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ABSTRACT

AEROTHERMODYNAMIC ANALY SIS AND DESIGN OF A ROLLING
PISTON ENGINE

Aran, Gékhan
M.Sc., Department of Aerospace Engineering

Supervisor  : Prof. Dr. I.Sinan Akmandor

June 2007, 124 pages

A rolling piston engine, operating according to a novel thermodynamic cycle is
designed. Thermodynamic and structural analysis of this novel engine is carried
out and thermodynamic and structural variables of the engine were calculated. The
losses in the engine, friction and leakage were calculated and their effects on the

engine were demonstrated.

Keywords: Thermodynamic analysis of an engine, Structural analysis of an engine,

Internal combustion engine, Rotary engine.
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DONER PISTONLU MOTOR AEROTERMODINAMIK ANALIZi VE
TASARIMI

Aran, Gokhan
Y. Lisans, Havacilik ve Uzay Miihendisligi Boliimii

Tez YOneticisi : Prof. Dr. 1. Sinan Akmandor

Haziran 2007, 124 sayfa

Yeni bir termodinamik ¢evrim ile c¢alisan doner pistonlu motor
tasarlanmigtir. Motorun termodinamik ve yapisal tasarimi ve analizleri yapilmus,
motora ait termodinamik ve yapisal degerler hesaplanmistir. Motorda olusacak

kayiplar, siirtiinme ve kacaklar hesaplanarak, kayiplarin etkisi gosterilmistir.

Anahtar Kelimeler: Motor termodinamik analizi, Motor yapisal analizi, Icten

yanmali motor, Déngiisel motor.
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CHAPTER 1

INTRODUCTION

The distinctive feature of our civilization today, one that makes it different from
all others, is the wide use of mechanical power. At one time, the primary source of
power for the work of peace or war was chiefly man’s muscle. Later, animals were
trained to help and afterwards the wind and the running stream were harnessed.
But, the great step was taken in this direction when man learned the art of energy
conversion from one to another. The machine which does this job of energy

conversion is called an engine. [1]

An engine is a device which transforms one form of energy into another form.
However, while transforming energy from one form to another, the efficiency of
conversion plays an important role. Normally, most of the engines convert thermal

energy into mechanical work and therefore they are called ‘heat engines’. [2]

Heat engine is a device which transforms the chemical energy of a fuel into
thermal energy and utilizes this energy to perform useful work.

Heat engines can be broadly classified into two categories:

(i) Internal Combustion Engines (IC Engines)

(i) External Combustion Engines (EC Engines)

Engines whether Internal Combustion or External Combustion are of two types,
(i) Rotary engines

(i) Reciprocating engines



A detailed classification of the engines is in the following figure. The reciprocating
piston engine based on the Otto and Diesel cycles and, the gas turbine engine
based on the Brayton cycle, have largely dominated the market. [3] Despite this
fact, for many years, patents on rotary combustion engines [4, 5, 6, 7, and 8] have
claimed that rotary engines possess many advantages over reciprocating engines
such as having high torque, fewer parts, lower weight and fewer reciprocating
imbalance. Although these engines have received little industrial attention, for
over 5 decades, rotary compressors have taken an important place in general
engineering applications, especially in the capacity range of 10-1000 cc/sec and

for delivery pressures in the range of 2-18 bars.

Heat Engines
|
| 1
IC Engines EC Engines
| | | | 1 |
Rotary Eeciprocating Eotary Eeciprocating
| | |
| | | ! ! !
Wankel Eevolving Scissor Gascline  Diesel Steam Closed  otiling Steam
Types Block Action  Engine Engine Turbine Cycle Engme Engine
Types Types Fas Turbine

Figure 1.1 Classifications of Heat Engines

In this thesis novel rotary engine was designed and analyzed. The analyzed rotary
engine can be classified in rotary IC Engines, in the part of scissor action type part.
In the following part rotary engine development, properties of the rotary engines

and the novel rotary engine which was described in this thesis were explained.



1.1 Rotary IC Engines

There are three main types of true rotary engines:

1. Wankel types based on eccentric rotors,
2. Scissor action types using vanes or pistons,

3. Revolving block types (‘cat and mouse' type[9]).

Engines are closely related to pumps and compressors: the former drives and the

latter are driven.

