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Foreword

he idea of the gas turbine can be traced back to a

patent filed by the Frenchman Guillaume in the

year 1921, and is therefore quite old. However, it
was many years before it proved possible to pur the prin-
ciple into practice in the form of the jet engine. In the
late nineteen-thirties Hans-Joachim Pabst von Ohain and
8ir Frank Whittle succeeded virtually simultaneously in
applying the principle to construct a working engine.

It has taken us modellers a great deal more time to
bring the idea to fruition. Too complex and too much
trouble - that was always the verdict. Now and then
rumours of successful model-scale gas turbines filtered to
the outside world, but in many cases the engines were
only capable of running when their constructor was
dreaming,.

As a result we in the model world were truly aston-
ished to learn that amateurs had actually managed to pro-
duce working jet engines using relatively straightforward
methods. The key to success lay not so much in high-level
precision manufacture, but in simplicity and careful
matching of individual components. As Kurt Schreckling
has shown with his engines. if the design is right. then it
is possible to use a wooden compressor wheel and still
achieve a thrust:weight ratio comparable to that of a full-
size aircraft jet engine.

However how do we go about designing a working jet
engine? What special characteristics have to be consid-
ered? How do these engines work, anyway? This book
attempts to answer these questions and many
others. with the overall aim of helping you to understand
this new type of engine. As such it is really aimed at the
beginner to jets, but don’t give up if you are already famil-
iar with that special kerosene fragrance; you will still find
a few useful ideas here even if you already have some
experience of jet engines.

At this point I would like to offer my grateful thanks to
my like-minded friends and colleagues for their help and
encouragement. My special thanks must go to Kurt
Schreckling, Bennie van de Goor and Han Jenniskens for
their helpful and useful comments. I would also like to
thank Karl-Heinz Collin and Arno Foerster, who were
very helpful in imparting their specialist knowledge and
information.

Foreword to the second edition

In recent years model jets have become more and
more common at our flying fields. Many engines are avail-
able today. The new power source has been proven
strong and reliable. World Championships have been
held and the winning models were powered by jet
engines. It seems thar the ducted fan will be replaced
soon. The growing interest in this small turbo engine is

also reflected in the activities of the GTBA, the Gas
Turbine Builders Association, which has approximately
1,700 members enrolled to date and which facilitates the
exchange of ideas and practicalitics.

The thrust figures have increased significantly. High
tech materials are used in the arca of the wrbine wheels
and bearings. By far, no other engine can give so much
flight power to a model plane as a small gas turbine.
Commercial engines offer thrusts of 100N or more.
Electronic starters and control units become more and
more standard. Therefore I have paid special attention to
the constantly increasing number of production turbines
now on the market and have revised and updated the
description of these power plants.

In my eyes, the rapid development has only been pos-
sible because of an open information ¢xchange by ama-
teurs and home builders. Many commercial engines
include the knowledge of many amateurs and their con-
struction is in many ways very ilike to the Microturbine.
KJ-66 or its predecessors. In this second edition I have
also improved the building instructions to achieve an
casier construction with a solid performance.

At this point I wish to thank very sincerely all those
who have helped me with tips and ideas. and especially

Jesus Artés de Arcos, Otto Bruhn, Alfred Kittelberger, Ridi

Reichstetter, Tom Wilkinson and John G. Wright.

Thomas Kamps, April 2002
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Introduction

How do jet engines work?

Gas turbines have long since claimed a secure place
for themselves in our world. Amongst the most obvious
examples are the innumerable aircraft which day after
day fly above us, trailing their wakes of condensation
across the sky, but that's not all: gas turbines are at work
where you might not know it: nowadays they are used
mor¢ and more commonly in power stations, electricity
generators, boat engines and much more.

Suddenly these engines are increasingly being used to
propel models, and that is why we need to understand
how they work. Unfortunately it is much more difficult to
explain how a gas turbine works than to ¢lucidate what is
probably the most important energy machine of our time:
the piston engine. There the immense pressure caused by
explosive combustion moves a piston running inside a
cylinder.

The principle is clear and comprchensible. Alas, it is
just impossible to explain in so few words how a gas tur-
bine works. Here we find spinning rotors and wheels, gas
flow and energy conversion, but don't let that worry you
- once we have made a little headway in explaining the

basic principles, the jet engine will soon give up its mys-
terious secrets.

The open gas turbine process

Regardless of whether we are considering a shaft
power turbine (designed to produce mechanical power)
or a jet engine, we find the same working process at the
core: it is termed the open gas turbine process. Air is
sucked into the engine and compressed. The compressed
air then flows through a combustion chamber in which it
is heated to a high temperature.

In their hot state the gases are capable of performing
more work than was put into them during the compres-
sion stage. Finally the air expands again as it is released
into a turbine, to which it imparts a proportion of its
power. This process scts the turbine spinning, which in
turn drives the compressor to which it is connected by a
shaft. The residual energy in the exhaust gas can now be
exploited to serve the purpose of the engine. If the
exhaust stream of the basic gas turbine is further acceler-
ated by an exhaust cone the machine becomes a jet
cngine.

The resultant flow of hot gas produces a forwards-

Comprressor

Combustion chamber

Turbine

Exbaust cone

al blc d e N

Diagram of a jet engine.

a) Air intake, b) Compressor blades, c) Ring of diffuser blades, d) Compressor rotor,
e) Front bearing, [) Fuel injector nozzle, g) Combustion chamber, b) Shafl, i) Nozzle guide vanes,
) Turbine rotor blades. k) Turbine rotor, 1) Tail cone.

Model Jet Engines
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A /

Types of turbine compressor.

a) Axial compressor, b) Radial compressor. c) Diagonal compressor.

directed force, i.e. there is an equal and opposite reaction
according to the familiar laws of physics.

The gas turbine is classcd as a heat engine as is the pis-
ton engine familiar to model flyers, so it will be no sur-
prise to find that both engines share certain basic
features. The working medium is first compressed and
then heated in a combustion chamber. In the piston
engine the heating occurs by the combustion of a fuel -
air mixture, the combustion occurring in an explosive
form. The result is a tremendous risc in pressure inside
the cylinder. In contrast, the analogous process inside the
gas turbine is isobaric in nature, i.e. the pressure remains
constant when the working gases flow through the com-
bustion chamber. Thus in the case of the gas turbine the
increase in usable power is not due to a rise in pressure
in the combustion chamber. Quite the opposite: in prac-
tice we have to accept a loss of pressure of a few per

Single stage axial turbine.
a) Nozzle guide vanes, b) Rotating blades.

12

cent in order to achicve stable combustion. The sole pur-
pose of the combustion chamber in a gas turbine is to
heat air. As a result the gas turbine is not bound strictly to
a specific fuel. In principle the engine could be made to
work if an electric heating element were used instead of
burning kerosene.

The crucial difference between the gas turbine and the
piston engine is in the sequence of the processes within
the engine. The piston engine completes the stages of its
power cycle in sequence, one by one, whereas the gas
turbine does everything at the same time. Air is constant-
ly sucked in and compressed, heated and expanded
again. [t is this very constancy which constitutes the great
advantage of the gas turbine. The individual processes
run continuously and in separate spaces or areas of the
engine.

Every gas turbine possesses a compressor and a tur-
bine. These components are designed in the form of a
continuous flow machine. In comparison with piston
engines they offer the important advantage that they are
able to produce great power in the smallest possible
space. For example, a model engine’s single turbine
wheel, just 65 mm in diameter, can drive a compressor
with a power absorption of more than 20 kW at full
throttle. In full-size jet engines the power levels are
astronomic - to the point where they are difficult to
comprehend.

The compressor of a gas turbine is always some form
of turbine machine; usually either an axial or a radial com-
pressor. In the case of the axial type the gas flows parallel
to the drive shaft, while the radial type hurls the gas out-
wards perpendicular to the shaft. A third type - the diago-
nal compressor - is used rarely, but it is still worthy of
mention. As is easy to see, this represents a hybrid of the
two other types. The air arrives in the axial direction and
is pushed on in a broadly axial direction. the diameter
of the flow increasing steadily. The axial compressor
is broadly similar to the fan of an impeller (ducted
fan). A compressor may consist of scveral
stages, cach stage consisting of a rotating compressor
wheel and a fixed diffuser wheel. also known as the sta-
tor. The rotor and stator are always fitted with a particu-
lar number of vanes or blades. The air is initially
accelerated as it flows through the stages, then slowed

Model Jet Engines



down again slightly. As a result of this process a propor-
tion of the air's kinetic energy is converted into pressure
energy in each stage. Multi-stage axial compressors are
standard for full-size gas turbines. Modern jet engines
have extremely complex compressors consisting of up to
17 stages and even more. The result is an increase in pres-
sure of up to 30 times.

The radial compressor is much simpler in construc-
tion and therefore much more suitable for model
engines. The air flows into the wheel in the axial direc-
tion and is then flung outward by centrifugal force. On its
own this device is known as a centrifugal compressor.
Once again a single stage consists of a rotor and a stator,
although the pressure increase per stage is much higher
than with an axial compressor stage. As a result gas tur-
bines with radial compressors can often manage with
only one stage.

Additional advantages of the radial compressor are its
robust nature and its inherent reliability. The disadvan-
tage is the large frontal area of the machine. Gas turbines
with a radial compressor are therefore always somewhat
bulky.

The second continuous flow machine in the gas tur-
bine is the actual turbine. This can be visualised as a com-
pressor “in reverse”. The turbine converts pressure
energy into the shaft power which is required to drive
the compressor. Since the hot gases contain much more
energy than the compressor absorbs, the system is self-
sustaining. If the final temperature after the combustion
chamber - what is known as the combustion gas temper-
ature - is high enough, additional power can be extracted
from it.

Like the compressor, the turbine itself may consist of
one or more stages. When the air reaches the turbine
stage it first flows through the stator which converts part
of the pressure energy into kinetic energy. As the gases
pass through the fixed
stator they are accelerat-
ed in the direction of
rotation of the rotor.
The gas is accelerated
once more within the
vanes of the rotor, but
this time in the opposite
direction. The net result
is a powerful peripheral
force acting on all the
rotor blades, and taking
the form of a propulsive
torque. This peripheral
force arises from the
recoil which the rotor
blades experience. As
the exhaust gases flow
through at high speed
they are accelerated in
the direction opposite to
that of rotation. On the
other hand the twisting
motion produced by the
nozzle guide vane sys-
tem produces an im-
pulse force in the rotor
blades, varying accord-
ing to the design of the
turbine stage.

Model Jet Engines

Like the compressor, the power turbine can be con-
structed in axial or radial form. The first successful gas
turbine designed by Pabst von Ohain (1937) was fitted
with a radial turbine. In the course of time the radial tur-
bine has been superseded almost entirely by the axial
type. Even by the 50s the radial turbine only survived
occasionally in low-power shaft power engines. However,
for model jet engines this type of turbine could still be of
interest.

The question of cfficiency

We will now consider the processes inside the gas tur-
bine somewhar more closely. If we adopt the process
described here, the engine can only function if the tur-
bine produces sufficient power to drive the compressor.

Unfortunately turbines and compressors are not zero-
loss machines. In each stage friction and turbulence
absorb part of the energy and waste it as heat. To mini-
mise friction losses there must be a gap between the
rotor blades and the housing to avoid any danger of foul-
ing. This clearance then allows a proportion of the gas
simply to slip past the rotor.

To counter this problem and still keep the engine run-
ning it is essential to keep the temperature of the gas -
and theretore its power capacity - high enough to com-
pensate for the losses. However, the permissible gas tem-
perature is not infinitely high. The maximum temperature
is limited by the swrength of the materials used in the
engine, especially where the modeller does not have
access to heatresistant steels. The only way out of this
dilemma is to strive for maximum possible efficiency of
the compressor and turbine. This is one of the most diffi-
cult problems for the modcller to tackle, since the laws
of physics have been drawn up to thwart the experi-
menter. The smaller we make the compressor and tur-
bine, the less efficient, in general terms. they become.

Already recognisably a model jet engine, this design produced 5 Newtons of
thrust at a maximum speed of 35,000 rpm. The fuel — pure diesel —was
vaporised in a copper tube and burned in a reverse flow combustion chamber.

13



Simply reducing the size of a gas turbine and building it
to model scale does not help, as it is impossible to
reduce the size of the gas molecules in the air at the
same time. It is the air molecules which are responsible
for the inferior aerodynamic characteristics of small jet
engine blades compared with large ones. It is the same
problem that we encounter with very small model air-
craft wings - which is what the blades really are. This
was the reason why we modellers were so pleased
when it proved possible to make a model jet engine run
at all.

The first engine which 1 constructed refused to run

Experimental engine: first run October 1990. maximum speed: 19.000 rpm,

pressure ratio: 1.04, fuel: propane gas.

.
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until the air diffuser system in the compressor region
had been reworked, and even then the engine's running
qualities were very unsatisfactory. In subsequent experi-
ments [ used the housing of a commercial turbocharger
in an effort to improve compressor efficiency. The
experimental engine based on this component worked
at the first attempt. The compressor and diffuser system
were taken from an exhaust gas turbocharger designed
for a lorry engine. and the air supplied by the compres-
sor was ducted to the gas-heated combustion chamber
by means of spiral tubing. The turbine was a home-
made axial device with a rotor formed from thin sheet
metal. Initially the
engine's efficiency was
50 poor that the system
could only just keep
itself running. At the
same time the tempera-
ture of the gas was so
high that the turbinc
rotor glowed bright
orange. Residual energy
for thrust was virtually
non-existent. When the
throttle was opened the
spiral hose inflated itself
horribly, and the com-
pressed air whistled out
from many a leak.

Since then 1 (and
others) have produced a
scrics of usable model
jet engines. The efficien-
cy of the stages has been
improved to the point
where the gas tempera-
ture can be held down
to a sensible level.
However. the relatively
poor rotor cfficiency still
manifests itself in the
engines’ high fuel con-
sumption: specific con-
sumption is about 2-3
times that of comparable
full-size engines and
about 8 times the con-
sumption of modern by-
pass engines.

The development
bistory of the
Jjet engine

Since they were in-
vented jet engines have
been the subject of con-
tinuous development,
and have c¢volved and
changed to an enormous
extent. The dual require-
ments of higher perfor-
mance and better fucl
consumption have re-
sulted in an endless
stream of new designs.

-
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S
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Clear trends can now be perceived: higher and higher
combustion gas temperatures (above 1500° ) and pres-
sure ratios mostly in the range 10 to 30. This is the only
way in which maximum power can be combined with
efficient exploitation of fuel. Turbine blades capable of
surviving under such conditions are extremely sophisti-
cated high-tech products. The simple form of the turbo-
jet - what we might call the pure jet engine - has been
almost entircly sidelined. In its place we find extremely
complex engines, most of them multi-shaft by-pass and
turbo-fan designs. There must be many modellers who
would like to design their own model jet engines, but
they will find no help at all in this type of prototype. On
the contrary: modern jet engines with all their sophistica-
tion do an effective job of scaring modellers off. If you are
one of those wonder-modellers who is capable of produc-
ing a miniature version of such an engine at model scale
vou will undoubtedly be feted as a master mechanical
engineer, but it is extremely unlikely that you will be able
to persuade your engine to run.

The jet-minded modeller really has no alternative but
to concentrate on the essentials of the matter: the open
gas turbine process. The first question we have to tackle
is this: can a jet engine function at all if we do not
achieve a particular minimum pressure ratio or a particu-
lar gas temperature? Fortunately the answer is yes;
theory promises that a gas turbine will function even if
the gas temperature is kept down to a value which we
can comfortably handle. Prospects are also good when
we consider pressure ratios; in fact, any minuscule excess
pressure is theoretically sufficient to keep a gas turbine
running.

Supporting evidence for this theory is found in early
gas turbines. The first examples were extremely simple in
design, but they did work. The thermodynamic data,
pressure ratio and combustion gas temperature of these
engines are within regions which we can certainly
achieve with model jet engines. In short, if we are look-
ing for full-size jet

back as 1935. From today’s point of view this machine
had more in common with a washing machine drum than
a jet engine, and indeed it could not run independently.
Ernst Heinkel, who recognised the significance of Ohain's
work, allowed him to continue his experiments in the
Heinkel works. About a year later, in March 1937, von
Ohain's 82 engine ran autonomously for the first time.
Only one month later Frank Whittle's engine was also
running. Two years later the $2's successor - the He 83 B
- had been developed to the point where it was capable
of propelling an aircraft.

Von Ohain's engine is notable for its simplicity and
functional nature. He used a radial compressor and a radi-
al turbine, both with an initial diameter of 600 mm. An
axial compressor stage was fitted in front of the radial
compressor in an effort to increase the pressure ratio.
The rotor, i.e. all the wheels and the shaft, was mounted
on ballraces; one each between the axial and radial com-
pressor stages and one behind the turbine. The maximum
rotational speed of the §2 engine was 10,000 rpm at
which point it produced a constant thrust of 1,270
Newtons. The exact thermo-dynamic data for this experi-
mental engine are not available, but calculations show
that the compressor could only have produced an excess
pressure of around 0.8 to 1 bar.

It proved necessary to carry out a tremendous amount
of experimental work in order to optimise the combus-
tion chamber. Initially von Ohain used a short-cut, in so
far as gascous hydrogen was used as the fuel. This gas
forms a combustible mixture when mixed with air in
almost any proportion. Later a number of tubes were fit-
ted, running through the combustion chamber. Petrol
was pumped into the engine and vaporised in these
tubes, so that it was in a more or less gascous stage when
it reached the combustion chamber.

Similar problems afflict today’'s model jet engines. and
the burning of liquid fuel still presents us with serious dif-
ficulties.

engines which might

encourage us in our

=

quest for successful
model gas turbines, we
should go right back to
the original develop-
ments.

It all started in the
1930s

The history of jet
engines begins in the
late 1930s. The German
physicist Hans-Joachim
Pabst von Ohain and
the Englishman Frank
Whittle developed the
first engines indepen-
dently of cach other and
almost exactly at the
same time. Von Ohain

N\

\.

N

had been experimenting
with the new propulsive
technology since 1933.
His first experimental
engine, termed the S1,
was completed as far

On 27th August 1939 the first jet-powered flight took place when the He
178 flew powered by the He 83 B jet engine. Thrust: 4.9kN at 13,000 rpm,
throughput: 12 kg/s, diameter: 1.2m, mass: 360 kg.

(from: Leist, Encyclopedia of jet engines [German]).

Model Jet Engtnes
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Model jet engines which are capable of running on
diesel or kerosene usually exploit the technique of pre-
vaporisation. This technique was tried at the time, but in
spite of its simplicity it was not successful. Today it has
become a useful technique for model jet engines once
again.

The robust jet engines of the 1950s

In the course of time more and more companics
turned to the development of this type of engine.
Amongst the best-known manufacturers at that time
were Allison, General Electrics, Pratt & Whitney, Bristol,
de Havilland, Rolls-Royce and Turbomeca, and these
companies produced numerous variants on the gas tur-
bine theme. Initially many engines were bascd on Frank
Whittle's general design. The primary feature of these
engines is their twin-flute radial compressor and single-
stage axial turbine. The compressor wheel features
vanes on the front and rear faces. which means that
double the quantity of air can be moved. A gigantic dif-
fuser system is usually connected to the rotor, ending in
convoluted ducts running to the individual combustion
chambers. An axial turbine is used. This type of engine
is very clumsy and bulky, and its great frontal area
makes it a poor contender for use in high-speed jet air-
craft.

Nevertheless the Whittle design was very popular

because of its simplicity and reliability. In many countries
it was the starting point for further developments, and
numerous variants were produced. These jet engines
were used to propel many famous aircraft types. Thanks
to the engine types’ widespread application we find
examples in most musecums and exhibitions of aircraft
technology. The technology is of particular interest to us
because we can clearly see in it the elementary principles
of the jet engine. The basic layout, i.c. radial compressor
combined with axial turbine, is often used nowadays in
model jet engines.

Another very successful family of engines was devel-
oped by the French firm Turbomeca. The company was
founded in 1938 with the aim of manufacturing air com-
pressors for supercharging piston engines. The develop-
ment of small gas turbines began in 1941, and the first
approved jet engine of the series was known as the
Pimene, which produced 1,080 Newtons of thrust. The
Palas and Marbore types followed in 1951 and 1952
respectively. At the same time shaftt power engines were
derived from the basic design by adding a further turbine
stage. Probably the hest known representative is the
Artouste which was used in numerous helicopters,
including the Alouette.

All these engine types were based on a radial com-
pressor and an axial turbine. The design of the compres-
sor gives important clues to the would-be designer of

Allison J33-A-35 —Manufacturer: Allison Division. Indianapolis. USA, thrust: 20.5 kN at 11,750 rpm,
throughput 39.5 kg's, pressure ratio: 4.25, exbaust gas temperature: 686° C, mass: 826 kg, 14 individual
combustion chambers. Used in Lockbeed F80 Shooting Star and Lockheed T33.

16
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Examples of the Turbomeca Marbore II can be _found in many museums. Continuous thrust: 3.1 kN at
21.000 rpm. maximum thrust: 3.9 kN at 22.600 rpm (limited to 15 minutes). pressure ratio: 4, mass: 1406 kg,
length: 1.566 m, diameter: 567 mm.
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duration. Of course,
very small professionally
built gas turbines do
exist, and the modeller
can draw inspiration
from them. This type of
miniature engine is
often utilised where
high Icvels of propul-
sive power must be
combined with low
weight and compact-
ness. For example, a
portable fire-fighting
water jet has been built
powered by a miniature
gas turbine made by the
company of Kloeckner-
Humboldt-Deutz. Most
of the engines of this
type are based on radial
compressors and some
of them even use radial

turbines.

The Allison J33-A-35 is a typical representative of the Whittle school of design,

bere with the double-fluted compressor clearly visible. Each combustion
chamber is assigned 1o one duct of the compressor diffuser system.

Drone engines and
APUs (Auxiliary Power
Units)

Small jet engines are
often used in unmanned
aircraft (drones), which
are usually designed for
a short flight duration
and are subsequently dis-
posed of after being
us¢d once. For this rea-
son the engines are also
designed for a short life.
The main design criteria
for these units are low
weight and, above all,
minimum possible cost.

Perspective cut-away drawing of the Marbore II (from: Leist, Encyclopedia of jet

engines [German]).

model jet engines. In order to keep the frontal area of the
engine small the designers employed an ultra low-profile
compressor diffuser system. The diffuser vanes were
arranged in two rings - one radial, directly aft of the com-
pressor wheel, and one axial at the periphery of the dif-
fuser system, after the direction of the airflow had already
been deflected. This neat trick allowed the company to
build relatively slim engines which were very robust. The
same general type of diffuser system is also used success-
fully in model jet engines.

Prototypes for model jel engines

OId jet engines can certainly give us ideas for small
model versions, but there is no point in talking of actual
prototypes. To my knowledge, fully working jet engines
small enough to be used to propel a standard model air-
craft did not exist until the late 80s. It is true that ama-
teurs made many attempts at constructing engines 1o
model scale, but any success they achieved was of short
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A typical single-use
engine of this type is the
Williams WR 2 madce by
Williams Research Corp.,
Walled Lake, USA, which was used in the Canadair C189
reconnaissance drone. Fuel is injected via fine openings
in the rotating engine shaft, which acts as a centrifugal
pump. The compressor and turbine rotors are each manu-
factured in one picce using a precision casting process.
This little engine’s rotational speed and gas temperature
are very high, with the result that it achieves an excel-
lent pressure ratio and efflux velocity, comparable to the
performance values for full-size engines of similar
design.

At the same time the sturesses due to temperature and
centrifugal force rise to such levels that the turbine wheel
can only survive for a few minutes.

The most common application for professionally built
small gas turbines is the APU, or Auxiliary Power Unit.
These are supplementary aircraft engines which provide
additional power when required. Small shaft power
engines are used to drive electrical generators or
hydraulic systems. Often these gas turbines can also sup-
ply compressed air in order to start the main engines.

Model fet Engines



The KHD T112 is a
typical APU. Other
examples are the T212
air pump and the T312
used in the Tornado.
These engines were
developed and built at
Oberursel near Frank-
furt. The rotors are
almost of model size,
and the compressor
consists of one axial
stage and one radial
stage. The combustion
chamber is designed as
a reverse flow type in
order to save space.
After the combustion
chamber comes a two-
stage axial turbine. The
axial compressor stage

is particularly note-
worthy, as the blades of
this “trans-sonic”™ wheel
run at supersonic speed
at full load. These
blades prove that it is
possible to design very
small axial compressors
capable of achieving
high levels of cfficiency.
In technical terms the
engines of this type are
very highly refined
power plants, and any
amateur attempt at emu-
lating them would cer-
tainly be doomed o
failurc. Even so, it is
obvious that much small-
er gas turbines could
have been made if a
need for them had
arisen.

In the meantime KHD
has been taken over by
BMW and Rolls-Royce.
Even today the new
company of BMW Rolls-
Royce GmbH continues
to work on full-size
engines and small gas
turbincs.

Hyper-charging

There are other sources of ideas for the modeller
interested in miniature jet engines. Another area which
at first sight has nothing to do with jet engines can, in
fact, give us some interesting food for thought. Indeed.
this is an area where some important components can
even be used directly in our model jet engine. What we
are talking about is exhaust turbochargers. A turbocharg-
er is basically a compressor which is used to feed pre-
compressed air to a piston engine. This technique
increases the engine's air throughput so that it can burn
more fuel and produce more power. The engine’s

Model Jet Engines
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KHD T112, built 1963, length: 789 mumn, diameter: 368 mm, throughput: 0.86 kg/'s,
pressure ratio: 4.96, speed: 64.000 rpm. 104 kW shaft power. mass: 34.1 kg, a
starter is fitted in the air intake.

Williams WR2, built 1962, thrust: 550 Newtons, speed: 60,000 rpm, throughput: 1
kg/s, pressure ratio: 4.1, diameter: 274 mm, mass: 13.6 kg, a generator is built
into the intake opening.

exhaust gascs flow through the turbocharger and drive
the compressor via its turbine stage. Therefore inside
every turbocharger there are a turbine and a compres-
sor.

A disadvantage of exhaust turbo-charging is the
delayed response of the turbocharger. If the driver sud-
denly opens the throttle from idle the charger pressure is
very low, and therefore requires a certain amount of time
to get up to speed. This accounts for what drivers of
turbocharged cars know as turbo-lag. In modern
turbochargers the inertia of the rotor is so low that turbo-
lag is barely perceptible. One very neat solution to this
problem is the bi-turbo, where two small chargers, with
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Experimental gas turbine based on a turbocharger.

correspondingly short response time, are used instead of  bocharger to zero - this technique is known as hyper-
one larger one. charging and it exploits the fact that a turbocharger is

For special purposes a further alternative is available  already almost a gas turbine. The housing of the charger
which can be used to shorten the response time of a tur-  accommodates a turbo-compressor and a turbine. The

Internal view of the KHD T112 showing the two axial turbine stages and the
reverse flow combustion chamber. The turbine rotors are 100 mm and 130 mm
in diameter — almost model size already.
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throughput of the tur-
bine stage is accurately
matched to that of the
compressor, for the
mass of the exhaust
which the engine emits
is exactly the same as
the mass of fresh air it
ingests. The mass of the
fuel fed to the engine is
so small that it can be
ignored. The exhaust gas
turbocharger is there-
fore almost a gas tur-
bine; all it lacks is a
combustion chamber.

In the case of a hyper-
charger the turbocharg-
er is connected to a
combustion chamber.
When the main engine is
idling, the valves leading
to the combustion cham-
ber are open, and fuel is
injected and burned.
The turbocharger is tem-
porarily converted into a
gas turbine by this
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means, and therefore maintains a high rotational speed.
The main engine now has high charger pressure available
at any time. with zero lag, and the net result is that the
engine can produce high torque even at low e¢ngine
speeds.

Hyper-charging represents highly specialised technolo-

Model Jet Engines

gy and is seldom used. Its main application is to provide
brief increases in power in diesel engines. For example,
the BKS process developed by MTU (Motoren-und
Turbinen-Union, Munich) for military tank ¢ngines
exploits this technology.

The vital point of all this is that the modeller can
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exploit exhaust gas turbochargers as a source of parts for
model jet engines. The efficiency levels achicved by tur-
bocharger compressors and turbines are sufficiently high
to enable a small gas turbine to run; and this applies 10
very small units too, as shown by the performance graphs
of a turbo-engine. At full throttle turbocharger pressure
rises far above exhaust pressure. You might think that
this indicates a rise in gas pressure inside the combustion
engine, but this is not so. This is what happens: simply
heating the gases is sufficient to drive the turbocharger. It
would also run if the engine were removed and a simple
combustion chamber were installed between compressor
and turbine.

I constructed just such an engine for experimental
purposes, based on a scrapped lorry turbocharger with a
rotor diameter of 76 mm. The combustion chamber con-
sisted of a tin can, and the engine was run on propanc
gas. It is only really possible to start this monstrous cre-
ation using a vacuum cleaner fan. Even when the flame is
burning in the combustion chamber some patience is
called for, since the engine will not run until the oil in the
bearings has reached its operating temperature and the
rotor system floats on the film of lubricant. When the
engine is running, lubricating oil is pumped into the tur-
bocharger bearings from an oil tank connected to com-
bustion chamber pressure.

If you are interested in trying this out. please bear in
mind that this crude object is nevertheless a fully func-
tional gas turbine with all its inherent characteristics, and
that it must therefore be handled with appropriate cau-
tion.

For safetv’s sake you should keep to a maximum com-
pressor pressure of 0.3 bar - which equates to a rotation-
al speed of around 50,000 rpm in this case. The turhine
wheel can be observed with the help of a mirror and the
gas supply throttled back if it starts glowing more brightly
than dull red. Liquid fuels such as petrol or diesel should
not be used, again in the interests of safety, since liquid
fuel tends to collect in the compressor housing if it is not
burned immediately.

When the engine is run up to speed this fuel is then
disturbed and burned. If this occurs the engine may then
accelerate uncontrollably and run up to dangerously high
speeds.

Frank Whittle encountered similar problems during his
first experiments in April 1937. It is reported that Whittle
opened the fuel valve of his WU (Whittle Unit) from an
initial speed of 2,300 rpm. Immediately the engine ran
out of control, accelerating very quickly and emitting a
deafening wailing noise. whereupon everyone except
Whittle himsclf immediately ran for cover.

The reason for this unexpected behaviour was leaking
fuel lines in the combustion chamber. Even before the
engine was ignited, pools of kerosene formed and imme-
diatcly caught light. leading to uncontrollable combustion
and very high gas temperatures.

Early model jet engines

Many amateurs have made brave attempts at building
model jet engines. but until recently the success rate has
been modest. A good few engines have been constructed
using admirable manual skill and hundreds of hours of
tender loving care, but even so they are destined for a
quiet life in a collector's showcase. In some cases the
reasons for failure can be seen just by glancing at the
engine.
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All those turbine designs which have come to my
notice, and which one can believe might have run, have
one feature in common: they implement the basic physi-
cal working principle using the simplest possible means.
In virtually every case the air is compressed using a
single-stage radial compressor, and the turbine section
also employs only a single wheel.

Nevertheless, a number of modellers have actually suc-
ceeded in making verv small engines which were capable
of running, and have used them to propel model aircraft.
The next section deals briefly with several different
model jet engine types. Many of them are not in use today
any more. New powerful successors supplanted them,
but especially here we can see the different approaches
the constructors chose to reach their target, a real work-
ing model jet enginc.

Max Dreher’s Baby Mamba

Whether this is really a model jet engine depends on
your point of view. The engine is several magnitudes
smaller than a normal aviation engine, but is still a touch
too large for modcelling use. The Baby Mamba, or more
accurately the TID-76C, was developed and built in the
mid 50s by Dreher Engincering (USA). The whole
cengine has a mass of 6.5 kg, its diameter is 151 mm,
overall length 416 mm. The Baby Mamba produces a
thrust of 200 Newtons which can be increased to 240
Newtons for brief periods, at which point the rotor
speed is 96,000 rpm. Originally the Baby Mamba was
designed as an auxiliary power source for gliders and as
a power plant for lightweight drones. One feature of this
engine worth mentioning is its unconventional compres-
sor design. The Baby Mamba is one of the few engines
which utilise a diagonal compressor. This type of com-
pressor generates a pressure ratio of 2.8 from a single
stage. Of course, this is slightly lower than can be
obtained with a radial compressor at the same peripheral
speed, but the diagonal compressor makes up for this
with a much smaller frontal arca. For this reason the
Baby Mamba is an extremely slim aircraft engine.
Unfortunately the engine is too complex to be copied at
true model scale. The turbine and combustion chamber
are made of heatresistant nickel-based alloys, and these
materials are difficult for the modeller to obtain. The
design of the compressor also calls for too much exper-
tise from the experimenter. The distribution rights to the
Baby Mamba are owned by Franz Kavan, but the engine
is of no significance for model applications.

The Swedish PAL System and its successor
Turbomin

Back in 1982 three Swedes succeeded in building a
working model jet engine. The name of the design is
derived from the Initials of the constructors: Prisel. Alme
and Lyrsell. The core of the engine is the rotor of a Garret
turbocharger, consisting of a radial compressor and a
radial turbine. The actual engine is built around the stan-
dard rotor. One notable feature of this engine is the
design of the combustion chamber, which is annular and
arranged around the exhaust cone. As a result it can be
made as long as the designer wishes since it does not
have to fit between compressor and turbine. Reports
state that the engine has produced a thrust of 120
Newtons at a rotational speed of 105,000 rpm at full
throttle. The PAL jet engine is 460 mm long, 150 mm in
diameter and has a mass of 4 kg. Type JP4 kerosene was
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used as fuel. Although

these figures are good.
the PAL system was not
adopted for model fly-

ing; at least, not during
the period in which it

was developed.

Since that time the
Swedish firm of
Turbomin has produced
another version of the

L
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\

engine which reflects
further development
work. The basic design,
with its characteristically
large reverse-flow com-

bustion chamber, has

been retained, and this means that it is possible to use
actual full-size fuel of the JET Al type of kerosene. Fuel
enters the combustion chamber via five injector nozzles,
derived from the atomiser nozzles used in an oil fired
burner. At full throttle the Turbomin consumes 330 ml of
kerosene per minute at an injector pressure of 10 bar,
and develops a thrust of 75 Newtons. The maximum rota-
tional speed is 100,000 rpm. and the pressure ratio is 2.1.
The starting procedure is ingenious: initially fuel is fed to
the engine by a separate fuel pump in the pit box.
However, the kerosene only reaches the combustion
chamber through one of the five atomiser nozzles,
where it is ignited by a high-voltage spark plug. Only at
this point does the actual injector pump start running,
taking over the fuel supply system completely. The rotor
is run up to speed using compressed air applied directly
to the compressor wheel. All in all the Turbomin TN 75
is a very solid jet engine. Great emphasis has been
placed on the simplicity of the design, and expensive
high-tech components have been largely avoided in the
interests of low price, even though this has limited its
potential performance. For example, the ballraces used
are simple standard bearings. and the rotor system is a
modified unit from a Garrett turbocharger. In actual use

The compressor wheel made of bigh-quality
phywood, reinforced with carbon fibre.
(Photo: Schreckling)

Model Jet Engines

Compressor Turbine Combustion chamber | Fuel injector jet \ Exbaust cone
Diagram of the PAL engine.
in the field, the turbine is impressively simple to handle.

