they are relatively
simple to make. There is no machin-
ing beyond polishing done on the air-
foil section. The only machining is
on the roots, 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 air-
foils are only polished. They differ,
however, in that they are precision
forgings rather than castings. 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 their achievements in this
important work. 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. The airfoil section is rough-
ed in on a three-spindle Keller die
sinker (fig. 18) 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 “dwell”

Fig. 23—Llarge Feliows
gear shaper cutting internal
teeth.

Below, right: Fig. 22 —
Detail of working area of
Coventry blade root form
grinder, which grinds fir-
tree form on both sides of
blade at once.

Below: Fig. 21 — Precision

castings made by lost wax

investment process at Avro
Canada.

at 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 modified 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
8 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 used in the near future. These

blades follow somewhat the same
course as the stainless blades except-
ing that Gorton profilers (fig. 20)
rather than Kellers are used to rough
in the airtoil, and the root, being a
dovetail, is milled rather than crush-
ground.




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 only. These vanes are cast by the
“lost wax” method of precision cast-
ing (fig. 21) and important advances
in this technique have been made at
Avro.

Turbine Blades
The turbine blades follow the same

Operations in toolroom and on

production details indicate the

variety of machine tools required.

From lower left, reading clockwise: Bridgeport

milling machine; Heald toolroom grinder; Arter

grinder; King vertical boring mill; Dean, Smith
& Grace lathe; Rivett lathe; DeVlieg Jigmil.

general processing as the stainless
steel blades, except that they are
made from high temperature alloys
and have the full fir tree roots. This
root is also crush-ground but on a
machine (fig. 22) made for Avro by
the Coventry Tool & Gauge Co. of
England 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 new
manufacturing field. No mention
has been made of gears, gear boxes,
splines, couplings, bearings, and such
items, which space does not allow,
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
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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 frying field. The willing-
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.