Designs for rotary engines were proposed as early as 1588 by Ramelli, though it
took the development of the Otto cycle engine in 1876 and the advent of the
automobile in 1896 to set the stage for a proper rotary combustion engine.
Furthermore, it took Felix Wankel to catalogue and organizes 862 configuration
pairs, of which 278 are impractical. Wankel investigated 149. Prior to 1910, more

than 2000 patents for rotary pistons were filed [10].

Other early designs were made by Huygens in 1673 and Kepler. James Watt made
a rotary piston steam engine in 1759, as did Ericsson. The American John Cooley
made an invention of a sort of reverse Wankel in 1903, which Umpleby applied to
internal combustion in 1908, but never developed successfully. Frenchman
Sensaud de Lavaud obtained a patent for a four phase rotary piston engine in 1938,
two years after Felix Wankel. There were also designs by Pappenheim,
Hornblower, Murdoch, Bramah, Flint, Poole, Wright, Marriott, Trotter, Galloway,
Parsons, Roots, Wallinder, Skoog, Baylin, Larsen, Ljungstrom, Behrens, Maillard,

and Jernaes. Marsh has made a good summary with diagrams [11].

Today there are lots of different types of rotary engine which people work on
them, some of these engines are: The Ball Piston Engine [12], The Rand Cam
Engine [13], The Dyna-Cam Engine [14], The Quasiturbine [15], The Rotary of
Koushi Akasaka [16].



1.1.1 Advantages of Rotary Engines

High power to weight ratio,

Light weight and compact,

Smooth: no reciprocating motion,

Easily balanced, less vibrations,

Extended power stroke,

Less moving parts: no valves, connecting rods, cams, timing chains. Intake and
exhaust timing are accomplished directly by the motion of the rotor.

Separation of combustion region from intake region is good for hydrogen fuel.

Lower oxides of nitrogen (NOy) emissions.

1.1.2 Disadvantages of Rotary Engines

High surface to volume ratio in combustion chamber, (less thermodynamically
efficient)

Wear and seal problems, (Today with the improving of the material technology
these problems are not as critical as in the past.)

Higher fuel consumption in naive designs. This is relative to the application
because the high power of the engine must be considered. Thus Mazda has
been successful with the RX-7 sports car, where its fuel economy is
comparable to other cars in its class. Only 16 years after the first engine ran,
the 1973 oil crisis devastated the RCE before it had sufficiently developed to
become more economical. Thus the engine has a more negative reputation
regarding fuel consumption than is actually deserved.

The manufacturing costs can be higher, mostly because the number of these

engines produced is not as high as the number of piston engines.



1.2 Novel Rotary Engine

The most important property of the novel rotary engine is the increased the thermal
efficiency above the reciprocating engines. This is achieved by implementing a

new thermodynamic cycle

The designed novel rotary engine combines the advantages of Otto and Diesel
cycles at intake, compression and combustion phases of the thermodynamic cycle,
the engine also achieves an expanded power stroke that improves power extraction
and efficiency. With a proper thermodynamic and geometrical match of the
compressor and turbine working chambers, the expansion process can be improved

and lower exhaust pressure and temperature levels can be achieved.

It is well known that for a given compression ratio, the ideal Otto cycle currently
provides the most efficient combustion / expansion process since it combines high
peak temperature during the isometric (constant volume) heat addition, while still
keeping an acceptable mean chamber temperature. However, high peak
combustion temperatures can cause auto-ignition of a portion of fuel-air mixture,
resulting in engine knocks. Diesel is an improvement of the Otto cycle as it
provides higher useful compression ratios and isobaric (constant pressure) heat
addition and do not have knock problem as air alone is present during the
compression process. The high compression ratios make Diesel engines more fuel

efficient but for this same reason, they also become much heavier.

Novel rotary engine is composed of basically three parts, compressor, combustion
chamber and the turbine. In the Figure.1.2 the components can be seen. Firstly, air
taken into the compressor and compressed up to the desired pressure value into the
combustion chamber, to the compressed air in the combustion chamber fuel is
injected and is ignited by the spark plug after the combustion in the combustion
chamber gasses are taken into the turbine and in the turbine fuel is injected and in
the turbine constant pressure combustion takes place after the turbine combustion
the products (gasses) of the high temperature and the pressure are expanded

through the turbine.



Figure 1.2 Novel Rotary Engine Components

The Working Schematic of the Novel Rotary Engine:

The working schematic explains how engine works. The working cycle is divided
into 6 processes, air intake, compression and combustion in the combustion
chamber, combustion in the turbine, expansion, and exhaust. Every process is

explained by the help of the figures.