Maintenance work can and should be carried out by the
customer, including bearing replacement. For the highly
stressed rear turbine bearing the estimated exchange
interval is 100 flights. The TN 75 weighs 3 kg including,
the fuel pump. The diameter is 148 mm, the length 25
mm. This makes the engine one of the heavier types cur-
rently available, and quite a large model is required to
accommodate it.

Kurt Schreckling’s FD series

In my opinion the FD engines (FD = Feuer-Dosen -
gas canister) represent the most notable achicevement to
date in the area of model jet engines. Kurt Schreckling
was the first modeller successfully to construct very
small, lightweight jet engines using amateur means. His
starting point was not full-size jet engines; instead he

The Baby Mamba — an eye-catching picture on the
Kavan catalogue.
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took the fundamentil principles of the gas turbine as his
reference point and worked “from the ground up™.

The focal point of his consideration was this: what
was the best way of making small rotors in order to
achieve maximum possible efficicncy? The outcome was
a radial compressor with many ingenious features: a
rotor with substantially retro-curved blades and a cover
plate. This is a type of construction widely used in
industrial fans, but probably never before used in a jet
engine. The cover plate over the blades almost complete-
ly avoids the gap losses which are critical in small
engines. A further advantage of this type of compressor is
its non-temperamental behaviour. Whether the rotor is
required to move a large or small quantity of gas, the

The FD 2: the first airworthy model jel engine powered by normal filling station

Juels. (Pboto: Schreckling)

unit’s efficiency usually stays at a high level. The only
drawback is the rotor’s slightly lower maximum rotation-
al speed compared with a wheel not fitted with a cover
plate.

The compressor is driven by an axial turbine. This is
made of 2.5 mm thick sheet metal. The blade profile is
worked from the solid using a mini-grinder. Before Kurt
Schreckling completed his first working engine he car-
ried out many experiments with compressors and tur-
bines. He found that the efficicncy of each stage was so
good that the engine was bound to work - at least,
according to theory. The first engine that he persuaded
to run was an cxperimental unit which was not recog-
nisable externally as a gas turbine.

The next-but-one ver-
sion - the FD 2 - was
already such an improve-
ment that it proved
capable of propelling a
model aircraft. This early
engine could already run
reliably on liquid fuel: a
mixture of diesel and
about 15% petrol. The
engine’'s compressor
wheel was made of ply-
wood as in his initial
experimental work, but
in this casc¢ it was
wrapped with carbon
fibre to reinforce the
rotor and the cover
plate. This construction
has proved strong
enough to withstand
peripheral speeds of
more than 300 m/s with-
out failing.

The engine  was
developed further to
produce the FD 3 and
finally a production ver-
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sion in kit-form. All the
cngines in the scrics
feature a compressor
wheel built as des-
cribed. although the
production version is fit-
ted with a compressor
wheel cast in aluminium
alloy. Another character-
istic feature of the FD
series is the fuel vapori-
sation system. It seems
likely that it was this sys-
tem together with the
combustion chamber
that absorbed most of
the designer’s experi-
mental labours. The
vaporiscr itself consists
of a coiled tub¢ about
one and a half metres
long, located inside the
combustion chamber. A
gear pump pushes liquid
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fuel into the hot vaporis-
e¢r where the fuel, still
under pressure, is par-
tially vaporised. As pres-
sure falls off more fuel
vaporises in the injec-
tion openings lcading
into the combustion
chamber.

The residue of the
fuel, still in liquid form,
is injected into the com-
bustion chamber in fine
particles where it burns
successfully. Using this
technique the designer
was successful in creat-
ing engines which
would run on Standard
“Filling Station™ fucls.
This is an important
development, as model
jet engines will only
become widespread if
they are €asy to operate.
FI) engines do not nced
propane gas, which,
although it does burn
cleanly and easily, is a

The kit version of the FD 3 is produced by the Austrian firm of
Schneider-Sanchez.

safety risk in a model aircraft. struction. The sealing of the housing presents no major

The thermodynamic data of the FD engines are as  problems. The exhaust temperature is in the range 600°C
unusual as the overall design. The pressure ratio is very  to 650°C - values at which ordinary 316 stainless steel
low, reaching a value of only 1.5 at full throttle. As a  can still - just - be used as turbine material if rotational
result the whole engine can be of very lightweight con-  speeds are kept to moderate levels. The jet efflux speed

Rutonius, presented by its builder, Kurt Schreckling.

Model Jet Engines
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This modified FD 304 features a compressor
wheel machined from the solid. The builder
decided not to fit a cover over the compressor.

is about 200 m/s, which is relatively low in comparison
with fullsize engines. As a direct result of this the engine
is very quiet in operation. The familiar thunderous noise
of fullsize jet engines is primarily a function of their very
high efflux speed, and the FD engines side-step this prob-
lem. The engine’s thrust of 30 Newtons is high for an
engine mass of about 750 g, and this is due to the consid-
erable throughput.

The engine is 265 mm long and 110 mm in diameter.
These figures make the FD 3 hard to beat in terms of
thrust/weight ratio; even full-size jet engines do not
always achieve such good values. In overall terms the FD
3 must be judged an effective model jet engine, and it has
already proved its reliability and practicality in many mod-
els. Thanks to the constructional drawings produced by
Kurt Schreckling many modellers have already produced
their own versions, which have been made and flown in
many parts of the world.

The JPX T240, the first series-produced model jet engine.
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Turborec T240 from JPX

JPX, a company based in Vibraye in Northern France,
was the first firm to produce a jet engine specially devel-
oped for model aircraft. The company's first turbine, the
Turborec T240, was manufactured and marketed as far
back as 1991. It is a small engine with a radial compres-
sor and radial turbine. The design is based on develop-
ment work carried out by the Frenchman Michel Serrier,
who had worked on producing a practical model jet
engine since the mid-80s. For his experiments he used
the complete rotor of a small turbocharger of 60 mm
diameter. In taking this approach he started with the
advantage of a complete, professionally manufactured
rotor system. The compressor wheel and turbine wheel
are accurately matched to each other in terms of through-
put and are of good efficiency. In addition the turbine
wheel is made of high-strength. heat-resistant materials
and can withstand very high loads in terms of tempera-
ture and rotational speed.

The entire rotor is surrounded by a specially made
housing. In contrast to a turbocharger this design
employs rings of guide vanes. The compressor diffuser
system is similar to that of the Turbomeca Marbore, i.e.
it features one radial ring and one axial ring of guide
vanes, milled from aluminium alloy. The individual
vanes are machined from the solid on CNC milling
machines. The combustion chamber was designed to
run on propane gas only, although that does not apply
in the latest models. The liquid gas first flows through a
ring welded onto the hot thrust nozzle. This arrange-
ment represents a4 small heat exchanger, which partially
vaporises the fuel. The propane eventually reaches the
turbine’s throttle, where a needle valve is used to control
the gas flow, and with it the turbine’s rotational speed. A
second adjustable throttle limits the fuel flow to the
combustion chamber. Using this technology the engine
offers clean and almost complete combustion. For the
same reason a fuel pump is not required since the gas is
under pressure and readily flows into the engine. After
the combustion cham-
ber the hot gases flow
into the nozzle guide
vane system. This sec-
tion is also different 1o a
turbocharger because it
features guide vanes.
The hot gas, now at a
temperature of around
750°C, eventually reach-
¢s the turbine wheel,
where it gives up the
major part of its energy.
The remaining heat loss
takes place in the high-
volume thrust nozzle.
The working gas finally
leaves the engine after
being accelerated to a
speed of more than 300
m/s.

The T240 produces a
thrust of around 45
Newtons at full throttle
and a rotational speed of
122,000 rpm. The pres-
sure ratio is around 2.15,
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the exhaust temperature
approximately 650°C.
Further thermodynamic
data has not yet been
published by JPX,
although calculations
indicate a throughput of
around 0.13 kg/s and an
c¢xhaust speed of 345
m/s. The combustion
gas temperature is prob-
ably around 830°C. At
these operating values
the Turborec achieves a
very commendable fuel
consumption of around
135 g gas per minute,
This corresponds to a
volume of approximate-
Iy 270 ml of liquid gas.
The mass of the T240 is
1.7 kg. the length 335
mm, the maximum diam-
eter 116 mm.

The engine has been
the subject of a continu-
ous programme of modi-
fication and development. Its direct successor, the T250P,
offers increased thrust combined with lower engine mass.
JPX quotes a continuous power rating for this engine of
49 Newtons at a speed of 118,000 rpm. The engine
weighs 1.55 kg plus auxiliary equipment. The thrust of
the turbine can be increased to a maximum of 59
Newtons for a brief period, for example, at take-off.
Further development has resulted in a new, own-design
rotor system, in which the compressor and turbine
wheels are connected to each other by a large-diameter
tubular shaft. The wheels are manufactured specifically
for this engine. The turbine based on this work is the
T260P, and its specificd power output is 60 Newtons
continuous thrust. Its mass remains at 1.7 kg. The other
dimensions are largely the same as those of the original
T240 version. These later engines also run on propane
gas.

Handling the fuel (liquid propane gas) does require a
cautious, circumspect approach. The only type of fuel
tank which can be used is a pressure container, and this
must be located close to the Centre of Gravity of the
model aircraft. Without doubt propane gas represents a
considerable fire hazard. If the model should catch fire,
the tank represents a danger to everything in the immedi-
are vicinity. For this reason a fire extinguisher is an
absolutely essential component of the standard equip-
ment - although this also applies to other types of jet
engine. On the other hand propane gas is a clean fuel; the
model never becomes soiled with spilt diesel or
kerosene. A further advantage is the lack of problems in
igniting the mixture in the combustion chamber.

In recent years great cfforts have been made in con-
verting the turbings to run on kerosene. On several occa-
sions the company has announced series production of
the “K" version designed for liguid fuel, and eventually
this version did reach the model shops. The turbine
emplovs a number of small injector nozzles which atom-
ise the kerosene very finely. Some JPX owners have also
converted their own engines to kerosene by replacing

Model jet Engines

The JPX turbine on the test stand.

the standard combustion chamber with a kerosene-butrn-
ing variant using hooked tubes (sticks). The various ver-
sions for Jet Al fuel all produce the same thrust as the
propane gas powered types. JPX turbines have proved
their practicalityv at numerous flying events, and they
been popular and successful in spite of their high pur-
chase price. Several kit manufacturers have offered ver-
sions of their models that are specially designed for
these engines. There have cven been models which
have were designed exclusively for the installation of the
T240 or their successors. The importance of the JPX
series later decreased from vear to year. Other construc-
tions with axial turbine wheels have proven faster to
accelerate and more powerful. Also the use of liquid
propanc gas has always been a disadvantage compared
to the easy to handle kerosene. Modellers using the
Turborec need a considerable amount of auxiliary
cquipment: compressed air is needed to start the engine.
This is fed through a nozzle to the compressor wheel,

Tbe Sopbia ligquid fuelled engine is of very similar
appearance to the JPX family.
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The T250P supplies plenty of thrust when correctly
installed in the fuselage.

which it sets in rotation. JPX has now stopped develop-
ing and producing this famous series.

Model jet engines to date

In recent years various turbines have been developed
to the point where they are ready for series production,
and are now available to the keen modeller. The thrust
figures rose almost from ycar to year and have reached a
level that is almost too high for many amateur pilots.
Thrusts of 140 Newtons and more are widespread.
Vertical climbs are easily possible if the model weight is
low.

At the same time. manufacturers also realised the
demand for even smaller engines. With higher rotational
speeds it is even possible to build much smaller engines
then described here in the building instructions.
Compressor diameters of only 30 mm and below are used
in commercial engines. These small units reach rotational
speeds of 180,000 rpm and more. Apart from their main
use - producing thrust to propel the aircraft - these very
small engines have proven ideal for driving a second
stage free turbine to deliver shaft power.

The general layout has become more and more similar
nowadays. The designs follow the former amateur con-
structions, as they have proven reliable and powerful. All
model jet engines use compressors from car or lorry tur-
bochargers. The working turbine is a single stage axial
type. The use of heat resistant alloys such as Inconel 713
or Nimonic types is standard today. The design of the
combustion chamber has been taken over from the home-
built engines. Pre vaporisation of kerosene in sticks from
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the rear is state of the art. Only AMT still use their own
walking sticks type. Burning real kerosene in model size
combustion chambers was formerly a significant problem.
Nowadays most combustors work well with kerosene so
that tanks with liquid propane gas are no longer required.

Automatic starters that spin the engine’s rotor on com-
mand are also widely spread. These motors are located in
the air inlet. When started, the inertia of the clutch press-
¢s an oring to the spinner of the compressor wheel. As
long as the engine’s shaft doesn't overtake the starter, the
system is loosely coupled.

Mirroring developments in full-size engine building.
the trend has been towards higher pressure ratios and gas
temperatures. However, the rise has been modest, and
the values are still a long way below those used in “full-
size” aviation. As a result it is inevitable that fuel efficien-
cy and power density remain inordinately low in
comparison.

In general terms it is important to have a realistic
understanding of the complexity of all the model jet
engines currency available commercially. Extremely tight
manufacturing tolerances are essential where all the
revolving parts are concerned, otherwise there can be no
guarantee of long, trouble-free operation. Some of the
components used for the rotor. especially the radial com-
pressor, are sourced from the motor car industry. These
parts are dynamically balanced with great precision at the
factory, and this ensures smooth running even at very
high rotational speeds. Any attempt at improving the bal-
ance - unless you have expensive special equipment - or
even dismantling the rotor assembly incorrectly, almost
inevitably results in a worsening of rotor balance.
Maintaining the engine in the amateurs modeller’s work-
shop, as happens with small piston engines, is generally
not possible. Most manufacturers state that a defective
engine must be returned to the manufacturer, or an
authorised service centre, for servicing, and there are
good reasons for this.

The jet engine’s control system is also complicated.
Most commercial turbines are supplied with control units
that automatically regulate the engine, based on crucial
factors such as rotational speed or pressure, and exhaust
gas temperature. The control unit’s software includes a
special program sequence for starting the engine, which
ensures that the fuel flow is metered at the optimum rate,
the propane gas for starting can enter and the glow plug,
is turned on for this moment. These facilities make
engine operation much easier and also safer. Today many
e¢ngines can be started and run completely via the remote
control. During operation the rotational speed and the
exhaust gas temperature (EGT) are permanently moni-
tored and regulated.

It is especially important that the control unit takes
into account the possibility of user error, and eliminates
the dangers from such mistakes. Playing about with the
throttle stick when controlling a piston engine does no
harm, but repeating the experiment with an unregulated
jct engine will wreck it in very short order. At one
extreme the rotational speed of the turbine may fall
below what we call the sustain speed, i.e. below the
point at which the rotor is capable of accelerating under
its own power. At this point the compressor and turbine
are working at greatly reduced efficiency, and at the same
time bearing friction has a much more serious influence.
If you open the throttle in this state, any turbine will be
damaged or even ruined in just a few seconds. Even more
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AMT Olympus KH66 WREN MW54 JF-50 Bee
Engine diameter (mm) 130 112 87 80
Length (mm) 267 230 150 173
Compressor diameter (mm) 84 66 54 50
Turbine diameter {mm) 84 66 55 50
Engine weight
(without fuel pump and ECU) 2475 930 800 800
Maximum rpm 108’000 115'000 160°000 180’000
Idle rpm 34°000 35’000 45'000 50000
Thrust @ max rpm (Newton) 230 75 54 63
Pressure ratio 4.0 2.2 2.3 23
Fuel consumption (ml/min) 800 300 210 220
Mass flow (kg/s) 0.45 0.23 ~0.18 ~0.2

dangerous is the opposite extreme, which is the turbine’s
ability to run away uncontrollably. This is simply the
result of feeding too much fuel to the engine, and allow-
ing it to exceed its safe maximum rotational speed. The
latter case is particularly hazardous and the control unit
must prevent it happening with perfect reliability.

Any modeller who uses a jet engine must be fully
aware of the special characteristics of these powcer plants
and handle them cautiously and responsibly. However,
model jet engines can be considered safe provided that
you observe elementary safety precautions aimed at prop-
er fucl metering and the avoidance of fire.

1.1. The J-450 by Sophia Precision

The overall design of the Japanese J-450 turbine is very
similar to that of the French T 240: here again we find a
rotor consisting of a radial compressor and radial turbine.
The major difference between the two engines is the
combustion chamber system: the J-450 uses a mixture of
petrol and kerosene as fuel. Burning this mixture in such
a small combustion chamber presents many problems. In
contrast to propane gas, the liquid fuel has to be very
finely atomised or vaporised. For this engine Sophia
Precision decided to take the route of direct injection
through small atomiser jets, using an injector pressure of
around 10 bar at full throttle. The high pressure is pro-
duced by a powerful electric gear pump, which sucks the
fuel mixture from a tank and forces it into the engine. Of
course, the turbine could also be run on pure kerosene,
but to achieve reliable ignition of the mixture in the com-
bustion chamber the flash point of the fuel must be very
low. To achieve this the kerosene is mixed with gasoline,
which is highly volatile and therefore a serious fire haz-
ard. Initially it was necessary to prcheat the J-450 with a
hot air gun for several minutes if weather conditions
were cool; only then was the spark plug projecting inside
the combustion chamber capable of igniting the fuel.

However, these problems had been solved. The
engine is designed to produce a continuous thrust of
around 55 Newtons, but it can provide up to 60 Newtons
if required. Its maximum pressure ratio is 2.4 at a rota-
tional speed of 130,000 rpm, and these figures clearly
exceed those of the Turborec T240. The Sophia Precision
J-450 weighs 1.8 kg without the fuel pump. The engine
did not feature a speed limiter, and was sold without a
regulator. As with the JPX turbines, compressed ait from
a bottle is required for starting. A 10litre steel bottle is
sufficient for 10 to 15 starts. The modeller. who used the
Sophia needed a lot of equipment and technical know
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how. The complicated handling and the progress with
other designs made this turbine become more and more
meaningless. Yetr even today some examples can be
found at jet meetings.

1.2. AMT - Advanced Micro Turbines

Really rend-setting engines have been designed in the
Netherlands. Han Jenniskens and Bennie van de Goor
started early in the 90s with their turbine constructions.
Both were experienced pulse-jet builders and pilots and
became real model jet pioncers. They have been the core
of a team and have worked together for many years.
Many calculations and experiments have taken place in
1990 and the following vears. I have also been in contact
with them and we exchanged many ideas.

The company of Advanced Micro Turbines (AMT) was
later founded specifically to manufacture and market the
engines. This philosophy has proved to offer many advan-
tages: planning, development, testing and production arc
all carricd out inthouse, and this results in a turbine that
incorporates many good ideas and a great wealth of expe-
rience. Their first engine, the Pegasus Mk-2 has been the
most powerful production model jet engine for years.

In contrast to most other manufacturers, AMT decided
on a genuine axial turbine from the outset; a type of tur-
bine which is now absolutely standard in all full-size jet
engines. With an axial turbine the working gas flows par-
allel to the shaft all the time it is passing through the
rotor. The only component that is derived from a tur-
bocharger is the radial compressor wheel.

The hot development-phase began in 1992 with a first

The Sophia Precision J-450 installed in an FS0.
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The AMT Olympus, Pegasus and Mercury family of engines.

Even the first prototype AMT Pegasus (Mk-1)
produced a thrust of 100 N. The blade tips are
moving at a speed of about 1500 km, br at full
throtile, and this demands enormous precision in
manufacture. (Pboto: AVIVA Press, Joop Wenstedt).

prototype. This power plant was fitted with an 84 mm
diameter rotor, and after a short period of development it
was already producing an impressive thrust of around 70
Newtons. Continual improvements in the area of the
combustion chamber and the nozzle guide vane system
increascd this figure to a final value of 100 Newtons at a
rotational speed of 95,000 rpm. In the course of the next
few years this engine completed numerous test flights
mounted on a Heinkel Salamander, The next prototype,
the Pegasus Mk-3, reflected a further improvement in the
technology. With a similar rotor, consisting of a Garrett
compressor wheel and an axial turbine, the engine
achieved a remarkable 150 Newtons of static thrust at a

The NGV systems and turbine wheels of the AMT
Olympus and Mercury cast in Inconel 713.
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pressure ratio of 3.5; a figure which lies in the range of
full-size engines of similar design. This engine proved
beyond all doubt the feasibility of an axial turbine in a
model jet engine.

This level of power was considered no longer appro-
priate to the model aircraft application, so the production
engine is slightly smaller. The production version of the
Mk-3 features a 76 mm diameter compressor wheel,
which is part of a high-throughput Garrett turbocharger.
The diffuser system consists of two rings of vanes,
through which air flows first radially and then axially. The
compressor is driven by an axial turbine wheel, manufac-
tured by a specialist company using a vacuum casting
process. The material is a heavy-duty heat-resistant nickel-
based alloy - the same material from which turbocharger
components and gas turbine vanes are manufactured.

The combustion chamber of the Pegasus Mk-3 is
designed to work with Jet Al kerosene or a comparable
fuel, injected by means of so-called sticks, or mixer tubes.
These tubes extend into the combustion zone of the com-
bustion chamber, where the fuel vaporises and mixes
with the combustion air. The injection pressure required
for this to work is very low. Much development work on
optimising the combustion chamber has resulted in a sim-
ple. reliable system: fuel is burned very efficiently (i.e.
completely) from a very low idle speed right up to full
throttle. For starting it is necessary to pre-heat the com-
bustion chamber using gas from a small cartridge, and the
mixture is actually ignited using a glowplug.

The engine designers also invested some fresh think-
ing In the matter of the rotor bearings. They realised that
the extreme rotational speeds encountered in a model jet
engine actually called for a lubricant of very low viscosity.
In fact, the viscosity of the kerosene fuel itself was suffi-
cient to lubricate the bearings, and this made it possible
to omit the oil tank generally used until then. Inside the
engine a pipe guides a few percent of the fuel to the bear-
ings. To ensure effective lubrication even when the
kerosene fuel is above its boiling point, 4.5% of turbine
oil is added w0 the fuel. The engine is fitted with hybrid
hearings with silicon-nitride running surfaces.

The Pegasus is regulated by a special micro-processor
controlled electronic unit. A sensor picks up the rota-
tional speed of the rotor, while a thermo-element moni-
tors the exhaust gas temperature in the thrust nozzle, The
clectronic unit then controls the injector pump on the
basis of this data and the position of the throttle stick.
The unit includes protection against over-revving, and
also prevents the turbine running below the safe mini-
mum rotational speed. The controller software provides a
further program sequence to give reliable starting. The
turbine is also stopped under compurer control. Before
the fuel supply is cut off, the engine is run to a rotational
speed at which the exhaust gas temperature is at a mini-
mum. This mcans that little heat is able to penetrate to
the delicate bearings when the rotor is stationary and the
flow of cooling air non-cxistent. Special software is also
available to allow the transfer of current operational data
from the controller to a Personal Computer via a serial
link.

The Pegasus Mk-3 was rated at a continuous thrust of
100 Newtons, and thus represented the top end of the
power spectrum of model jet engines for some years. The
turbine's tull throttle speed is 105,000 rpm. At this speed
the pressure ratio is 3. the throughput 0.28 kg/s. and the
efflux speed just on 360 m/s. With a specific consump-

Model Jet Engines

tion of 0,17 kg/N/h at full throttle, the engine is extreme-
ly frugal on fuel. but this still means that it consumes the
substantial quantity of 350 ml of kerosene per minute.
The Pegasus is extremely compact, with a diameter of
120 mm and a length of 270 mm, and weighs 2050 g
including fuel pump and electronics. Many of these fea-
tures that were first found in this engine are standard on
others today.

Two further engines have been developed on the basis
of this proven design. The first was an even more power-
ful variant, the Olympus, which is based on existing
Pegasus components. but employing an 84 mm Garrett
unit as compressor wheel. The turbine wheel was origi-
nally that of the Pegasus, but a larger diameter unit is now
used. In this configuration the AMT Olympus produces
230 Newtons of thrust, which is well outside the spec-
trum of normal model applications. Hardly any model jet
aircraft are designed to handle such levels of power. As a
result it only forms a suitable power plant for the highly
experienced and very safety-conscious modeller who
wishes to build and fly really extraordinarily large models.
Like the Pegasus. the Olympus turbine is also controlled
by a sophisticated system of ¢lectronics. ‘The mass of the
engine is 2,400 g. Externally it is virtually identical to its
smaller brother, although the diameter is a little larger at
130 mm. The thermodynamic data produced by the
engine almost approach those of genuine drone engines:
the pressure ratio reaches a value of 4, the exhaust gas
temperature 650°C. At full throttle, which is no less than
108,000 rpm, the Olympus consumes 800 ml of kerosene
per minute.

However, the latest development from AMT is more
significant, as it is a smaller turbine: the Mercury. Here
again, the design of the engine is basically the same as
that of the Pegasus, but in terms of size and thrust it is a
good match for most current model jet aircraft. Onc
notable attribute is the turbine’s modest external diame-
ter, which is a deliberate design feature. The case diame-
ter is only 100 mm, and the length just 225 mm. These
small dimensions are only possible because the engine is
based on a very small rotor. Nevertheless, the turbine
produces an impressive thrust of 88 Newtons, and the
secret to its high output is the high rotational speeds at
which it runs: the full throttle speed is 150,000 rpm. The
axial turbince wheel is another precision casting in
Inconel 713. The Mercury achicves a pressure ratio of 2.8
at an exhaust gas temperature of 650°C, and fuel con-
sumption is very low at around 360 ml per minute.
Externally the smaller engine is very similar to its two
larger brothers.

In the meantime the good team of Bennie and Han has
unfortunately split up and two branches developed. They
are AMT Netherlands and AMT USA. Both companies are
legally independent, but now sell similar turbines.

1.3. The KJ 66

In recent years Schreckling has abandoned his original
design. The latest turbine that is linked to his name is the
K] 66. This is a high-performance model jet engine that
has become extremely well known since its introduction.
The name is derived from the initials of the first names of
the motor's manufacturers. Kurt Schreckling and Jesus
Artés, who collaborated on the design of the new engine.
The KJ 66 is externally similar to the original FD 3/04,
which was designed by Kurt Schreckling, but that is all
the two turbines have in common. Only the outer hous-
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KJ 66 and Microturbine (left).

ing of the engine was retained for the new design. It is
the case of a small gas container which can be bought as
a camping accessory. The other internal parts have been
centirely redesigned, and in general layout they corre-
spond to the Micro-Turbine described in these building
instructions.

The compressor is a proven turbocharger wheel with
a diamerter of 66 mm. This component is much more effi-
cient than the wooden type previously used. The com-
pressor diffuser takes the form of a machined aluminium
part, whose vanes take the form of fat wedges. The axial
turhine wheel is a precision-made fine cast itcm with 23
vanes that can tolerate extremely high rotational speeds.
The wheel is cast in Spain in Inconel 713, It has been a
co-operation between Jesus, Kurt and me to enable the
wheel to fit the KJ and the Micro-Turbine as well. It is
now also used in other engines of the same size.

The combustion chamber emplovs the now proven
stick principle. The actual combustion chamber is very
compact, so that a short shaft can be used. The shaft is
carried in two ballraces that are mounted in an alumini-
um shaft tunnel; the bearings are preloaded by means of a
spring.

The KJ 66 has a high maximum rotational speed. The
use of a very strong turbine wheel makes it possible to
run the jet engine safely at very high peripheral speeds.
At 115,000 rpm the KJ 66 produces a thrust of 75
Newtons, and ar the same time the weight of the engine
is very low thanks to its use of thin shect materials. The
K) 66 weighs around 950 g, depending on version, and

A KJ 66 built into a fuselage.

The German Bebotec bas internally a similar
design to the KJ 66.

therefore offers an impressive thrust:weight ratio. With
these figures the turbine is capable of providing plenty of
thrust for virtually any model jet aircraft.

Further developments around the KJ 66 include an
electronic control unit. Gaspar Espicll, a member of the
team centred on Jesus Artes, has developed an engine
governor which controls this (and other) model turbines
very accurately. The electronic circuit monitors both
exhaust gas temperature and compressor pressure, and
maximum and minimum pressures can be entered to suit
the specific application by means of a handheld data ter-
minal. The KJ 66 has not been produced as a complete
engine in the beginning. A sct of plans and the most
important parts. including the turbine wheel have been
available. Meanwhile almost all parts can be bought from
different vendors. This turbine-design has been copied
many times and many of the current commercial turbines
look like this turbine in many points.

1.4. The Artés-Turbines

Jesus Artes and his Spanish Team moved on in devel-
oping their own model engines. The original design of
the KJ 66 was improved and new components were
added. The JG-100 Eagle, a design of Jesus and Gaspar
Espiell, had been the next turbine. The thrust had almost
doubled and 150 Newtons were possible with this
machine in a casing of only 108 mm diameter. This
tremendous performance is possible by some changes,

The casl turbine wheel of the JF-series.
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Jesus Artés with one of bis JF-50 Bees.

¢specially by using larger compressor and turbine wheels.
The new combustion chamber has 12 sticks and the com-
pressor wheel has 16 blades with aggressive, almost
upright ending blades. At full throttle it reaches a rota-
tional speed of 132.000 rpm and a pressure ratio of 3.4.

The series version, now called JF-120 Super Eagle is
produced in collaboration with Felipe Nieto in Mexico.
The thrust is slightly lower and now reaches 135 Newton.
The casing of the turbine is made of aluminium. Many
details have been improved. Jesus spends much time in
development and continues to experiment with new
thrust cones, bearings, guide vanes and other parts.

Apart from the JF-120 other similar engines have been
developed. One engine, called JF-100 Falcon, has a small-
er casing of only 98 mm diameter but still delivers a
thrust of 100 Newtons. A lot of time has been invested in
building much smaller engines. The latest result, the JF-50
Bee is described at the end of the chapter. Beside the
engines, Jesus delivers a lot of parts. Cast turbine wheels,
nozzle guide vanes and shafts are available.

1.5. The Jet Cat
model turbine

This model engine is
an interesting  unit,
which incorporates sev-
eral real innovations.
The feature that immedi-
ately catches the eye is
the electric  starter
motor which is integrat-
ed into the turbine’'s
inlet opening. The
essential control compo-
nents are hidden away
discreetly in the immedi-
ate vicinity of the inlet
bell mouth. Everything
is concealed, and the
engine is very compact
overall. In terms of tur-
bine technology the
JetCat P8O is very close-
Iy based on e¢xisting
home-built engines: the
proven 66 mm diamcter

Jet Cat P120 mounted on a Kanaroo trainer

KKK turbocharger compressor is used, combined with a
cast axial turbine.

The combustion chamber is equipped with six sticks
in which the kerosene is pre-vaporised. Propane gas is
used for ignition, fired by an electric glow-plug. Initially
the two ceramic bearings were lubricated by a separate
oil feed system, and the engine was supplied complete
with an oil metering pump. but since then the manufac-
turers have changed to a maintenance-free fuel lubrica-
tion system. The front bearing is pre-loaded in the
forward direction, as in the AMT engines. In purely visual
terms the turbine is very neat and uncluttered, and makes
an excellent impression.

The output power is quoted at 80 Newtons, which is a
very high level, and ample for powering models with a
take-off weight of 12 kg or more. The engine weighs just
over 1.3 kg complete with all accessories. However, the
real highlight of the system is the integral starter. Once
the model’s fuel tank has been filled and all batteries
charged, all you have to do to start the engine is operate a
switch on the transmitter the electronic circuit does the
rest. First the starter is switched on; this engages with the
compressor hub automatically and sets the rotor spin-

Typical is the electric starter of the Jel Cat.

¢

) -

Model Jet Engines

33



Just like toys. Parts of Jesus’ Nano Bee.

ning. At the same time the gas valve opens, and the glow-
plug is switched on. A thermo-element reports ignition in
the combustion chamber by detecting the rise in exhaust
gas temperature. The electronic circuit responds by start-
ing up the fuel pump, and the engine runs up to speed.
The electric starter switches itself off, and the gas flow
required for ignition is cut off automatically. From this
point on the turbine is regulated using the functions now
common to most modern engines. Maximum rotational
speed and exhaust gas temperature are automatically
limited.

The JetCat model turbine has already proved itsclf in
many model aircraft: it is a very efficient and lightweight
power plant, its compact external dimensions allow the
engine to be fitted easily into most model jet aircraft. The
set includes comprehensive instructions and mounting
materials. The JetCat has been the first model turbine that
has been distributed in regular model shops by Graupner.
This fact must not imply that this power plant is some-
thing for a beginner. You also must be an experienced
modeller to operate the system correctly, but, this pre-
condition fulfilled and the system correctly installed,
the model is simply carried to the take-off strip, where

Relation between rotational speed and compressor diameler.
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The JF-50 sectioned. the small engine is compact
and stable.

the entire starting procedure can be carried out with ease
and convenience from the transmitter.

Also the original JetCat P80 got bigger brothers. A
more powerful version P120, later a P160 and even P200
with 200 Newtons continuous thrust is available now. All
engines look alike and they all carry the characteristic
electric starter at their front.

1.6. The smallest engines

Despite the tremendous inflation of thrust figures in
recent years, much smaller engines have been devel-
oped. Fifty or sixty Newtons of thrust is more than
enough to propel small airframes. New turbocharger
developments from the car industry also help to enable
new dimensions in small gas turbines. The car industry
produces smaller and smaller cars with turbocharged
engines. These turbochargers are 50 small, that they seem
to be almost toys. The smallest compressor wheels have
diameters of only 35 mm. The blades are cast with a
thickness of just 0.4 mm. You could merely crush them
with your fingers. Generally the number of blades are
only 8 or 10 and they are greatly retro-curved. The cffi-
ciency of these wheels is almost as high as that of their
bigger brothers. Wheels
of 50 mm reach almost
80%. The availability of

Rotational speed at 400 metres | sec blade tip speed

rpm
240'000 - —
220'000 r_Artesjet JF-50 Bee j
200000 "WREN MW 54
180000 66er, KJ-66,
160000 JetCat, etc.

these parts makes very
small and powerful
engines possible.

The number of revo-
lutions reaches new
dimensions as well. Up
to 180,000 rpm are nec-
essary. This means no
less then 3,000 revolu-
tions per second. If

/

140000 -QMT Olympus
120'000

perfectly balanced, you
lose the feeling for
these rotational speeds.
At full throttle you just
hear a powerful roaring
and the rpm just

100'000 A

hecomes a number on
the digital display. The
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Turbine wheel diameter [mm]

shafts are fitted with
hybrid bearings without
cages. They are general-
ly lubricated with fuel.
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The Bee on the test bench. You don’t realise the
extreme rotational speed.

As with the maximum revolutions, idle speed also
increases. It is typically around 50.000 rpm for the small-
est ¢ngines. The small electric starters have to spin up
extremely high to get the engine to run safely.

A typical example for a very small engine is Jesus® JE-
50 Bee. The overall design is similar to that of its larger
brothers. The outer diameter has been reduced to only 80
mm, the length is 173 mm. The JF-50 Bee reaches full
throttle at 180,000 rpm and a thrust of 60 Newtons. If
you hold this machine in your hands you realise that it is
really only as big as a coffee-cup, but at the test bench it
certainly earns high respect because of the really high
performance. The Bee has an electric starter and is entire-
ly digitally controlled. The weight is 800 g. Jesus has
already developed an even much smaller engine. This
Nano Bee is already working but is, at time of writing, still
in an cxperimental stage. The Nano Bee has a wheel
diameter of only 35 mm. The external diameter is only 58
mm. It fits into a beverage can.

