
16 075 September

Examensarbete 15 hp
September 2016

Design and construction of a 
simple turbojet engine 

Simon Fahlström
Rikard Pihl-Roos



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Design and construction of a simple turbojet engine

Simon Fahlström, Rikard Pihl-Roos

This project deals with researching, designing and building jet-engines. A simple
turbojet engine was designed and construction was begun. The design was made by
studying the work done by industry and researchers over the course of the history of
jet engines. The methods were then discussed and chosen in a way that would
simplify the design work as well as the construction of the engine. The goal was to
create a self-sustaining combustion within the engine. The design settled upon
consists of a radial compressor, an annular combustion chamber and an axial turbine.
Since the compressor would have been the most difficult part to machine the decision
was made early on to use the compressor from a turbocharger out of an automotive
engine. Upon further study it was discovered that the characteristics of this
compressor was not compatible with the rest of the design, as the compressor was
made for an RPM range outside of what we could achieve and the compression ratio
was too low. Most of the rest of the engine had already been built, and there was not
enough time to design and build another compressor so work was aborted on the
engine.
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Populärvetenskaplig sammanfattning

Jetmotorer och dess användning inom transport och kommunikation är n̊agot som dagens
samhälle kommit att förlita sig p̊a. Teknologins framsteg har gjort dagens jetmotorer till
en otroligt komplicerad maskin. Trots det s̊a är grundprincipen väldigt enkel. En cykel
i en jetmotor best̊ar av en kompressor som suger in luft till motorn och höjer trycket.
Luften strömmar in i brännkammaren, där den blandas med bränslet och antänds. Den
antända gasen strömmar därefter över turbinen och en viss mängd av energin fr̊an gasen
överförs som kinetisk energi till turbinen. Detta f̊ar turbinen att rotera och även kom-
pressorn att rotera, d̊a de är sammankopplade. Detta innebär att motorn kan suga in
mer luft och därmed f̊a ett kontinuerligt flöde av gas genom motorn s̊a länge bränsle
tillförs. Trots den enkla principen är genomförandet i praktiken n̊agot mer komplicerat,
d̊a luftens flöde genom delarna i motorn inte är lätta att förutsäga och mycket bygger p̊a
experiment och trail and error. I detta projekt har en design för en enkel jetmotor tagits
fram och sedan har arbete p̊a konstruktionen p̊abörjats i verkstaden. Maskiner som
använts i verkstaden inkluderar svarv, svets, fräs och borr. Största delen av materialet
som använts har varit st̊al och aluminium.

1



Contents

1 Introduction 3

2 Background 4
2.1 History of the jet engine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Theory of operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.1 Reaction engines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Cycle Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.3 Compressors and Turbines . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.4 Performance prediction for compressors and turbines . . . . . . . . 11
2.2.5 Centrifugal compressor . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.6 Combustion chamber . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Method 16
3.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2 Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Discussion 27
4.1 Engine type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Compressor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.4 Turbine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.5 Combustion chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.6 Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.7 Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5 Conclusion 30

6 References 31

2



1 Introduction

Jet engines see wide use in many applications, aviation and energy production among
many others. The design and construction of a jet engine requires a great deal of
knowledge from many different fields. From thermodynamics and fluid mechanics to
mechanical engineering. In order to build a modern jet engine, you need a lot of expe-
rienced people from all these certain fields. A modern jet engine is truly a miracle of
engineering. With everything from fine tolerance in space to resilience to high tempera-
tures and stress. The jet engine has gone through a revolution over the years, with great
improvements in performance, efficiency and reliability.
The most commonly known jet engines are the turbojet engine, the turboprop engine,
the turbofan engine, the turboshaft and the ramjet engine. The major principle in all
these engines are the same. And they work according to similar concepts as the internal
combustion engine: suck, squeeze, bang and blow. The first part is focused on the inlet,
the air is sucked in: suck. The second part is focused on the compression of the air, where
the inlet air is compressed to a higher pressure: squeeze. The third part is focused on
the combustion chamber, where the compressed air is mixed with fuel and then ignited:
bang. The fourth part is focused on the outlet of the engine, where the ignited air and
fuel-mixture exits at a high velocity: blow. These concepts can be applied to all of the
jet engines, with minor adjustments. [1]
Starting out with a compressor, a combustion chamber and a turbine, we can tell the
difference from the turbojet, turboprop, turboshaft and turbofan on where the power is
transferred from the turbine. In a turbojet, the turbine is connected to the compressor.
In a turboprop, the turbine is connected to the compressor and a propeller. In a tur-
boshaft, the turbine is connected to the compressor and a power shaft. In a turbofan,
the turbine is connected to the compressor and a fan that blows air through a duct
around the engine. The engine chosen for this project is the simplest type, the turbojet
engine.
A different kind of jet engine are the ramjet and the scramjet. These engines have no
moving parts and need to have an initial speed of several times the speed of sound before
starting up. They work in a way where the incoming air, due to it’s relative speed is
compressed by the inlet enough to sustain combustion when fuel is added. And the
force of the air exiting the engine is propelling the aircraft forward, making the engine
compress even more air, repeating the cycle.
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2 Background