Air Intake:

Air is taken to the compressor by the one revolution of the compressor rotor.

Figure 1.3 Air Intake



Compression:
Air is compressed after it is taken to the compressor, when the rotor reaches the

180° position, compressor valve opens and the air is compressed to the combustion
chamber through the 180 degree when the new turn starts, rotor reaches 360°

compressor valve closes.

Figure 1.4 Compression



Combustion in the Combustion Chamber:

After air is compressed, fuel is injected to the combustion chamber and it is ignited
by the spark plug and the combustion duration is 90° turbine/compressor rotor.

Figure 1.5 Combustion in the Chamber Combustion

Combustion in the Chamber Combustion:

Combustion in the turbine begins at 30° and ends at 45° which was explained in

detail in the thermodynamics part.

Figure 1.6 Combustion in the Turbine
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Expansion:

Expansion begins just after the combustion in the turbine and when the turbine
rotor is at 120°, the turbine inlet valve closes, and gasses are expanded through the
turbine until the rotor reaches the end of the turn.

i/
!
I
]

?/

\
A\

B
=
o
T

Figure 1.7 Expansion

Exhaust:

Exhaust process is throwing the expanded gasses away from the turbine.

Figure 1.8 Exhaust
10



1.2.1 Applications

The rolling piston engine can be used in various applications such as automobile

engine, generator power source, marine and general aviation applications.

The new engine is light weight, smooth and compact and it is designed for the

general aviation applications.

Engines in aviation applications must be:

o lightweight, as a heavy engine increases the empty weight of the aircraft &
reduces it's payload.

e small and easily streamlined; large engines with substantial surface area,
when installed, create too much drag, wasting fuel and reducing power
output.

e powerful, to overcome the weight and drag of the aircraft.

o reliable, as losing power in an airplane is a substantially greater problem
than an automobile engine seizing. Aircraft engines operate at temperature,
pressure, and speed extremes, and therefore need to operate reliably and
safely under all these conditions.

e repairable, to keep the cost of replacement down. Minor repairs are

relatively inexpensive.

Aircraft engines run at high power settings for extended periods of time. In
general, the engine runs at maximum power for a few minutes during taking off,
then power is slightly reduced for climb, and then spends the majority of its time at
a cruise setting—typically 65% to 75% of full power. And the rolling piston
engine efficiency is higher than any engines so with less fuel it can handle all the

operation modes.

The design of aircraft engines tends to favor reliability over performance. The

engine, as well as the aircraft, needs to be lifted into the air, meaning it has to

11



overcome lots of weight. The thrust to weight ratio is one of the most important
characteristics for an aircraft engine. The rolling piston engine is about one half
the weight and size of a traditional four stroke cycle piston engine of equal power
output, and much lower in complexity. In an aircraft application, the power to
weight ratio is very important, making the rolling piston engine a good choice.
Another difference in aviation engine is that the aircraft spend the vast majority of
their time traveling at high speed. This allows aircraft engines to be air cooled, as
opposed to requiring a radiator. In the absence of a radiator aircraft engines can
boast lower weight and less complexity. The rolling piston engine is air cooled

engine and it has less weight than water cooled engines.
In the power range of 0 - 400 HP, the rolling piston engine has many advantages
over the piston engines and the gas turbines. When the power needs are over 400

HP gas turbines are more effective.

The rolling piston engine can be used in target drone, UAV and aircraft which has

0 -400 HP power requirements.

12



1.3 Outline of the Thesis

In chapter two, the novel engine thermodynamic analysis was done. Operating
cycle of the novel rotary engine is being introduced. The P-V and T-S diagrams,
basic equations and the efficiency calculations are given. Also in chapter two, the
thermodynamic design code written to dimension the engine is explained and the

dimension calculations of the novel engine are given.

The third chapter consists of the structural and mechanical design of the novel
rotary engine with the dimensions taken from the thermodynamic design code. The
structural analysis of the critical components and the material selection are

explained and the results are presented.