Another small turbine
has been developed in
England. John G. Wright
and Mike Murphy have
designed the MW 54, a
small engine based on a
turbocharger compres-
sor. The name is also
derived from the namces
of the builders and the
diameter of the com-
pressor. The engine uses
a 54 mm Garret com-
pressor wheel. The tur-
bine wheel is exactly
onc¢ millimetre larger. It
is, as well as the NGV, a
cast part made of the
heat resistant material
Inconel 713.

The MW 54 is very
small and light. Its outer
diameter is only 87 mm
and the length is about
150 mm. The engine
weighs just 650 g and
although of such small

extremely small size.
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The MW 54 and its smaller brother the MW 44.

dimensions the thrust reaches 54 Newton at about
160,000 rpm. Later developments led to an MW54 MK3
with an augmented thrust of 64 Newtons., With this nor-
mal sized models can be flown without any problems.
The construction is also ideal for models with two or
three engines. Also the fuel consumption is relatively low.

The construction of the combustion chamber is worth
mentioning. Especially in small ¢ngines the complete
combustion of the fuel is a serious problem. The combus-
tor of the MW 54 has a length of only 47 mm. Within this
distance combustion and mixing of secondary air must
take place. John and Mike are using the proven sticks, but
here they are formed like an *S™ and end at the inner diam-
cter of the combustion chamber. Additionally small noz-
zles lead air into the chamber. That the concept works is
proven by the low exhaust gas temperature of 370 °C
without the exhaust nozzle. With the thrust nozzle
mounted about 575 "C is reached.

Mike and John have also produced an even smaller ver-
sion. The MW 44 is a fully developed series engine with a
wheel diamcrer of only 44 mm. Its potential is about 32

The MW 44 buill into a trainer. With the band close to it you can imagine the
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The MW 54 in turboprop configuration driving a
big propeller.

Newtons and the weight is only 470 g. The rotor spins up
to an amazing 190.000 rpm. The MW 44 and MW 54 are
sold through WREN Turbines Ltd. Parts and complete kits
for the MW54 are also available.

1.7. Turboprop and shaft power engines

Apart from direct jet. other means can also be used to
propel airframes. The gas jet of the engine dclivers
enough energy to produce plenty of shaft power. The
most popular way is to use the exhaust gas jet to drive a
secondary turbine stage. This design has important advan-
tages. The second turbine stage acts as a clutch. The pro-
peller can even be held stopped, while the core engine is
spooling up. The second turbine stage has also got much
lower rotational speeds. Constructing suitable gearboxes

is by far easier then to couple the gears directly to the
core engine’s main shaft. The engines can be used to
drive a propeller (turboprop) or to drive the rotor of a
helicopter (shaft power engine).

Very small turbines are especially interesting for turbo-
prop applications. Their power is generally sufficient for
most applications and the fuel consumption is low.
Building a shaft power engine, based on an AMT Olympus
could theoretically deliver about 50 kW and therefore
power a small car - too much for any model application.

One popular construction is based on the MW 54 core
engine. This small turbine is used as core gas generator
for the wurboprop assembly. With a much bigger second
turbine wheel instcad of the thrust nozzle, up to 5 kW
shaft power are reached. This assembly powered a model
helicopter reliably already in 1999. In this shaft power
version. the turbine is mounted against flight direction.
The hot exhaust gases stream to the front, where the
power turbine is located. A big propeller is then driven
via a gearbox. The power can get so high, that some pro-
pellers can break at full throttle. The engine is available
from WREN rcady built as a Kit.

Some turboprops have in the meantime become com-
mercially available, but they can also be built from a plan.
Here you can add a second turbine stage to an existing
gas turbine or build a specially designed construction.
Certainly the effort is higher than if you only try to build a
normal jet engine. Kurt Schreckling did a lot of develop-
ment in this field. His building instructions are also avail-
able in a Traplet Publications book. The title is: “The
Model Turbo-Prop Engine”.

Homebuilt turboprop in twin shaft configuration based on a very small core engine.
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Chapter 1

The Component Parts
of a Model Jet Engine

his scction presents the most important compo-

nents of a model jet engine - the compressor,

combustion chamber and turbine - one by one.
Details are provided on the principles and method of
working of the parts, and also the methods of calcular-
ing the data for designing these essential components.
The basic theory required is explained gradually and
illustrated with the help of examples. The underlving
formulae relating to each part are stated at the beginning
of each section and discussed briefly where necessary.
Only a small number of formulac are required overall to
calculate the essential data for a jet engine, and you will
also find that everything turns up again when we discuss
the turbine. [ would like to point out to you here that,
although the theory presented in this book can certainly
be used for the calculations relating to a model jet engine,
the mathematics has naturally been simplified somewhat.
Don’t be concerned - the complete calculations concern-
ing all the flow processes inside a model jet engine would
fill several volumes, if it were possible at all. All this
means is that there is plenty of scope for experimental
work on the completed engine, using the modeller’s
favourite method of determining the best possible design
and construction of the components. We shall start with
the compressor, as all the other components are designed
and adjusted to suit this part. The reason for this
sequence of operations is that in this arca the modeller
can use a ready-made compressor wheel as used in tur-
bochargers. As a result, selecting a particular compressor
wheel determines the overall characteristics of the engine
at a stroke.

Special features of small gas turbines

Model jet engines are not simply reduced-scale models
of fullsize engines. The basic method of working is the
same, but there are special considerations which demand
a different and usually simpler design. Any comparison
between a real aircraft engine and a model jet engine ini-
tally throws up few similarities. Most modern gas tur-
bines include features such as multi-stage compressors
and turbines, blade cooling, complex regulatory and con-
trol machinery and so on. and these are simply not pre-
sent in the model version. In our case everything depends
on simplicity and functionality.

Combustion
The combustion chamber is one of the most critical
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components of the engine. Although it has no moving
parts and its only task is to heat air by means of the
combustion of fuel. there are considerable problems
involved in optimising the design. The reason for these
difficulties is the extremely short period which the air
spends in the combustion chamber. On average this is
only about 1/500 of a second. In this period the fuel and
air have to be mixed. burned. and secondary air added to
the mixture.

In this respect chemistry presents the modeller with
serious problems. In fact the expansion speed of the
flame front is severely limited. It is therefore essential to
slow down the flow inside the combustion chamber to a
huge extent, so that the gas speed in the combustion area
(known as the primary zone) is very low. At high rotation-
al speeds gas flow speeds up markedly, and the efficiency
of combustion falls off quickly, i.e. fuel leaves the engine
unburned. This can reach the extent that unburned fuel
forms a plume of white smoke as it leaves the ¢xhaust. At
its worst the flame is simply blown out. However, the
rate of flow in the combustion chamber can only be
slowed down if its cross-sectional area is correspondingly
large. Liquid fuels present a particular problem here. as
combustion cannot take place until a combustible mix-
ture is formed - a complex process in itself. The length of
the combustion chamber plays an important role here. If
the chamber is too short only a proportion of the fucl
burns in the combustion chamber. and the flames then
continue into the turbine stage. Even if the engine runs at
all in such a state, this problem will always result in inceffi-
cient exploitation of fuel. Streams of hot gas, still burning,
then produce local overheating in the turbine - what are
known as hot spots. Poor combustion also has an
unfavourable effect on the efficiency of the turbine.
Exhaust temperatures rise to excessive levels although
the compressor and turbine stages may actually be work-
ing efficiently. Viewed overall, it is clear that an efficient
combustion chamber is a fundamentally essential feature
of any practical model jet engine. Many industrial
miniature gas turbines side-step the problem of miniatur-
ising the combustion chamber. This is done by arrang-
ing a separate, large-volume combustion chamber
adjacent to the rotor. A central fuel injection vaporiser
jet in the middle of the flame pipe is then all that is
required. Unfortunately this solution is very bulky, and
cannot be used in a jet engine designed to propel model
aircraft.
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Rotor design

Turbine engines only produce high power at very
high peripheral speeds. This applies to full-size jet
engines and ilso to small ones, i.e. model jet engines.
This inevitably means very high rotational speeds to take
into account the smaller wheels. OQur small engines often
run at speeds in excess of 100,000 rpm, depending on
the diameter of the rotor. These very high rotational
speeds make particular demands on the modeller, as
they require that the rotor system be made to extremely
high levels of precision. Even very slight imbalance
results in substantial centrifugal forces, which in turn
lead to a slight elastic deformation (bending) of the
shaft. The distortion in turn increases the imbalance, and

F F

Diagram of dynamic bending of the engine’s sbaft
as it approaches the critical rotational speed.

Rotor of a model jel engine (Mini-Turhbine).
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the centrifugal forces rise further. The only force which
counters this effect is the shaft’s natural resilience. As
long as this is greater than the centrifugal force, the bend-
ing stays within relatively narrow limits. However, if rota-
tional speed continues to rise we reach a point where the
rotational frequency of the rotor is the same as the reso-
nant frequency. At this point resonance sets in and any
minute imbalance causes the rotor to bend and oscillate.
The deformation in the shaft increases uncontrollably and
the shaft is destroyed. However, before this happens. i.c.
well below the critical rotational speed, the shaft may be
s0 seriously distorted that it is permanently bent, and the
bend may e¢ven be visible to the naked eye. If this occurs
in a2 model jet engine the result is sudden, intense vibra-
tion at full throttle. As the engine runs down the damage
will be obvious by the compressor shaft running out of
truc.

When you are running the gas turbine it is therefore
essential to ensure that the rotational speed of the shafi
remains significantly below the critical speed. The critical
rotational frequency varies according to the shaft materi-
al, the mass and geometry of the rotor and the arrange-
ment of the bearings.

As a basic rule we can state that, the longer the shaft,
the lower the maximum permissible rotational speed. At
model sizes, for example, lengthening the shaft by a sin-
gle centimetre reduces the rotational speed strength by
up to about 20%. For the same reason there are limits on
the length of the combustion chamber, as it has to fit
between the compressor and the turbine.

The actual rotor bearings take the form of ballraces
and, curiously enough, they generally present no prob-
lems. The only essential stricture here is that the bearings
must be lubricated and cooled adequately. Provided that
this is the case, then you can safely exceed the nominal
maximum speed stated by the bearing manufacturer by
up to three times. Heat-resistant steels such as basic stain-
less steel are extraordinarily poor conductors of heat, and
it is only this circumstance which enables us to keep tur-
bine bearings at a low temperature. Although the temper-
ature of the turbine blades reaches more than 600° C, the
bearings, located only a few centimetres away, stay rela-
tively cool. However, this is only true if the correct
amount of air is ducted to the bearings for cooling. If very
high rotational speeds are required we recommend that
the bearings be pre-loaded usually to a minimum value.
Specialist literature from bearing manufacturers should be
studied on this point.

Gap losses

There must be a slight gap between the compressor
and turbine wheels and their housing to provide clear-
ance for the moving parts. Naturally it is essential to keep
this “escape route” as small as possible, otherwise gas will
flow past the blades instead of through them. The width
of the gap is primarily dictated by the potential thermal
loading. When the engine is started up from cold the tur-
bine blades almost instantaneously reach the same tem-
perature as the gas, but the surrounding housing takes a
little time to warm up. The clearance must therefore be
great enough to avoid the turbine blades touching the
housing as they expand more quickly. The reverse case
must also be considered: when the engine stops running
the housing cools quickly, and could foul the spinning
rotor blades which are still hot.

In industrial gas turbines the gap is 2 to 3 thousands
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of the rotor diameter. For example, the turbine clearance
of the Turbomeca Artouste. with a rotor diameter of 220
mm, is only 0.4 mm. This narrow gap did occasionally
cause the engine to stop when the housing touched the
blades and jammed the rotor.

In practical terms such tight clearances are not feasible
for model jet engines. Extreme accuracy in the workshop
might make this possible, but in any case uneven temper-
ature distriburion in the exhaust gas is virtually unavoid-
able, and this would tend to cause heat distortion in the
turbine shrouding system. Fouling of the turbine would
then be inevitable. For model jet engines we must there-
fore accept a gap of 5 thousands of the rotor diameter
and learn to live with the inevitable losses. The distance
between the rotor blades and the housing of a model jet
engine will typically lie in the range 0.3 - 0.5 mm,
depending on the turbine diameter. These values are easi-
Iv within the scope of the amateur. However, any further
widening of the gap will result in a significant drop in ¢ffi-
ciency. With a gap of one millimetre the engine will not
run at all. Similar rules apply to the compressor area,
although our experience shows that a small radial com-
pressor with a gap of 0.4 mm is still quite efficient. Gap
losses can be avoided almost completely by using what
are known as enclosed rotor wheels. These wheels fea-
ture a plate which covers the compressor blades to form
enclosed ducts. The disadvantage is the slightly lower
rotational speed strength of these wheels.

Conclusions relating to the model jet engine

In designing a model jet engine the aim of the exercise
is to exploit the basic principles of the gas turbine, as
already described, using the simplest possible means.
This straightforward aim presents plenty of problems in
itself, which means that the modeller can certainly spare
himself any thoughts of technical refinement. Tt is safe to
assume that afterburners, multi-shaft rotor systems and
by-pass engines will not find many advocates in the
model arena. The obvious choice for the model jet
engine’s compressor is the radial type. With a single stage
this sort of wheel can provide an acceptable pressure
ratio. The axial compressor generally used in fullsize jet
engines unfortunately presents a multitude of problems at
model scale. Calculations show that a gas turbine could
function with a single-stage axial compressor, but in prac-
tice such an engine would only develop as much thrust as
a good-quality heat gun. The low pressure ratio would
give a very low efflux speed. and fuel consumption
would be unacceptably high.

To obtain a pressure similar to that of a single stage
raclial compressor an axial compressor would require at
least three stages, and the construction of a multi-stage
compressor is enormously complicated. The stator hous-
ing would have to be made in two halves with an exactly
circular internal cross-section. It would no longer be pos-
sible to support the rotor on only two bearings, as this
would dictate a very low critical rotational speed.

18.0% = Gap loss of a turbine stage, according to Dieyzel (blade beight 10 mm)
16.0% 4=
14.0% of=
12.0% =
10.0% =
2
2
8 80% o
¢
6.0% =
4.0% =
2.0%
] 1 ]
oox —_— |
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 ng I
Gap width (mm)
Gap losses at the turbine stage of a model jet engine.
Model Jet Engines 39



MODEL JET ENGINES COMPARED WITH INDUSTRIAL AIRCRAFT ENGINES
Engine FD3 Micro-Turbine T 250P Marbore CFG-80C
Firm/Constructor Schreckling Kamps JPX Turbomeca GE, MTU, SNECMA
First Run 1990 1993 1995 1952 1983
Fouga CM 170 Airbus A 330
“Magister” Boceing 747
Thrust (Newtons) 30 50 59 3,900 262,500
Mass (Kg) 0.75 1.14 1.55 146 1,066
Pressure Ratio 1.5 2 215 4.1 32
Turbine
Intake temperature (°C) ca. 700 ca.650 ca. 740 T80 1.280
Specific Thrust (N/kg) 40 44 38 27 65
Consumption (kg/min.) 0.16 0.1606 0.177 7.0 158
Specific Consumption (kg/N/h)  0.32 0.2 0.18 0.117 0.036

Nevertheless, in theory this type of compressor might
have possible applications in the model scene.

Once the type of compressor has been selected. the
layout of the turbine stage is already fixed to some extent.
A single-stage turbine is quite adequate, and both axial
and radial turbines are feasible.

Single-stage compressors and turbines take up little
space, but the same does not apply to the combustion
chamber, and that is why model jet engines do not look

at all like their fullsize cousins from the outside. In fact,
the relative proportions are more or less reversed. In a
full-size jet engine the combustion chamber constitutes a
short section between compressor and turbine, but it is
usually the largest component in the model version.
There are further differences in terms of specific power.
Model-size compressors and turbines are less efficient
than industrial aircraft engines. If the engine is to run at
all, the turbine must extract most of the available energy
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from the exhaust flow. As a result only a relatively small
residue of energy is left to produce thrust. This fact, cou-
pled with the low pressure ratios which can be achieved
in model jet engines, has the effect that only 3 to 8 per
cent of the energy contained in the fuel is turned into
thrust. Nevertheless, since these small engines are low in
mass they achieve thrust:weight ratios comparable to
those of their fullsize friends. The drawback is fuel con-
sumption: the model pilot who wishes to use this type of
engine in a model must allow for the installation of a very
large fuel tank.

The compressor

The purpose of the compressor is to compress the air
drawn into the engine. The basic principle of all compres-
sors is the same: it converts kinetic energy into pressure
energy. To achieve this the air drawn into the compressor
is first accelerared to high speed and then decclerated;
this action converts the speed of the gas into pressure. If
a radial compressor is used, centrifugal force provides a
further increase in air pressurc. During this process the
temperature of the medium rises at the same time as the
gas pressure rises. This effect will be familiar to anybody
who has pumped up a tyre with an ordinary hand-operat-
cd pump.

The work done is stored in the gas leaving the com-
pressor. In technical terms this is an increase in the
enthalpy (“heat content of a substance per unit mass™) of
the air. In theory the rise in enthalpy corresponds to the
specific power of the compressor, although in practice
we have to make allowance for the inevitable losses.

0 2His

Ah =T x CP(JI -

Ah = Enthalpy increase (J/kg)

T = Inlet temperature in © Kelvin

¢, = Specific thermal capacity of air, 1000 (J/kg/K)
n = Pressure ratio of the compressor, i.c.

final pressure/inlet pressure

compressor. In the model sphere it varics within the
range 0.65 to 0.78.

The lower the coefficient. the more energy is converted
uselessly into heat, and the greater the temperature
increase AT in the compressor.

AT = ah =I(Jr

Cpxn 1

0286 _ 1)

One of the most important equations used in calculating
the compressor - and in fact the entire engine - is what is
known as the continuity equation. It can be used virtually
everywhere and fortunately it is extremely simple. It
states that the volume of gas which flows in one second
through a known cross-sectional area A at a known speed
¢ is the product of A and ¢. Logically the volume which
flows doubles if we double the cross-sectional area or the
speed. One value which is always of interest is the
throughput, i.e. the mass of gas which flows per second,
and to calculate this we multiply the volumetric flow by
the density of the gas.
This gives us the classic continuity equation:

m = CxAxp

m = Throughput (kg/s)

¢ = Speed(m/s)

A = Flow cross-section {m?

p = Gasdensity in the cross-scction (kg/m?)

When using this equation it is important to keep to the
correct units of measurement. We can exploit the fact
that the throughput in a model jet engine is virtually con-
stant at all points. We can ignore the mass of the fuel sup-
plied to the engine since it represents only about 1.7% of
the air throughput.

We can now find the flow speed for any cross-section
provided that we know the throughput and the gas state.
To calculate gas density we only need the pressure and
temperature of the gas.

p = p/RxT
The exponent in the formula (0.286) is derived from the p = Absolute pressure of the gas in Pascal (N/m?)
polytropic coefficient n. In the case of an uncooled com- (1 bar = 100,000 Pa)
pressor (known as adia-
batic compression) n = Inlet air Compressed air Combustion gas Exbaust gas
1.4. The exponent used 288 K (15°C) 377 K (98°C) 973 K (700°C) 843 K (570°C)
in the formula is (n-1)/n 1.013 bar 2 bar 1.92 bar 1.013 bar
= 0.28571, or 0.286 p=1225kg/m3  p=188 kg'm3 p=0.69 kg/m>  p=0.42 kg/m3
when rounded up. This Ab= 0 kJ/kg Ab= 67 kJ kg Ab = 166 kJ/kg Ab =0 kJ/kg
value (or its reciprocal \ c=300m/s (1,080 km/b)

3.5) crops up again, and

again in all thermal cal-
culations.

The input power
which the compressor

requires for its work can

be calculated as follows:
P=mxAh.
m is the compressor

throughput in kg air per
second.

Gas states ina
model jet engine.

1 is the efficiency of the I

Model Jet Engines

41



Types of radial compressor (top to bottom):
wheel with radially tipped blades; wheel with
slightly retro-curved blades; enclosed wheel
with greatly retro-curved blades.

T = Absolute gas temperature in © Kelvin

R = Gas constant for air and for combustion
products produced in the engine (287 [J/kg/K])

p = Gasdensity in kg/m?

Compressor wheels of 95 mm and 06 mm diameter. The former is already

slightly too large for normal model use.

The radial compressor

For a model jet engine this type of compressor
appears to be “made to measure”. The radial compressor
is extremely robust and straightforward in construction.
Because of these advantages it is still used today where it
would be possible o replace it with the more effective
axial compressor.

The radial compressor can be built in various configu-
rations which exhibit widely varying characteristics,
although the two main categories are those with a cover
plate, and those without. The former type features a plate
covering the blades, designed to avoid gap losses. The
resultant compressor is an “enclosed wheel” type. A sec-
ond important feature is the curvature of the blades,
whereby the crucial point is the angle of the blades at the
wheel exit. We have to differentiate between wheels
with radial blades and those with retro-curved blades.

Practical experiments have shown that all thesce
wheel forms are suitable for model jet engines.
Regardless of the precise type of radial wheel, the air
drawn in flows in the direction of the rotational axis.
Once inside the wheel the gas follows the blade ducts
and is pushed outwards in the radial direction under the
influence of centrifugal force. Finally the air leaves the
wheel and flows at high speed into the adjacent compres-
sor diffuser system. Here the gas is slowed in the widen-
ing ducts and the residual kinetic energy is converted
into pressure. The overall pressure rise in the stage is dis-
tributed over the wheel and the diffuser system. The
reaction level r of the compressor stage can be defined in
general terms as follows:

r= Y\'A'-'herl : Y&mg::

Ywheet and Yy, are the values for the work which is
done on the air in the wheel and in the overall stage
respectively. The unit of measurement here is J/kg.

The distribution of the two components is determined
bv the type of blade form used in the wheel. Radially
tipped blades supply a reaction value of 0.5. With sub-
stantial retro-curvature this value is much higher, which
means that most of the energy conversion takes place
inside the wheel.

The increase in pres-
sure in a radial compres-
sor varies according to

the deflection of the
gases in the direction of
the peripheral motion.
Peripheral speed is not a
constant in a radial com-
pressor, and this is the
crucial advantage of this
type of unit. At the air
inlet the wheel diameter
is small, and the peri-
pheral speed thercfore
correspondingly low. In
contrast, maximum
peripheral speed is
reached at the wheel
outlet. The overall
deflection is therefore
considerable. The work
done can be calculated
as:
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Yin = Uz % €y = Uy X Gy

u, = Peripheral speed at the wheel inlet

u, = Peripheral speed at the wheel outlet

C, €y =Gas speed in the peripheral direction at the
wheel inlet and outlet

For our purposes we can simplify the formula even fur-
ther. If the compressor consists of a single radial stage,
then the gas flows into the compressor without any twist-
ing motion. This means that the airflow is perpendicular
to the peripheral direction at the wheel inlet. As a result
the inflow speed has no component in the rotational
direction. The expression u, x ¢, becomes equal to zero,
and the following formula applies:

Ylll = l]_,' X Clu; lm/.' X m/S = m_'lfs"' =J/kgl

The net result is that we only need to consider the flow
conditions at the wheel outlet. At this point we use a
velocity diagram to clarify matters, In a velocity diagram
the individual flow components are drawn as vectors.
The vector arrow shows the direction of flow, while the
length of the arrow shows the magnitude of the speed. In
the resultant velocity diagram you can us¢ trigonometry
to obtain the values you want. This gives you an alterna-
tive method of determining all the vital flow angles:
either by calculation or by consulting graphs.

All the speeds at the wheel inlet and outlet are given
the suffix numbers 1 or 2 in order to differentiate them
clearly. We will consider the absolute speed of the gas c,
the relative speed w and the peripheral speed u. The
absolute speed is the gas speed at a particular, fixed point
of observation. In contrast, the term relative speed
applies to those components which relate to the blades
which are in motion. If we could hitch a ride on the com-
pressor wheel, the measured flow would be the relative

component. In the wheel we obtain the absolute speed
by vector addition of relative and peripheral speed. A fur-
ther important speed component is what is known as the
radial component ¢,,. The radial speed is the component
of the absolute speed in a direction perpendicular to the
peripheral direction. The magnitude of ¢, determines the
throughput of the compressor.

The work done is determined by the components u,
and c,,. If we assume a constant rotational speed and
thus a given peripheral speed the rise in pressure varies
only according to c,,. The steeper the blade angle B,, the
larger this component becomes. Wheels with radially
tipped blades - 3, = 90° - therefore provide the highest
pressure. In this special case ¢,, is always the same as u,,
which means that the work done is:

Yin = W?

For certain special applications compressor wheels with
forward curved blades are used, but they are of no inter-
est to us here. The conclusion that wheels with radially
tipped blades are the best solution for model jet engines
because of their high pressure is not correct. The velo-
city diagram shows thart the absolute speed ¢, ie. the
speed at which the air leaves the wheel, is still very
high.

A large proportion of the pressure gain takes place in
the diffuser system of the compressor, where the residual
kinetic energy in the gas is reduced. Unfortunately the
compressor diffuser system inevitably involves significant
losses at model scale,

In contrast, wheels with retro-curved blades convert a
larger proportion of the energy within the wheel itself,
i.e. the reaction level is greater than 0.5. The speed at
which the gases flow into the diffuser system is slightly
lower because the curvature of the blades is opposed to

Flow conditions in the rotor of a radial compressor.
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the peripheral direction. In our experience the compres-
sor is more efficient overall if the wheel is fitted with
retro-curved blades,

In practice the pressure ratios which these compres-
sors achieve is not as high as the theoretically possible
levels. There are two reasons for this: when air is flowing
through the compressor losses occur which reduce the
work performed. In addition, the gas does not follow
accurately the path dictated by the blades. The deflection
in the air in the peripheral direction is lower than predict-
ed by theoretical calculations. This effect is known as
blade slip. If we wish to move away from the theoretical
situation and find out exactly how much air is moved and
with what level of efficiency, we have to take into
account the reduced performance factor p and the inter-
nal efficiency 7).

Determining the parameters poand n is very difficult,
and they are usually found experimentally. For this reason
a different method is used to calculate the basic data for a
model jet engine compressor.

The calculations relating to a radial compressor are
carried out using non-dimensional values. These allow us
to establish all the important data relatively simply by
observing easily measurable magnitudes. The parameters
which define the characteristics of a compressor are its
throughput and pressure gain. For compressor pressure
we define a pressure value y as follows:

2xY . m?/s?

T
uf m?/s?

The peripheral component c,, of the absolute speed is
not included in the definition. The compressor's pressure
value remains largely constant over a broad range of rota-
tional speeds.

Provided that we know the pressure value, we can
determine the work done, and from it the pressure ratio
relative to the peripheral speed u,. The peripheral speed
in turn can be calculated from the rotational speed.

For ordinary day-to-day operation of a model jet engine
the reverse of this procedure is also useful: instead of
measuring rotational speed by some complex method, all
we do is measure the pressure, which can be done using
simple means.

The second non-dimensional value relates to the
throughpur of the radial compressor. The supply value or
throughflow value defines the radial component ¢, from
which we can calculate the throughput with reference to
the peripheral speed u,. For our purposes the supply
value ¢ can be defined as follows:

Qo= &:lﬂ.; [_IE.:

u, m/s
Definitions of the supply value vary across the specialist
litcrature; it may be defined as the gas flow at the inlet
or outlet of the wheel. In this book we relate it deliber-
ately to the compressor wheel outlet. We should also
note that the radial speed at the wheel outlet is not dis-
tributed evenly, and hence ¢, should be considered as
an average speced. The throughput achieved by the com-
pressor can be found from the continuity equation as
follows:

m= AXC, X 0=AX@XU,Xp
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A is the cross-sectional area of the compressor outlet. It is
calculated from the expression d, x nt x b, where d, is the
wheel diameter and b, the blade height at the outlet.

p is the density of the air immediately it leaves the
wheel. A sample calculation for the supply value is
included in the section on diffusers.

Typical calculation for a radial compressor

From all this theory it is possible to derive a few sim-
ple formulae which are genuinely helpful at the design
stage of a model jet engine project. The actual work done
is assumed to be equal to the gain in enthalpy. Using this
information the pressure value for a particular wheel can
be calculated as follows:

2xe KT ™ -1)

u,’

y=

Let us assume that a model jet engine, running at a mea-
sured rotational speed of 56,000 rpm, achieves an excess
pressure in the housing of 0.24 bar. The wheel diameter
is 66 mm, the air temperature 17° C and air pressure
1000 mbar.

The pressure value can now be calculated from this
data is as follows:

2x 1000 / kg / Kx 290K x(1.240.280) _ |
(0.066 m x 3,146 x56000.1 / min / 60s / min)*

The units cancel each other out (1J=kg.m?/s2). This calcu-
lated value is typical for model jet engines with slightly
retro-curved blades. Another home-built engine with a
turbocharger compressor and radially tipped blades pro-
duces a pressure value of around 1.16. Large compressors
in jet engines achieve better values due to the number of
blades (usually higher) and the consequent improvement
in the reduced performance factor. For example. the
Turbomeca Marboré achieves a pressure value of 1.35 in
its basic form.

If the compressor blades feature greater retro-curva-
ture, the specific pumping performance is lower; in the
case of Kurt Schreckling's FD 3 the value of vy is around
0.806, although it varies according to wheel design and
construction.

When a model jet engine is running the pressure value
only varies within narrow limits. It is certainly permissi-
ble to calculate rotational speed from the measured pres-
sure ratio, and vice versa. The pressure ratio can be
calculated from the formula:

2
x
— (XY 3
2ep xT

n

According to this formula the pressure ratio of the engine
amounts to about 1.044 when running at an idle speed of
25.000 rpm (corresponding to a peripheral speed of 86
m/s).

This corresponds to a water column of 44 ¢m and
agrees very closely with the actual values.

Working the other way round, we can determine the
peripheral speed and from that the rotational speed from
the pressure value and the pressure ratio.
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2%, xTx (280 - 1) )

o

The engine we are using as an example produces a thrust
of 30 Newtons on the test bench. The pressure above
atmospheric in the engine is then 0.91 bar. Normal condi-
tions apply, i.e. an air temperature of 15" C = 288 K and
an air pressure of 1.013 hPa. The pressure ratio is there-
fore equal to (1.013 + 0.91)/1.013 = 1.898.

. !(2><1000J/ kg / OKx 288K x (1.8980-286 _ 1)
-\ 0.98

u=1/(118220m* /) =344 m/s

The rotational speed can be calculated from the stated
peripheral speed as follows:

n _G0s/minxu_ 60s/minx 344m/s

=99,495rpm
0.066mx3.14159

d,xm

Turbocharger compressors

For the modeller the compressors incorporated in tur-
bochargers are an ideal starting point for the construc-
tion of a model jet engine. They take the form of small
radial wheels which have been refined to a high level
through innumerable experiments carried out by
experts. The strength of these wheels is so great that we
need not worry about it even at very high rotational
speeds. The specifications quote failure speeds of more
than 600 m/s at the periphery, which are well beyond
any model application. Other components in the model
jet engine, such as the shaft and the turbine wheel, have
much lowcer rotational speed limits. Nevertheless the
high speeds necessarily involve certain hazards. There is
no place for carclessness when the modeller is working
with such high-speed rotating parts. The wheels must not
be modified in any way, and especially not weakened in
the hub area. They must be securely attached. For this
rcason a left-hand thread fixing is essential for a right-
hand rotation wheel. The compressor wheels of tur-
bochargers are usually cast in aluminium alloy using a
high-quality casting process; a technique which allows
the production of extraordinarily complex curves and
twists. The design of this type of wheel could never be
calculated using amateur means, far less actually made.
Modern turbocharger wheels achieve efficiency levels
which approach to within a few percentage points those
of the radial compressors in industrially produced full-
size gas turbines. Overall these components offer by far
the most promising start for building a really powerful
model jet engine.

As supplied turbocharger compressors are accurately
dynamically balanced and can be installed directly in the
model jet engine. Bear in mind the usual rule on size: the
bigger, the better. Good wheels of around 60 mm diame-
ter achieve efficiencies between 70 and 75%, while larger
versions approach 80%.

In recent decades turbocharger compressors have
been the subject of considerable development. Early
examples virtually without exception featured radially
tipped blades. since these types are easy to manufacture
and supply high pressure levels. However, they only
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work at reasonable efficiency in a narrowly defined range
of throughputs. If the engine connected to the tur-
bocharger requires more air, the compressor’s etfective-
ness diminishes significantly. For a model jet engine this
narrow operating range is not necessarily disastrous,
since the throughput of the turbine stage is also limited
to a relatively narrow range. In fact. many full-size jet
engines use wheels with radially tipped blades. The provi-
so with this type of blade is that the throughput of the
model jet engine has to be matched very accurately to the
compressor, otherwise good results will never be
obtained. The characteristics of the compressor wheel
must be borne in mind when you are operating a model
jet engine. When the throttle is opened the throughput of
the turbine stage falls for a moment, with the result that
the compressor simply goes on strike if you advance the
throttle too quickly.

Nowadays compressor wheels with retro-curved

Turbocharger compressor from a diesel engine.
Large wheels such as the one shoun are often
machined from solid.

Small turbocharger from a lorry diesel engine. The
wheel bas a diameter of 76 mm and features
radially tipped blades. Wheels of this type were the
starting point for several experiments. The model
Jjet engine based on it eventually produced a thrust
of 40 N at 81,000 rpm.
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Bebaviour of a radial compressor at a) low throughput and b) bigh throughput.
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blades have superseded all others. These wheels are
manufactured in large numbers and in numerous variants.
Usually the blade tip angle 3, is between 60 and 75°. This
type of compressor has the advantage that the flow
through the blade ducts possesses a component opposite
to the peripheral direction. Thus the specific work done
varies according to the rotational speed and the through-
put of the wheel.

When small volumes of air are moved, the relative
speed w, in the blade ducts is low. The component of the
absolute speed ¢,, in the peripheral direction is then
almost as great as the peripheral speed u,. In this situa-
tion the specific work done Y, = u x C,, is of a similar
order to that of a compressor with radially tipped blades.

As throughput rises, and the gas speed in the blade
ducts becomes high, the component ¢,, becomes smaller
since the air between the blades flows in a slightly back-
wards direction, opposite to the direction of rotation. As
a result the pressure supplied by the compressor is now
lower. If the turbine stage in the model jet engine is too
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large relative to the throughput, the compressor supplies
more air at low pressure. If on the other hand the
throughput of the turbine stage is too small, the pressure
rises, and the volume of air moved falls. The overall result
is that, within certain limits, this type of compressor
adjusts itself auromatically to a given turbine stage. If it is
your aim to build a successful jet engine you will have
much better prospects if you use a wheel with retro-
curved blades. In practice this type of engine offers the
extra advantage that it can be accelerated extraordinarily
quickly, as the compressor works efficiently over a wide
range of rotational spceds. This effect is particularly
marked if the compressor blades feature significant retro-
curvature, as used in Kurt Schreckling's FD 3, where the
blade angle is only 45°. As a result the engine responds to
the throttle almost as fast as a well adjusted piston
engine.

Turbochargers of a useful size for model jet engines
are uscd with a bladeless annular diffuser system.

As throughput varies, the flow direction in the
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diffuser system also
changes. The effect is
not dramatic with a
bladeless annular dif-
fuser provided that the
angles are not too shal-
low. In contrast, the ini-
tial direction of flow is
crucial with the bladed
diffuser system used in
a model jet engine. In
consequence the operat-
ing range of the com-
pressor in the model
jet engine is slightly
restricted compared
to that of the rtur- -+
hocharger.