2.1 History of the jet engine

The basic principle used in jet engines has been known for a long time. It dates back
to around 150 BC when the principle was used in the Aeolipile, which is a simple
construction using a radial steam turbine. The steam exits through a nozzle creating a
spinning motion of a ball. All according to Newton’s third law. See fig 1. [2]
In 1791 a patent was filed by John Barber, utilizing the same thermodynamic cycle as a
jet engine [4], and the interest continued during the 1800s. But it wasn’t until Sir Frank
Whittle of the Royal Air Force in the 1930s made the first patent for the jet engine and
showed the possibilities through reliable energy conversion. He made the first static test
in 1937. Two years later, in 1939, it was a German physicist named Hans von Ohain who
made the first jet-powered-flight and demonstrated the possibilities of the jet engines.
The ideas came about improving the propeller driven aircrafts of the time, where the
main problem was the speed of the aircraft. The aircraft of the time were closing in on
the speed of sound, and sometimes getting too close, which would result in shockwaves
being created, causing the propeller to shatter.

Figure 1: Hero’s Aeolipile (Source: Knight’s American Mechanical Dictionary, 1876)

The jet engine allowed a continuous combustion and airflow. It was a big change from the
piston engines dominating the industry. At the time, the greatest struggle the engineers
had was to create a material that could withstand the temperatures generated in the
combustion chamber, since it would often lead to the turbines melting. The development
of the jet engine took of during World War II and performance was quickly raised because
of the efforts made to try to get any advantage possible. Thus paving the way for the
modern jet engines. [4]
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2.2 Theory of operation

Notation

Cp specific heat capacity at constant pressure
Cv specific heat capacity at constant volume
EW work
eW specific work
F force
h specific enthalpy
h0 specific stagnation enthalpy
LHV fuel heating value
ṁ mass flow rate
P static pressure
P0 stagnation pressure
Q heat
q specific heat
R gas constant
r radius
s specific entropy
T static temperature
T0 stagnation temperature
U blade velocity
V absolute flow velocity
W relative flow velocity
α absolute flow angle
β relative flow angle
γ ratio of specific heats
η efficiency
π pressure ratio
ρ density
τ temperature ratio
ω angular velocity

Subscripts

0 − 7 stations in the engine
a air / actual
c compressor
f fuel
o overall
p propulsive
t turbine
th thermal
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2.2.1 Reaction engines

In order to provide thrust all aircraft engines work by imparting rearward momentum
to one or more streams of gas, this gas is the reaction mass and such engines are known
collectively as reaction engines. From Newtons laws of motion we know that force is
equal to change in momentum, so net thrust, Fn for a jet engine can be written as
follows, know as the general thrust equation [5]:

Fn = (ṁa + ṁf )Ve − ṁaV0 (1)

Where

ṁair is the mass flow rate of the air passing through the engine
ṁfuel is the mass flow rate of fuel entering the combustion chamber
Ve is the velocity of the exhaust stream (= V7)
V0 is the free stream velocity of the air coming in to the engine,

same as the true airspeed of the aircraft

Since ṁair >> ṁfuel we can make the simplification that the mass flow rate entering
the engine is the same as the mass flow rate exiting the engine, and from there we get a
simple expression for the propulsive efficiency, ηp, which is the ratio between the work
done on the aircraft compared to the kinetic energy imparted to the air stream flowing
through the engine:

ηp =
2V0

V0 + Ve
=

2

1 + Ve
V0

(2)

From this the conclusion can be made that the highest efficiency is achieved when the
velocity of the exhaust is nearly the same as that of the aircraft, shown in fig. 2. Using
a larger mass flow rate instead of higher exhaust velocities is therefor preferable. De-
pending on the range of speeds an aircraft is designed to operate in the preferred engine
type varies, with slow aircraft the choice is propellers, followed by high-bypass turbofan
and then progressively lower bypass ratios as the speed increases. [5]
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Figure 2: Propulsive efficiency as a function of Ve/V0

2.2.2 Cycle Overview

The turbojet engine is a heat engine, which works by converting heat to useful mechan-
ical work. In this case, the heat from combustion is used to propel the air rearwards.
With the help of a thermodynamic cycle an ideal case of the jet engine’s operation can
be shown. This is a good way to calculate the overall efficiency of the engine.

Figure 3: A schematic view of a turbojet

The turbojet engine consists of five main regions. Diffuser, compressor, combustion
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chamber, turbine and nozzle. There are also numbered station which are used for de-
scribing the state of the flow at different points in the engine. A schematic view is shown
in figure 3. The zeroth station is far enough up stream before the intake that ambient
conditions apply. The region between stage one and two is the diffuser, where the stream
is slowed down, and the pressure rises. The region between 2 and 3 is the compressor,
where energy is added to the flow, idealized as an adiabatic process where the pressure
and the temperature increases and the volume decreases. Between station 3 and 4 the
combustion takes place, heat is added and the volume and the entropy increases and the
temperature reaches its peak. Between station 4 and 5 is the turbine, where the pressure
and the temperature decreases and the volume increases while the air flows through the
turbine, converting heat to mechanical work. Finally, between 5 and 6, the air goes
through a nozzle back to ambient pressure, while accelerating.

To describe the flow and thermodynamic properties a number of approximations and
idealizations are made. We assume frictionless and inviscous flow to avoid fluid losses.
We use the equation of state for ideal gas: p/ρ = RT . These equations offer results that
can be used for a qualitative overview and preliminary design decisions.

Figure 4: TS diagram of the ideal Brayton Cycle for Turbojet

The ideal open Brayton cycle consists of 4 processes, isentropic compression, isobaric
heat addition and isentropic expansion and then an isobaric heat rejection between exit
and inlet. We can see these relationships:
Work done by compressor:

EW,c = ṁa(h03 − h02) (3)
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Work done on turbine:
EW,t = (ṁa + ṁf )(h04 − h05) (4)

Heat added to system during combustion:

Qin = (ṁa + ṁf )h04 − ṁah03 (5)

Heat rejected from the system in the gas stream:

Qout = (ṁa + ṁf )h06 − ṁah00 (6)

The work done by the gas on the turbine is in a turbo jet only used to drive the com-
pressor and various auxiliaries. The energy left in the gas stream after the turbine and
how that is converted to propulsive force is what is of interest in this context.

Using conservation of energy, assuming that the change in potential energy due to
elevation is negligible and assuming conservation of mass (neglecting fuel flow since
ṁair >> ṁfuel)

qout +
1

2
(V 2

6 − V 2
0 ) = qin + (eW,c − eW,t) (7)

Using the thrust equation from the previous section, eq 1, the kinetic energy term can
be written as

V 2
6 − V 2

0 = (V6 − V0)(V6 + V0) = (V6 + V0)
Fn
ṁ

(8)

Substituting back into eq 7, and assuming eW,in − eW,out = 0, since in the ideal case no
work is done by the shaft, gives an expression for thrust

Fn =
ṁ

Vavg
[(qin − qout)] (9)

Define the over all efficiency of the engine, the ratio of work done by the exiting stream
to the rate of heat added

ηo =
FnV0
ṁqin

=
V0
Vavg

(1 − qout
qin

) (10)

Propulsive efficiency, eq 2 can be rewritten as ηp = V0/Vavg, thus overall efficiency can
be stated as a product of propulsive and thermal efficiency, ηo = ηpηth, where thermal
efficiency is defined as