The fourth chapter includes the engine losses. In this part kinematics analysis of
the engine moving components are done. After the kinematics analysis the results
are used to calculate the geometrical relations and the friction losses. At the end of

the chapter leakage loss is calculated.
In chapter five, all the work done in this thesis was summarized, the future work

for this study is given and the application of this thesis in the industry was

explained.
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CHAPTER 2

THERMODYNAMIC DESIGN OF THE NOVEL
ROTARY ENGINE

2.1 INTRODUCTION

It is well known that for a given compression ratio, the ideal Otto cycle currently
provides the most efficient combustion / expansion process as it combines high
peak temperature during the isochoric (constant volume) heat addition, while still
keeping an acceptable mean chamber temperature. However, high peak
combustion temperatures can cause auto-ignition of a portion of fuel-air mixture,
resulting in engine knocks. Diesel is an improvement of the Otto cycle as it
provides higher useful compression ratios and isobaric (constant pressure) heat
addition and do not have knock problem as air alone is present during the
compression process. The high compression ratio makes Diesel engines more fuel-
efficient but for this same reason, they also become much heavier. Compared to
the Otto cycle, Diesel cycle also delivers less power for the same displacement.
For the compression and combustion phases of the cycle, the ideal would be to
follow a limited combustion pressure cycle that would first use a combined
isochoric heat addition followed by isobaric and/or isothermal heat additions. As
mentioned in a prior patent, such hybrid engine process has been developed
(Texaco TCCS, Ford PROCO, Ricardo, MAN-FM and KHD-AD) but they have
been proven impractical. This is probably because the piston engine was forced

unsuccessfully to follow the hybrid Otto-Diesel thermodynamic cycle.

14



It is important to understand that, not only the thermodynamics but also the
kinematics and the fluid mechanics are involved when adapting a thermodynamic

cycle to an engine.

The engine designed in this thesis naturally follows the new limited peak

thermodynamic cycle (Figure 2.1 and 2.2).

This novel cycle [17], combines the advantages of Otto and Diesel cycles at intake,
compression and combustion phases by limiting the peak combustion temperature.
The present cycle also has an expanded power stroke. With a proper
thermodynamic and geometrical match of the compressor and turbine working

chambers volumes, ambient exhaust pressure levels can be achieved. [18]

e

L

4

Rotary Engines
New Cycle

Pressure -

Otto rayton

=

ha

Volume V

Figure 2.1 Novel Thermodynamic Cycle (p - V)
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Figure 2.2 Novel Thermodynamic Cycle (T - S)

By limiting the peak combustion pressures, the present design of the novel engine
also provides an expanded power stroke that improves power extraction. It is
possible to derive the new cycle ideal thermal efficiency by writing the proper
temperature, pressure and specific volume relations within the thermal efficiency
definition (Equation 2.1 and 2.2) given below.

Qin—Qout Qout
M = - =1-—
Qin Qin Eq.2.1

mC -T
ﬂth _ p(T5 1) Eq22

mC, (T, —T2)+me(I'4—T3)

My = k(s —T,) Eq.2.3

(Ts -T 2) + k(T4 _T3)
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Writing all of the temperatures in terms of T; to simplify the efficiency equation,

()

=1- Eq.2.4
T T i )1 kT, [, A — anT) q
Where,
v, P, V
=" A=2> n=ct Eq.2.5
cr V3 P2 V2 q

Comparing with the Otto cycle thermal efficiency given below (Eq.2.6), it is seen
that the new thermodynamic cycle thermal efficiency has a much higher degree of
freedom as Equation 2.4 is defined in terms of 3 variables all defined above,
compared to only one variable n = V; / V, for the Otto cycle. As temperature
upper limit restricts the increase of Otto cycle volume ratio n, the Otto thermal
efficiency reaches a modest peak value. As for the diesel cycle thermal efficiency

given below (Eq.2.7), it is even lower because the term A is bigger than 1.

1
Mot =1—F Eq.2.6
1
nthDieselzl_FA Eq.2.7

As the bracketed term in Equation 2.11 is always less than 1, the new
thermodynamic cycle thermal efficiency is guaranteed to be always bigger than

those pertaining to Otto and Diesel cycles.
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2.2 THERMODYNAMIC DESIGN CODE

This thermodynamic design code is written to calculate the necessary geometry of
the novel rotary engine for the desired performance values and to determine the
thermodynamic properties during compression, combustion and expansion phases

which will be used in the structural analysis of the engine parts.