J

2.2 +

2.0 +

18 +
The compressor

characteristic graph
The data for a com-
pressor are usually pre-
sented in the form of a
diagram: the characteris-
tic graph, from which T i
the essential data for .
the wheel can be read
directly. A characteristic
graph is a valuable but <
not absolutely essential
tool when designing a
maodel jet engine.
Usually the  air
throughput and/or the
compressor flow are dif-
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ferentiated on the x-axis 1
of the diagram. The 005
pressure ratio is stated
on the y-axis.

The characteristic
lines in the diagram give
the potential pressure
and throughput for the

01

0.25
mass flow

Typical compressor characteristic graph of a turbocharger
compressor with retro-curved blades. Other characteristic graphs are
illustrated in Gert Hack's book “Turbo cars, turbo-engines” from
Motorbuchverlag, Stutigart (German).

stated constant rotation-

al speeds. These curves always have a negative gradient,
i.e. the more air the compressor supplies, the lower the
pl’(‘.‘!i.‘illl'ﬁ‘

This basic fact also applies to wheels with radially
tipped blades. The work done and thus the possible final
pressure are exclusively dependent on peripheral speed,
but in practice the reduced performance factor diminish-
es as throughput increases. When the pressure is great,
the gas follows the path dictated by the blades less and
less accurately, i.e. the actual specific work done is slight-
ly lower.

“Island™ traces on the graph indicate efficiency. Note
that optimum efficiency is usually possible only within a
narrow range. In designing a turbocharger the aim is to
martch the compressor’s characteristics accurately to the
piston engine to which the unit is attached, but the “best
efficiency” position on the diagram is also a useful indica-
tor for a model jet engine.

The compressor characteristic graph always applies to
a particular atmospheric pressure and temperature. In
different conditions - for example a high-pressure
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Air path through a bladeless annular space.
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Turbocharger diffuser system. The height of the flow duct is vreduced immediately bebind the rotor

wheel.

weather situation with very low temperatures - through-
put and pressure rise significantly.

In the same way the characteristic diagram only
applics in conjunction with a given diffuser system. If the
compressor wheel is used with a different diffuser system
important paramcters may alter. The compressor charac-
teristic graph of a turbocharger is not the same as the
graph which would result if the same wheel were
installed in a jet engine. The most significant changes
would be in the optimum efficiency level and the posi-
tion of what is known as the surge line.

Types of compressor diffuser system:
a) Straight diffuser blades,

b) Forward curved blades,

c) Wedge-shaped blade diffuser.

Diffuser wheels

In the compressor diffuser system the residual speed
energy in the flow is converted into pressure encrgy. In
this case the energy in the gas is proportional to the
square of its speed. Therefore if we can halve the gas
speed in the diffuser system we have already converted
three-quarters of its energy. A particularly critical point
here is the area immediately behind the rotor wheel,
where flow speeds are still high. The diffuser system in
this area must be matched very accurately to the rotor
wheel. If a bladed diffuser system is used the diffuser
blades must be designed in such a way that they start
exactly in the direction of the flow. A variation in the
flow angle of only a few degrees may mean that the
model jet engine refuses to run. It goes without saying
that obstacles to the gas, such as pipes and retaining
bolts. must be kept away from this arca.

The compressor diffuser, also known as the stator, can
be built in any of several variants. In principle we can dif-
ferentiate between bladed and non-bladed diffuser sys-
tems. In the specialist literature the latter is generally
termed a bladeless annular space. This type is very easy
to make and is efficient if designed carefully. The greatest
advantage of the bladeless annular space is that the com-
pressor as a whole has outstanding regulatory characteris-
tics. Since there are no blades it is not possible for an
incorrect choice of blade angle to result in flow break-
away.

The best solution for a model jet engine is a bladed dif-
fuser system. However, the diffuser blades should not
start immediately adjacent to the rotor, as at this point
the flow speed is still very unevenly distributed. It is best
if the flow has a chance to even itself out between the
rotor wheel and the diffuser blades. If the angle of the gas
flow from the rotor wheel is shallow, the diffuser blades
can begin closer to the rotor wheel, as the air then
follows a longer path to the diffuser blades. In the model
jet engine the diffuser blades should start after a gap at
1.15-1.2 times the wheel diameter.

It clearly makes sense to place a small annular space
in front of the diffuser blades. Although there are no
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blades at this point to force the air in a particular direc-
tion, as the diameter increases the gas flow slows down,
and with this comes a rise in pressure. The cause of this
is not, as vou might imagine, the widening cross-section
of the annular space as the diameter increases, but the
cffect of centrifugal force, directing the gas outward. The
effect of this force is to increase the pressure of the medi-
um as the diameter rises,. However. according to
Bernoulli's law the total energy in the flow is always con-
stant. Where pressure rises, speed must fall, because no
new energy is added in the diffuser system. The spiral law
derived from this states that the product of the radius in
the diffuser svstem and the speed in the peripheral direc-
tion is constant.

Spiral law, or Vortex law r x ¢,, = Constant

This physical fact of life plays an important role in ordi-
nary daily life as well as in the model jet engine. The spi-
ral law is obvious if, for example, we stir a cup of tea,
where the speed is highest close to the centre. In con-
trast, the pressure is highest at the edge, as we can tell
from the height of the fluid.

The speed is inversely proportional to the diameter of
the diffuser system. This indicates the disadvantage of the
bladeless annular space. If we are aiming at efficient pres-
sure conversion we need a large diameter diffuser.
Widening the flow duct does not help. Quite the oppo-
site: this would result in flow breakdown in the diffuser,
which would involve substantial losses.

The air flowing through the diffuser describes a spiral
path from the end of the rotor wheel to the end of the
diffuser. The angle of the gas flow at an imaginary tangent
is constant at every point on the path, and follows the
outflow angle of the rotor wheel. In mathematical terms
the flow path describes a logarithmic spiral, whereby the
outflow angle of the gas from the rotor wheel determines
the length of the path. The greater this angle, the faster
the gas rcaches a large diameter and a high pressure. The
friction losses which arise in this process are also propor-
tional to the length of the path. If we combine a compres-
sor wheel with a very shallow outflow angle and a
bladeless diffuser, we obtain a very long flow path and
correspondingly low efficiency.

For this reason modern compressors, especially in tur-
bochargers. utilise bladeless diffuser systems whose chan-
nel becomes narrower away from the centre. This means
that the cross-sectional area does not become larger, and
the air is forced to a larger diameter by a short route,
incurring low losses. Unfortunately this trick does not
help us reduce the external dimensions of the diffuser
system. Thus for a model jet engine a bladeless diffuser
alone appears to be an unpromising solution. One of our
primary considerations in designing a model jet engine
must be the diameter of the unit. If we are to keep the
frontal area of the engine as compact as possible, the dif-
fuser apparatus must be as small as possible. The air can
only be deflected towards the combustion chamber with-
out incurring severe losses once it has given up most of
its energy. Here again the spiral law plays a role: the cen-
trifugal forces which arise in the deflection process tend
to accelerate the flow on the inside of the curve, produc-
ing new losses.

If we were to use a bladeless annular space alone we
would have to make the diameter of the engine at least
twice the diameter of the compressor wheel if we want-
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ed sensible efficiency levels. An extra problem is that this
type of diffuser cannot eliminate the twisting motion of
the gases. When the air flows towards the centre of the
engine in the dircction of the combustion chamber, the
spiral law again dictates that the peripheral component of
the flow ¢, would increase as the radius falls. In consc-
quence gas pressure would then diminish again. To
counter this effect diffuser blades would certainly be
needed at the periphery of the diffuser system to elimi-
nate the residual spiral motion.

In a bladed diffuser system the situation is different.
The diffuser blades form individual flow ducts, widening
towards the periphery. The peripheral components of
the gas and the twisting motion no longer have to be
taken into account, and the only thing that interests us is
the flow within the individual channels. The crucial
point here is the expansion angle of the blades.
Unfortunately we are restricted in our choice of angle, as
there is a danger of flow breakdown. The specialist litera-
ure recommends expansion angles between 8 and 10
where the flow is slow. For our application, however, the
angles can be slightly larger to take into account the
extremely small dimensions of our engine. The reason for
this is the influence of the boundary layer which
becomes narrower as the width of the blade ducts rises.
However, if we choose an expansion angle significantly
above these values, the flow tends to break away from
the blades. with resultant severe losses. In contrast, small-
er angles produce pressure conversion at too low a rate,
with the result that the gas flows through the channels
for a long time at high speed, producing severe friction
losses.

You can give your imagination free rein in the matter
of the blade configuration in the diffuser. Some types of
guide vane are curved in the direction of rotation of the
compressor, others in the opposite direction. Another
popular design is the wedge blade diffuser. The blades
grow wider towards the periphery to form thick wedges,
thick ¢nough to accommodate fixing bolts. This alone is
an excellent reason for the practical modeller to opt for a
bladed diffuscr wheel, as the bolts required to retain the
compressor cover can be faired into the diffuser blades
without spoiling the gas flow.

If we select blades of constant thickness then the
¢xpansion angle between two adjacent blades is calculat-
ed as follows:

£ = 360°/z
¢ = Expansion angle
z = Number of blades

If we aim for an expansion angle of 157 then we have to
construct a diffuser system with 24 blades. For smaller
expansion angles ¢ven more blades would be required.
However, more blades also mean more friction and thus
greater losses.

For this reason it is better to use blades which are
curved slightly forwards. forming gently widening ducts.
In general terms the pressure conversion takes place
much faster than in the bladeless annular space already
described. If the compressor is designed carefully it is
now possible to build a model jet engine of relatively
small overall diameter. Nevertheless we should not be
too parsimonious with the overall diameter of the diffuser
system; a good starting point is a housing diameter
at least 1.6 times the diameter of the compressor rotor.
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The gigantic diffuser system of the Allison J33-A-35 features 14 very low-prafile diffuser ducts. Note the
bladeless space arranged between the rotor wheel and the diffuser blades.
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Forward-curved compressor diffuser blades in
combination with turbocharger rotor wheels bave
produced the best results to dale.

The blade-free annular space was used
successfully in the first home-built gas turbines. An

axial diffuser system is fitted at the periphery.

Any smaller than this, and the efficiency of the system suf-
fers directly, usually in the form of excessive exhaust gas
temperature.

Example of calculating the diffuser system

We will assume that the core of the compressor is a
tvpical turbocharger wheel with retro-curved blades. The
calculation is based on geometrical data, but also takes
into account our own experimental findings. In my expe-
rience these values can be carried over to other tur-
bocharger rotors of similar design.

This means that the prospective engine builder can
calculate the values for a compressor for his jet engine
with reasonable accuracy even if he does not have access
to the characteristic graph of the turbocharger.

The rotor wheel we will consider here is 66 mm in
diameter and has 12 blades, ending at an angle of about
63°. The blade height is 5 mm at the wheel outlet. The
nominal rotational speed of the compressor has been
chosen to keep the stresses arising in the model jet
engine within reason-
able limits. In this
respect the maximum
rotational speed primari-
ly depends on the tur-
bine wheel, which is
subject to severe thermal
loads. [If a suitable
blade form is usced in
combination with high-
alloy nickel-chromium
steels peripheral rotor
speeds of more than 300
m/s are acceptable, even
with amateur means. If
high-temperature materi-
als are used this value
can be pushed further.
The nominal rotational
speed is therefore as-
sumcd to be 100,000
rpm. This corresponds to
a peripheral speed of:
If the value for this para-
meter turns out to be
higher or lower than
assumed, efficiency
should not suffer signifi-

axial blades.

cantly. In fact the compressor gives good results even
when the model jet engine is idling.

_nxdxar _ 100000x 1 / minx0.066mx3.14
N 60s / min

=340m /s

The peripheral speeds may sound astronomically high.
At its periphery the rotor is turning at a speed of almost
1.250 km/hr. However, it would still not be correct to
state that the air in the compressor is flowing at superson-
ic speed. When the gas reaches the end of the rotor
wheel it has alrcady been compressed to half its volume,
i.c. pressure and temperature are already much higher. As
a result the speed of sound in the medium itsclf rises.
Even at a peripheral speed of more than 450 m/s the
sound barrier cannot be exceeded within the model jet
engine.

From the compressor characteristic graph we can see
that the compressor runs at maximum efficiency at the
engine’s nominal rotational speed if the throughput is

Here the diffuser blades are divided into a ring of radial blades and «a ring of
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0.135 to 0.175 kg/s. Since the thrust of the model jet
cngine rises in proportion to the throughput, it makes
sense for us to aim at the highest possible value here.

Against this requirement we have to set the need for
the engine to possess a broad operating range and good,
docile control characteristics. We therefore aim to set up
the diffuser system for a throughput of 0.16 kg/s. Finally
we extract the pressure ratio from the characteristic
graph. At 100,000 rpm and a throughput of 0.16 kg/s this
is around 1.88. Standard temperature and pressure pre-
vail, i.e. a temperature of 15° C and atmospheric pressure
of 1,013 hPa.

Now the purpose of our calculations is to obtain an
overall view of the flow conditions at the wheel outlet
and the diffuser inlet. Because of the high pressure ratio
the effect of air compressibility must also be taken into
account. We will assume half of the possible pressure rise
has already taken place in the compressor wheel.
Admittedly this assumption is a simplification, but my
experimental findings to date show that this is reasonably
accurate. We can now calculate the pressure ratio after
the rotor wheel as follows:

V188 =137

If we assume an efficiency of 74% and an inlet tempera-
ture of 288 K (157 C) the air temperature tises by:

._ 288K 0286
AT =——(L37"* -1 =37K
0.74 g

to 325 K or 52° C. At the same time gas density rises to:

_ 1.37 x101300Pa
325K.287] /Kg /K

=1.488 kg/m?>

With the help of the continuity equation we can calculate
the radial spced ¢, The cross-sectional area A is the
annular cross-section at the periphery of the rotor.

As a by-product of this calculation we can find the supply
value at the nominal point: ¢, /u, = 104/346 = 0.3. This
value is typical for turbocharger wheels, as shown by the
characteristic graphs for similar rotors. If you possess a
retro-curved compressor rotor but lack the characteristic
graph, you can assume this value. Wheels with radially
tipped blades generally produce lower supply values. In
the author’s experience you can assume a value in the
range 0.25 to .27,

Once we know the peripheral speed u,, the known
radial speed cm and the blade tip angle 3;, we can calcu-
late the overall speed vector as follows:

Cau = Uy — (€4, / tan(B,)) =346—(104 / 1an(65°))
=298m/s

The final calculation is to define the outflow angle «,
found from the equation tan () = ¢, /C,, = 104/298 =
0.349. Thus at the periphery of the wheel the gas leaves
the rotor at an angle a of 19.24° to an imaginary tan-
gent. This angle is a constant - ¢ven after the gas has
flowed through a bladeless annular space of constant
width. This indicates that the adjacent diffuser blades
should be set at an angle of about 19°. Depending on the
thickness of the blades up to 2° may be added to this fig-
ure to take into account the effective reduction in cross-
section.

For compressor wheels with radially tipped blades cal-
culating the guide vane angle is a simpler matter: the
equation is tan (f,) = ¢°). For optimum cfficiency the gas
flow should be at 2 much shallower angle. The calculated
value is 15°, which should again be corrected to 17° to
allow for the narrowing of the blades. One of the author's
model jet engines has a guide vane angle of 20° and radi-
ally tipped compressor blades, and it actually tends to
surge at full throttle.

The surge limit

The “surge limit” of a compressor refers to a tendency
to supply the working medium cyclically instead of con-
stantly. This may sound innocuous, but in the world of full-
size engines it is viewed with great alarm, since the usual
result is more or less severe damage to the engine. In the
casc of model engines the results are not so dramatic, but
even so the thoughtless experimenter could damage the
compressor of his engine by needlessly exceeding the

surge limit.

Compressor surge has
a very simple cause.
Consider a compressor
running at constant rota-
tional speed in a jet
engine and conveying a
particular quantity of air.
If we restrict the through-
put of the engine, per-
» haps by using too small a

turbine wheel (due to
mistakes in the calcula-
tions), then the compres-
sor will push less air

0x106kg /s
C, = = 104m /s
1.488kg / m*x3.14 x0.066mx0.005m
A

&

b

S

]
Py
= 2

a= 19,24° %
U,= 346
C,,= 298
The vector diagiram for the calculated example.

through, but at higher
pressure. The compressor
can therefore compensate
for minor inaccuracies in
design.
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Explanation of compressor surging when the engine is accelerated. If the throttle is
suddenly opened, e.g. starting from point A, throughput falls initially, and point B is reached. Only
after a slight delay do rotational speed and throughput rise, and we reach the suction line C. If
acceleration is even faster, point B could extend into the surge zone.

However, if the throughput is excessively restricted,
the results are fatal. The outflow angle of the gas from
the compressor wheel becomes too shallow. As a result
the gas flows onto the blades of the diffuser system at
such an angle that the airflow breaks away. If the com-
pressor is fitted with a bladeless annular space the flow
paths grow longer and the friction losses rise substantial-
ly. Overall the pressure in the compressor collapses.
Suddenly the pressure supplied by the compressor is
lower than the pressure of the gases which are already
inside the engine, and the direction of flow reverses. This
reverse flow continues until the housing pressure has
been reduced, and the compressor starts to supply air
again.

This process repeats itself at regular intervals, known
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as surge cycles. The frequency of the cycles varies
according to the volume of the engine housing: the larger
the engine’s internal volume, the lower the frequency.

In 2 model jet engine the surge cycles follow on so
quickly thart all vou hear is a loud. unmistakable growling
sound. If this should happen it is essential to close the
throttle immediately, since the engine will usually never
clear the condition by itself. If you do not close the throt-
tle the turbine wheel will overheat.

In fullsize jet engines the oscillations resulting from
the surge phenomenon usually cause damage to the
blades, so the situation has to be avoided at all costs.
Some axial compressors are fitted with variable compres-
sor diffuser blades which adjust themselves in a fraction
of a section to suit the prevailing flow angle. It is also

53



An example of a turbo shaft engine with «a small axial compressor: Isotor GTD
350. built in 1960. USSR, air throughput: 2.19 kg/s, pressure ratio: 5.9, mass: 135

kg, speed 45,000 ypm, 295 kW shafl power.

View of the first three axial compressor stages in
the Isofov GTD 350. After the axial compressor
comes one radial stage. The diameter of the wheels
is only about 130 mm.
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possible to vent com-
pressed air which causes
the throughput to rise
again, and keeps the
engine a safe distance
from the surge limit.

However, compressor
surge can even occur
under certain circum-
stances even if the tur-
bine stage is designed to
ensure that its through-
put lics in the region of
OpLimum coOmpressor
cfficiency. When the
throttle is opened from a
particular rotational
speed. the combustion
gas temperature immedi-
ately rises. However, the
incrtia of the rotor caus-
es the rotational speed
of the engine to remain
constant for a moment.
The density of the gases,
which are now at a high-
cr temperature, falls, and
the consequence is
reduced mass throughput at the turbine stage. For a
moment the turbine stage is suddenly working much clos-
er to the compressor surge limit. Only then does the
engine’s rotor accelerate. Throughput rises, the combus-
tion gas temperature falls and stabilises again close to
the starting value. However, if we open the throttle too
quickly, the throughput may momentarily fall to the
point where the compressor starts to surge. If this
should happen, it is essential to reduce the throttle set-
ting immediately. The compressor surge limit is more
critical in a model jet engine if the blade tip angle of the
compressor rotor blades is large. Model jet engines with
retro-curved blades are extremely resistant to surge. In
contrast, types with radially tipped blades are very sus-
ceptible to surge when the throttle is opened. In this
casc the surge limit varies primarily according to the
design of the diffuscr system. If the blade angle is exces
sive. this type of compressor tends to surge even at full-
throttle.

The axial compressor

To date 1 have not heard of any model jet engine with
an axial compressor,

Nevertheless the axial compressor deserves attention,
and | will deal with it bricfly. T have deliberately simpli-
fied the theory, and concentrated on the most commonly
used type. There is no reason why an axial compressor
should not be used for a model jet engine, either alone or
in combination with a radial compressor. Industrially pro-
duced small gas turhines often feature one or more axial
stages in front of the radial compressor, and even at very
small dimensions these compressors exhibit adequate effi-
ciency levels. The smallest axial wheels have a diameter
of around 90 mm and are fitted in tront of radial compres-
SOIS.

The advantage of the axial compressor is its great
throughput combined with small frontal area.

The pressure rise in an axial stage is usually distrib-
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uted in equal parts between the rotor blades and the dif-
fuser blades, i.e. half of the work done is carried out in
the rotor wheel itself. The so-called reaction level then
can be defined as tollows:

r= YWTleel:YSlage =05

r = Reaction level of the stage
Ywnea = Work done by the rotor blades (J/kg)
Yuge = Work done by the stage overall (J/kg)

From this it follows that the rotor array and the diffuser
array should utilise gecometrically similar blade forms.

The air flows to the compressor rotor and strikes the
rotor blades which are moving at a high peripheral speed.
The blades are profiled in such a way that the flow is easi-
ly diverted in the direction of the shaft axis. The effective
flow cross-section at the rotor inlet is smaller than at the
rotor outlet because of the more acute angle of the flow
relative to the periphery. In consequence the airflow
slows down within the blades, and spced is converted
into pressure in the now familiar way. This slight deflec-
tion in the direction of the periphery is responsible on its
own for the pressure rise in the rotor wheel. If blades
with a greater curvature were used the flow would
inevitably break down, and a significant reduction in
efficiency would result.

The flow deflection which constitutes the work done
is the vectorial difference between the speed w, of the
gas relative to the diffuser blades at the wheel inlet and
w, at the wheel outlet. If we consider the absolute
speeds of the gas, the difference in speed is naturally the
same. In the compressor diffuser system a further, mirrot-
image speed change then takes place. The absolute speed
at the rotor wheel outlet also represents the relative
speed at the guide vane inlet. If we assume a reaction
level of 0.5 the deviation in the rotor system and the
guide system is of the same magnitude.

If we consider the speed vectors w, and w, it is obvi-
ous that w, is smaller, i.e. its vector arrow is shorter than
that of w,. The reduction in speed energy which this
represents has been converted into pressure energy. The
theoretical specific work done by the axial stage is:

Yy = uxAw

To move from theoretical calculations to the actual work
done, we multiply Yy, by the reduced performance factor
p and the internal efficiency 1. The reduced performance
factor takes into account the fact that the gas
does not keep exactly to the path dictated by the blades,
as with the radial compressor, and that the deflection of
the airflow within the blades is lower than calculated.
The internal efficiency 1 reduces the specific work done
by the magnitude of the losses which occur in the
blades.

Y = Ypxpuxm
Example calculation: axial compressor stage

Now we will calculate the essential characteristic data
for an axial compressor at model scale. To simplify mat-
ters we will assume a number of typical figures relating to
fullsize compressors. If you like your mathematics a little
more accurate, I recommend that you read the books by
Dietzel and Bohl.
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Diagram of an axial stage as calculated.

We will assume a compressor with a rotor diameter of
90 mm and a hub diameter of 70 mm. The blade profile
might be such that the deviation Aw is onc third of the
peripheral speed. The strength of the rotor allows a maxi-
mum rotational speed of 60,000 rpm. Efficiency and
reduced performance factor are both assumed to be 0.7 -
on the optimistic side.

All calculations are based on the average stage dia-
meter dm.

_dy+d;  0.09m+0.07m

d
m 2

=0.08m
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The average peripheral speed is then:

nxdy, x _ 60000 x 1/ min x 0.08m.3, 14 _

250m/ s
60 60s / min

u

From these figures the deviation in the peripheral direc-
tion can be calculated to be 250/3 = 83 m/s with the
blade profile we have assumed. The theoretical specific
work done is thus:

Yy =  uxAw=20750 m¥/s?
20750 J/kg (J=kg x m2/s?)

From the actual specific work done:

Y, =Yy xpxn=10,169] / Kg

we can determine the pressure ratio of the stage. To this
end we equate the work to the gain in enthalpy and
resolve the formula according to the pressure ratio.

If the inlet temperature is 15° C (288 K) the pressure
ratio works out at 1.129. The excess pressure after the
compressor is therefore no better than 0.129 bar. This
indicates that several compressor stages would be
required in order to obtain an acceptable pressure ratio
for a powerful model jet turbine. In each stage the pres-
sure would rise by approximately 1.129 times.

The overall pressure ratio after n stages is thus:

I[(‘n erall = (ﬂhm].w)n

Therefore we would need

A fuel feed ring for propane gas proved adequate
Jor initial engine experiments.

in2
n=———=57

1Inl129

or 0 stages, to obtain a pressure ratio of 2.

The notable feature here is the very high throughput of
the axial compressor. Like the potential specific work
done, this varies greatly according to the blade form.
The steeper the blade angle, the greater the meridian
component of the airflow. In this case the term means
the speed component in the direction of the shaft axis.
This speed component remains largely constant when
air is flowing through the compressor. A typical value

Typical example of uneven combustion: some nozzle guide vanes are glowing brightly, others are almost

cold.
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might be ¢, = 0.6 x u. Based on this assumed value the
compressor throughput can be estimated using the conti-
nuity equation:

m=rxc, xA = 1.225kg / m’ x0.6 x250m/s x 0.0025m"
=0.40kg/s

In spite of the blade height we have assumed of just 10
mm the throughput is clearly very substantial. The real
question is whether this type of compressor could be
made using amatcur means. Naturally the crucial point is
whether the efficiency that could be achieved is sufficient
to allow the gas turbine to work. The other critical point
is the matching of the compressor to the turbine.
According to the specialist literature the airflow in the
axial compressor breaks down immediately if the compo-
nents are not accurately marched to each other.

The combustion chamber

Modellers do not generally give the combustion cham-
ber the attention it deserves; if you believe that the main
problems for a4 model-sized jet engine are the compressor,
turbin¢ and bearings, you are wrong. The real problem
area is the combustion chamber. Optimising the perfor-
mance of the combustion chamber is not simply a matter
of pushing fuel consumprtion down as low as possible, or
of preventing flames roaring out of the turbine. No, a
good combustion chamber is the basic pre-condition if
your jet engine is to function at all. These are the main
reasons:

If combustion is uneven the inflowing air is not heated
to full temperature in certain areas of the combus-
tion chamber. The enthalpy of this portion of the air
only rises slightly, and in consequence does little work
when flowing through the turbine stage. To compen-
sate for this deficit the rest of the air must become that
much hotter when it flows through the turbine. This
uneven temperature distribution results in uneven speed
distribution in the turbine nozzle guide vanes and thus
poor overall cfficiency. In the worst casc this simply
means that the model jet

extend into the turbine area the gases continue 1o be
heated. This is not desirable, as it causes the overall
exhaust gas temperature to rise to the point where the
turbine overheats.

For these reasons we have o strive to keep combus-
tion of the fuel as far as possible completely confined
within the enginc. It is an unfortunate fact that model jet
engines trailing a long wake of fire are fit only for the
showcase. Building a model jet engine combustion cham-
ber that works really well is the work of Sisyphus (King
of Corinth, condemned to roll a huge rock ceaselessly up
a hill). Many parameters have an important influence on
combustion. amongst them the fuel in use, the injection
method and the air throughput. 1 have even come across
a case where an ¢ngine was re-assembled after being dis-
mantled, only to find that the flame configuration in the
combustion chamber was completely different despite
the fact that ne deliberate changes had been made to the
engine.

Unfortunately it can be very difficult to pin down the
cause of problems which arise with the combustion
chamber. The only solution to this dilemma is to carry
out systematic experiments and test different designs.
However, an extremely usable combustion chamber has
now been developed after many experiments and with
the help of much expert advice. The design exploits the
technique of vaporisation which was developed in the
carly 50s by Armstrong-Siddeley and is still in widespread
use today in small jet engines.

Design and function of the combustion chamber

In the combustion chamber the air supplied by the
compressor is mixed with fuel and burned. Stable com-
bustion can only be achieved if an approximately stoi-
chiometric mixture ratio is present. This means that the
fuel - air mixture must contain sufficient oxygen that
complete combustion takes place. If a stoichiometric
mixture is present we speak of an air surplus A of one.
As with model piston engines we have a rich mixture
when A is less than one, and a lean mixture when A is
greater ihan one. If the mixture is too lean there is a risk
that combusiion will simply cease - the flame goes out.

engine will not run at

all. ) ) ) Fuel
Even if combustion is

consistent there can be
problems. The task of

the combustion cham-
ber is to heat the pres-
surised air. The hot air
can then perform more
work when it is decom-
pressed  than  was
required to compress it.
However, if the air is
heated during the

To the
turbine

decompression process
the effect is largely nulli-
fied. This means that

combustion must be

restricted to the con- ~

fines of the combustion
chamber to the greatest
possible extent. If the
flames are too long and

Primary Zone

Diagram of the construction of a combustion chamber.

e
Secondary Zone
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In the model jet engine this situation can occur if the
throttle is closed suddenly. The compressor is still supply-
ing a large quantity of air which then burns with little fuel
present. ‘The flame in the combustion chamber is then
simply blown out.

The opposite problem - too rich a mixture - occurs
when there is a lack of air in the combustion area. When
the engine is running this fault manifests itself as a yellow
flame visible through the turbine blades. The yellow
flame consists of glowing carbon particles which cannot
be oxidised to carbon dioxide because the necessary oxy-
gen is absent. The usual result is a layer of soot deposited
on the combustion chamber walls.

When burning kerosene or diesel stoichiometric com-
bustion occurs with an air - fuel ratio of 14.7 to one.
Stoichiometric mixtures burn at very high temperatures -
even in model engines this may be up to 2,000° C,
depending on the final compressor temperature. If we are
to reduce this high value to the desired combustion gas
temperature (around 650° C at idle and up to 850° C at
full throttle) we have to introduce supplementary cool air
into the hot gases after they have left the combustion
zone.

To achieve this we have to divide the combustion
chamber into two areas: primary and secondary. The
major part of the fuel combustion process occurs in the
primary zone, and the air supply has to be adjusted to
ensure that an approximately stoichiometric mixture is
present at that point. In the secondary zone the hot com-
bustion gases are mixed with the supplementary air sup-
ply, and the result should be a temperature which the
turbine stage can withstand. In overall terms the air sur-
plus X in the model jet engine lies within the range four
to five.

Temperatres of up o 2,000” C can occur in the pri-
mary combustion zone of full-size jet engines, and this
presents immense problems. Glowing carbon particles
radiate heat, raising the temperature of the combustion
chamber walls to 900° C in spite of the enveloping flow
of fresh air ducted from the compressor. In this environ-
ment only extreme high-temperature resistant materials
can survive. Nickel-based alloys are the usual solution,
such as certain sorts of Nimonic or Inconel.

In contrast, combustion chamber cooling is not a
problem in the model jet engine. The low pressure ratio
means that air is only heated slightly in the compressor,
so the overall temperature level is lower and the cooling
effect of the air supplied by the compressor is consider-
able. As a result ordinary 316 sheet stainless steel is an
adequate material. The combustion chamber is cooled

internally by means of fine cooling air holes about 1-1.5
mm in diameter. The air which flows into the combustion
chamber through these small holes only penetrates to a
depth of a few millimetres, and this tends to cause the
formation of a cooling film which lines the combustion
chamber walls.

On the other hand it is desirable that injected air
should penetrate further into the secondary zone of the
combustion chamber. Within certain limits the gas mix-
ing can be influenced by varying the hole geometry. If a
given area of opening is required for the combustion
chamber, that opening can be divided up into many small
holes or a few large ones, and the choice has its effect on
the temperature profile at the outlet of the combustion
chamber. For example, if we opt for a large number of
small holes, then we obtain a low temperature at the
edges of the flow, and a hot central core.

The aim of every model jet engine designer - and this
applies to all gas turbines too - is perfectly even tempera-
ture distribution. Lower temperatures are desirable at the
base of the turbine blades, as the stresses in this area are
so high. Thus a secondary aim is to restrict the heat flow
to the centre of the turbine disc, in the direction of the
shaft and bearings.

The question of fuel

In principle the jet engine is not confined to a particu-
lar type of fuel. The main requirement is that the maxi-
mum quantity of energy is released during combustion. In
practice most jet engines are designed to run on one of
the many mineral oil products which are commercially
available.

Methanol is widely used for other types of model
engine, but it and other forms of alcohol are of limited
use as jet fuel because of their low energy density.
although one¢ of the author’s engines has run successfully
on methylated spirits, or ethanol. Two calorific values are
quoted for fuels - an upper and a lower value. The upper
value can only be exploited if the water vapour produced
by combustion is condensed. In consequence only the
lower calorific value of fuels is of relevance to model jet
engines.

The most promising route to instant success is to use
gascous fuels such as propane or butane. No fuel pump is
required as the pressurised gas flows into the model jet
engine naturally. Mixing the gas with air is also relatively
straightforward; usually all that is required is a few injec-
tion openings distributed around the combustion cham-
ber. The flow of pressurised gas draws sufficient air in
with it to produce a combustible mixture.

Diesel Petrol
Density [kg/1] 0.85 0.76
H,, [MJ/kg] 12.8 i2.5
Boiling Range (°C) 190-334 80-130
Fuel tank Capacity (ml) 880 990
(5 Minutes, 30 N Thrust}®
Flammability/Fire Hazard Low High
Price (E/1) 0.8 1.05

(1) Liquid Under Pressure

SPECIFICATION OF POSSIBLE MODEL JET ENGINE FUELS

JP1/Jet A JP4 Propane Methanol
0.804 0.76 0.5 0.79
3.3 >42.0 16.3 195
160-260 60-240 -42 65
920 990 1,380 2,080
Low High Very High High
1.2 ? 0.7 0.6

(2) sufficient for 5 minutes of powered flight at a thrust of 30 Newtons. (Specific Consumption = 0.3 kg/N/h)

58

Model Jet Engines



Propane gas is flammable when mixed with air in any
concentration in the range 2.1 to 9.5 per cent by volume.
This broad ignition range offers clear advantages in the
combustion chamber, but it also presents major draw-
backs in terms of handling the fuel. Propane gas is a seri-
ous fire hazard and readily mixes with air to form an
explosive mixture. As a result it is essential to be very
carcful when working with these materials. Liquid gas is
particularly dangerous to handle. You should not attempt
to use liquid gas unless you possess appropriate instru-
mentation and hose equipment. An especially dangerous
practice is to supply liquid gas to an experimental jet
engine by inverting the gas bottle. If a hose becomes dis-
connected the result will be an uncontrollable gas
escape.

The boiling point of liquid propane gas is -42° C at
normal ambicnt pressure. Escaping liquid gas immediate-
ly cools 1o this temperature and in so doing draws a high
level of thermal energy from its environment. If that envi-
ronment is your skin you will very quickly suffer cold
burns.

Liquid fuels such as petrol, diesel and kerosene are
generally easier to handle. All these materials are mineral
oil distillates, differing primarily in their boiling point.
The density and energy content of fuels represent aver-
age values and are liable to vary from batch to batch.
Special fuels for jet engines include the JP1 to JP8 vari-
cties of kerosene (jet petrol), although in fact only JP1 or
Jet A used in civilian aviation and JP4 military jet fuel are
of real interest to us.

Petrol and type JP4 kerosene contain the highest con-
centration of volatile hydro-carbons. They have a low
boiling point and therefore represent a very scrious fire
hazard. JP4 keroscene is primarily used in the military
sphere. This material’s low boiling point and low flash
point (the temperature at which sufficient liquid evapo-
rates to form a mixture which can still just be ignited by
sparks) mean that they
can be ignited in a com-
bustion chamber under
extreme circumstances.
JP4 wvaporises well,

Fuel in

\3-'\-__ /
N .