ηth = 1 − qout
qin

= 1 − h06 − h00
h04 − h03

(11)

Both heat in and heat out are constant pressure processes, approximating constant
specific heat Cp = Cp,avg, equation 11 becomes

ηth = 1 − Cp(T06 − T00)

Cp(T04 − T03)
= 1 −

T00
(
T06
T00

− 1
)

T03
(
T04
T03

− 1
) (12)
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Compression and expansion is assumed to be isentropic and we assume polytropic gas.
And P03 = P04 and P06 = P00 so

T03
T00

=

(
P03

P00

) γ−1
γ

=

(
P04

P06

) γ−1
γ

=
T06
T04

Substitution then gives

ηth = 1 −
(

1

πo

) γ−1
γ

(13)

where πo = P03/P00 = P04/P06 is the overall pressure ratio of the engine. As fuel effi-
ciency is directly related to thermal efficiency, as high a pressure ratio, and temperature
ratio as possible is desired. [6] [7]

Figure 5: TS diagram of actual Brayton Cycle

In the actual cycle there are a number of differences with regard to the ideal case.
Compression and expansion is not isentropic, and there are pressure losses along the
whole path that the air takes in the engine. The isentropic efficiency for the compressor
and turbine is an expression for the differences between the ideal case and the actual
case, a meassure of how much of the theoretically available heat that is converted to work
on the rotor in the case of the turbine, and for compressors how much of the mechanial
work done by the rotor leads to increase in energy of the gas.

ηt =
eW,t,actual
eW,t,ideal

=
h04 − h05,a
h04 − h05

(14)

ηc =
eW,c,ideal
eW,c,actual

=
h03 − h02
h03,a − h02

(15)
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2.2.3 Compressors and Turbines

There are mainly two types of compressors and turbines used in jet engines and power
turbines: axial and radial/centrifugal. Both are of the continuous flow variety, where a
rotating mechanical part exchanges energy on a continuous flow of air. Both are com-
posed of two main parts, a rotating and a static part. The rotating part, rotor, transfers
kinetic energy to/from the fluid. In the the static part, stator, the kinetic energy is
converted to pressure by redirecting the flow and by increasing the flow area to slow the
fluid down. Or vice versa, to convert pressure to kinetic energy. Each pair of rotor and
stator is called a stage and are compounded in order to achieve greater pressure differ-
entials. In axial compressors, the pressure rise per stage is usually in the range 1.1:1 to
1.4:1, whereas centrifugal regularly operate around 3:1 and in extreme cases up to 12:1.
The stages are usually compounded and some designs use a mixture of radial and axial.
In high performance applications, such as in modern aircraft engines, many stages are
used to achieve total pressure ratios of up to 40:1 . For turbines the axial type is almost
exclusively used as the pressure differential needed is lower, and isentropic efficiency is
more important. [3]

2.2.4 Performance prediction for compressors and turbines

Using a model of simple one dimensional flow, a way to describe the gas stream is to
use three basic equations. These are derived from conservation of mass, conservation of
momentum and conservation of energy.

The mass of the gas is conserved, with the fluid seen as a continuum this can be formu-
lated as:

ṁ = ρAV (16)

where

ṁ is the mass flow rate of the fluid
ρ is the fluid density
A is the cross sectional area of the passage
V is the velocity of the fluid

This can be written in differential form [3]:

dA

A
+
dV

V
+
dρ

ρ
= 0 (17)

known as the continuity equation.

Conservation of momentum, or more specifically conservation of angular momentum
can be formulated in what’s known as Euler’s turbine equation, or the momentum equa-
tion. The change in angular momentum on the fluid stream passing over the rotor is
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equal to the torque from the rotor. This can be written as:

τ = ṁ(r1Vθ,1 − r2Vθ,2) (18)

the product of the torque and the angular velocity is the rate of energy transfer

τω = ṁ(r1ωVθ,1 − r2ωVθ,2) (19)

so the specific work, eW , can be written as

eW = U1Vθ,1 − U2Vθ,2 (20)

where U1 and U2 is the tangential velocity of the rotor, blade velocity, at respective
radii. Note the sign, by convention work done by the fluid is defined as positive, so for
a compressor this expression would be negative.