Firstly, performance parameters (power output, rpm) of the novel rotary engine
that will be designed are decided upon as target values. After describing the
performance of the engine, the critical parameters of the engine such as maximum
temperature during combustion, fuel to air ratio, compression ratio are specified.
By processing the basic inputs (atmospheric properties, thermodynamic constants
and desired engine properties) and the geometric inputs (basic dimensions of the
engine), the code calculates the properties for the compression phase, constant
volume and constant pressure combustion phases and the expansion and exhaust
phases, and matches the compressor and turbine geometry. After finalizing the
engine geometry, the code makes the necessary thermodynamic calculations to
determine the power output, and thermal efficiency. If the required power output is
not at the desired level, then the compressor geometry is revised and the
compressor — turbine matching is re-calculated. After finalizing the engine
geometry, the thermal efficiency and the thermal properties during compression,
combustion and expansion phases which will be used in the structural analysis of

the engine parts are calculated.

The flowchart of the thermodynamic code is given in Figure 2.3.
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CODE FLOWCHART
START

Basic Inputs:

e Atmospheric properties

Geometry Inputs:

Determine basic dimensions of engine:

e Thermodynamic constants e Compressor & turbine cylinder radius
e Desired properties e Compressor & turbine cylinder height
- Rotational speed e Compressor & turbine rotor radius
- Compression Ratio e Compressor & turbine blade
- Fuel/Air Ratios thickness
Inlet:

e Atmospheric air conditions
e Calculate inlet volume.

Compression:

e Polytrophic compression of inlet air.

Constant Volume Combustion:
e Combustion in combustion chamber with
valves closed.

Constant Pressure Combustion:

e Combustion through turbine chamber.

Expansion:

e Polytrophic expansion of gas inside
turbine.

e Polytrophic expansion of gas to the
atmospheric pressure.

e Exhaust

O ORBIORONO

v

Atmospheric
expansion

No

Under-expansion

Increase turbine height.

succeeded?

Over-expansion

l Yes Decrease turbine height

Performance Calculation:

e Calculate shaft power and thermal
efficiency.

Output:

e Geometry

e Thermodynamic properties at
each state.

e Performance

e
O

Figure 2.3 Flowchart of the Thermodynamic Code
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2.2.1 INPUTS

In the thermodynamic design code the following parameters are inputs of the code
and the code calculated the necessary thermodynamics parameter as described in
the calculation part.

Table 2.1 Thermodynamic Design Code Inputs

Rcc Compressor cylinder radius
hc Compressor height
tc Compressor blade thickness
rc Compressor rotor radius
Rct Turbine cylinder radius
ht Turbine height
tt Turbine blade thickness
rt Turbine rotor radius
Patm Atmospheric air pressure
Tatm Atmospheric air temperature
Cp Specific heat constant (constant pressure)
Cv Specific heat constant (constant volume)
nc Polytropic compression constant
ne Polytropic expansion constant
F/A Ratio Fuel/Air ratio (mass)
Constant volume combustion Fuel/Air ratio to the total F/A
((F/A)cvI(FIA)) | ratio
h fuel Fuel Enthalpy
n Compression ratio

20



2.2.2 CALCULATIONS

In the code both 1% Law and 2" Law thermodynamics analysis are performed.
The calculations of the code are divided into two groups.

In the first part energy based 1% Law analysis are described, in the 2" part entropy

based 2" Law analysis are described.

In the following paragraphs thermodynamic calculations for all processes will be

determined.
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2221 1LAW ANALYSIS

2.2.2.1.1 Air Intake

Air is taken to the compressor through
the inlet port of the compressor, by the
rotation of the rotor air at the pressure
Pam and at the Tam is sucked to the

compressor. And when the rotor rotates

360°, the maximum compressor volume

After one revolution of the rotor air is taken

. is reached and the air intake process is
nto the compressor

accomplished.

Air before entering the engine:

Po=Patm
To=Tatm

Figure 2.4 Air Intake Process

Air Intake Process:

0=02r
V(0) = %thc2 f(0)

(1—a2)9—%(1—a)2 sin20 -a’ sin‘l((l—l)sin )
£(9) = a

—a(l-a)sin 9\/1— (i ~1)?sin® 6@
Eq.2.8
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The method which describes how volume rotor angle relationship is established
and it is described in the chapter 3.

P(O) = Pam Eq.2.9
T =T,, Eq.2.10

when @ = 27 air intake process is over,

V, =V (27) Eq.2.11
T, =T, Eq.2.12
P: = Pam Eq213

2.2.2.1.2 Compression

After the air is taken to the
compressor, atmospheric air is
compressed by the rotation of
the rotor and when the rotor
comes to the 180° position

compressor valve opens and the

air is compressed to the
combustion chamber. (Valve
angles and engine timing is
described in the following

parts.)