Direct injection wilh spray nozzle

-

Fuel vaporisation in sticks

Fuel in

Vaporisation in tubular coil

Means of fuel injection in model jet engines.

The Allison J33-A-35 features a total of 14 individual combustion chambeors with
one atomiser jet each. The inter-connections al the primary zone area ensure
thal the flame burns evenly.

uy,
r

which means that it can
be expected to mix
well with air and pro-
duce a stable flame.
Unfortunately it is diffi-
cult to procure JP4 in
small quantities, which
means that this fuel will
probably never be
widely used by mod-
ellers.

Pure petrol has simi-
lar properties to JP4 but
the boiling range is
more narrowly defined,

which results in a less
stable flame in the com-
bustion chamber. For
this reason it makes
sense to use a mixture
of petrol and other less
volatile fuels such as
JP1 or diesel. For
example. the engines
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The combustion chamber of the Turbomeca Marbore. The fuel is injected through the tubular shaft.

made by Kurt Schreckling run on a mixture of 15% petrol
and 85% diesel. The petrol should be of the unleaded
type. The octane rating. which is so important for car
engines, is of no interest to the model jet engine. Anti-
pinking fuels such as Super or Super-Plus possess a
greater proportion of highly toxic aromatics such as ben-
zene and toluene, and they generally do not have a higher
calorific value.

For model jet engines diescl, petroleum and JP1 are a
very good choice, and these fuels are generally easy to
obtain. Kerosene is best purchased at small airfields
which are equipped to refuel helicopters. Note that air-
ficld refuclling equipment is invariably fitted with a huge
nozzle, so take a container with a large opening. All the
fuels mentioned above have a relatively high flash point,

Vaporiser combustion chamber with tubular
coil — Schreckling type.
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which means that it is not possible to ignite spilt fuel
with a match. Even so, please don't underestimate their
ability to get a fire going. Balsa wood soaked in fuel burns
rather well. .

Overall we have found that JP1 kerosene is the best
fuel for model jet engines. Its wide boiling range provides
good vaporisation and a stable flame, and in these
respects it is far superior to diesel and petroleum. The
model jet engine presented in the following section is
designed 1o run on petroleum and kerosene, but fuel
combustion is better with JP1. One further positive point
is that JP1 has a more pleasant smell than diesel oil when
burned. In fact the fragrance of the exhaust gas suggests
that you must be in the vicinity of an airport.

Mixture formation

As with model piston engines good combustion cin
only be achieved if the fuel is thoroughly mixed with the
combustion air. In a model jet engine this process has to
be completed in a very short time 1o ensure that as much
as possible of the fuel supplied is burned, and does not
simply leave the combustion chamber unused.

With the use of liquid fuels there are two possible
methods of forming the mixture: atomisation and vapori-
sation. Most full-size aircraft engines employ fuel atomisa-
tion, whereby complex injection pumps force the fucl
into special injector jets under high pressure. The quality
of combustion is very largely determined by the droplet
size of the atomised kerosene: the smaller the individual
droplets the faster they vaporise and burn. In practice
atomisation only works effectively if the injection pres-
sure is high, as the throughput of an atomiser jet riscs
with the square root of the injector pressure.
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A realistic requirement for a model jet engine would
be a fuel metering range of one to five and an atomiser
pressure of around 2 bar, and this would call for an
injector pump capable of producing at least 2 x 52 = 50
bar at full throttle. Standard swirl jets could be borrowed
from a domestic oilHired central heating system, but this
calls for a high level of understanding of complex pump
technology. Industrial aircraft engines usually use what
are known as double jets with one opening for the idle
range and additional injector cross-sectional area for full
throttle.

Nevertheless, direct fuel injection appears to be feasi-
ble for small engines.

In small professionally-made gas turbines a simple
but very effective solution has been adopted: fuel is
injected into the combustion chamber through the hol-
low rotor shaft. The fuel is pumped through the com-
pressor under low pressure, then into the engine’s
revolving shaft. At the appropriate point it passes in a
finely atomised form into the combustion chamber
through small openings, whereby the spinning shaft
works as a centrifugal : :
pump. The advantage of
this technology is its
simplicity. The atomiser
cone is exactly circular,
which promotes cven
temperature distribu-
tion. Even at low rota-
tional speeds the
process results in fine
atomisation of the fuel.

The crucial drawback
of shaft injection is
the complex air path
through the engine. The
combustion chamber
must be immediately
adjacent to the shaft,
and this arrangement
closes off the air supply
to the inside of the com-
bustion chamber. It also
makes it impossible to
use a shaft tunnel to
strengthen the engine.

The Turbomeca Mar-
bore exploits this injec-
tion technology. and in
this case air flows into
the internal space of the
engine through hollow
guide blades. This is an
interesting solution, but
rather complex for our
purposes. In the model
sphere fuel vaporisation
systems are generally
used. In principle these
systems are simple heat
exchangers which feed
part of the heat of com-
bustion to the fuel.
However, these systems
are not as efficient as
the term “vaporisor”™

might lead us to believe. As a rule part of the fuel remains
in liquid form and only turns into gas in the primary zone
of the combustion chamber.

Kurt Schreckling's engines exploit this technology.
The fuel enters the combustion chamber through a coil
consisting of one to one and a half metres of stainless
steel tubing. The hot gases of combustion wash around
the coil of wbing, vaporising part of the fuel which tlows
into the primary zone under high pressure. In developing
this technology Schreckling confronted many and various
problems. but his experimental work certainly produced
a workable system.

Because of the high emperatures to which the coil of
tubing is subjected, it is not possible to solder injector
jets to the tubing, which means that the entire injection
process must take place by means of accurately cut
holes alone. The length and arrangement of the vapori-
ser are crucial, and must be “just so”. If the coil is too
short, or located in the cold area, too much fuel leaves
the vaporiser in liquid form, with poor combustion and
a wake of fire streaming behind the engine the net

il
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Front part of the combustion chamber with six
booked tubes.

result. If the vaporiser is too long the temperature tends
to risc uncomfortably high, with the following result:
when the throttle is closed the fuel heats up to a point
above its thermal stability (for JP1 and JP2 approx. 260°
). In the worst case solid carbon particles tend to form,
which in the course of time block the injector openings.

A further problem is that the column of liquid in the
vaporiser tube tends to oscillate, in which case the power
of the engine rises and falls at intervals of a few seconds.
The engine is very difficult to control if this happens,
since there is sufficient fuel in the vaporiser for 2-3 sec-
onds of running at full throttle even if the fuel pump is
switched off, If the vaporiser system has a tendency to
oscillate then the engine must not be considered as a
power plant for a model aircraft. The causce of the oscilla-
tion is sudden vaporisation of the fuel. When this hap-
pens, only a litde fuel reaches the combustion chamber
since the fuel gas requires a lot of volume. Combustion
only resumes properly when the coil of tubing has cooled
slightly, so that liquid fuel leaves the vaporiser again. The
coil of tubing then heats up again in turn, and the cycle
continues.

The vsual remedy for this problem is to run the
engine on a fuel mixture with a higher boiling range. Kurt
Schreckling's FD engines run best on diesel with an addi-
tion of 15% petrol. The petrol has a low boiling point,
and this ensures that part of the fuel vaporises
reliably even when vaporiser temperatures are relatively
low.

The walking stick method owes its name to the shape
of the vaporiser tubes, which are curved round like the
handle of an umbrella or walking stick. These hooked
tubes duct air and fuel directly into the primary zone of
the combustion chamber. The fuel is actually injected
through thin tubes each of which opens into one
hooked tube. The advantage of this technique is that the
fuel mixes with the air to some extent even before it
reaches the combustion zone. The remainder of the lig-
uid fuel is squirted onto the front face of the combustion
chamber.

The great advantage of this technique is that vaporisa-
tion takes place under combustion chamber pressure. In
the case of the model jet engine presented in this book
the actual injector pressure is only about (0.5 bar higher
than the combustion chamber pressure. In conscquence
the fuel supply system is correspondingly straightfor-
ward. To avoid supplying too much kerosene a throttle
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has to be built in. which itself raises the injector pressure
to about 2 bar. The vaporisation itself has no effect on
the injection process, so oscillations in the column of lig-
uid fuel in the system do not occur. The technique of
pre-vaporisation is primarily utilised in small gas turbines
and jet engines. It was developed in England by
Armstrong-Siddeley and used successfully in the Viper
series of engines. This type of engine used two sets of
twelve vaporiser tubes, but we can manage with far
fewer for a model engine. Only six tubes are required to
obtain satisfactory temperature distribution.

The fuel injector tubes must be constructed with par-
ticular care, as their quality is crucial to the temperature
distribution within the cngine. As with atomiser jets, the
quantity of injected fuel is proportional to the square root
of the injector pressure.

As a result the fuel pump must provide a very wide
range of pressures if the engine is to be fully controllable.
At idle the injector pressure is so low that even the hydro-
static pressure difference in the ring of distributors in the
combustion chamber manifests itself. as slightly more fuel
flows through the bottom vaporiser tubes than through
the upper ones.

This results in slightly stronger combustion in the
lower part of the combustion chamber when the model
jet engine is idling. At full throttle the hydrostatic pres-
sure difference is no more than 6 cm of fuel column. This
is negligible, and combustion is very even.

The significance of re-circulation zones

An important factor in the development of an efficient
combustion chamber is the design of the primary zone.
Even if the fuel and air are thoroughly mixed the flow
speed in the combustion zone must be kept very low. If
the flow speed is higher than the expansion speed of the
flame front, the combustion simply goes out. but even if
the gas speed is sufficicntly low the results with a small
combustion chamber are inevitably unsatis-
factory. The fuel burns so slowly that the combustion
chamber needs to be very long.

For this reason it is important to design the combus-
tion chamber in such a way that hot gas - if possible still
burning - passes through the primary zone again. Unless
this reverse flow (re-circulation) takes place, it is impossi-
ble to vaporise and ignite that part of the fuel which is
still liquid. If re-circulation c¢an be achieved a stable core
of hot gas forms in the primary zone. If a back flow area
is present, the flame in the primary zone is virtually
anchored in that position. This appears to be the only
way of constructing a small combustion chamber which
works efficiently.

Re-circulation of the hot combustion gases is an essen-
tial feature of the model jet engine described in the next
section. The vaporiser is not capable of vaporising all the
fuel in the hooked tubes, and the liquid residue is flushed
onto the front face of the combustion chamber. This fuel
would not vaporise and burn without the heat of the re-
circulating combustion gases. In fact the fuel undergoes a
cracking process at the front cover of the combustion
chamber. In the course of time this results in the forma-
tion of a layer of coke-like material which peels off peri-
odically. The model engine then spits out glowing
particles of soot like an old-fashioned open fire.

There are many possible methods of achieving re-cir-
culation. The usual course is to select a hole gecometry
which promotes gas flow towards the front face of the
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Diagram of the reverse flow in the primary zone of a combustion g
chamber with sticks from rear. T
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combustion chamber. It is also possible to inject the fuel
in the opposite direction to the main flow. This tends to
suck hot gas out of the rear part of the combustion
chamber and feed it back to the combustion area.
Baffles are also widely used, especially in the after-
burners of aircraft engines, together with rings of
V-shaped cross-section which produce a re-circulation
area. However, where these methods are used in model
jet engines the result can be harmful cracking of the com-
bustion chamber. I have to admit that practical experi-
mentation is the model builder’s most useful aid when it
comes to designing a combustion chamber. Since the tur-
bine nozzle guide vane system allows us to ohserve the
flame in the combustion chamber when the engine is run-
ning, it is at least possible to draw useful inferences
regarding possible deficiencies simply by warching the
engine.

Turbine stage and exhaust cone

How the turbine stage works

The turbine stage, also known simply as the turbine,
extracts from the hot combustion gas the work required
to drive the compressor. Its method of working is there-
fore the exact opposite of the compressor. The turbine
reduces pressure and converts it into kinetic energy. The
gases are deflected in the turbine blades and thereby sub-
ject the blades to a peripheral force which manifests itself
as torque.

The turbine stage itsclf consists of a nozzle guide vane
system and a rotor. The overall effect of the stage is to
process the heat fall. The proportion of the work carried
out by the rotor blades in the stage as a whole is
expressed, as is the case with the compressor, by the
reaction level r.

— AhBlmh':-

r=
Ah

Stage
Ahgyges, Ahy,,, are the fall in enthalpy in the rotor and in
the overall stage respectively, in J/kg.

In practice gas turbine stages are almost always
designed with a reaction level of + = 0.5. This means that
the heat fall Ahg,,. is divided equally between the noz-
zle and the rotor. For this reason we will only discuss
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V-shaped sheel melal guides anchor the flame in
the combustion chamber of a ram jet engine. The
Juels injected against the direction of flow through
numerous jets.

this type in the following section. The specialist litera-
ture refers to excess pressure turbines or reaction tur-
bines. The method of calculating the parameters of a
turbine with a different reaction level is analogous in
principle. The overall fall in the stage can be found from
the formula:

Ahgage =Cp X Tx(1— 1020y

when the hot gas is expanded with a friction-free flow. a
speed of

c=4/(2x Ah)

is achieved. However, in practice losses occur which
reduce the maximum possible speed by about 5%. This
means an actual energy loss of about 10%, since kinetic
energy rises in proportion to the square of the speed. In
general terms these values are much better than the effi-
ciency of the compressor stage. Tt is also true that the gas
flow in the turbine’s acceleration ducts is more stable,
which means that much greater gas deflections can
be achieved overall, giving substantial levels of energy
conversion. That is why a single turbine stage is amplc
for a model jet engine. A two-stage turbine would
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provide no improvement in the engine’s running charac-
Lteristics.

The combustion gas flows first into the turbine’s noz-
zle guide vane system, where the blade ducts work like
small jets, accelerating the gases in the direction of rota-
tion of the rotor. At the same time the gas expands. As
pressure and temperature fall, speed rises rapidly, reach-
ing values of around 450 m/s (1,620 km/hr) even in
model engines.

At this point the gases strike the turbine blades. Since
the turbine wheel is already spinning at very high specd.
we must differentiate very clearly between absolute and
relative speeds. If we could travel on the revolving rotor
we would be subjected to a gas flow not from the direc-
tion of the nozzle guide vanes, but to a greater or lesser
extent from the front. It is therefore a mistake to imagine
that the turhine blades should be set at right-angles to the
diffuser blade¢s, The idea that the gas would strike the
broad side of the blades at right-angles is correct - but
only when the turbine is at rest. Once it is in motion the
situation is different.

The torque produced by the turbine is the result of a
peripheral force which acts upon the turbine blades.

This force can be explained as follows: the gases are
accelerated again in the rotor blades, and are forced out
at high speed in the direction opposite to rotation,
Thereby each flow duct virtually forms a small jet pro-
ducing a thrust which acts upon the turbine blades. The

total peripheral force is the sum of the thrust forces
working in the direction of rotation.

In the final analysis of turbine power we are only inter-
ested in those speed components which are in the
peripheral direction, since work can only be performed
in the direction of rotation. The peripheral force is calcu-
lated using the same rules which apply to the engine'’s
thrust:

F,=mAw Aw  =w,—-w,

F, =

AW, =

Peripheral force (N)

Speed difference in the peripheral direction
between the inflowing and outflowing gas
(m/s)

w,. W, = relative speed at the rotor inlet (1) and the
rotor outlet (2) (m/s)

Finally the power of the turbine is calculated as follows:

p=FuxU=1’i'leWU)<LI

P =
u =

Theoretical turbine power (Watts)
Average peripheral speed (m/s)

The gas which leaves the turbine has virtually no resi-
dual swirl. When the gas flows through the stage it

Combustion chamber

Nozzle guide vanes

Turbine blades

Turbine
wheel

Diagram of an axial turbine stage.

Nozzle guide vanes Rotor blades

u
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Not much effort is required to produce a small
turbine wheel with a good level efficiency.

expands, and the total surplus pressure built up by the
compressor is reduced. In consequence the volume of
the gas rises, and this effect must be taken into account
when the turbine stage is designed. The same reduction
in enthalpy has to take place in the nozzle guide vane and
the rotor blades. This means that the speed of the gas is
the same in both areas. The continuity equation now tells
us that the free cross-sectional area for gas flow in the
nozzle guide vanes must be smaller than in the rotor.
where the gas has already been expanded fully, and
therefore takes up much more space.

In multi-stage gas turbines this effect is taken into
account by increasing the rotor diameter from stage to
stage. However. cven with a single-stage turbine this
must be allowed for if it exceeds a certain pressure ratio.
The essential enlargement in cross-section varies accord-
ing to the engine’s pressure ratio. At low pressures, as for
example in Kurt Schreckling's FD) series, it is feasible to
ignore compressibility altogether.

At higher pressure ratios a constant cross-scction tur-
bine would result in a rise in the reaction level and a
slight fall in efficicncy. For this rcason it is best to make
the free cross-sectional area of the turbine in a model jet
engine about 15 to 25% larger than the nozzle guide vane
cross-section, the actual figure depending on the pressure
ratio achieved. In practice this means increasing the
height of the blade or increasing the blade angle.

Axial turbine or radial turbine?

In theory both types of turbine are possible con-
tenders. In fullsize aircraft engines the axial turbine has
become the standard choice almost without exception,
since it achicves significantly better efficiency levels at
that scale. At model scale the situation is very different,
and radial turbines are certainly a sensible proposition.
Radial turbines of a size suitable for model engines are
used in turbochargers, and they have been developed
over many years to the stage where they represent
sophisticated high-tech products. They are manufactured
in special heat-resistant alloy (such as Inconel 713C)
using a precision casting process, and are capable of
withstanding extremely scvere stresses. As alrcady men-
tioned, one advantage of using such a turbine is that the
unit is exactly matched to the corresponding compressor
wheel in terms of throughput. To use the turbine in a
model jet engine all we lack is a nozzle guide vane sys-
tem.

However, for quite different reasons the use of a radial
turbine appears to he a poor choice for the amateur.
One reason is the mass of the rotor. Even at model sizes

Model fet Engines

Radial turbine of a turbocharger (Garrett). The
diameter of the wheel is only 52 mm.

A snail bousing is used as the turbine entry system
of a radial turbine. No nozzle guide vanes are
required with this type of entry system.

the rotor might weigh anything up to 0.4 kg. That means
a high moment of inertia and a correspondingly poor ahil-
ity to accelerate.

The turbine wheel is attached to the shalt using a spe-
cial welding process: friction welding. This technology
keeps to a low level the heat transfer from the hot wheel
to the shaft and the bearings. Attempting to attach the
wheel to a different shaft does not seem sensible, and is
unlikely to succeed in technical terms. On no account is
it permissible to drill through the wheel. The severe tan-
gential stresses which would act upon the bored area
would result in the wheel failing catastrophically at quite
a moderate rotational speed.

So there lies the rub: the main problem besetting the
use of a radial turbine in a model jet engine is of a
mechanical natSoure, and not thermo-dynamic at all. The
design of the rotor shaft means that the combustion
chamber must be very small or external, as demonstrated
by the PAL system. Morcover the thick shaft necessitates
the usce of large bearings which are generally less able to
withstand high rotational speeds.

Design and vector diagrams of an axial turbine

In principle the starting point for calculating the tur-
bine is the compressor, as this dictates the engine’s
throughput and rotational speed. The turbine should be
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designed to harmonise well with the existing compres-
sor. Of course, there is no reason why we should nor start
with a given turbine and build a suitable compressor.
However, since we wish to make use of a ready-made
compressor wheel from a turbocharger. everything in
terms of pressure, rotational speed and throughput is
already determined, so the method described here
appears to be the most sensible.

Although much of the data is already fixed there is
still some scope for variation in the design of the tur-
bine. For example, within certain limits it is possible to
vary the diameter of the turbine wheel and the blade tip
angle, although there are certain points which have to
be borne in mind. The gas which leaves the turbine
should flow out of the engine as striight as possible
(minimum swirl motion). We also have to take into
account the wheel's strength and efficiency when con-
sidering its design. To achieve low gap losses it is desir-
able to keep the turbine blades long, as this achieves a
favourable relationship between gap length and blade
length. On the other hand the strength of the turbine
wheel increases if the blades are shorter and lighter. The
little matter of the designer’s experience also plays a not
inconsiderable role in the final design. A turbine with the
same diameter as the compressor has proved to be a
good solution, with a blade tip angle o in the range 30
to 35°. At the low end of the range the gas deflection in
the peripheral direction is more pronounced. The net
result is that a larger proportion of the overall fall in
enthalpy is converted into shaft work to drive the com-
pressor. This in turn means that less remains for thrust
production. With such a configuration the exhaust gas
temperature will be low, and the model jet engine will
run very reliably but give less thrust. If the blade tip angle
is steeper the situation is different: the gas deflection in
the peripheral direction is reduced, and in order to drive
the compressor wheel and keep the engine running, a
higher level of enthalpy must be present overall. This
means that the exhaust gas temperature will inevitably be
higher. If our aim is to produce a model jet engine which
runs rcliably, it is clearly better to select a turbine wheel
blade tip angle at the lower end of the range, at least ini-
tially. Later on you can always adjust the angle of the
blades or fit a new wheel to discover if the modification is
worthwhile.

Typical calculation: turbine design for a model jet
engine

The following example presents the steps in calculat-
ing the design of a turhine stage based on the engine
described in these building instructions. In the case of the
Micro-Turbine we aim for a combustion chamber dis-
charge gas temperature of 923 K (650° C). This value
must not be confused with the exhaust gas temperature.
As the hot gases expand, the temperature in the turbine
falls by a good 100 K. These temperatures are well within
the range of standard nickel-chromium steels, and a satis-
factory useful life can be expected. We assume a nominal
rotational speed of 100,000 rpm and a corresponding
pressure ratio of 1.9. Measurements and calculations con-
cerning the compressor show that an air mass of 0.18
kg/s flows through the engine in this state.

A further factor to be considered is the loss of gas pres-
sure in the combustion chamber. A realistic value for
pressure loss in a model turbine is around 4% at full throt-
tle. The pressure ratio before the turbine stage is there-
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fore around 1.9 x 0.96 = 1.824. Remember also that the
specific heat of the air rises at high temperature. With the
gas temperature T3 one can assume a Cp of 1,100 J/kg/K.
The heat fall can then be calculated from the following
formula:

—0.23(!)

Ah =c, xTyx(1-7m
In our example the heat fall amounts to 160,350 J/kg,
which is significantly greater than the heat fall required to
drive the compressor. The hot gas still contains a very
Large amount of energy which is exploited to produce a
high efflux velocity and thus plenty of thrust. In the
model jet engine it is practicable to allow all the
enthalpy to expand in the turbine stage. This means
that the turbine wheel processes a higher fall than would
be required to drive the compressor alone. With this con-
sideration in mind, we can arrange the geometry of the
turbine wheel to exploit this advantage. The rotor blades
are arranged at such an angle that the ¢xhaust gas has a
large component in the direction of the thrust axis. This
allows us to use short blades, which are advantageous in
terms of mechanical strength. In this way a large propor-
tion of the thrust is already present in the turbine. This
means that a proportion of the heat fall which can be
exploited for thrust production is alrcady present as
efflux velocity at the turbine wheel. Finally only a rela-
tively small residual fall takes place in the actual thrust
nozzle.

We start from the heat fall and gas temperatures
already found. If we aim at a reaction level of 0.3, half the
fall, i.e. =0.5x160,350= 80,175 J/kg, is processed in the
diffuser wheel, and half in the rotor wheel. When the
gascs arc accelerated in the blades a speed c is reached in
cach wheel. Only 95% of the velocity can be converted
due to wall friction and flow losses.

c=095% x.f_z_x- 80. 1_7_")_] / kg =380m /s

Now comes the calculation of the free cross-sectional
area of the turbine stage, which is defined by the continu-
ity equation. However, before we do this we have to cal-
culate the density of the gas at the outlet of the nozzle
guide vane system and at the end of the turbine wheel. At
the end of the turbine nozzle guide vanes the enthalpy
fall has been reduced by half. The pressure ratio is then
approximately:

J1.824=1.35

As the gases expand the temperature also falls slightly.
Here again the turbine works like a compressor in
reverse. The fall in temperature can be calculated as fol-
lows:

Ah
AT = NTyrbine X —
“p

If we assume turbine efficiency to be 75% the tempera-
ture difference is:

AT = 0.75% 80.175 /1,100 = 55"K

As a result the temperature between the diffuser blades
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Diagram of the turbine wheel as used in the calculations.
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and the rotor blades is 923 - 55 = 808 K (595° ). The
gas density at this point is as follows:

_ 1.35%101.325Pa
868K x 287] / kg / K

=0.55kg / m3

At the turbine outlet the temperature falls by a further 55
K to the exhaust temperature of 813 K (540° ), at which
point gas pressure corresponds to atmospheric pressure.
The final density of the exhaust gas is:

p =101,325 / 813 / 287 = 0.434kg /m >

From this information we can calculate the free blade
cross-sectional area of the turbine as follows. using the
continuity equation. As at the start of the calculation, the
engine’s throughput is 0.18 kg/s:

Angy = m__ 0.18kg / s o 62
cxp  380m/sx0.55kg / m?
Apades = m 0.18kg /s — 0.00109m?

cxXp B 380m / s x 0.434kg / m>

These results show that small overall cross-sections are
correct, at 8.6 sq cm and 10.9 sq cm. In fact, this is due to
the characteristics of the compressor wheel. The model
jet engine will be fitted with a turbine wheel featuring
very small blades, and that is why the wheels are able
effectively to withstand the centrifugal load acting upon
the blades. This is the basic reason why the engine can
be run at high rotational speeds without requiring the usc
of special high temperature alloys.

These calculations also show that the cross-sectional
area of the wheel must be larger than that of the nozzle
guide vane system. In the interests of simplicity, and to
allow us to keep the nozzle guide vane and rotor blades
the same diameter. the blade tip angle of the nozzle
guide vane wheel is set at 30° and that of the rotor at
35°. In fact, the shallower the blade angle, the smaller
the free flow cross-sectional area. This is the key fact
which allows us to use blades of similar height. We have
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now already determined the geometry of the turbine
based on the calculated data and the angles and diamerters
we have established. In general terms the free blade
cross-sectional arca can be calculated as follows:

A =sin(a) X 7x Tx(da? —di?) /4

T is what is termed the blade taper factor which takes
into account the effective reduction in cross-sectional
area due to the thickness of the blade. We can reckon on
a figure for T of 0.95. If we select a turbine diameter of 66
mm to match that of the compressor (as in our example),
then the internal diameter is found from the following
equation:

4 x 0.00086m 2
sin 30°%3.14 % 0.95

sinfa)Xax1t .V

_ '0066‘311‘12— 4% 0.00086m 2

sin 30°x3.14 x 0.95

=0.04531m

Thus we find that the blade height should be (66 -
45.3)/2 = 10.35 mm. If we assume a blade tip angle of 35°
and a density of 0.434 Kg/m*® we can calculate for the
rotor wheel an internal diameter of di = 43 mm and a
blade height of 11.5 mm.

Finally we can plot the overall vector diagram using
the data determined thus far. The speed reached in the
blade ducts is 380 m/s. The average peripheral speed can
be calculated from the average stage diameter:

d, =, +d;)/2=54
and the rotational speed.

Another interesting point to note is the outflow speed
of the gases from the turbine wheel.

u=dy X7xn /60=0.054m x 3.14 % 100.000 / 60 = 283m /s

We have deliberately kept this value high, so that the
maximum amount of thrust is developed. The outflow
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speed can be found from the equation. Without any sup-
plementary exhaust cone the engine’s thrust is already at
least:

F=c¢pxm=218m /5 x0.18kg ‘5 =39N

With a good thrust nozzle this value rises by a further
20-25%, and at a speed of 105,000 rpm a final thrust of
50 Newtons is achieved.

The design of the turbine would not be complete
without some mention of the optimum number of blades.
Here again there can be no definite answer.

The important point is that the number of blades of
the nozzle guide vane system and the rotor should not
have a common divisor, otherwise the engine may tend
to suffer oscillations because of in-phase gas flow through
the blade ducts. A good system has proved to be eleven
blades in the nozzle guide vane system, and 19, 21 or 23
blades in the rotor.

Centrifugal loads on the rotor wheel

The turbine wheel is undoubtedly the most highly
stressed component in a model jet engine, as it has to
withstand high temperatures as well as centrifugal forces
of exotically high values. The weakest point of the
wheel is usually the blade roots since they are subject to
high temperature and must also withstand the total cen-
trifugal force acting upon the turbine blades. Inevitably
the resultant stresses rise with the square of the rotational
speed.

For these reasons il is essential to ensure that the maxi-
mum permissible rotational speed for the engine is never
excecded. However, the temperature of the gas inside
the engine plays a very important role here, for at high
temperatures the steels we are using lose much of their
strength. This applies in extra measure to the modeller,
who generally does not have access to super-quality heat-
resistant alloys.

The stresses on the wheel material in the turbine
blade region are influenced by the peripheral speed, the

FEven this short exbausl cone produces an increase
in thrust of 15-20%.
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blade mass, the material cross-section and the radius of
the wheel.

To simplify matters slightly, we will consider the mass
of a blade as a unit operating at its centre of gravity. The
centrifugal force on the blade is then:

F= i
I‘11'|
F = Centrifugal force in Newtons
u,, = Average peripheral speed in m/s
r, = d,/2=average radiusin m
m = blade mass in kg

If we assume all the data found in the preceding sample
calculation, with an actual blade mass of around 0.0
grammes, the average radius is 0.027 m, the average
peripheral speed 283 m/s, then the calculated centrifugal
load is 1,780 Newtons. This means that the effective mass
of the blade is 181 kg.

The tensile stress at the base of each blade varies
according to the cross-sectional area of the material at
that point. Naturally, this depends to a considerable
extent on the actual construction of the turbine wheel.
The cross-sectional area will vary depending on the blade
geometry and the thickness of the disc. However, it is
easy to maintain a cross-sectional area of twelve squarc
millimetres, which results in a tensile stress of around
150 N/mm2. If the temperature of the material is 650° C
we can still get by with nickel-chrome steels such as
stainless steel, V4A, INOX or similar grades. If rotational
speeds are substantially higher, then only special high-
temperature materials should be considered.

The centre of the turbine wheel is also subject to very
severe stresses, although the load varies according to the
design of the wheel. A plain turbine disc (without a
mounting hole) is at least twice as strong as a wheel of
the same size with a central bore. This applies even if the
hole is microscopically small. The reason for this is tan-
gential tension which occurs along the hole. The practical
results of a bored turbine are as follows: as the turbine
runs up to full speed the hole expands and suddenly
there is play where it meets the shaft. In an extreme case
the turbine wheel mounting hole may grow by several
tenths of a millimetre. The damage generally goes unno-
ticed until you stop the engine, or when serious vibration
sets in when the engine is run up to speed. Calculating
the tensile forces at the centre of the wheel is a very com-
plex procedure since the formula has to take into
account the precise wheel form and the influence of the
blades.

However. if we assume a disc of constant thickness
and a small hole relative to the turbine diameter, we can
approximate the maximum stress in the centre of the
wheel as follows:

o = 0825xu,’xp

o = Maximum tangential tension in N/m?2

u, = Average peripheral speed in m/s

p = Material density (generally around 8000 kg/m?)

If we consider the turbine discussed here we can calcu-
late a tensile stress of:

o = 0.825 x 2832 x 8000 = 528MN/m?2 =528 N/mm?

This means that the load in the centre of the wheel is
more than three times higher than that acting upon the
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blade bases. Although relatively low temperatures pre-
vail in the centre - around 250° C - the material is not
usually capable of withstanding these forces. This means
that the turbine wheel must be thicker in the centre than
at the blade position. This applies even if heat-resistant
materials are used. The profile of the wheel can be
designed to achieve an even load distribution through the
material.

The exhaust cone

The thrust of our jet engine is simply the product of
throughput and efflux speed.

Therefore the space immediately aft of the turbine is
very important in terms of the actual thrust produced.

Various styles of exbaust cone.

It is normal practice to
arrange an exhaust cone
immediately adjacent
to the turbine wheel,
whose purpose is to
reduce any remaining
enthalpy and accelerate
the exhaust stream fur-
ther. In a model jet
engine this classic
arrangement does pre-
sent certain problems. In
general terms overall
efficiency is relatively
low, so only a small
amount of enthalpy
remains which can be
added to the engine’s
thrust. It therefore
makes sense to reduce
all the enthalpy in the

turbine stage and design
the blades in such a way
that the outflowing gas
leaves the turbine at high speed.

In this case the main task of the exhaust cone is to
direct the gas into the open air whilst incurring the small-
est possible losses. The model jet engine presented here
is therefore fitted with a nozzle whose cross-sectional
area is virtually constant. Fitting the exhaust cone increas-
es the engine’s thrust by about 20%. Clearly the main rea-
son for this increase in thrust is the avoidance of vortices
aft of the turbine wheel, which incur high losses. The
cone also promotes the formation of a boundary layer
which produces an effective reduction in cross-sectional
area, leading to a further acceleration of the exhaust

A genuine exhaust cone, known as a convergent cong,
presents unacceptable problems at model scale, mainly
because the gas leaving the turbine is still extremely tur-
bulent and usually still exhibits a slight residual swirl
motion. No matter how efficient the turbine, we cannot
eliminate this swirl.

The swirl is unavoidable when you accelerate the
engine or close the throttle, and the exhaust flow would
have ro be straightened before it could be accelerated fur-
ther in the cone. The straightening process requires a
smoothing passage for the gas. In industrially produced
small jet engines fitted with a convergent cone this calm-
ing component is very large in volume, and for our model
jet engine we can certainly manage without the extra
complication.

Model Jet Engines

The nozzle of this drone engine can be modified by adjusting the inner cone.

The shaft of a model jet engine

The final essential component of the engine is the
shaft, whose task is to transfer the energy in the turbine
wheel to the compressor. The actual torque concerned is
very low, but the special characteristic of the system is its
extreme rotational speed. which forces us to adopt a very
special design of shaft. Initially it appeared that hollow
tubular shafts would offer great advantages, because they
are light in weight and have a high natural resonant fre-
quency. In fact, solid shafts have proved to be thoroughly
practical. and this section therefore assumes the use of a
solid shaft.

The assembly comprising shaft, compressor wheel and
turbine wheel is a system capable of vibration. If its natur-
al resonant frequency is close to the frequency of rota-
tion, then the system will start to oscillate, and if actual
resonance occurs, the vibration will be so severe that the
shaft bends. In the course of development of this jet
engine I have several times encountered sudden and
severe vibration when the engine was run up to high
speed. Once the engine had been stopped it was possible
to see the eccentricity in the shaft with the naked eye,
just by looking at the compressor.

The only solution to this problem is to design the
rotor system in such a way that its natural resonant fre-
quency is as high as possible. The weakest point in the
system is usually the compressor. The mass of these

69



wheels is relatively high, and their centre of gravity is a
long way from the bearings. If high rotational speeds are
to be achieved it is advantageous to use a short shaft, and
to locate the bearings close to the rotating wheels. In
practical terms the solution is simply to make the shafts
for our model jet engines from solid steel.

Calculating the critical rotational speed

Calculating the critical rotational speed of a model jet
engine is extremely complicated. but this is very useful
information if you wish to experiment with shafts and
rotors. The following section includes a method of calcu-
lating the approximate critical speed based on the Micro-
Turbine. In essence it is based on the formulae stated by
Bohl (author - see bibliography). The actual calculation is
a two-stage process. The first step is to calculate the criti-
cal rotational frequency of the compressor, the turbine
and the shaft individually and independently of each
other. The second step involves combining the three indi-
vidual values to determine the critical speed of the entire
rotor.