In the case of an axial rotor, the blade velocity is constant from inlet to outlet, U1 = U2,
so

eW = U(Vθ,1 − Vθ,2) (21)

And for the case of a centrifugal compressor with no pre-whirl, the incoming flow has
no tangential component, vθ,1 = 0, so

eW = −U2Vθ,2 (22)

Figure 6: Velocity triangles for axial turbine. W is the relative stream velocity

12



2.2.5 Centrifugal compressor

Centrifugal compressors are often used in small turbines both in aircraft and industrial
uses. One reason is that, compared to axial flow compressors, they offer higher pressure
ratios per stage. Centrifugal compressors also provide a wider range of operation, offering
better off-design performance. The drawback is lower isentropic efficiencies than axial
compressors, with higher fluid losses. And a larger frontal area, which can be undesirable
for aircraft application. Since the same pressure rise can be accomplished with fewer
stages centrifugal compressors are the choice for compact units and the larger operational
span make them appropriate for applications where adjustable output and robustness is
priority.
The main parts of the centrifugal compressor are the rotor and stator, often called
impeller and diffuser respectively. Fluid flows axially into the center of the impeller and
is then turned radial and flung outwards, kinetic energy being imparted to the flow. In
the diffuser the cross sectional area of the flow is increased, decreasing the velocity and
increasing pressure. The compressor used for this project is the centrifugal compressor.

Figure 7: Velocity triangle for centrifugal compressor with radial vanes. (β2 = 90◦.)

Centrifugal compressors can be divided into three categories depending on the angle of
the vanes at the outlet: forward curved, β2 > 90◦, radial, β2 = 90◦ and backward curved,
β2 < 90◦. As can be seen from figure [3] the tangential component of V2 varies with β2
in such a way that with forward curved blades it is greater, and with backwards curved
it is lesser. That means that for forward curved vanes the energy transfer is larger,
but at the price of larger fluid losses. And respectively backwards curved vanes trade
smaller losses, and higher efficiency, with a lower energy transfer. Radial vanes are a
compromise between the too and have the added benefit of being easier to manufacture,
with simpler geometry and no bending stresses to take in to account. [3]
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2.2.6 Combustion chamber

In the combustion chamber is where the combustion takes place. Here, heat is added to
the jet engine in the Brayton Cycle. Compressed air flows from the compressor into the
chamber and ignites after being mixed with the fuel. The efficiency of the combustion
is given by

ηcombust =
∆hactual

∆htheoretical
=

(ṁa + ṁf )h3 − ṁah2
ṁf (LHVf )

(23)

ṁair mass flow of gas
ṁfuel mass flow of fuel
h3 enthalpy of gas after combustor
h2 enthalpy of gas before combustor
LHV fuel heating value

The actual change of enthalpy in the chamber is given by ∆hactual and is divided by the
theoretical change of enthalpy, ∆htheoretical, given by the energy added by the fuel. For
this formula we assume an adiabatic process where no heat flows through the boundary
of the chamber ∆Q = 0.
The efficiency given is to see how much of the fuel that takes part in the combustion.
Fuel that is unburned is wasted and therefore reduces the efficiency. A major problem in
maintaining a high efficiency is loss of pressure. In an ideal Brayton cycle the pressure
is kept at a constant level through the combustion chamber. But with pressure losses
from such things as wall friction, turbulence and heat loss, it is not possible. There are
three stages in the combustion chamber. The recirculation zone, the burning zone and
the dilution zone. Here the fuel gets, respectively, evaporated and partially burned, and
then completely burned, and last mixed with bypass air to provide proper cooling.
About 25% to 35% of the incoming air is entered directly into the flame tube, where
the combustion takes place. The rest of the air is bypassed and used for cooling of the
housing and to keep a steady flame. An important part of the chamber is the diffuser,
located before the liner, which is used to slow the compressed air down to a speed better
suited for combustion. In addition to the diffuser the bypassed air is also used to create
turbulence in the liner which also slows the flow. [8]

Figure 8 shows how the velocity of the gas relates to the fuel-air ratio, this shows the
important of velocity for a good combustion and also that there is an upper limit. A
high velocity and a high fuel-air ratio will give a rich blowout. Which means that oxy-
gen is displaced by fuel, which lowers the temperature of the flame and in some cases
distinguishes it. A lean blowout is where not enough fuel is given to the flame and could
also cause it to be distinguished, this is also used for lowering the engine RPM. The
peak velocity and optimal fuel-air ratio gives the best combustion.
Fuel-air ratio when burning propane, which is the fuel chosen for this project, is approx-
imately 1 kg propane per 12 m3 of air. [3]
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Figure 8: Fuel-air ratio vs velocity.