And the volume of the

combustion chamber is defined

Atmospheric Air[_]
Compressed Air [ by the compression ratio.

Figure 2.5 Compression Process
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Compression Process:

_ V (27)

Eq.2.14
V, a

n = 4.5 and compressor volume V (2z) is 450 cc so, Vp, combustion chamber

volume is 100 cc.
0=02rx Eq.2.15

V(@) =V, - % hRcc? f () — %tchc&e

(1—a2)9—l(1—a)zsin 29—azsin’l((1—1)sin 0) — Eq.2.16&17
£(0) = 2 a
a(l—a)sine\/l—(é—l)zsinze
~[ven 1"
p(o) = p{—V(Q) } Eq.2.18
[Ten]”
T(0) _T{ o) } Eq.2.19

where nc is 1.3 which is the advised value for rolling piston type compressor and
also for Sl engines.[19]

V, =V, Eq.2.20
T, =T(27) Eq.2.21
p, = p(27) Eq.2.22

To determine the work done for compression and the heat transfer,

1Q+U, =U,+W, Eq.2.23
Eqg.2.24
@ ) :
1
1W2 Zm[pl — PV 2]— [T -T ] EQ-2-25
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2.2.2.1.3 Combustion

In the engine there are two combustion processes. At first compressed air is mixed
with fuel and combusted in the combustion chamber at constant volume and then

in turbine fuel is injected and constant pressure turbine combustion takes place.

e Constant Volume Combustion (Combustion Chamber Combustion)

Fuel is injected Air is compressed to the combustion
Spark plug ignites the mixture chamber and fuel is injected directly into
the combustion chamber and then spark
plug ignites the fuel as it mixes with air.
This type of engines are referred as
stratified-charge engines from the need to
produce in the mixing process between the
fuel jet and air in the engine a "stratified”

fuel-air mixture, with an easily ignitable

composition at the spark plug at the time
of ignition.[19]

Figure 2.6 Constant Volume Combustion

And the combustion duration is 90 o degree compressor/turbine rotor. (compressor

and turbine are fixed together, they have same angular speed)

Constant Volume Combustion

Fuel: Gasoline Cg26H1s5
F/A ratio: 0.02
((FIA))! (FIA) ot 0.7 Eq.2.26
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Before calculating the actual combustion reaction stoichiometric reaction is

derived to calculate equivalence ratio. (®)

Stoichiometric Reaction:

General formula for combustion:

CyHy +(N +%)(O2 +3.773N,)——> NCO, +%HZO+(N +%)3.773N2

for gasoline:

N=8.26
M=15.5

CqpsHyss +12.135(0, +3.773N,) —»8.26C0O, + 7.75H,0 + 45.785N,

Mo = (8.26x12+15.5x1)kg / kmol
Mo = (114.62)kg / kmol
m,;, =12.135(32+3.773x 28.16)kg / kmol

m,;, = (1677.635)kg / kmol

114.62
F/IA)., . . =
( )stomhmmetrlc 1677635

(F/A) = 0.068

stoichoimetric

Equivalence Ratio:

(F/A)
FIA), =— % (FIA
( )cv (F / A)mtal ( )total

(F/A), =0.014

_ (FIA, 0014
(F/A) 0.068

stoichiometric
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Eq.2.28
Eq.2.29

Eq.2.30

Eq.2.31

Eq.2.32

Eq.2.33
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® =0.2 (This is the general case for ultra lean mixtures [19])

Actual Reaction:

Generic form:
1 M M M
CyHu +5(N JFT)(O2 +3.773N,)——> NCO, +? H,O0+(N JFT)3.773N2
Eq.2.35

CosHiss + 0—1212.135(02 +3.773N,) —>8.26CO, + 7.75H,0 + 45.785N,

CypsHyss +60.675(0, +3.773N,) —»8.26CO, + 7.75H ,0 + 45.785N,

After writing the chemical reaction the energy balance between the reactants and

the products is established to calculate the temperature of the products.

(AUR)»6QL-(AU,) Eq.2.36

— o Tr — T

Tr’: Reference temperature (0 K)
Tr: Reactants temperature (T>)
Tp: Products temperature

( Q ) : Heat release of the combustion
R <P

(Q.) :Heat loss during the combustion
(AER) : Reactants internal energy change

(f‘i{gp) : Products internal energy change

& The heat transfer efficiency (0.8 [19])

The internal energy of the components in reactant and product side of the chemical

equation is calculated as;

(AU)=20n(Au) Eq.2.37

n;: mole number of the components
27



Au; : Internal energy change of the species

T
(Aui ): .[Cvi (T).dT
X Eq.2.38

For each species C, is calculated as,
C,=A+BT Eq.2.39
(Au,)= AT +%BT2

C, values for the components are taken from [19] and they are seen on the

following table.