First we tackle the compressor wheel. We will consid-
er the engine’s shaft to be a zero-mass holder for the
rotor. The crucial influence on the oscillation frequency
is the distance berween the wheel's CG and its bearing.
The wheel's CG can be found by balancing it on a match-
stick.

0 [ 3xExI
‘\"mx(]+c)xc2

w is the bending critical angular velocity. To find the rota-
tional speed we multiply by 30/1=9.55 to give rpm.

I = Area moment of the shaft
d* /64
d = Shaft diameter, in our case I = 1.886*109m
E = modulus of elasticity of the shaft material. With
almost all steels it is:
210*10Ym+
{ = Bearing spacing, in our case 96 mm = 0.096 m
¢ = Distance from the wheel CG to the first bearing,
in our case 16 mm = 0.016 m
m = Wheel mass, in our case 0.062 g

The value for Weompressor 18 thus 28.852 I/s, which corre-
sponds to a critical rotational speed of 246,864 rpm.

Now we repeat the procedure for the turbine wheel.
Tts mass may well vary. but in our casc it is around 50 g.
Cast wheels are slightly heavier at 70 g, or 0.07 kg. The
distance to the turbine bearing is only 0.012 m. As a
result we find a much higher critical angular velocity of
Oryebine = 28.057 1I/s. Finally we have to calculate the criti-
cal speed of the shaft on its own. The formula for the
solid shaft is:

IxExI
o= |——
mX({+cIxc
{ = Bearing spacing

d = Material thickness
p = material density, in our case 7800 kg/m3
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Based on the data used in these formulae we arrive at a
critical angular velocity of the shaft of wyg,. = 21.597 I/s.
In the second stage of the calculation, as already men-
tioned, we calculate the critical speed of the rotor as a
whole.

| 1 | | 2
— .{-. _I,_ R
€ Shatt

2
w Oy arbinge

¥
m(.nmprv-;.-:nr E
This procedure clearly shows that the bending critical
speed w is 14,270 I/s, corresponding to a bending critical
speed of the whole rotor of 136,270 rpm, which is signifi-
cantly above the maximum design speed of 105,000 rpm.
A safety margin of at least 20% between nominal speed
and critical speed is certainly advisable in order to shield
the engine from severe vibration. If an even heavier com-
pressor wheel is used you may well encounter problems
in pushing the critical speed to a sufficiently high value,
and if you are in any doubt you should use a thicker shaft
and bearings. On no account is it permissible to attempt
to turn down the wheel on the lathe in an attempt to save
weight!

Centre of Gravily
(compressor)

Procedure for calculating the bending critical
speed of the rotor.

Modlel Jet Engines



Chapfer 2

A Home-made Model Jet

Engine

Introduction

Building your own jet engine is not as complex an
undertaking as you might expect. After all, the design
presented here, based on a single-stage compressor and
turbine. utilises the simplest possible layout.

Even so, any reader considering building his own tur-
bine should not underestimate the potential problems, as
there are several pitfalls awaiting the unwary. For exam-
ple, these power plants have one insidious characteristic:
if the engine should fail to run. it provides no clue of the
cause; at least, not to the inexperienced construc-
tor.

What this means is that you must have some technical
understanding of how turbines work right at the outset. If
you want the engine to be capable of flving a model, it
must be capable of running at very high rotational
speeds, and this in turn demands a high level of preci-sion
in the manufacture of the rotor system. The bearing seat-
ings must be accurately machined, and the shaft
must run true to very tight tolerances. Dynamic balancing
also calls for considerable patience. You will certainly
need to work carefully and accurately, and will need
all the tools of the typical fully equipped amateur work-
shop - but that is all you need.

If the engine is to run
well it is crucial that a
small number of impor-
tant parts should be
made really accurately
and fitted precisely. This
caveat primarily con-
cerns the rotor system,
the angle of the blades
and the combustion
chamber. In other re-
spects model jet en-
gines will shrug off a
few inaccuracies.

I have heard of home-
made turbines which
run well, even though
the turbine wheel has
poorly formed vanes
with no specific profile,
even though the com-
pressor has an excessive-
ly generous clearance,
and even though one

Newtons.
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diffuser guide vane was simply broken off during
machining.

The version presented here - the Micro-Turbine - is
based on a turbocharger compressor wheel with a diame-
ter of 66 mm. The engine's mass lies within the range
1100 to 1200 g, depending on construction. and it repre-
sents a viable power plant for model aircraft of medium

The small version: the Micro-Turbine.

After numerous modifications the Mini-Turbine produced a thrust of 40
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size. Overall diameter of the engine is 110 mm, length
235 mm. The engine requires Jet Al kerosene as fuel, and
it has to be injected into the engine at a pressure of
around 3 bar at full throttle. The bearings arc lubricated
by means of the kerosene fuel, which is mixed with 3%
two-stroke oil for this purpose, thereby eliminating the
need for a separate oil tank. The design is intentionally
optimised to keep exhaust gas temperatures relatively
low. as this produces an engine which is fairly straightfor-
ward to operate.

This emphasis in the engine’s overall design means
that we can just “get by” without using special high-tem-
perature stecels, provided that thrust is restricted to 40
Newtons. However, high-alloy nickel-chrome steels such
as stainless steel are still the only choice as the turbine
material. If high-temperature materials are used you can
safely increase power slightly. Fitted with a turbine wheel
made of Inconel 713, Nimonic 90 or other heat-resistant
alloys the engine produces more than 50 Newtons of
thrust on the test bench withour problem at a rotational
speed of 105,000 rpm. These wheels are produced using
a precision casting process, usually from Inconel 713.
Muost of these wheels share a common diameter of 66
mm, are designed for this size of turbine engine, and can
be used without any problems.

Since its introduction the general arrangement pre-
sented here has shown itsclf to be very effective. The
combination of a turbocharger compressor. “stick” com-
bustion chamber and axial working turbine has proved
to offer many advantages. These turbines are powerful
engines, easy to start, and require little in the way of
auxiliary equipment. Evidence of the efficacy of this lay-
out is the fact that, since the drawings were first pub-
lished, several manufacturers have adopted the same
basic principle and produced similar designs. The size of
the compressor and turbine used in this design provide
a level of thrust sufficient for most model jet aircraft of
average size. You can expect 50 Newtons of thrust -

Sheet metal up lo one millimetre thick can be joined easily using a spot-welder of
this type, made by converting a transformer.
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with a little Iuck perhaps even 60 Newtons, and this is
adequate for model aircraft with a take-off mass of up w0
10 kg. In our experience most model jets are consider-
ably lighter than this, and are overpowered even with 50
Newtons of thrust. If the model is very light and very
sleek, airspeeds can be uncomfortably high; the pilot
must be prepared to concentrate hard on the flying, and
be prudent and circomspect in handling the model in the
air.

Certainly the design presented here is capable of even
higher levels of thrust. Practical experience shows that
more power is available simply by increasing the tur-
bine’s rotational speed, but please allow me to warn you
off this idea right now. The rotational speed of the model
jet engine as presented here should be limited to a maxi-
mum of 105,000 rpm, as already stated; this speed corre-
sponds to a pressure ratio of 2.0. The thrust actually
achieved by the engine varies according to the implemen-
tation of the individual machine. If the quality of the com-
bustion chamber, the turbine guide vane system and the
turbine wheel vary, so will the engine’s power output.
However, if you run the engine at a speed higher than
recommended. you are eating into the reserves of
strength which are deliberately built into the design. At
the same time the useful life of the engine in general, and
of the bearings in particular, is reduced considerably by
cxcessive speeds, not to mention the additional problem
of a pronounced rise in noise levels.

What tools will I need?

My aim in preparing the drawings was to provide the
amateur constructor with the means to build the engine
as described, and this really is possible. Where welding
is required, I have kept material thicknesses generous, as
this makes the process casier. The only parts which have
to be purchased are the bearings, the compressor wheel
and a few small items. The turbine wheel can certainly
be home-made: however. since many professionally pro-
duced turbine wheels
are now available com-
mercially, the c¢asy
course is Lo resort to
one of these. Cast tur-
bine wheels are safe at
higher rotational speeds,
and this makes your
engine potentially more
powerful. The gain in
efficiency over a home-
made wheel is quite
moderate, but you do
spare yourself the ex-
tremely time-consuming
task of making your own
wheel.

In recent years rapid
progress in manufac-
turing technology has
made modern machine
tools accessible to the
amateur constructor,
and certainly some
components of the tur-
bine can be produced
significantly  bertter
and lighter using CNC
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FAILURE TIME/TENSILE STRESS OF POPULAR MATERIALS FOR TURBINE
WHEELS IN N/mmz2
No. Designation Trade Name Strength 600°C 700°C 800°C
900°C
248106 NiCr 15 Fe Inconel 600 Op/1.000 80 40 21
2.4034 NiCo 20 Cr 15 Nimonic 105 G100 853 490 245 03
MoATTi
2.4632 NiCr 20 Co 18 Ti Nimonic 90 /1000 373 117 39
2.4964 CoCr 20 W 15 Ni LGOS, HN 25 Con.000 216 118 59
1.4981 X 8 CrNiMoNb Bohler T255 Og1.000 290 140 55
16 16
1.4841 X 15 CrNiSi Ferrotherm 4148 Cp/10.000 130 44 20
2520
1.4300 X 12 CrNi stainless steel /100000 100 40
188
Oy, = Failure after . . . hours

milling machines and TIG welding equipment. To cater
for this possibility 1 have included a second, more profes-
sional version of certain components in the present edi-
tion.

Building a jet engine requires no more than a work-
shop equipped with the usual tools for metal working.
One absolute essential is a robust lathe with a length
between centres of 200 mm and a centre height of at
least 120 mm. The facility to cut left-hand threads is very
uscful, as this saves having to buy special left-hand dies.
Other requirements include an accurate pillar drill, a cut-
off tool and a small grinder, and you will need facilitics
for silver-soldering as well as some form of electric weld-
ing apparatus. A Metal Inert Gas (MIG/MAG) welding
machine or even a TIG welder are valuable tools. but not
indispensable. Other essential equipment includes mea-
suring tools such as a vernier caliper, screw micromerter
and dial gauge. For basic shaping of sheet metal a nibbler
or similar device is very helpful.

Many parts of a jet engine are fabricated from thin
sheet metal; this material is used for the engine casing,
the combustion chamber and the thrust nozzle. Sheel
metal is also used for clips and straps. the thrust pipe and
other parts required to install the turbine in the model.
Unfortunately it is difficult to produce sound ¢lectric-
welded joints in sheet metal if the material is less than
one millimetre thick. This applies in particular to stainless
steel and other thin heat-resistant metal sheet. In such
cases spot-welding offers many advantages, and it is little
trouble to make your own device for this task. Indeed, it
is worthwhile procuring or making a spot welder for
home-building a model jet engine, if you do not already
have access to a TIG welder.

The simple design described here has proved to be
very effective; all that is required is a transformer with a
capacity of at least 300 Watts. Such items can be found as
isolating transtormers; alternatively you may be able to
cannibalise an old welding machine. The essential factor
is that the primary 240 Volt winding should be intact, as
any secondary winding is removed in any case. If you
work carefully you can cut away the wires neatly, which
avoids the need to dismantle the metal core.

The next step is to obtain some thick wire with the
largest possible cross-sectional area; jump-start cable for
cars is a good source. Wind a few turns of the wire onto
the core with the aim of producing a no-load voltage of

Model Jet Engines

about 3-4 Voits. The actual welding electrodes consist of
brass points, although copper points are even better.
Wire up a foot-switch which actuates the primary side of
the transformer. I recommend that you connect a 60 Watt
filament bulb across this switch as a bridge; when the
switch contacts are open, the bulb acts as a dropping
resistor. When the welder is not on load. the bulb glows
dimly. When the electrodes make contact, the bulb
immediately lights up brightly, and the welding process
can begin.

Please remember that mains voltages are lethal and the
construction of the spot welder should be checked for
safety by an electrically competent person before the
welder is connected to the 240 volt mains electricity sup-
ply.

To produce a welded joint, press the electrodes onto
both sides of the metal and operate the foot switch for a
moment to switch on the primary side of the transformer.
It is important that the electrodes are exactly opposed to
-ach other at the moment of welding. Please remember
to wear protective goggles for welding. It is a good idea
to install one electrode in a fixed position on the welding
device, with the second electrode hand-held. You can use
a handle made of wood or heat-proof plastic for the hand-
held one.

This simple machine provides an effective means of
joining thin stainless steel sheet reliably and with little
effort. You will find that you are able to spot-weld sheet
metal reliably after only a short period of practice. For
very thin sheet material you will have to reduce the cur-
rent slightly; this applics to combustion chambers and
thrust pipes, for example. The simplest method is to
clamp a second length of jump-start cable between trans-
former and electrode to act as a serics resistance.

Selecting materials

Apart from the parts which come into contact with
hot gases the engine is assembled from standard materials
which you should find straightforward to obtain. Only the
metal for the turbine. the turbine nozzle guide vane sys-
tem, the combustion chamber and the thrust nozzle have
to be able to withstand high temperatures.

The steel industry has developed hundreds of alloys
which are many times superior to normal steel in terms
of hear resistance. Most of these materials posscss matceri-
al numbers which begin with 1.4 or 2.4. It is very diffi-
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cult for the amateur to obtain extreme heat-resistant
steels in small quantities, and working these alloys is not
simple, although in my experience cutting alloys based
on nickel and cobalt is quite possible using amatcur tools
provided that you are aware of a few “wrinkles™ (special
techniques). It is very important that you take your time
over sawing and drilling. If you work too quickly both the
tool and the workpiece heat up. The turning tool or saw
blade soon loses its strength, but the workpiece usually
survives the ordeal unscathed. This just means that vou
must always work patiently and use copious quantities of
curtting fluid.

In the engine itself the material is subjected to high
temperatures and tensile stress, and if certain loads are
exceeded the material slowly begins to change shape.
Elastic deformation, which disappears again when the
engine stops, is acceprable, bur if the marterial goes
beyond this point a permanent distortion sets in which
gradually worsens with time. The magnitude of this effect
varies according to the strength of the material. This in
turn varies very greatly according to temperature.
Stainless steel and other commonly used nickel-chrome
steels exhibit a clear decline in terms of strength over
time at a temperature of 650° C. That is why it is essential
to ensure low exhaust gas temperatures when these
materials, with their limited heat-resistance, are uscd.
Tables of material strength include the value oB/1000
which is important to constructors of engines. This value
states the load and temperature at which the material will
fail after 1000 hours.

However, the actual fracture is preceded by a linear
expansion of the material by a few per cent. What this
means in practice is that overloading a model jet engine
will not usually cause the blade bases to fail. It is usually
the case that excessive speed stops the engine in an
utterly unspectacular fashion: the turbine blades twist

A low exhaust gas temperature is very imporiant if the engine is to operate
reliably.
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and eventually foul the casing. A further important item
of information is the scaling resistance of the material,
which should be at least 800° C. This applies in particular
to the turbine nozzle guide vane system where the high-
est temperatures are encountered. Scaling results in a
constant wearing away of material which can eventually
lead to fracture.

As a rule standard nickel-chromium steels are relatively
casy to obtain. Thin sheet material can even be bought
from builders’ merchants. A good source of the thicker
material which is required for the turbine wheel is a
scrap merchant, as the stainless sheet material is usually
collected separately because of its higher value.
Externally these materials can be recognised by their rust-
free condition. When you are on the hunt for these mate-
rials, a magnet is an important ally. If you are lucky you
may find a piece with the material number printed on it,
and you can then check its suitability for your engine by
consulting a materials list. The standard alloy constituents
of these stecls are 18% chromium and 8% nickel. but if
they also include molybdenum, manganese, niobium or
titanium, so much the better. Another likely source is any
company which manufactures equipment for the chemi-
cal industry. These companies use high-alloy steels for
making acid- and heat-resistant valves. pumps and instru-
ments. Certain stainless steels are resistant to inter-crys-
talline corrosion and as such are used in shipbuilding, and
these have also proved suitable for engine construction. A
much used steel in this area is Nitronic 50 (1.3964). 1
have made several turbine wheels from this material
which to date have withstood the stresses without com-
plaint.

The compressor wheel

The compressor wheel required for our model jet
engine is manufactured for use in KKK turbochargers,
and can be purchased as
a spare part. It is sup-
plied very accurately
dynamically balanced.
and is therefore ab-
solutely ready to use.

These wheels are
available exclusively via
authorised service
points, and not from the
turbocharger manufac-
turing company itself;
supply sources are listed
in the appendix. No
work of any kind needs
to be carried out on the
compressor wheel. The
wheel (5326 123 2037)
has a diamecter of 66
mm, a 42 mm ¢ inlet
and a blade height of 5
mm. In addition to the
wheel specified in this
design. two further mod-
¢ls from the same range
of compressors are also
available and usable for
our purpose. All three
wheels are produced
from the same basic
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casting, and differ only in the contour machined into it.
This results in differences in potential throughput. albeit
only at fairly high rotational speeds. The two other types
have an inlet diameter of 46 mm and offer slightly superi-
or performance at very high speeds, but are a little more
expensive to buy. In any case, the differences are negligi-
ble when the turbine is used normally, i.e. up to the
engine’s maximum design thrust. The alternative wheels
(5326 123 2038 and 5326 123 2022) can thercfore be
used as straight alternatives. If you do use one, note that
you will need to increase the vane height of the compres-
sor diffuser vane system to 6 mm. If you opt for the latter
wheel you only need to adjust the shape of the compres-
sor cover to match it; all the other engine components
can be used unchanged.

Constructing the engine

Making the shaft

Heat-treated steel should be used to make the shaft. A
proven method is to make the shaft components from
large machine screws with a strength rating of 12.9. This
type of screw - typically M16 x 180 or M20 x 180 - is
available from specialist dealers. If you have to use other
materials the steel must be really tough. Hydraulic cylin-
der pushrods have also proved to be a source of excellent
material. These are generally alloy steels such as 42 CrMo
4. The pushrods are often case hardened (nitrided),
which means that the thin hardened layer must be
removed before turning. using a grinder. The shaft materi-
al must be very tough, but not brittle; the shaft simply
must not break. The modulus of elasticity of various types
of steel varies very little, and as a result the bending criti-
cal speed for all shafts is about the same. Stainless steel is
not a suitable material for turbine shafts. As a conductor
of heat, standard commercial stainless steel is around four
times worse than low alloy steel, and therefore the heat
from the hot turbine wheel is not dissipated quickly
enough. Neither are titanium and its alloys good shaft
materials. The threaded shanks of titanium shafts tend to
degenerate with the fluctuating mechanical and thermal
loads, and safety considerations therefore dictate that this
material should not be used. If the joint between the tur-
bine wheel and the shaft comes loose, the result could be
that the entire threaded spigot is torn off. In any case, tita-
nium has a low modulus of clasticity, and therefore offers
no advantage in terms of bending critical speed with this
shaft design.

The first step is to rough-turn the shaft on the lathe.

Grinding the rotor blades.
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The combustion chamber of the Micro-Turbine.
View from rear.

For best results use turning tools with a tungsten carbide
cutting tip. All fits should be left clearly oversize. As a
lead-in to the sections which are later to be threaded you
should turn the shaft down to a diameter of 6 mm for a
few millimetres (turbine end) and 4.8 mm (compressor
end), to ensure that the threads start straight.

Centre up the shaft blank and bore a centre hole at
both ends. Now is the time to machine the cylindrical
sections to final size, turning between centres. If you
have a grinding attachment on your lathe, that’s what
you should use. The bearing seatings and the shoulders
for the compressor and turbine must be machined to
an accuracy of one hundredth of a millimetre. Check
the concentricity of the shaft at the centre and the
shoulders using a dial gauge. The maximum permis-
sible deviation should be less than two hundredths of a
millimetre.

Cut a left-hand thread in both ends of the shaft. Please
do not consider any other form of attachment at this
point - nothing ¢lse will do. Please don’t attempt to save.
the £20 for a suitable tap and die.

The spacer discs should be considered part of the
shaft. Two are required: one at the compressor, the other
at the turbine wheel. Great precision is required when
forming the inner sleeves; they must have no backlash on
the shaft, and the inner bore must be finished using a
reamer. The two end surfaces must be exactly parallel to
each other. I recommend that you check this accurately
using a screw micrometer. Any inaccuracy will result in a
shaft which does not run true, and many imbalance prob-
lems can be traced back to this area.

The cooling channels and lubrication tube al the
rear side of the diffuser system.
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The shaft tunnel and bearings

The shaft tunnel (7) is made of aluminium. The ball-
race at the compressor end should be a good pressit in
the bearing seating, and the bearing should end exactly
flush with the tlange. In contrast, the turbine end bear-
ing housing must be oversize in order to allow for the dif-
ferential expansion of shaft and tunnel. Since the bear-
ing's operating temperature is high, the play should be
one hundredth of a millimetre. If the rear bearing is
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slightly tight when cold, this is no cause for anxiety. The
thermal expansion of aluminium is greater than that of
steel, so the correct clearance will develop when the
parts rcach running temperature.

A component part of the shaft tunnel is the thrust
spring for the bearing at the turbine end. This spring pro-
vides the essential pre-load in the bearing. The correct
force for this spring has proved to be 15 Newtons, and
this value should not be exceeded by a significant
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Aluminium
ALSi alloy
Aluminium
Aluminium
Steel

ISO 608

Screw steel 12,9,
Aluminium

Stainless steel

Stainless steel

Stainless steel

Stainless steel

Stainless steel, Inconel 601
Stainless steel

Stainless steel

Stainless stecl,

Brass

Brass

sSyringe needle

M4 socket-head cap screw
Stainless steel, Inconel 601
Stainless steel

Stainless steel

Stainless steel, Inconel 601
Stainless steel

Stainless steel

As heat-resistant as possible
Stainless steel

Stainless steel

Stainless steel

Stainless steel

Stainless steel

Stainless steel

Stainless steel

stainless steel

Stainless steel

Stainless steel

Stainless stecl

Steel

Brass

Steel

Brass

Brass, steel

Brass, steel

NO. NO. OFF DESCRIPTION

1 1 Compressor cover

2 1 Compressor wheel

3 1 Compressor diffuser system

3.1 18 Guide vane

4 1 Spacer disc

5 2 Ballrace

6 1 Engine shaft

rs 1 Shaft tunncl

8 1 Combustion chamber jacket

8.1 1 Combustion chamber sleeve

8.2 1 Rear section

8.3 1 End picce

8.4 6 Stick

9 1 Combustion chamber inner section

9.1 1 Inner tube

92 1 Front section

10 1 Injecror ring

10.1 1 Injector ring

10.2 6 Injector needle

10.3 1 Guide

11 1 Turbine nozzle guide vane

11.1 1 Inner ring

11.2 11 Tunnel guide

11.3 11 Blade

11.4 1 Turbine jacket

11.5 1 Flange

12 1 Turbine wheel

13 1 Spacer disc

14 1 Thrust nozzle

14.1 1 Outer cone

14.2 1 Inner cone

14.3 3 Lug

14.4 1 Spacer

14.5 2 Mounting ring

15 1 Casing

15.1 1 Housing jacket

15.2 1 Rear section

15.% 3 Hole reinforcement

15.4 1 Guide

16 | Lubrication tube

17 1 Pre-load spring

18 2 Pressure take-off nipple

19 1 T-piece

20 1 Auxiliary gas injector
Various other small parts such as screws, nuts and clips not listed individually.

MATERIAL/TYPE DIMENSIONS/NOTES

Turned

Ready made (KKK 5326 123 2037)
Compound component

1mm thick sheet

Precision turned

“C3" ballrace without shiclds;
hybrid ceramic bearings better
Turned from large machine screw
Turned

Spot-welded

Sheet. 0.3-0.5 mm thick

Sheet, 0.5mm thick

Shecet, 0.5mm thick

4" tabe; alternatively 6 mm
Welded

Sheet, 0.3-0.5mm thick

Sheet, 0.5mm thick, pressed
Soldered

4 () x 0.5 mm

Size 2, 0.8 ¢} x 40 mm (pharmacist)
Drilled out

Compound component
Turned

Turned

Sheet, 0.7-1 mm

Sheet, 1.5 mm

Sheet 1.5mm

As instructions. or ready made
Precision-turncd

Spot-welded

sheet, 0.3 - 0.5 mm

Sheet, 0.3 - 0.5 mm

Sheet, 0.5 mm

Sheet, 0.3 mm

Sheet. 0.5 mm

Spor-welded. soldered

Sheet, 0.3 mm

Sheet, 0.5 mm, pressed

Sheet, 0.5 mm

Tube, 5 ¢ x 12 mm

3O x0.3mm

Thrust pressure: 15 Newtons
From 6 mm ¢ rod

Injector needle soldered in

Injector needle soldered in

amount. The pre-load spring itself can consist of a series
of spring washers. The spring tension can be adjusted by
means of a sleeve between the spring and the bearing if
necessary. For initial test running it is not necessary to
pre-load the bearings. The bearing configuration used in
this design assumes the use of standard ballraces. If
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flanged races are uscd the spring force must be consider-
ably higher. In any case you can expect good results
with perfectly standard bearings. If you keep to moder-
ate rotational speeds - say, up to 100,000 rpm - you
can expect a useful life of more than 20 flights. The ball
cages should be made of steel or plastic, and the bear-
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Cross-section of the Micro-Turbine.

ings should certainly be inspected regularly. Bearings
with rolled brass cages are not suitable. Hyvbrid bearings
with silicon nitrite balls offer a virtually unlimited life,
and suitable types can be obtained in small quantities.

The final part of the shaft tunnel is the lubrication sys-
tem. The oil pipe (16) is made from thin brass tubing,
bent to the shape shown. The oil pipe is clamped in place
in one of the three air ducts when you screw the shaft
tunnel to the compressor diffuser vane system. The shaft
tunnel should be held in place using high-strength
screws, preferably socket-head types, and thread-lock
fluid. The other end of the tube exits the engine through
a hole in the compressor cover. The lubrication tube can
then be connected to a T-piece in the fuel supply line
using a short length of flexible tubing.

The turbine nozzle guide vane system

The nozzle guide vane system for the turbine (11) is
one of the most complex parts of the engince. It has two
primary functions: feeding the gases to the turbine
wheel and providing a location for the shaft tunnel. The
mounting flange to the housing (11.5) also serves as a
burst shicld (containment). The first step is to make the
inner ring (11.1). It can either be turned from a suitable
picce of tube or bent to shape from sheet metal. Mark
the eleven blade slots as shown in the drawing and saw
them ourt using a piercing saw. You may need to shorten
the saw blade (hard metal grade) to prevent it fouling. If
you have any choice, select a good heat-resistant material
for the nozzle guide vane blades, but otherwise use
stainless steel. Cut out the blades (11.3) leaving them
well oversize, bend them 1o approximate shape, then
place them in the inner ring. If you look at the guide
vane system from the front, the vanes should overlap
each other as far as possible: it should not be possible to
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see right through the vanes except towards their tips.
The angle of the vanes can certainly be allowed to
decline by one to two degrees towards the outside.
Finally weld the blades in place from the inside using an
electric welder. Fit the shaft tunnel seating (11.2) and
attach it, again using the ¢lectric welder. The nozzle
guide vane blades can now be turned down to size as
shown in the drawing. This is easiest if you have a grind-
ing attachment on your lathe. The last step is to grind the
blades to a rounded profile ar the inlet and a point at the
outlet.

The nexi step is to machine the flange and weld the
turbine jacket (11.4) in place. In this state the inside of
the component should be machined on the lathe to guar-
antee an exactly circular cross-section. Insert the inner
section, mark the position of the slots for the edge of the
nozzle guide vane blades and saw them about 3 mm deep
in the turbine shroud. The gap between the blades and
the turbine jacket (one tenth mm) disappears when the
engine is at running temperature. Each nozzle guide vane
is fixed to the turbine shroud with a single spot-weld. At
this stage the vane system should be mounted in the lathe
again; when you are confident that it runs dead true, you
can safely machine out the central seating for the shaft
tunnel to its final diameter.

The turbine wheel

In technical terms the turbine wheel (12) is not as dif-
ficult to make as you might expect. The actual wheel is
made of 6 mm thick sheet metal. Cut out a suitable blank
and bore the central hole for the shaft. Heat-resistant steel
should be bored our in stages using a low rotational
speed and cutting fluid. Use a reamer to open up the hole
to the exact size.

The blank can now be turned down to size on the
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lathe, again using a low rotational speed. Tungsten car-
bide tipped cuuing tools have proved a good choice for
this task. Leave the wheel diameter about 1 mm oversize.
The next step is to saw the 19 blades down to a diameter
of 46 mm. An ordinary hacksaw fitted with an HSS blade
has proved suitable for this job. Saw slowly but use plen-
ty of pressure; you will find that a generous supply of cut-
ting oil makes the work easier. If you are using extreme
heat-resistant material such as Inconel 625 or Nimonic 90
you should feel pleased with yourself if vou manage a 5
cm linear cut per saw blade.

Heat the wurbine blades to red heat using a gas torch,
then twist them in the clockwise direction through 30 to
357 using a pair of pliers or a home-made claw tool. The
final blade angle is established when the turbine blades
are ground to shape. This is done using a disc cutter
clamped in a drill press. The first step is to continue the
saw cuts down to the final dimension of 44 mm: hold the
turbine wheel at an angle of about 35° to the disc cutter
and grind through to the final dimension.

Now the profiling of the individual blades can begin.
Grind material away using a coarse epoxy abrasive wheel,
cutting mainly on the side facing the combustion cham-
ber and aiming at the approximate profile shown in the
drawing. Minor variations in this respect are not critical,
but each blade must be slightly cambered. The mean line
of the profile should follow a radius of about 15 mm. To
ensure sufficient strength at the blade base the profile
thickness of the blades should increase constantly
towards the centre of the wheel. The blade tips should be
no more than 0.7 mm thick. The blades taper towards the
rear edge and are rounded off at the front.

Finally check the tip angle of each turbine blade: it
should be 34°. Any blades deviating from this value can
be adjusted using a pair of pliers. Clamp the wheel on a
mandrel to check that it runs true, then carefully turn it
down to final size. The final stage of finishing the turbine
blades consists of sanding them carefully using the abra-
sive wheel mentioned earlier.

Polishing the blades to improve the surface finish does
not provide any measurable increase in power. If you
have used special heatresistant material it is important to
anneal the turbine wheel to free it from internal stresses.
The annealing temperature and time for the material in
question should be found by referring to the appropriate
material lists.

A cast turbine wheel is an equally good choice for
this engine. The blade angle and profile of these wheels
are usually designed with high thrust as top priority. The
best results are obtained by producing a turbine nozzle
guide vane system which lines up as well as possible
with the turbine wheel blades. If you use a cast wheel,
the nozzle guide vanes can be flattened slightly towards
the outer diameter. The wheel attachment takes the form
of an 8 mm ) bored hole. The cast blank should be
bored out in stages at low speed, starting with a small
pilot-hole. This task should always be carried out on the
lathe. The wheel can be held in the lathe chuck by
clamping it from the inside, against the ring of vanes.
Alternativelv vou can fit a slotted aluminium ring over
the wheel to protect it, then clamp it from the outside. It
is important that the turbine wheel should run as true as
possible. The best method of cutting the main bore is to
use an 8 mm ) tungsten carbide masonry drill, modified
as follows: sharpen the tip of the drill, at the same time
grinding down the diameter slightly in order to achieve
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a 7.8 mm ¢ hole. A reamer can then be used to finish
off the bore o final diameter. The final stage is to wurn
down the turbine wheel to its final diameter. Tungsten
carbide tipped turning tools (wear goggles!) are best for
this. If you have a grinder. use it to reduce the wheel to
final size. The clearance of the cast turbine wheel must
be very close; certainly not more than 0.2 mm on cach
side.

Wheels produced using the investment casting
method are extraordinarily strong, and therefore offer
great reserves of strength, but please don't let this fact
tempt you into running the engine at higher speed than is
permissible. The turbine wheel manufacturer’s instruc-
tions and recommendations must be observed.

Balancing

To balance the turbine wheel it is necessary to mount
it on the turbine shaft. The fit must be accurate, i.e. the
wheel should require slight force to install it on the shaft.
Fit two new ballraces (22 mm diameter SO 608) when
assembling the shaft. The ballraces are supplied grease-
filled, and the grease should first be rinsed our with
kerosene or petrol. In this state the bearings are very free-
running. Hybrid ceramic bearings are ideal for this appli-
cation. Naturally it is essential to keep everything
spotlessly clean, as even a tiny quantity of dust will falsify
the results of the balancing process. We recommend that
you keep one set of bearings especially for this purpose,
and protect them very carefully from dust. Install the
shaft, bearings and turbine wheel in a metal tube with an
internal diameter of 22 mm.

The next step is to lay the tube, complete with shaft,
on a flat surface, and cautiously and continuously roll it a
quarter turn to and fro. This action will cause the shaft to
align itsclf with the heavier side at the bottom. Mark this
point on the turbine wheel using a felttip pen. Material
now has to be removed from the heavier side by carefully
thinning the blade profile using a grinder. Apply tape
over the turbine bearing to protect it when using the
grinder. Do not remove any extra material from the inside
of the wheel, and never be tempted to drill or scrape the
wheel, or work it in any uneven pattern, in an attempt to
balance it. If you are using a cast wheel, as far as possible
grind material from the cast-in balance ring only. On no
account do anything which might weaken or disturb the
ring of blades.

With a little practice you quickly obtain a “feel” for the
amount of material which needs to be ground away, and
you will soon have a smooth-running shaft. The method
described here is quite accurate enough, and when the
assembly shows no imbalance with perfectly clean bear-
ings, the shaft is sufficiently well balanced, and is ready
for use.

The compressor system

The compressor cover (1) is made first: the part is
turned from solid as shown in the drawing. The critical
area here is the part which covers the compressor
wheel, as it needs to exhibit a constant gap 0.3 mm wide
to the blades of the rotor wheel. Turn the blank to an
internal diameter of 42.6 mm and clamp the inlet side in
the chuck so that you can machine the correct profile. If
you are using a compressor wheel other than the one pre-
sented here, obviously the diameter of the cover will
have to be adjusted to suit. At this point you can start
turning the required profile. Offer up the compressor
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The shaft is balanced on a perfectly flat surface.

wheel repeatedly to check where more material has to be
removed. When you are satisfied. the rest of the part can
be machined to the shape shown in the drawing. Don’t
drill the mounting holes until further components have
been completed.

The diffuser vane holder (3) can now be made up as
shown on the plan. Note that air ducts for cooling the
bearings must be machined in at the point where the
shaft tunnel meets the holder. Each duct is 5 mm wide
and is located between a pair of adjacent mounting
screws. The ducts should be one millimetre deep - this is
quite adeguate.

A small proportion of compressed air from the compres-
sor enters these ducts, and at the same time some of the fuel
oil mixture is blown in with it. The air flows through both
bearings and leaves the shaft tunnel at the rear.

The three retaining bolts for the compressor cover arc
located on a diameter of 84 mm. Drill and tap (M4) these
holes first. Mark the slots for the diffuser blades on the
surface and saw them out using an electric piercing saw.
The standard saw blades produce a slot I mm wide.
Three of the slots should run exactly through the centre
of the threaded holes. Cut out the diffuser blades (3.1)
from 1 mm thick sheet metal, leaving them slightly over-
size. To improve the strength of the glued joints drill
countersunk holes along the joint lines before gluing 15
of the 18 blades in place using epoxy resin. For the time
being don't glue the blades in the slots which coincide
with the retaining bolts.