Different from an internal combustion engine, in which ignition is needed at every cycle,
the jet engine works with a continuous flow. The igniter needs only to create a spark
at the start-up. Once the air and fuel-mixture has been ignited the combustion will be
self-sustained. There are three different types of combustion chambers used in aircrafts.
Annular, can and can-annular, as shown in cross-section in figure 9. All three types have
the same function, to increase the temperature of the high-pressure gas. The combustion
chamber used for this project is the annular combustion chamber.

Figure 9: Cross-section of can, annular and can-annular type combustion chamber.

Can and can-annular work in similar ways. The combustion takes place in several cans,
placed symmetrically around the shaft. The difference lies in the forming casing. The
can-annular has a more evenly structure, keeping the cans together. While the can type
is kept together by a ring-type structure.
The annular combustion chamber is the most common type. It is the most efficient of
the three and has the simplest structure.
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3 Method

3.1 Design

Figure 10 shows the first design. It was made by analyzing common jet engines, and
figuring out the most suitable design for this project. The design consists of a radial
compressor, an annular combustion chamber and an axial turbine. Due to the changes
along the way, the original design was altered. Some materials that were ordered was not
delivered, and had to be replaced by material available in the workshop. The changes
are mainly in the combustion chamber, where instead of air from the compressor flowing
both inside and outside the combustion liner it now only flows outside and the tube
around the shaft forms the inside of the combustion chamber. A quick sketch-up of this
is in figure 11 The outer casing now also goes over the turbine plate instead of being
fitted in a notch cut in the plate.

Figure 10: First design.
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Figure 11: Sketch-up of new combustion chamber.

3.2 Construction

The compressor plate is shown in figures 12 and 13. The plate is made from aluminum
and is attached to the front of the housing. Milling was used to create a recess in
the middle of the plate to house the compressor, and a hole for the shaft was drilled
through. The guide vanes were milled to redirect the swirling air from the compressor
outwards, for simplicity they were made radial, although for the best flow they should
start tangential to the flow and form a smooth diffusor. A circle of ducts through the
plate were milled for the air to pass to the combustion chamber. Holes for screws were
made at the outer edge to be able to attach to the housing.
On the back side, tracks were lathed to fit the housing and the inner pipe.

Figure 12: Top view of the compressor plate.
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Figure 13: Bottom view of the compressor plate.

The compressor used in the engine is shown in Figures 14 and 15. It is a centrifugal
compressor, with backward-facing vanes, originally from a turbocharger used in an au-
tomotive engine. This was later found to be incompatible with the rest of the design
since it did not provide enough compression at the speeds.

Figure 14: Top view of the compressor.
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Figure 15: Side view of the compressor.

The inlet of the engine is shown from different angles in Figures 16, 17 and 18. The top
piece is taken from the inlet housing of a turbocharger, which is the same turbocharger
that the compressor came from. It was used to give a good fit between the inlet and
the compressor. The inlet piece was lathed round and then shrink-fitted to a round
aluminum plate. Holes where then drilled along the edge for screws to go through the
compressor plate and attach to the housing.

Figure 16: Top view of the inlet.
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Figure 17: Bottom view of the inlet.

Figure 18: Side view of the inlet.

The housing of the engines is shown from different angles in Figures 19, 20 and 21. The
housing is made of steel and mounts where welded to the outside, holes where drilled to
attach the inlet and compressor plate. The diameter of the housing was choosen when
the engine was designed. It was considered to be a reasonable size. At the inside of
the housing, the turbine plate is seen. This is made from aluminum and is designed to
give a firm structure and to make sure no air escapes at the inside of the housing, from
elsewhere than the turbine outlet. The turbine plate is shrinkfitted and made to let the
hot gas pass from the combustion chamber onto the turbine blades, which are located
just behind the turbine plate. The front side of the turbine plate was lathed to hold the
combustion chamber in place.
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Figure 19: Top view of the housing with the turbine plate inside.