Table 2.2 Coefficients of Species Thermodynamic Properties

Coefficients of Species Thermodynamic Properties
Species A B
co, 17.43 1.90 x10 2
H,0 22.81 9.81x10°3
0, 18.73 5.70x10-°
N, 20.32 3.99x10 3
Cs26H1s5 -108.4 05

During the combustion there is a heat loss from the hot gases in the combustion
chamber to the combustion chamber walls. This heat loss is calculated as

convection from the gasses to the combustion chamber.

QL = hcAcc (Tp_ch) Eq240

T,: Combustion products temperature (gas temperature after the combustion)
Tee: Combustion chamber temperature before combustion

Convection coefficient is calculated and in the thermal analysis this coefficient is

used.
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Re”

h, =ka Eq.2.41
¢ 2Rcc a

a and b are the empiric coefficients which are taken as;

a=0.49 Eq.2.42

b=0.7 Eq.2.43

(These values are taken from [19])

In the formula above k is the thermal conductivity of the air.

And the variation of k is seen on the following graph.

Thermal Conductivity of Air vs. Temperature
01200

k =1.5207E-11*T" - 4.857T4E-08°T° + 1.0184E-04*T - 3.9333E-04
R® = 0.99993 e

0.0E00 /
0.0500 3

/ Themal Conductivity
0.0400

/ =Besi-fil curve I
0.oz00 /

0.0000

0,1000

Thermal Conductivity (WImk)

v . ! - ! - ! ! 1
0 200 400 B00 B0 1000 1200 1400 1500 1000
Tempearature (K]

Figure 2.7 Thermal Conductivity of Air vs. Temperature

At the end by using the energy balance equation for the combustion is found by
iterative solution, first T, is estimated and then all internal energies and heat loss
are calculated then T, is checked by the help of the energy balance equation when
LHS of the equation is equal to the RHS of the equation T, is found.
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For Constant Volume Combustion:

0= Zn,s?” (360 to 450 rotor rotation degree)

TO) =T,
p@) =P
Vv

and R Specific Gas Constant

Ry
M

R =

mix

Mnmix, molecular weight,

M :ZMini
mix znl

Finally,

T3:Tp

V3=V2
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Eq.2.45

Eq.2.46

Eq.2.47

Eq.2.48

Eq.2.49
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e Constant Pressure Combustion (Turbine Combustion)

Constant Pressure Combustion

e =30" to 45°

® Point of Contact

After the combustion, combusted gases are
taken to the turbine because the mixture is
ultra lean and extra combustion in the turbine
is possible, by doing so one can get extra
energy without much increase in the
temperature. When the gasses are in the
turbine fuel is injected to the turbine as in the
combustion chamber and spark ignites the
mixture. The chemical reaction of the
combustion is similar to the constant volume
combustion instead of the energy balance
equation because in here there is a work term
in the equation because of the volume change,
but the internal energies and the other thermal
property calculations are similar , so only

differences are explained.

Figure 2.8 Constant Pressure Combustion

Equivalence Ratio:

_(F/A),

FI A :[1 (F1 Ao

(F/A),, =0.006

®=0.08

j(F I A) Eq.2.51

Eq.2.52

31



Actual Reaction:

CosHyss +242.7(0, +3.773N,) —»8.26C0O, + 7.75H,0 + 45.785N,

And the energy balance,

(T%B)FTQR)_ g.Qt, = (égﬁp)'*RWP Eq253

Qt, : Heat loss
¢, - Heat transfer efficiency

RWP = p4v4 - p3V3

Eq.2.54

V, =V, Eq.2.55

P Eq.2.56
PZ

W, =PV, — AP,V, Eq.2.57

PV, =NpR,Tp Eq.2.58

p,V, =ngR,T; Eq.2.59

So, similar to the combustion in the combustion chamber Tp for the constant

pressure combustion is found.
In turbine combustion duration of the combustion is made certain by the fuel

volume V, is found after the calculations as 1.9 10° m? which correspond to the

volume when the rotor of the turbine is at 45 degree (Figure2.5).