When the resin has curced the diffuser blades have to
be trimmed to match the profile of the compressor cover.
Screw the diffuser vane bearer to the shaft tunnel and

back the blades using a file or a sharp turning tool. The
region immediately behind the compressor wheel is
important, and a blade height of exactly 5 mm must be
maintained at this point. Any gap on the axial side
between blades and casing which occurs after the point
where the gases are deflected is not of crucial impor-
tance.
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Insert the shaft and
the compressor wheel,
centre up the cover and
mark the position of the
rctaining bolts. Remove
the threads from the
bolts where they pass
through the blade ducts,
and screw them into the
diffuser vane bearer.
The three remaining dif-
fuser blades can now be
installed: cut each one
in two and fair them
into the bolts with a fil-
let of epoxy resin.

The alternative is to
machine the diffuser
vanes from the solid.
This is only feasible
if you have access
to a high-precision CNC
automatic milling
machine. Here again,
the vanes start with an
angle of 21 degrees.
The radial and axial vanes are arranged in two rings. An
M2 thread can be cut in the 15 radial vancs to accept
the cover mounting screws, and the compressor cover
then has to be modified to suit. The initial diameter of the
axial vanes is 98 mm, and the vane height is a constant
6 mm.

The combustion chamber

This is madc of thin stainless sheet steel. The ideal
material for this component is 0.3 mm thick sheet, and
this should be used if available; otherwise you can usc the
more widely available 0.5 mm thick sheet. Carefully weld
all the individual pieces of metal together. The front part
(9.2) is pressed to shape on the lathe over a former made
of hardwood or aluminium, which should duplicate the
approximate shape of the front section. The minimum
requirement is that the part should be cleanly cambered.
The curvature of the combustion chamber cover pro-
duces a smooth. rounded geometry in the primary zone,
and this helps to climinate dead arcas in the airflow, and
unburned fuel is re-turbulated more quickly. The outer
jacket (8) and combustion chamber inner section (9)
should fit together with little play. It is important that
there should be no gaps through which supplementary
air could penetrate. The combustion chamber as a whole
should not be too tight a fit in the nozzle guide vane
system. Normally the combustion chamber com-
ponents form a really rigid assembly when fitted together.
Nevertheless. you can weld the parts together later if
you prefer. Three sheet metal lugs can now be spot-weld-
ed to the combustion chamber jacket in order to provide
additional centring for the combustion chamber in the
casing,.

It is up to you whether you bore the holes first then
weld the parts together or vice versa. In either case all
the holes which are larger than 4 mm diameter should
be opened up slightly using a die and punch. This
results in a nozzle-shaped hole and at the same time
removes the sharp edge. For a given size of hole this
allows the jets of cooling air to penectrate to a greater
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The inner ring of the turbine NGV sysiem.

depth. The recessed holes should be pilot-drilled using a
bit one millimetre smaller than final size, then opening up
to the stated diameter. All the other holes in the sheet
metal just need to be drilled with a normal amount of
care.

The vaporiser tubes (8.4) consist of 6.35 mm
0.1D./5.55 mm L.D. stainless steel tubing (i.e. 4" tube).
Each stick is made from a 70 mm length of tube, which is
first belled out at one end to 8 mm . This is best done
by clamping the tube in the lathe chuck and pressing a
fixed centre punch into the end at moderate speed. Angle
the end of the tubes slightly as shown in the construction
drawing. The tubes are fixed in place as shown in the
drawing: brazing is quite adequate.

The last part to make is the injector ring (10). The
injector tubes are made from size 2 syringe needles.
These are fitted into the injector ring tip-first, and silver-
soldered in place. You can check that the injectors work
evenly with a test burn using propane gas. Use a length of
the same tubing as the fuel feed pipe (10.3). Braze the
guide (10.4) in one end. Finally the fuel line connecting
piece runs through the casing and out of the engine. A
suitable hose nipple is then fitted to the end, scaled with
teflon tape. The injector ring is tied in place using Inox
wire (from builders’ merchants). You will need to drill
holes in the rear section of the combustion chamber to
take the wire. The injector needles should be bent in
such a way that the fuel flows on to the wall of the vapor-
iser tubes.

The shaft is made from a bigh strength sockel-
bead car screw, M16 x 180.

Blades and stabilisers welded together.

The housing

The best material for the jacket is thin stainless steel
sheet, which should be soldered or spot-welded.
Ordinary stect sheet is also adequate for the jacket, but
the result is not so elegant. Only the tail end (15.2)
needs to be made of stainless steel sheet, and this part
can be spun out of one piece on the lathe. The outcome
is a very good-looking, smoothly rounded casing which is
extremely rigid. The easiest method of forming the part is
to make an aluminium former for it; it does not need to
conform to a particular shape or radius. The tail end
should be as tight a fit as possible in the jacket, as this
ensures that the spot-welded or soldered joints are easy
to produce. It is helpful to anneal the metal during the
spinning process. The obvious alternative is to make the
component from three parts. each of truncated conical
shape.

Initially it is advisable to make the casing two milli-
metres longer than stated, to give you scope for correct-
ing any inaccuracies. The casing jacket (15.1) should not
be too tight a fit on the compressor cover (1), Cut a suit-
able hole in the rear part of the casing to accept the fuel
feed line, and install a pressure take-off nipple (18) in the
tail end. Unused nipples do not need to be sealed when
the engine is running, as their cross-sectional area is
small. The supply line for auxiliary gas should also be

The rear of the engine with the shaft removed. The
shafl tunnel locator is clearly visible.
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A balf finisbed turbine wheel. The version with 21

blades also worked well, but failed owing to my
carelessness. The rotor of the Micro-Turbine.
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fitted at this stage. When you assemble the engine the
needle should project exactly into one of the six sticks. If
you have made the casing of ordinary steel, you should

&4

finish it with heat-resistant paint once assembled,
and cure the paint according to the manufacturer’s
instructions.
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The diffuser flange at an early stage.
Assembling the components

The individual components are assembled as shown
in the construction drawings. The shaft tunnel, compres-
sor diffuser system, rotor and cover form one sub-
assembly. The compressor cover is attached using three
self-locking nuts which should be tightened no more
than hand-tight. [t is important that the compressor rotor
should be exactly central when you have tightened
these nuts. The shaft can be withdrawn from the rear
together with the turbine wheel and bearing, leaving the
compressor wheel, spacer disc and front bearing in the
COMPressor.

The nozzle guide vane system and the engine housing
are also permanent fixtures. When assembling the engine
you should seal the flange with several layers of alumini-
um foil folded together. Tighten the ten screws carefully,
working alternately from side to opposite side, like the
valve cover bolts on a car engine. Insert the combustion
chamber in the housing and secure the fuel pipe by
screwing a hose nipple in place. This method of retention
is very simple but quite adequate, since the combustion
chamber itself is located by the nozzle guide vane system.
When assembling the parts it is important to ensure that
the auxiliary gas feed tube projects correctly into one of
the vaporiser tubes.

You can now fit the compressor in the housing com-
plete with the shaft tunnel. Twist a length of teflon tape
to form a cord, and lay the cord in the channel
machined in the compressor cover. However, a good
alternative is to use a small rubber band. When placed in
oil the rubber swells slightly and provides a reliable seal.
Wrap a layer of insulating tape over the outside.
Insulating tape is quite sufficient for initial experiments at
low pressure.

The next step is to fit the shaft/turbine wheel assem-
bly into the engine from the rear. Use a feeler gauge to
check that the running clearance is an even (.25 mm.
Screw the compressor on the shaft, but leave it only
hand-tight for the moment. You will find that you quickly
get used to the left-hand thread. The last stage is to install
the thrust nozzle. Two or three screws in the flange of
the nozzle guide vane system are sufficient to hold the
nozzle in place. The screws or studs should be fitted in
such a way that plenty of thread projects at the rear.

Model Jet Engines

The completed compressor diffuser sysiem.

Combustion chamber components and fuel
manifold.

When you dismantle the engine, the first stage is to
remove the shaft towards the rear. The engine is now
ready for its first run, without its thrust nozzle and bear-
ing loading spring.

Running the engine for the first time

Initial test runs of your new model jet engine should
be made using propane gas. Propane is ideal for testing
since it burns well in the combustion chamber and is
casy to meter. If possible use a 5 kg propane bottle in
conjunction with the matching solder gun attachment.
Smaller bottles and gas cartridges will give you problems
starting your turbine; the system must be capable of sup-
plying full gas pressure. Fittings for camping apparatus
are just not up to the job. Run the gas to the kerosene
feed connection. To start the engine you will also need a
starter fan or compressed air. In fact you can set the
rotor spinning just by blowing into it, but this does take
a little practice. The more powerful the airflow, the more
likely it is that your first attempt at starting will be suc-
cessful. Vacuum cleaner fans have proved excellent
starters. Other equipment you will need includes a U-
tube filled with water to measure COMPressor pressure.
This should be connected to an unused pressure nipple
in the housing. One centimetre of water column corre-
sponds to one millibar. i.e. 0.001 bar. Obviously an oil
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supply must be provided to the bearings. Pour about 20
ml of bicycle oil or sewing machine oil into a small pres-
surc tank with a dip pipe. This in turn is connected to the
engine’s housing pressure via a second connection, so
that oil is automatically pumped into the lubrication sys-
tem. A plastic bottle with a screw cap makes a good oil
tank. This temporary oil system will be dispensed when
the engine is run on kerosene.

Mount the engine on a base in the open air using two
mounting straps made of thin sheet steel. You don't need
a thrust gauge at this stage. Connect everything to the
engine: oil, pressure gauge and finally the propane. Ask
your assistant to stand behind the engine so that he can
observe the turbine wheel. During the starting procedure
it should not glow brighter than cherry-red.

The actual starting procedure is simple: use the
starter’'s airflow to set the rotor spinning, then take the
fan away, open the

obvious that the temperature distribution is very uneven
just by looking at the engine, or if flames are visible, then
you should check over the combustion chamber in gener-
al, paying particular attention to the injector ring. Don’t
attempt to run the engine on kerosene until the engine
runs satisfactorily on propane gas.

Bench running stand for kerosene
operation

You will need a stable test stand to run up the engine
to maximum rotational speed. This should be designed
for running the engine on kerosene, i.e. it must be fitted
with a suitable fuel metering system. Please read the
chapter on safety before you carry out any test runs with
kerosene. In particular, ensure that nobody is standing in
the rotational plane of the rotating parts before the

throttle slightly and light
the gas mixturc at the
exhaust with a match.
The flame should run

Part 15

Part 20  pgyp 15.2

Part 15.1 Spun, without

back into the combus-
tion chamber with a
characteristic “plop”
sound, at which point
you should immediately
open the throttle a little
further and switch the
fan on again. You will
clearly sce and hear

2110
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radius

When assembled |
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rotational speed and
pressure rise. If every-
thing is in order and the
housing pressure pro-
duces at least a 30 cm
column of water, you §
can safely switch off the
fan. The engine should
now run with a quiet
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whistle, the tips of the
turbine wheel blades
glowing dull red. If
vibration occurs or one
of the wheels is audibly
fouling the casing, cut
off the gas supply
immediately in order to
avoid damage. You
now have to establish
the cause of the problem
and climinate it. If the
shaft runs freely and
without vibration but the
engine still does not
work, there are a num-
ber of points to check.
The blade profile in the
nozzle guide vane system
and on the turbine
wheel must be reason-
ably accurate, and this
should be checked.
Another possible prob-
lem area is the combus-
tion chamber. If it is
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The injector ring being tested on propane gas.

engine is first run up to speed. The safe places to stand
are in front of and behind the engine.

Pumps, tanks and other equipment

The test stand should be fitted with a fuel tank of gen-
erous size, i.e. a capacity of about one litre of liquid. It
must also be resistant to petrol, diesel fuel and kerosene,
A plastic lawn mower tank works very well for our pur-
poses. Fit a fuel filter between the tank and the pump.
Car petrol filters and the larger types of model engine fil-
ter are equally suitable. The fuel pump should be of the
geared variety. Various examples are available commer-
cially, but unfortunately not all pumps are resistant to
kerosene. As a4 general rule we recommend brass-geared
pumps, and the Kavan version in particular has proved to
be a good choice. This is only available with a 12-Volt
motor, but even with seven cells it provides plenty of
injector pressure. To control the pump we use an electric
flight speed controller or an adjustable regulated voltage
power supply.

There must be a fuel valve between the fuel pump
and the engine, and the valve must provide reliable and
fine control. Air valves designed for aquarium use are
very good, and you will be able to obtain suitable hose
material from the same supplier. A cheap and simple solu-
tion to the fuel hose problem is PVC tubing, which
resists jet fuel well. This type of hose incorporates what is

A conrverted vacuum cleaner makes an excellent
starter fan.

The engine can easily be dismantled into a small
numbei of componerntls.

known as a plasticiser. but in the course of time the
kerosene washes it out of the material. As a result the
hose hardens after a few months, but this only seems to
make the material stronger, if anything.

Kitchen scales mounted on the test stand are the easy
way to measure the engine's thrust. and vou will need a
pressure gauge. The pressure gauge is connected to the
vacant pressure nipple on the engine housing. It needs a
measurement range of up to 1.5 bar, and since its
accuracy has implications for the safe running of the
engine, we recommend that you check that it gives a real-
istic reading. The model jet engine itself should be
mounted on a carriage fitted with worn-out ballraces as
wheels. The other hose connections to the engine will
make hardly any difference to thrust readings. As soon as
the engine is producing substantial Ievels of thrust the
carriage should be secured to the test stand with a chain,

This starter was made from the remains of a car
vacuum cleaner. it is not very powerful, and bas o
be placed directly against the engine in order to
start it.
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Diagram of the engine connections on the test stand.

as we don’t particularly want to see the engine cartwheel-
ing across the meadow.

Running the engine on kerosene

When a jet engine is running on kerosene vou should
be aware that its rotational speed is solely dependent on
the metering of the fuel. There is simply no such thing as
a jet engine’'s maximum rotational speed. What this
means is that it is quite easy to exceed the maximum
permissible speed by being careless. If the power rises
to this extent the usual result from the engine is that the
turbine blades distort and foul the casing. It is vital that
you monitor the housing pressure by keeping one cye
on the pressure gauge, or, if you have one, the rev
counter. Later on, when the engine is installed in a model
aircraft, the power of the injector pump has to be
restricted to exclude the possibility of the engine
“running away".

The next step is to fill the fuel tank with Jet Al
kerosene. To lubricate the bearings add 30 ml of two-
stroke oil to each litre of kerosene. If you cannot obtain
kerosene, diesel fuel can also be used. The lubrication
feed is completed using a T-piece connected with trans-
parent tubing, se that you can see directly whether the
system is working properly. A good material is the PVC
hose used to actuate retractable undercarriages. Once
everything is wired up as shown in the diagram, you can
start the turbine. The first step is to connect the propane
to the appropriate nipple on the casing. Switch on
the starter fan and ignite the engine as previously. As
soon as the flame is alight in the combustion chamber,
start the fuel pump and carefully open the metering
valve. The turbine’s speed will now rise rapidly. At the
same time the pressure gauge starts to deflect, and the
carriage runs against the thrust gauge. The fan and the
starting gas are now no longer needed. Open the fuel

Model et Engines

valve to the point where the housing pressure rises to at
least 0.1 bar. This pressure corresponds to a rotational
speed of slightly more than 35,000 rpm. The idle speed of
the engine should be set to this value.

The engine can now be slowly run up Lo speed. As
with the initial test runs it is important at this stage to
observe the turbine wheel using a mirror. Normally the

The test stand after a test run. Friendly relations
with the owner of the field are essential.
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The Micro-Turbine running almost at full throtile on the test stand.

exhaust temperature falls as rotational speed rises, and
eventually no glow will be visible. Engine speed can now
be increased successively over the course of several runs,
remembering to check the engine briefly every time you
start it, and to listen for unusual noises. If your turbine is
made of stainless steel, the maximum housing pressure
should not exceed 0.7 bar. With other special heat-resis-
tant materials you should call a halt at a maximum of 1
bar to preserve the bearings. as this figure corresponds to
around 105,000 rpm at standard temperature and pres-
sure.

Once you have completed a few test runs, starting the
engine becomes purely a matter of routine. The impor-
tant point is to acquire a feeling for when the fan is
nceded, and when the turbine is able to run up to speed
under its own power. With a little practice starting a

Even at a compressor pressure of 0.85 bar the
thrust gauge is almost at its maximum.
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model jet engine is just as
simple as starting a good
model piston engine.

General
instructions for
different
coOmpressors

The desire for power
and then more power is
omni-present amongst
modellers. If you want to
increase the engine’s
thrust there are two pos-
sible approaches:

Making the existing
engine more powerful,
or simply building a larg-
er version. In my opin-
ion the latter route
probably offers the bet-
ter prospect. At least in
theory we could squeeze
a little more power out
of the engine presented
here - by raising the gas
temperature and the
rotational speed - but this would undoubtedly requirc
more complex technology which would take the engine
well out of the scope of the amateur workshop.

The following section gives details of the essential
dimensions and cross-sectional areas relating to model jet
engines. This information should enable the modeller
with prior experience of jet engines to build a model jet
engine based on any turbocharger rotor. This approach
exploits the fact that most compressor wheels of this
type usually exhibit similar geometry, and therefore their
characteristic values are also similar. Of course, the for-
mulae stated here cannot be expected to coincide exactly
with the throughputs and pressures produced by differ-
ent wheels. For this reason 1 cannot guarantee that the
gas turbine you make will necessarily work. That is why [
added the caveat “with prior experience” when I men-
tioned the possibility of building a larger engine, so that
the constructor has a fighting chance of correcting any
mismatches. If you are lucky enough to have access to a
performance graph relating to the turbocharger compres-
sor in question you should naturally base your calcula-
tions on this valuable information.

Turbocharger wheels of suitable size are used in lorry
engine turbochargers, and individual components may be
obtained from engine repairers or lorry scrapyards, and
can even be purchased as replacement parts for tur-
bochargers. Wheels with retro-curved blades arc always
preferable. The crucial dimensions are the blade height h
at the wheel outlet and the wheel diameter d2. The high-
er these figures, the higher the throughput and the higher
the thrust.

We strongly recommend that the modeller should base
his design on all the dimensions shown in the
drawings, including those declared to be critical. For
example, if you use a 90 mm diameter wheel you would
use a scale factor of 90/66 = 1.304. The diameter of the
holes in the combustion chamber should be increased
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Table of critical diameters and angles

Compressor type:
Retro-curved rotor blades
Given: d,,h

d,=1.12xd,
d,=1.67xd,
a=21°

No. of blades = 18

Combustion chamber. scaling factors
For holes

f =‘\-(3030de xh)
No. of hooked tubes [18,200 xd, xh]

Turbine NGV system
d,=d,
d, =1(d,* ~68xd, »h)

ey = 30°

ngv

No. of blades 11 or 13

Turbine Wheel
d,=d;, - 2 xGap - 0,99xd

d; =4/(d,? —7.2xd, xh)

— SO
Oyhea = 34

No. of blades 19 or 21

FORMULAE FOR CALCULATING SIMILAR MODEL ENGINES

Radially tipped rotor blades
Given: d,,h

d5= 1.1 xdz
d,=1.7xd,
a=18°

No. of blades = 18

For holes
f =+/(2600xd, xh)
No. of hooked tubes = [16000 x d, x h]

da=d2

di = ‘\!('dzz — 5.5><d2 =xh)
U= 307

No. of blades 11. 13 0r 17

duzdz -2 XGap = 0,99 Xdz
d; =1/(d,* ~58xd, <)

Clyhea = 35°

No. of blades 21 or 23

by the factor stated in the formula, although the number
of holes can be left unchanged. Only the number of
“walking sticks” and air jets needs to be calculated sepa-
rately, using the stated formula. The geometry of the
hooked pipes and the air jets can be left unchanged. You
can expect a rise in thrust of at least 1.3642 = 1.86 times
provided that the compressor wheel is of similar geome-
try. Since the efficiency of larger wheels is significantly
higher you might expect a thrust of more than 60
Newtons. If you can achieve a reduction in ¢xhaust gas
temperature vou can even use a convergent exhaust
cone.

All data should be stated in the same units, i.e. metric
units. The formulae listed here ar¢ based on an engine
with a nominal peripheral speed of 300 m/s.

The maximum rotational speed will be lower, again by
the scale factor we have calculated. In our example, if a
special heat-resistant steel is used for the turbine, it will
be 104,000/1.364 = 77,000 rpm, and correspondingly
less if the turbine material is of lower quality. If you run
the engine at a higher speed it is essential to re-calculate
the shaft’s bending critical specd. Many compressor
wheels feature reinforcements on their rear face. As a
result they are high in mass and their centre of gravity is
in an unfavourable position. To achieve a sufficiently high
bending critical speed it would then be necessary to use
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a correspondingly thick shaft and bearings. Under no cir-
cumstances is it permissible to make modifications to the
wheel itself, as this would have a serious effect on its abil-
ity to withstand high rotational speeds.

The Micro-Turbine at moderate rotational speed.
You can see that there is notbhing to see. The
exhbaust gas temperature is 550°C —so low that the
turbine wheel is not glowing and no flames are
visible.
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Optimising the performance of model
Jjet engines

In this section we will consider all the techniques we
can try in order to make a small gas turbine even more
powerful. All this information is based on the assumption
that the system already works, and you have already
gained some experience in handling the jet engine.

There are two basic methods of increasing a jet
engine’s thrust - at least in principle: increasing the maxi-
mum rotational speed and raising overall efficiency, so
that more enthalpy is available to produce thrust.
Increasing engine speed presents problems. For a brief
period any model jet engine will certainly cope with high-
er speeds, but the inevitable result is a considerable short-
ening of its useful life. Usually it is the bearings and the
turbine wheel which are affected in this way. Therefore it
makes sense to limit ourselves to improvements in effi-
ciency.

The best indicator of the overall efficiency of the rotor
system, including that of the compressor and the turbine
and mechanical losses, is the exhaust gas temperature.

Any improvements in the engine can be monitored
simply by measuring the exhaust temperature. If you
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manage to reduce the gas temperature to below 600° C,
you can exploit this to produce thrust by narrowing the
exhaust cone. This raises the temperature again slightly,
but the engine’s efflux speed rises, and the result is more
thrust.

In our experience you can expect the greatest
improvement in the running characteristics of a model jet
engine by optimising the combustion chamber. The Hot
Spots, which manifest themselves as small areas of the
housing glowing ominously, should bhe systematically
eradicated. For the same reason you should use a ther-
mometer to attempt to pin-point areas which are particu-
larly cold, i.e. where the gas is doing almost nothing to
push the turbine round, and make efforts to eliminate
them. The best method here is to adjust the curvature of
the hooked pipes using a pair of pliers, and then re-test
the system. A test run with propane gas is usually ade-
quate for this purpose.

How the hooked tubes should be curved, and in
which direction, depends on the circumstances in your
particular enginc. and the only way to find out is to
experiment. If you use a combustion chamber with a
tubular vaporiser coil, as shown in Kurt Schreckling’s
drawings, you can use his method of combating hot
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The engine with a short exbaust cone. The slightly
larger cross-sectional area means that the efflux
speed at full throltle was only about 230 m's.

spots, i.c. adjusting the air inlets in the combustion cham-
ber and narrowing the injector openings with wire. You
can congratulate yourself on building a good combustion
chamber if the maximum variation in the average exhaust
gas temperature is less than 100°K. You cannot improve
the quality of a combustion chamber by drilling additional
holes at random points. Quite the contrary: combustion
chambers with too large an opening arca usually refuse to
work at all.

Another method of improving cfficiency is to work as
accurately as you possibly can when constructing the
engine. This applies in particular to those areas of the
engine where gas flows at high speed. The compressor
diffuser system is especially critical in this respect. The
transition from the compressor to the fixed diffuser vane
bearer should be as smooth and even as possible. The dif-
fuser blades should taper to a point front and rear and
should all begin at the stated angle. Polishing the com-
pressor does not help matters. On the one hand the sur-
face soon loscs its shine due to sucked-in oil residues and
dust, and on the other a healthy degree of roughness
helps to prevent the airflow becoming detached.

In the turbine arca a further significant improvement
in efficiency can be gained by reducing the running gap
of the turbine. However. if the gap width is less than 0.25
mm you have really done all you can. In fact the turbine
wheel itsclf offers greater potential, and the turbine
expert can aim at an improvement in airflow deflection
by making the basc of the turbine blades thicker.
However, making such a wheel is not for the faint-heart-
cd.

Checking the match bertween the turbine and the com-
pressor is a sensible aim, but it is difficult to do accurately
and in any casce is only possible within certain limits using
amatcur equipment. The aim is to discover whether the
rotor wheels are operating close to their optimum cffi-
cieney. This generally requires the use of sophisticated
test stands to record the characteristic curves of the com-
pressor and turbine. However, gross errors in matching
the whecels in a model jet engine can be picked up easily
once you have gained a little experience. A small sheet
metal flag can be used 1o check the direction of the gas
flowing out behind the turbine wheel. A minor swirl
angle of up to 15° in the direction opposite to turbine
rotation is normal. A greater reverse swirl usually indi-
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The Mini-Turbine after optimising the exbaust
cone. It proved possible 1o increases the engine’s
thrust by about 10% whist maintaining an
approximately constant exbaust gas lemperalure.

cates oo great a reaction level. Narrowing the cross-sec-
tion of the turbine nozzle guide vane system whilst
enlarging the rotor cross-section should then remedy the
sitwation. Both effects can be achieved by modifying the
blade height or the blade angle. If there is a residual swirl
in the direction of rotation the opposite remedy is appro-
priate. Minor experimental corrections can be carried out
by bending the blades with pliers. Usually just a few
degrees makes all the difference. If you wish 1o obtain an
overall idea of the flow conditions inside your engine it
may be helpful to plot the vector diagram of each stage.

If you complete the optimisation procedures outlined
above and thereby succeed in reducing the exhaust gas
temperature significantly, you can exploit the engine's
cxtra potential by fitting a slightly narrower exhaust
cone. This increases the outflow speed and thrust,
although you have to take into account the inevitable
residual swirl of the gascs and the turbulence behind the
turbine wheel.

If at all possible, it is best not to reduce the outside
diameter of the exhaust cone to avoid the gases accelerat-
ing in the direction of the swirl. as the result would be an
cffective narrowing of the cross-sectional area due to the
non-axial throughflow of the cone, and a resultant rise in
gas temperature. A more sensible option is to narrow the
nozzle by enlarging the inner cone. Once again you will
have to resort to experimentation, and in any case you
should not allow the maximum exhaust gas temperature
to rise above 650° C at full thrortle,



Chapter 3

The Engine in Practice

Safety: the First Commandment

In principle model jet engines are safe power plants
which can be considered as general-purpose model
engines. A piston engine has an integral hazard in the
shape of a whirling propeller, but all the rotating parts of
a jet engine are safely hidden inside the housing. This
eliminates onc very typical modelling injury at the outset.
Nevertheless, the engine’s revolving parts do represent a
hazard, and a number of basic rules must be borne in
mind when you are building and operating this type of
power plant. Every engine fitted with an airscrew is sup-
plied with a dire warning about standing in the rotational
plane of the revolving parts, and every propeller comes
packed with a similar note of caution. It is simply very
dangerous to stand in that position under any circum-
stances, and the same applics to the model jet engine.
Any particle sucked into the engine, or - worse still - a
fractured turbine blade always flies off to one side of the
¢ngine. You should therefore never bend over the run-
ning engine or allow spectators to stand in the hazardous
zone - especially if the engine is an experimental unit. If
this is not possible, then the model jet engine must not
be run at high rotational speed. The safest places are in
front of the engine and behind it.

Another important point is that model jet engines
must be firmly mounted when they are being run. Keep
the immediate environment in front of the intake opening
free of dirt, tools and other small items at all times, as
these engines develop considerable suction power and
happily suck in all possible rubbish, with blade damage
the usual result.

Jet engines should only be run in the open air. It is
true that kerosene is very difficult to ignite with a flame,
but on the other hand fuel-soaked balsa wood burns won-
derfully well. It is essential to keep a fire extinguisher or
at least a fire blanket o hand ar all times. Carbon dioxide
extinguishers have proved a good choice in practice
since they usually cause no damage to the model. If there
is a fire risk in hot. dry Summer conditions - don’t fly
your jet model.

The most dangerous characteristic common to all jet
engines is their tendency to “run away”, or run out of
control up to an excessive speed. In principle these
engines have no natural maximum rotational speed. If the
throttle is opened without restraint any gas turbine will
accelerate until some component or other cannot with-
stand the stress and fails. In model jet engines the weak-
est component is generally the turbine wheel. If the
engine is already running close to its maximum speed it
does not even matter in what form the fuel reaches the
turbine. Even liquid kerosene sucked into the compressor
will be burned.

You, the modeller, must be aware of this fact, and
operate the power controller with a corresponding
degree of caution at all times. The fuel supply system
should be designed in such a way that it is impossible to
feed a significant excess of fuel to the engine. When
installed in a model the engine must be limited reliably
to its maximum safe rotational speced. The voltage
of the fuel pump battery should be no higher than is
necessary.

Onc problem in this regard is the process used to start
jet engines. Any fuel which is not immediately ignited
tends to collect in the housing, and when the engine first
runs up to speed the excess fuel burns, and the engine
“runs away". For this reason a flooded jet engine must be
tipped “on its nose” before any further attempt at start-
ing, so that residual fuel can run out. Care is also called
for when you switch types of fuel. Geared pumps operate
at much higher pressures with viscous diesel oil than they
do with petrol or kerosene.

The following points should also be taken into
account if you are running your own, home-built
engine: the rotor wheels must be fixed securely on the
shaft; there must be no danger at all of them coming
loose. The only way of ensuring this with a right-hand
rotation engine is to usc left-hand threads. Selflocking
nuts and/or locknuts are just not up to the job! As soon as
the rotor system starts vibrating the solid connection
between compressor and drive shaft will tend to loosen.
If the compressor wheel comes adrift, the immediate
reduction in load causes the turbine and shaft to acceler-
ate, and in a fraction of a second they are spinning at a
dangerously high speed.

The turbine wheel itself should always be made from
a perfect, unblemished sample of sheet steel, which
should have the highest possible resistance to high tem-
peratures. This should guarantee that you are using
fault-free material. If you are using a cast wheel. you can
only enjoy this sense of security if the casting material
has been approved specifically for gas turbines, and if
the wheel itself has been checked. If you are not sure,
under no circumstances should you use the component.
Cavities, bubbles and casting faults can result in the
whole wheel bursting, which could easily be the cause
of a fatal accident. Nickel-based alloys in sheet form and
high-alloy nickel-chrome steels are outstandingly tough
materials, and before the material actually fails it
expands considerably. This means that over-revving the
turbine causes the whole wheel to expand, at which
point the blades foul the housing and jam the rotor. As a
result rotor wheels made of these tough steels have,
within ¢ertain limits, a built-in safety margin. In my
experience to date any blade fractures that have
occurred have been a result of mechanical problems,
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and are completely unspectacular in nature. Indivi-
dual broken blades have no chance of breaking through
the turbine casing. although this only applies if you
ensure that the turbine’s rotational plane coincides exact-
ly with the mounting flange which acts as containment.
This is your responsibility when you are building the
engine.

Measuring the engine’s performance
data

If you wish to optimise the performance of a gas tur-
bine it is essential that you gather its basic thermo-
dynamic data. You cannot hope to carry out sensible
modifications until you have an accurate idea of what is
actually happening in the model jet engine. Thus the
systematic recording of all operational data acts both as
an aid to you and as a means of monitoring progress.
The main problem for the amateur when trying to keep
track of this ever-changing dara is the limited equipment
in his workshop. Even so, if you are as accurate as you
can be when measuring pressure, temperature and thrust
you can make reasonable deductions regarding the
actual gas flow inside your engine. Some of the thermo-
dynamic data, such as pressure ratio and exhaust
temperature, can be measured directly; others - such
as cfflux speed and mass throughput - can only be
calculated.

Rotational speed, pressure and thrust

These are the fundamental data for a model jet engine,
and they can all be measured directly. A set of scales for
measuring thrust and a pressure gauge to check housing
pressure should be available on the engine test stand at
all times, and they should be monitored constantly in
order to nip in the bud any tendency for the engine to
overrev. For pressure measurements please note that the
pressure take-off nipple should be located in such a posi-
tion that it opens into an area of the housing where the
gas flow speed is low. Measuring pressure in the com-
pressor area can give deceptive results since the gas
speed and pressure are not uniformly distributed immedi-
ately aft of the compressor diffuser system. For low pres-
sure monitoring you can certainly use a water-filled
U-tube, but you will otherwise require a pressure gauge
with a measurement range of around 1.5 bar. Gauges
designed for use in heating systems have proved to be a
good choice. The reading is generally stated in metres of
water column, whereby ten metres of water column cor-
respond to one bar. The unit of thrust is the Newton, and
one Newton corresponds to the weight force of a bar of
chocolate (100 g chocolate and 2 g packing). If you use
kitchen scales as a thrust meter and would like to obtain
a true result, take the displayed figure in kilogrammes
and multiply by a factor of 9.81.

Measuring the engine's rotational speed is a little
more difficult. Basically a simple optical rev-counter
designed for piston engine propellers can be used. with
the front balance mark on the compressor rotor wheel
serving as the sensor marker. For the rev-counter to
work well this marker must be lit by a concentrated
beam of light, and shrouded from any disturbing stray
light. You will have to multiply the reading by the num-
ber of blades, bearing in mind that some rev-counters
include modes for two- or three-bladed propellers. In
bright sunlight it is very difficult to take measurements
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without expensive special equipment, in which case you
have to be satisfied with measuring engine pressure. It is
also possible to record the rotational frequency acousti-
cally with the help of video or audio recording equip-
ment. The whistle of the engine is the result of oscillation
at the frequency of the rotor’s rotation. Using an oscillo-
scope or a reference tone from your home computer it is
possible to determine the engine’s rotational speed with
great accuracy.

Measurements for the advanced operator

If you require more information about your ¢ngine
you have to disentangle the web of data by measuring
other values and calculating derived parameters.
Accurate measurement of a model jet engine’s exhaust
gas temperature is much more complicated than any-
thing discussed so far. When we were building the first
jet engines this value was estimated simply from the
colour of the glowing turbine blades. However, this
method is imprecise and. of course, limited to wheels
which are actually glowing. A low-cost hand-held
thermometer can be used to measure temperatures up to
1000° C and more, but you should be aware of a
number of snares lurking for the unwary. Secondary air
quickly penetrates the exhaust gas stream and cools it
down, and in daylight the result can be falsified by flames
which are impossible to see in bright conditions. The
best method is to take measurements at various points
immediately aft of the thrust nozzle and then calculate
the arithmetic average value.

It would be extremely interesting to be able to mea-

For complex measurements, in this case
combustion chamber pressure loss, up lo seven
connections are made to the engine.
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sure temperatures inside the engine itself, and indeed this
information would be necessary if you wanted to estab-
lish the efficiency of individual stages. However, the heat
radiated by the glowing combustion chamber walls
would lead to substantial errors in the measurement read-
ings. Investigations on much larger engines than ours give
inaccurate results even when radiation-shielded ther-
mometers are used.