Figure 20: Bottom view of the housing with the turbine plate inside.
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Figure 21: Side view of the housing.

Figure 22 shows the steel shaft of the engine. The length of the shaft was determined
after calculations on a suitable length of the combustion chamber, which is the space
between the compressor plate and turbine plate. The top and the bottom of the shaft
was threaded with a thread-die, to hold the compressor and the turbine in place with
a nut at each side. Both the compressor and the turbine was pushed into a heel at the
shaft with help of the nut to stay in place. The bearings were pushed into place with
a heel at the shaft, and a heel at the plate. The inner rotating part of the bearing was
held by a heel at the shaft, and the outer stationary part was held by a heel at the plate.
Using this design, the length of the shaft and the distance to the heels would hold the
bearings in place when the engine is assembled. The diameter at the top and at the
bottom of the shaft was determined by the inner diameter of the bearing.

Figure 22: The shaft of the engine.

The two bearings used in the engine are shown in figure 23. The bearings are located in
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the compressor plate and in the turbine plate, where they fit in a lathed hole. Punch-
marks on the side of the plates and cylindrical glue help to keep the bearings in place.
They allign the shaft at the center of the engine and provide stability.

Figure 23: Top and bottom view of the bearing.

The most common combustion chamber is the annular type, and it is chosen for this
project. This type has a more evenly distributed combustion, compared to can and
can-annular, since it takes place in a more spacious environment. It is also more efficient
than the previous types.

The holes for air distribution was determined with respect to the area of the inlet. The
first two rows of holes with radius of 4 mm covered an area of 26 % of the total area of
the inlet, which is called the primary zone. The remaining holes of 8 mm and 13 mm
where calculated to covered an area of 57 % of the total inlet area, which is called the
dilution zone. The holes were made to give the correct dilution, and distribution of the
air. [3]
The combustion chamber is made from two pipes of different diameter and the combus-
tion liner, which is the biggest pipe, is shown in figure 24 and 25.
The shaft is located at the center of the chamber. Typical value of length to diameter
for liners ranges from three to six. The diameter of the pipes was set when the design
was made, so the length was set within the range. [3]
The combustion liner structure is made from steel, and the end of the chamber was
lathed to fit the outside duct liner in the turbine plate.
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Figure 24: Front view of the combustion chamber liner.

Figure 25: Side view of the combustion chamber liner. The front is to the left.

Figure 26 shows the fuel line. It is made from copper and is formed to sit at the front of
the combustion liner. The brass pieces silver soldered on the fuel line are nozzles that
protrude into the combustion chamber.
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Figure 26: The fuel line.

Figure 27 and 28 show the inside liner forming a duct from the the combustion chamber
to the turbine. Due to that the turbine plate was made from aluminium, steel was
needed as a protective coating. The coating is located at the end of the chamber, just
before the turbine plate.

Figure 27: Top view of duct liner.
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Figure 28: Side view of duct liner.

Figure 29(a) shows the assembled engine from the front. The intake is removed in figure
29(b), showing the compressor resting on the compressor plate. The compressor plate is
removed in figure 29(c), showing the fuel line resting on the combustion chamber.

(a) With intake in place (b) Without intake (c) Without compressor plate

Figure 29: The front of the engine
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4 Discussion

4.1 Engine type

Some different variations of the design were considered. After looking at other model
sized jet engines we tried to make on with a simple shape and few, simply machined
parts. For practical reasons a centrifugal compressor was chosen, since we could then
achieve greater compression with a single stage. To save time we chose an already made
compressor from a turbo instead of trying to build one ourselves. For the turbine the
axial type is more easily realized since only one stage would be needed.

4.2 Materials

When selecting the materials, the operating temperature had to be taken into consider-
ation. Since the use of jet fuel was out of the question, due to safety, the simplest and
most accessible solution was propane. To be able to operate at a high temperature ma-
terial chosen for the majority of the engine was steel. Steel has a melting point at about
1500 ◦C, and propane burns at 1900 ◦C, but since a greater part of the air bypasses the
combustion the operating temperature is much lower, and can be varied with the supply
of fuel.
The housing, the combustion chamber and the shaft was all made from steel, which gave
a solid and stable foundation. The compressor plate, the inlet, and the turbine plate was
made from aluminium. Which is a more manageable material that allowed more details
in the construction work. Problems with high temperature could only affect the turbine
plate, since it is located directly after the combustion chamber. Therefore a protective
coating, made of steel, had to be manufactured and placed on top of the plate.
The fuel line was made of a copper tube, which is good for avoiding corrosion. Due to
its flexibility, the tube could be easily formed to a circle and placed on the front of the
combustion chamber. Brass pieces were silver soldered to the tube to provide an inlet
for the fuel into the chamber.

4.3 Compressor

The chosen compressor was a radial compressor, taken from a turbocharger used in
an automotive engine. This was seen as the easiest way to get a compressor without
building one. But after further work and study on the subject it became clear that
the compressor used was insufficient for the design made. As can be seen in fig 30
the compressor’s intended range of operation is at very high speeds, and even then the
pressure ratio is not particularly high, there is not even any data for the speeds we could
hope to achieve. We made the conclusion that this turbo was made with high efficiency
rather than high pressures in mind. The compressor had backwards curved vanes, which
gives a lesser flow rate than one of radial vanes but instead it has a higher efficiency.
The assumption that it would be too hard to make a compressor, may have been wrong.
After being in the workshop, and later noticing the insufficient compressor, the idea of
making a compressor did not seem so distant anymore. It would be possible to make a
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compressor with radial vanes, which is not as efficient as backwards curved vanes but
airflow and compression is higher, and the operating range of the compressor could be
made to fit the rest of the engine.

Figure 30: Compressor map.

4.4 Turbine

The turbine was of axial type, which is the most common turbine type. It was made
from a steel hub, and was planned to have turbine blades welded to the hub. Due to
an undersized compressor, work was aborted on the engine, and the turbine was left
unfinished.
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4.5 Combustion chamber

The chosen combustion chamber was of annular type. Compared to the other can and
can-annular, the annular type is of a more solid and simple construction and has the
possibility to give the most efficient combustion. It is structurally the easiest to build,
and is great for a simple construction.
A disadvantage of the annular combustion chamber is that replacement will require an
engine disassembly, which is expensive and time consuming, for us this is not an issue.

4.6 Bearings

The shaft was made out of a steel rod to create a solid structure, with the bearings
connecting the shaft to the engine.
The maximum allowed speed of the bearings was listed at 50,000 rpm. Another factor in
how fast we could make the engine spin is balancing of all the rotating parts, which is an
complicated process, requiring a lot of precision and patience. This caused some prob-
lems with the compressor, as these speeds would not be sufficient to achieve compression
ratios needed for a self-sustaining cycle.

4.7 Efficiency

The plan was to measure temperature and pressure in various places in the engine and
compare the results with a Brayton cycle, thus being able to compare the efficiency
of a real jet engine. The instruments needed were thermocouples and pressure gauges
that could handle high temperatures and a hall sensor to measure the speed, these were
prohibitively priced and did not fit the budget.
Since we aimed always at simplicity of construction we did not expect the efficiency to
be very great, the flow path of the air would have lead to many losses due to turbulence.
The major factors in cycle efficiency, temperature and pressure, would also have been a
lot lower than what one finds in modern jet engines.
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5 Conclusion

The jet engine is a fascinating piece of machinery, and though it’s basic principles are
very simple there are many hurdles to overcome to build one of your own design. There
are many variables to control for, and many are not yet fully understood. How does the
air move? What are the material properties needed? The science of jet engines is still
to a large degree an empirical one, where experimental data and a good amount of trial
and error is needed to push the field forward. Each component that comes in to making
a jet engine could in it’s own be the basis for many projects of this kind, and trying to
do it all at the same time in a project of this size was perhaps a bit too ambitious as we
have come to learn during the course of our work. When attempting to design this kind
of engine one needs first to have a good grasp of each of these different bits of knowledge,
how each component works and how it interacts with the others. The literature on this
subject is often dense and not always easy to navigate. Still, we have learned a lot about
both the theory, the design process and about working with metal to create something
of your own.
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