With industrial gas turbines calibrated venturi nozzles
are used to measure engine throughput. In the model
arena such complexity is not appropriate; the continuity
equation which states that:

li'l=Axp:xC

applies at the outlet of the exhaust cone, and the gas den-
sity can be calculated from the measured exhaust temper-
ature. We also know that the engine’s thrust is found
from

F=m=x=C

Kurt Schreckling states that a simple formula can be
derived from these equations to give engine throughput:

m=+/(AxFb Ap)

The cross-sectional area of the exhaust cone to be used
should be reduced by 10% to allow for the influence of
the boundary layver and the residual swirling motion of
the gas. The average outflow speed can now be found
from the values for throughput and thrust. At this point
the continuity equation allows us to calculate the flow
speed for any cross-sectional area. These formulae are
particularly useful in so far as they allow us to check the
compressor’s supply value.

It can also be productive and worthwhile to establish
the engine’s fuel consumption. All you need to do is set
up a calibrated cylinder as a fuel tank, then you can use a
stopwatch to measure consumption very accurately
under different operating conditions.

To find the actual consumption figure for model flving
we just have to multiply the fuel volume by the corre-
sponding fluid density. This gives a good idea of the size
of fuel tank you will need in your model.

Another interesting value is specific fuel consumption,
which tells us how many kilogrammes of fuel are con-
sumed per hour and per Newton of thrust. This value
will vary widely according to the engine’s rotational

CALCULATING THEM

Paramecter

Peripheral speed:

Pressure ratio:

Gas density

Throughput:

Outflow speed:

Specific fuel consumption:
Jet power:

Burning efficiency:

Pressure level (compressor):
specific thrust:

Measured parameters and constants
n = Rotational speed

P, = Excess housing pressure
P,, = Atmospheric pressure

A = Nozzle cross-sectional area
F = Engine thrust

m = Fuel Consumption

T, = Exhaust gas temperature
T, = Inlet Temperature

R = Gas constant for air

C,, = Specific heat of air
h,,, = Specinc heat of fuel

SUMMARY OF ESSENTIAL MEASURED VALUES AND THE FORMULAE FOR

Formulae

u=nxd, =,/ 60
r=(P,+P,) P,
p=P/T/R

1i1=F;'c=1,!{(Axep)

(:=Ffm=-\ul'(l"'/A ‘p

b. = m,, x 3600/F

P, =cxm’2

L
My, = (P +1ivse, <(T | =T D)/ (i, xhg,)

Y =2xCyx Ty (" -1 /0’

F/Engine mass

rpm

Pascal (N/m2) | Pa= 0.01 mbar
Pascal (N/m2) | Pa = 0.01 mbar
m:? (See description)

N

kg/s

Kelvin

Kelvin

287 J/kg/K

1000 J/kg/K

43.3 MJ/kg (for Jet Al kerosene)

Unit

m/s

kg/ms
kg/s
m/s
kg/N.h

Wartt

N/kg,
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speed, as specific consumption is much lower at higher
pressure ratios and efflux speeds. Nevertheless it remains
true that a model jet engine at full throttle requires two
or three times as much kerosene per Newton of thrust as
other engines of comparable size.

It is even possible to relate the quantity of heat which
is fed to the air in the combustion chamber to the calorif-
ic value of the fuel used. This calculation gives us the effi-
ciency of the fuel burning process in the combustion
chamber, whereby the converted calorific power corre-
sponds to the sum of the power from exhaust heat and
jet power. The burning efficiency of the Micro-Turbine
rises with increasing rotational speed and reaches just
over 90% at full throttle, taking into account measuring
inaccuracics. Thus about 10% of the fuel leaves the
engine unused. Industrial miniature gas turbines achieve a
burning efficiency of more than Y9.5%, so there is certain-
ly scope for improvement.

Using jet engines in model aircraft

Fundamental special features

In comparison with propeller engines and powerful
impellers (ducted fans) the thrust produced by the
model jet engine seems to be on the low side. At take-
off the model jet certainly appears to be inferior to a pro-
peller aircraft. However, static thrust is entirely inap-
propriate as a4 means of comparing the effectiveness of
these different types of engine. Comparing a turbine-
driven aircraft in this way would be like measuring the
performance of a car which could only run in top gear.
The take-off performance may be no better than moder-
ate, but at high airspeeds the jet engine cannot be
beaten. The performance characteristics of a
propeller-equipped model are exactly the opposite. Static
thrust is very high, but it falls off quickly with increasing
airspeed.

One possible method of comparing different types of
engine is flight performance under given conditions. The

precise airspeed at which the jet aircraft ¢xhibits superi-
ority depends on the circumstances prevailing at the
time, and as a result it will probably never be possible to
give an answer which is valid in general terms to the
question of which engine is better. The answer depends
on what the individual modeller expects from his model.
For example, it is not true that a jet aircraft must be flown
fast at all times. If you can keep the wing loading of your
model down to a sufficiently low level, jet flying can even
be recommended for the relative beginner to model fly-
ing. Speaking personally, 1 made my first ever powered
flights with a turbine aircraft. It was not until several
months later that 1 first flew a “normal™ piston-cngined
maodel, thanks to a friendly colleague.

How jet engines behave in flight

The thrust of a model jet engine increases slowly as
the model’s airspeed rises. In order to produce any form
of forward power the engine must suck air into itself and
give it an impulse in the opposite direction to the model's
flight. Since air enters the model at its current airspeed
when the model is flying, the ¢ngine only produces use-
ful thrust if the outflow speed exceeds the airspeed.
Dynamic thrust can be calculated as follows:

F=mx(c—v)

Exhaust speed in m/s
Airspeed in m/s

Air throughput in kg/s
= Thrustin N

ma.<en
]

Now we only need to understand how the engine itself
behaves in flight - especially in terms of throughput and
outflow speed. The kinetic energy of the air flowing in
can be exploited if the inlet opening of the engine is
designed carefully (i.e. the correct size). In this regard it
makes no difference whether the engine is mounted
inside the fuselage or on top of the aircraft, right in the
airflow. Don't imagine that what modellers call dynamic

Moturex 1 in action. In spilte of its conservative layout the model was not alhways good-natured in the air.

(Photo: Kurt Schreckling).
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Three jet-powered models with a total of four jet
engines. (Pboto: Kurt Schreckling ).

The powerful Pegasus engine mounted on a Heinkel Salamander. The engine’s
thrust substantially exceeds the weight of the model, endowing the model with a
very convincing flight performance. (Photo: PulseJet-Team Helmond).

pressure represents a build-up of air in front of the
engine. What actually happens is that there is a low pres-
sure area immediately in front of the compressor wheel
under normal circumstances, and this is eliminated when
the model is flying. as the air now flows into the engine
naturally. The net result is an increase in gas density and
engine throughput.

What exactly happens next depends on the engine
control system. Some control systems enforce a constant
maximum rotational specd or a particular maximum pres-
sure when at full throttle. If we base our considerations
on the simplest case - a constant fuel supply - we
achieve the maximum cffect. Rotational speed and pres-
sure ratio rise slightly as airspeed increases, until the
engine reaches a state of equilibrium between compres-
sor power and turbine power. This equilibrium occurs at
a slightly lower exhaust gas temperaure.

Iin overall terms the engine’s dynamic thrust falls with
increasing airspeed.

Calculations show that, although out-flow speed and
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throughput increase slightly, they cannot compensate for
the loss of thrust. Even so, the speed of the gas flow is
around 100 m/s (360 km/hr) which is extremely high in
model terms, so in theory about 70% of the static thrust is
still available to the model. In this respect jet engines
with characteristically high outflow speeds, such
as the Dutch Pegasus engine or the French JPX T240.
have the advantage.

In full-size jet aircraft there is a wellkknown phenome-
non of increasing thrust at high speeds. but this cannot be
duplicated in our models. We can also expect diminish-
ing thrust which only rises gradually above the initial
value when airspeeds exceed 300 m/s. The airspeeds
achieved in the modelling world are much too low to
have any significant cffect on the engine. At a realistic
model speed of 50 m/s the dynamic pressure of the air
amounts to only about 0.015 bar. You could only expect
to see a detectable differ-
cnce if you placed the
model in a dive with the
engine throttled back.
Gas temperature then
falls off markedly,
although in practice this
is not cvident in any
other way.

Air intake design

You can expect to
improve the model’s
flight performance
slightly by optimising
the design of the intake
opening. For best results
careful profiling is nec-
essary in this area, burt at
least you must ensurc
that the jet engine is fed
sufficient air. If not it
will overheat, like a hair
dryer with a hand held
over the inlet side. For
cveryday model flying
all you need to worry
about is making the
opening large enough.
The air mass which the engine requires is very small
compared with a ducted fan system, so small cross-sec-
tional areas are usually quite adequate. For scale jet
models the scale intake area is generally sufficient. If it's
big enough for the full-size, it’s likely to be big enough for
us.

When the engine is operated statically the suction
process always involves a loss in pressure. After all, the
pressure inside the aircraft’s fuselage must be lower,
otherwise air would not flow in at all from outside. In the
worst case, i.e. when the airflow is totally turbulated by
the internal fittings in the fuselage, and the kinetic energy
of the air cannot be exploited, we can estimate the cffect
as follows:

Ap = p/@2xc?H

p = Airdensity (approx. 1.225 kg/m*)

¢ = Airinlet speed in m/s

Ap = Pressure difference in Pascal (100 Pa = 1 mbar)

Modlel Jet Engines




This effect is termed inlet pressure loss, and the engine
must compensate for it. The compressor has to work
slightly harder, which in the end results in a higher
exhaust gas temperature. Of course. the exact tempera-
ture variations depend on the engine in use. With a pres-
surc loss of 1,000 Pa (0.01 bar) the exhaust gas
temperature of the Micro-Turbine is approximately 12° K
higher at full throttle when the inflow speed is 40 m/s.
This value is reasonable for a model jet. Now we can cal-
culate the minimum cross-sectional area of the inlct open-
ing from the data we already know. The following
continuity equation applics:

m=cxpxA==>A=m/c/p=0.15/40/1.225
=0.00306m" = 30.6cm’

m = Engine throughput at full throttle in kg/s
¢ = Maximum inlet speed (here 40 m/s)
p = Air density (under normal conditions

1.225 kg/m3)

This cross-sectional area corresponds to an opening of
62.5 mm diamcter, but take care - the calculated figure
assumes a zero-loss airflow. This size of intake will there-
fore only work if the edges of the inlet are carefully
rounded. In contrast, if we are considering a scale jet
with a scale-sized air intake designed for high airspeeds,
then we have to take into account the turbulence which
occurs during static running. The easy way to do this is to
correct the cross-sectional area by a value which we will
call the contraction factor. If in doubt you should certain-
Iy double the calculated area, or measure the pressure
loss using a U-tube.

If the jet engine is to exploit the airflow to the full the
airflow due to the model's motion must be slowed down
in a diffuser. This establishes a dynamic pressure in
the model’s fuselage which varies with the square of the
model’s airspeed. At the same time the energy of the flow
is diminished. What this all boils down to is that
the internal fittings in the model aircraft’s fuselage will
have little effect on the engine’s power provided that
they do not reduce the cross-scctional area too much.

In consequence installing an air duct running directly
to the engine is of little value. In any particular case you
can measure the pressure loss easily. Much more impor-
tant is that you lock and secure all movable parts,
screws and nuts, so that there is no chance of them
coming loose. Even a single screw sucked into the
intake at full throttle could ecasily wreck the engine. For
the same reason it is

that speed more than 60% of the energy has already been
converted [into pressure].

With a semi-scale or scale model you are bound to
the full-size machinc’s intake size, but with a sports or
experimental model you can incorporate any type and
size of air opening. The ideal form of inlet for a model jet
would then be what is known as a venturi. which con-
sists of a rounded nozzle opening followed by an integral
diffuser. This form of intake gives good results in most
flight situations and docs not incur a serious pressure
loss. The airflow speed at the narrowest point can then
be tuned to correspond to the model’'s expected maxi-
mum airspeed.

Cooling the fuselage

Since model jet engines are not usually what we might
call lightweight, they usually have to be installed close to
the model's Centre of Gravity. As a result it is virtually
inevitable that delicate parts of the model end up close to
the hot exhaust gas flow. Good layouts for jet-engined
model aircraft therefore include types with the CG a long
way back. and especially flying wings and canards, where
the exhaust flow can leave the model quickly without
having a chance 1o burn the ail.

However, for initial experiments I advise keeping to a
model of conventional geometry unless you already
have experience with flying wings and canards. It is
obviously important that the engine should be installed
in an open position where it is easily accessible, and as

A more docile model: the author’s jet-powered
Moturex 2. The fuselage air intake is 70 min in
diameler.

obviously essential to
clear away all traces of
soil and dirt from the
model after an outland-
ing in a field.

When designing an
intake diffuser it is

important that it should
open out at an angle of
no more than 10°,
otherwise the airflow
will break away. You
should aim at slowing
the airflow down to
about 25 m/s, since at

Flow restriction with a sharp-edged intake.
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The tail pipe, used to duct the exhaust gases out of
the fuselage.

This construction is very easy to bandle. The engine
is directly below the wing.

far distant as possible from inflaimmable balsa wood. A
good typical prototype is the Heinkel Salamander, whose
engine is mounted above the wing. You can expect to
avoid all temperature problems with a model of this con-
figuration.

Concealing the engine inside the model’s fusclage
presents far more problems, and can therefore only be
recommended to the modeller who already has plenty of
experience under his belt with jet engines. The main
problem is not caused by the engine itself. The maxi-
mum temperature of the engine’s housing will be about
120° C in the area of the compressor, and up to 200° C at
the tail end. The only parts which become really hot are
the turbine enclosure, the mounting flange and the

100

A Fairchild A-10 with twwo bome-built engines.

exhaust cone. The greatest problem is that of ducting the
exhaust gas stream outside the model whilst incurring
lowest possible losses. A thrust pipe is used which works
like an injector, drawing cooling air in with it. Such a sys-
tem has a greater overall throughput, since the ¢ngine
moves more air. This can be estimated from the following
formula:

Ta—To

Mg = my X
Tg - TU
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The North American F100 Super Sabre is fitted with a fully enclosed Schneider-Sanchez jet engine. The
powerful fan of a car vacuum cleaner starts the engine veliably. (Model and photo: Kurt Schreckling )

me =  Total throughput in kg/s

mr = Throughput of the engine in kg/s

T, = Exhaust gas temperature of the engine in Kelvin
Ts = Temperature at the end of the thrust pipe

To = Inlet temperature

The new throughput must be taken into account when
designing the inlet openings. which will result in corre-
spondingly larger cross-sectional areas.

If the engine is concealed inside the fusclage, starting
may present problems. With a light headwind flames
coming out of the engine may damage the model. When
vou are starting the engine the thrust pipe also becomes
red hot - in the true sense of the expression. You will
need a very powerful starter fan in one hand and a fire
extinguisher in the other.

As soon as the engine is running the turbulence of
the airflow causes cooling air to be mixed into
the exhaust gases, and only half a metre “downstream”
the temperature is low enough not to burn plywood.
Theory tells us that the gas flow expands at an angle of
107 relative to the axis of the flow, although secondary air
enters at a slightly lesser angle. The hot core of the jet,
i.e. the area in which the full exhaust gas temperature
and speed still prevail, ¢xtends to a point aft of the
engine about three times the diameter of the exhaust
conc.

Balsa wood is very susceptible to hot exhaust gascs.
Since the wood itself contains plenty of oxygen, an
imperceptible glow is quickly fanned into life when you
open the throttle, and the glow spreads over the wood
in narrow snaking lines.

ing friendly relations with your model club’s groundkeep-
er - is the position of the engine relative to the ground.
The hot exhaust gases burn the flying site’s grass strip in
an instant. Initially the grass stays green, but a day later it
will start to show a brown discoloration. The jet engine
in my Moturex 1 experimental model was inclined slight-
ly down towards the strip at take-off. For several davs
after my initial flights we could see burned areas with
adjoining brown stripes, ending exactly where the model
lifted off.

Auxiliary equipment

Unlike piston engines, model jet engines are not
completely self-contained, and require a number of addi-
tional items of equipment. The primary auxiliary items
are the fuel supply system and lubrication system. The
fuel pump and controller of a full-size jet engine are
mounted directly on the engine, driven by the main
shaft, but there seems little prospect of duplicating this
arrangement on a model jet engine due to the added com-
plexity. The simplest method is to supply fuel and oil
from external sources. For model aircraft usc it is clearly
vital to have a lightweight, reliable fuel feed system, and
we have found geared fuel pumps a good solution. When
you are sclecting a pump it is essential to check that it
can resist the fuels we are likely to use. Metal-gearcd
pumps are certainly preferable. If you are capable of
accurate work you will be able to convert a standard fuel
pump for use with a turbine. This will necessitate reduc-
ing the width of the gears and installing a more suitable
motor.

A few seconds at full
throttle, and the glow-
ing tailplane is engulfed
in flames. Endangered I~
areas can be protected

by gluing aluminium

foil to the surfaces
using thinned white ©

glue. Thin aluminium |
(0.3 mm thick) is anoth-
er good protective
material. A crucial point
- especially if you are
interested in maintain-

Exbaust gas flow from bebind the model jet engine.
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Moturex 1 just before take-off. A burned area of
grass is already visible. (Photo: Anita van de
Goor).

Controlling the quantity of fuel pumped to the engine
is vitally important. The ideal is to have a regulatory sys-
tem which varied the flow according to ¢xhaust gas tem-
perature and rotational speed or pressure. A simpler
solution, although quite practical for our purposes, is a
standard electronic speed controller. The controller has
to be adjusted carefully to guarantee a particular idle
speed, and above all to limit the maximum rotational
speed. 1 find that variable constant voltage controllers
work well, and they are a reasonable choice since the
pumping power is so small. With this arrangement a
servo operates a potentiometer and an end-peint switch.
Unfortunately this type of system is not as neat a solution
as an ordinary controller. but it offers one crucial advan-
tage: it defines the maximum pump voltage regardless of
the initial voltage. This on its own eliminates the problem
of freshly charged pump batteries allowing the engine to
over-rev. A second pot can be used to set the engine’s
maximum rotational speed. An externally accessible fuel
valve offering fine adjustment is fitted in the fuel circuit
between pump and engine.

This is the starting procedure: sct the transmitter throt-
tle stick to idle and start the engine on propane. As soon
as the gas has ignited and the starter is running, slowly
open the fuel valve. The engine revs up, and will reach its
idle specd when the valve is fully open. Unless vou enjoy
unwelcome surprises please remember to set the trans-
mitter stick to zero as soon as the engine stops - bearing
in mind that this is not necessary with a piston engine. If
you don't, the fuel pump will continue running and will
gaily pump the remaining contents of the fuel tank into
the engince.

It goes without saying that the fuel tank and the rest of
the fuel system in the model must be made of fuelresis-
tant materials. The fuel tank should have a capacity of at
least half a litre, and might even need to be larger if your
engine is thirsty or your flying style extravagant. It is not
always easy to find space in the model for such a large
tank, and you may find it better to make up a custom-
designed version from sheet metal to exploit the available
space. 1 strongly recommend using a clunk weight with
an integral fuel filter.

The oil tank can simply be a small chemical bottle
with a screw-fitting lid. When the engine is in a model [
recommend using a mixture of equal parts bicycle oil
and synthctic motor oil. To some extent you can control
the oil consumption by adding more or less bicycle oil,
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The same model with aileron wings.

since this oil is low in viscosity. Consumption should be
about 5 ml per minute. However, the engine described
here has already survived a number of flights with the oil
supply carelessly disconnected.

Starting a jet engine when installed in a model does
call for a little practice. There is a danger of the engine
overheating temporarily at times when the starter is strug-
gling for power and the oil in the bearings has thickened.
Under certain circumstances it is a good idea to keep to
hand a pipe made of sheet metal. so that you can deflect
the hot gases or flames away from vulnerable wooden
parts. You can avoid problems by obtaining a powerful
starter fan or. if the engine is easily accessible, a high-
revving electric motor. A motor power of 20 Watts is
quite sufficient.

Particular problems encountered in
jet-powered flight

Thrust delay

Model jets have a number of characteristics which
mark them out from propeller-driven models. These fea-
tures are similar to those of full-size jet aircraft - as you
might reasonably expect.

The most immediately obvious difference to the pilot
accustomed to propeller engines is the jet's slight delay in
responding to the throttle stick. This phenomenon is due
to the inertia of the rotor. At high rotational speeds a
great deal of energy is required 1o accelerate the rotor
wheels, and this applies in particular to the jet engine’s
lower speed range. The force which is acting upon the
turbine blades - and which is available to accelerate the
turbine - is still small. For this reason the time required to
bring the turbine up to speed varies markedly according
to the initial speed. Overall the power of the turbine is
proportional to the cube of the rotational speed, while
the work required to accelerate the rotor is proportional
to the square of the speed.

At a rotational speed of 35,000 rpm - corresponding
to a thrust of four Newtons - the Micro-Turbine runs up
to full throttle in three or four seconds, perhaps a little
faster. However, bearing in mind the thermal loads
involved in the engine, it is a good idea to handle the
throttle stick gently. At the stated speed the work stored
in the rotor in the form of rotational energy is around
2000 J, which corresponds roughly to the kinetic energy
of a bicycle rider at a speed of 25 km/hr. On averagg,
when you increase the engine’s speed from idle to full
throttle more than 650 Watts is required to accelerate the
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rotor alone. The net
result is that you have to
make allowance for
delayed throttle res-
ponse when the model
is in the air, and acceler-
ate rather earlier than
usual. However, as soon
as you are flying at more
than half-throttle you
will find that the engine
responds to the throttle
stick as quickly as a pis-
ton engine.

The factor which
affects a model jet
engine's ability to accel-
erate quickly is the
rotor’s moment of iner-
tia, the exhaust gas
temperature and the
compressor surge. In
this respect engines
with an axial turbine are
clearly superior to those
with the heavy, high-
inertia radial turbine.
Kurt Schreckling's FD
engines are particularly sprightly; their very light com-
pressor whecels follow the throttle stick virtually like a pis-
ton engine. The major factor in the rotor's moment of
inertia is the moments of the rotor wheels; the engine’s
shaft contributes only a few per cent of the rotor’s total
incrtia.

Gyroscopic effects

In any rotary system mysterious forces are at work
which many people find hard to understand. These gyro-
scopic forces, as they are known, are omnipresent in our
day-to-day lives, although you have to know where to
look to find them. For example, they ensure that we
don’t fall off our bicycles, at least so long as the wheels
are going round. Aircraft and ships find their way home
with the help of gyro-based navigational systems. In
short: gyroscopic forces have a stabilising effect on rotat-
ing systems.

View of the inside of the fuselage. On the right are the fuel pump and oil tank.

The same forces are at work in the spinning rotor sys-
tem of our model jet engine. Because the rotational
speeds are so high the gyroscopic moments are consider-
able. If you hold your jet-powered model's fuselage in
your hand with the engine running and move it (in the
language of physics you are forcing a precession upon it
and you will clearly feel the gyroscopic moment oppos-
ing your effort. You can try the same experiment with a
high-revving electric motor.

The system attempts to counteract the original force.
The gyroscopic moment acts in the perpendicular diree-
tion to what is known as the axis of precession. If we
assume that you are flying a model powered by a right-
hand rotation jet engine, this means that the model’s
nose will dip slightly if vou fly a left-hand turn. and will
rise slightly in a right-hand turn. With a left-hand rota-
tion engine the effect is exactly the opposite. There is
no cause to be alarmed. In day-to-day modelling the

Arrangement of auxiliary equipment in the Moturex 2 model. The fuel supply system is installed in the

Jront part of the fuselage.

\_P
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The Micro-Turbine during the starling procedure.
Beneath the wing is the fuel valve which is being
opened slowly at this montent. A pressure gauge is
still connected to the engine to monitor the settings.

engine’s gyroscopic effect is almost imperceptible, as the
forces are much too small to have any significant influ-
ence on the aircraft.

The moment which occurs in a turn or loop varies
according to the inertia of the engine’s rotor, the rotation-
al speed and the angular velocity of the model in the turn,
In a fast loop at full throttle the maximum gyroscopic
moment might be one Newton-metre, and that represents
no hazard to the model.

Under normal circumstances the stabilising cffect of
the tail surfaces and the moment of inertia of the model
counteract the gyroscopic moment. Serious problems
only arise if the model's layout is unsatisfactory. If the
engine is mounted close to the model’'s Centre of Gravity
and the tail panels are too small, you could encounter
flight conditions - specifically very low airspeeds - in
which the model is unable to counteract the gyroscopic
forces. For example, if you stall your model in such a
way that the tailplane is no longer subject to an airflow,
and if one wing stalls first (tip-stalls), the gyroscopic
effects could send the model straight into a sort of gyro-
stabilised spin. For this reason you should avoid a concen-
tration of masses at the Centre of Gravity when designing
your jet model. A good solution is to arrange the engine
towards the tail and the rest of the equipment in the
nosc.

Fault-finding

Every now and again an ordinary piston engine fails to
start, and many of us modellers have cursed loud and
long at such times. The usual reasons are incorrect carbu-
rettor settings, wet glowplugs and blocked fuel lines, and
these little problems have driven many a modeller close
to insanity. The most pernicious problems are caused by
the piston engine’s external fuel mixing arrangements
(the carburettor) and the ignition system, and in a jet
enginc both these systems are fundamentally different
and usually cause no problem. If you have a jet engine
which usually runs well but one day suddenly will not,
there is normally a mechanical problem which you will
casily be able to recognise.

The main way in which you can avoid problems is to
check the engine regularly - especially the bearings and
the turbine wheel connection - and replace damaged
parts immediately.
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Fuel tanks soldered up from sheet metal.

What the sound of the engine tells you

A common problem is the rotor fouling the casing,
and the sound of the engine always lets you know that
this is happening. If you hear a suspicious scratching
noise stop the engine immediately and check the concen-
tricity of the rotor. It can also occur that a normally free-
running rotor only fouls the casing at high rotational
speeds. This means that the running clearance is too
small to allow for the dynamic bending of the shaft. The
audible result of this is a distinctive high tone mixed in
with the usual engine noise, becoming slightly lower in
pitch as the throttle is opened. Usually this type of foul-
ing does not immediately cause the rotor to jam, and the
engine continues to spin apparently without protest,
However, you will find traces of fouling on the compres-
sor cover or the turbine housing when you dismantle the
engine later. You can continue 1o use the compressor and
turbine wheels after such an occurrence provided that
they have suffered no major damage. Never allow a
model jet engine to continue running if you suspect foul-
ing. If you open the throttle very gradually it may be pos-
sible to run up the turbine to high speed, but you then
risk wrecking the wheels. You even risk blade fractures if
the turbine fouls the casing, as scrious and damaging
vibration could result.

Similarly, any major imbalance manifests itself in the
volume of engine noise. The vibration caused by the
imbalance is transmitted to the housing, resulting in a
whistling sound at the pitch of the rotational frequency.
The whistling sound will be distinctly louder to the side
of the engine than immediately in front of or behind it.
If you carefully touch the housing with your hand
you will be able to feel the vibration. Minor imbalance
effects are quite normal, as is a whistle occurring at
high rotational speeds. Since the shaft and turbine wheel
are only statically balanced, the possibility of dynamic
imbalance cannot be excluded entirely. Since the rotating
parts are rotationally symmetrical, and since the design of
the engine makes it very unlikely that there ar¢ major dis-
crepancies in mass distribution, simple static balancing is
adequate for model use. If the model jet engine is very
well balanced all you will hear under normal circum-
stances is the hiss of the exhaust gas flow. Naturally the
bearings will have a proportionately longer life if the
engine is perfectly balanced. After a few hours of opera-
tion lubricating oil residues may form deposits on the tur-
bine wheel, causing slight imbalance, but this is not
critical.

Viodel Jet Engines



Exceeding the pressure limit (surging)

This phenomenon occurs primarily in model jeu
engines fitted with a compressor with radially tipped
blades. Under certain circumstances opening the throttle
too suddenly may cause the compressor pressure to hunt
up and down as the throughput of the compressor is
reduced momentarily. This effect, known as compressor
surge, is immediately obvious because of the characteris-
tically deep growling sound it causes. If this should hap-
pen it is essential to close the throttle without delay to
avoid a sudden rise in exhaust gas temperature and conse-
quent damage.

After a fairly long period of operation you may find
that the engine’s tendency to surge becomes more pro-
nounced. and at the same time the engine no longer pro-
duces full thrust. This behaviour is usually a sign that the
turbine material is unable to cope with the stresses it
encounters in the engine. The result is usually distortion
of the turbine blades due to the high centrifugal forces.
The angle of the blades usually closes slightly, restricting
the open flow cross-sectional area.

This in turn reduces the engine’s throughput, and the
compressor will then be working very close to its surge
limit, especially when the engine is running at high
speed. The only remedy in these circumstances is to
make a new turbine wheel, and it makes obvious sense to
select a better grade of material the second time. The
other, temporary recourse is to reduce the full-throttle
setting slightly.

A standard problem

Excessively high exhaust gas temperature

Many home-built turbines suffer from overheated,
glowing, red-hot turbine wheels. Although you can fly a
model using such a hot-running turbine, you are bound to
encounter certain problems: materials expand consider-
ably due to the ¢xcess heat, and n.g.v. blades may then
kink and damage the housing. The glowing turbine hous-
ing makes it much more difficuli to shield the vulnerable
fuselage of the model aircraft. The hot turbine wheel may
not be strong enough to withstand the stresses of running
at high speed. and the engine as a whole will be slow to
respond to the throttle stick. You will have to be very
careful with the throttle stick to avoid overheating the
engine.

In general terms, then, a model jet engine with a high
exhaust gas temperature is a less capable engine. Exactly
the opposite applies to full-size aircraft engines: the

Motures 2 in action. (Photo: Michael Kamps}).

higher the exhaust gas temperature, the more powerful
the engine. The turbine blades which are subjected to
the highest temperatures are cooled with air ducted from
the final compressor stages, so that the temperature of
the turbine blade material is several hundred degrees
Kelvin below the actual gas temperature. In small gas tur-
bines and model jet engines this technology is almost cer-
tainly too complex, and if we want easy handling the
only solution is to strive for low gas temperatures. Several
factors affect the gas temperature. but the primary one is
the efficiency of the rotor wheels, although it is also
important that the compressor and turbine should be
accurately matched to each other so that they both work
close to their optimum efficiency. Amateur methods and
cquipment simply do not allow us to diagnose accurately
the degree of mismatching between compressor and tur-
bine. As we have already discussed, it is possible to make
certain deductions about possible faults from the level of
residual swirling motion behind the turbine and from any
tendency for the engine to reach its compressor surge
limit. However, the best method of reducing an exces-
sively high exhaust gas temperature is to check the over-
all design using the data which you are able to measure
accurately, such as rotational speed and throughput. Use
this data in conjunction with the continuity equation to
calculate the speeds which are actually occurring, and
plot the vector diagrams for the wrbine and compressor.
This should allow you to detect any significant deviations
from the design goals towards which you have been
working,.

The combustion chamber has a very important influ-
ence on exhaust gas temperature. Temperature distribu-
tion must be reasonably even. Flames from the turbine,
hot spots and acrid, pungent exhaust fumes are good
indicators of incomplete combustion. In this case the
only remedy is to carry out systematic tests on the com-
bustion chamber. I have already described how the cur-
vature of the “walking sticks™ should be adjusted in small
increments. It is not advisable to drill further air holes in
the combustion chamber at the hot spots. This seldom
cures the problem, and more often just wrecks the com-
bustion chamber.

If combustion suddenly worsens, and at the same time
the exhaust gas temperature rises, one injector tube
might be blocked, perhaps by dirt from the fuel-tank or
solder flux residues blocking the fine openings. A fuel fil-
ter should always be used - not least to protect the fuel

pump.
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Cleaning the engine
Model jet engines are
generally quite easy to
look after - assuming
that they deign to run at
all. Nevertheless, these
engines  should be
opened up now and
then for general exami-
nation and cleaning. In
the course of time dust
gets sucked in and com-
bined with the lubricat-
ing oil to form a sticky
layer which collects in
the compressor and
housing. This is a good
time to check that all
screws and other parts
are tight. [ would
rccommend that you
examine the turbine
wheel more closely,
preferably using a magni-

Cleaning urgently required! After an involuntary landing in a field with the
turbine running, a few lumps of earth bave been sucked inside the engine.
Fortunately the compressor wheel is virtually undamaged.

Maintenance and repair

Checking the bearings

Maintaining the turbine largely comes down to moni-
toring the ballraces. These components are subjected to
extraordinary stresses in our model jet engine: up to
three times their nominal maximum rotational speed.
They can only withstand such maltreatment if the heat
produced is dissipated by plenty of air from the compres-
sor. As a result, heat from the hot turbine can only reach
the bearings once the engine has stopped. This effect
results in the inner and outer rings of the turbine bearing
exhibiting the characteristic “tarnished” coloration after a
few test runs, which might make you think that they are
running too hot. However, this should be considered nor-
mal for the engine and appears to have little if any effect
on the bearings™ useful life.

When the engine is running down you should always
listen carefully for any trace of rumbling sounds, as
these are usually an indication of worn-out bearings.
The bearings should then be checked for axial play.
Check the condition of the ball cages at the same time.
If clearance and play are greater than those of a new
bearing, for safety’s sake you should install a new
bearing.

The useful life of the bearings varies considerably
according to the conditions of cooling, rotational speed
and lubrication inside the engine. In practice 1 have
found that standard ballraces have survived a whole year
in the engine, i.¢. several hours of running. The bearing at
the compressor end of the engine lasts longer, probably
because the rotor’s axial thrust exerts an axial load on the
bearing, taking up any slack in the race. The operating
temperature at the compressor end is also lower. In prac-
tice bearings only fail prematurely if the engine is badly
out of balance or very dirty.
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fying glass. Any changes
to the blades and signs
of cracking are clear
signs that the marterial
you have used is not
coping well with the stresses. It goes without saying that
a damaged wheel must not be re-used.

The lubricating system can be an insidious source of
operational problems, as the narrow pipes are readily
blocked by minute deposits. This is enough to cause the
oil supply system to fail altogether, leading eventually to
bearing damage. The normal functioning of the lubrica-
tion system can be recognised by tiny explosions behind
the turbine: this is caused by burning oil residues. The oil
for the front bearing usually makes its way into the open
air through leaks in the compressor cover. If the engine’s
oil consumption falls off, be sure to check the oil pipe. IF
you can obtain special turbine oil such as Aeroshell 500,
do use it. These oils, usually synthetic in nature, produce
almost no deposits even at very high temperatures.
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GTBA - Gas Turbine Builders Association

In 1995 a group of modellers in England formed an
association dedicated to the construction of model jet
engines. Since its foundation the Gas Turbine Builders
Association (GTBA) has achieved a membership world-
wide of more than 1700. Articles and contributions are
sent out to all members in a regular newsletter, which
also includes interesting sources of supply. Once a year a
meeting is held in England where members can discuss
model gas turbines to their heart’s content. The GTBA
also maintains its own internet site with numerous links.

Internet: hup://www.gtba.co.uk

High-speed hybrid bearings:
GRW GmbH & Co. KG,
Postfach 6360,

D-97013 Wuerzburg,
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Compressor wheels:

Struck Turbotechnik GmbH,
Ernestinenstrasse 115,
D-45141 Essen.
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Cherry, Mike:
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A hands on guide to jet modelling.
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