Constant Pressure Combustion:

When the gases are first taken into the turbine, turbine rotor is at 30 ° to the turbine

cylinder to avoid any negative direction rotation of the engine just after the static
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neutral equilibrium point. At lower part, constant pressure combustion is described

in terms of turbine rotor angles

0= %% (30° to 45° turbine rotor angle)

TO) =T,

RT

p(6) =~
\'}

Finally,

T4=Tp,

P, = Ps
e

2.2.2.1.4 Expansion

Expansion
45%10 360"

LS\

360"

® Point of Contact

Figure 2.9 Expansion Process

Eq.2.60

Eq.2.61

Eq.2.62

Eq.2.63

Eq.2.64

When the constant pressure combustion is
over, combusted gasses begin to expand trough
the rotation of the rotor when the volume of
the turbine increases. The expansion process
begins at the 45° and continuous to the 360°

degree.
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Expansion Process:

0="12r
2

V()= % hRct? f (8) — %tthwe

(1—:;12)9—%(1—a)2 sin26 —a’ sin’l((l—l)sin 0) —
£(6) = :

a(l—a)sin 0\/1— (1—1)2 sin? @
a

p(9) = p{v\?e)}

T4 ne-1
T :T{T(e)}

where ne is 1.25 which is the lower value for SI engines.[19]
V. =V (27)
T, =T(27)

Ps = p(27)
And also in the turbine atmospheric expansion is achieved so,

Ps = Pam

To calculate the work and heat transfer,

4Q5 +U4 =U5+4W5

Qs { i 1—CVJ(T4—T5)

1
4W5 = (T4 _Ts): m(p4v4 - |O5V5)
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Eq.2.66

Eq.2.67

Eq.2.68
Eq.2.69
Eq.2.70

Eq.2.71

Eq.2.72

Eq.2.73



2.2.2.1.5 Exhaust

Figure 2.10 Exhaust Process

In the exhaust process expanded gasses
to the atmospheric pressure are taken out
of the engine. In one revolution of the
turbine rotor, all gasses are taken out and
process ends.

Exhaust Process:

60 =0,27 (Turbine rotor angle)

P(O) = Pa Eq.2.74
TO)=T,, Eq.2.75
When 6 = 2z exhaust process is over,

V, =V (27) Eq.2.76
Ts = Tom Eq.2.77

Ps = Pam Eq.2.78
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2222 1% Law Analysis Results

Engine Dimensions:

Table 2.3 Engine Dimensions

Compressor Turbine
Rcc (m) 0,07 Rct (m) 0,095
hc (m) 0,09 ht (m) 0,11
tc (m) 0,006 tt (m) 0,006
rc (m) 0,0575 rt (m) 0,07
Processes:

1-2: Polytrophic Compression

2-3: Constant Volume Combustion
3-4: Constant Pressure Combustion
4-5: Polytrophic Expansion
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Table 2.4 Results of the 1% Law Analysis

Temperatures Volumes
T, 298,15 | K Vi 450,62 cc
T, 497,17 | K V, 100,14 cc
Ts 14148 | K Vs 100,14 cc
T, 1695,7 | K V, 131,77 cc
Ts 919,29 |K Vs 1425, cc
Pressures Entropies
Py 101320| Pa S 6863,05 | J/kg
P, 929050| Pa Sz 6740,42 | J/kg K
Ps 2643900| Pa S3 7490,30 | J/kg K
P, 2643900| Pa S4 7672,11|J/kg K
Ps 101320| Pa Ss 7936,00 | J/kg K
Compression Combustion
Wi, -190,4 | kJ/kg Q23 658 | J/kg
Q12 -47,70 | kJ/kg Q.4 282 | kJ/kg
Ws4 1,24 | kJ/kg
Expansion ns 0,67
Qas 308,92 | kJ/Kkg 42,75 | HP
W5 822,83 kJ/kg Power 57,33 | kW

In the table above n¢is the fuel conversion efficiency of the engine which is
described as net work output of the engine over fuel energy. (Wne/Qr)
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P-V Diagram
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Figure 2.11 p-V Diagram

P-V Diagram

€0-3eS'T
€0-30S'T
€0-36€'T
€0-36T'T
¥0-3TE'6
¥0-3€9°9

‘
<
Q@
w
[32]
—
<

¥0-3.T°2
¥0-39T°T
¥0-300°T
0-310°'T
¥0-3€€'T
¥0-326'T
0-3rL'e
¥0-3v9'e
¥0-387'v

\
<
<
Ll
~
—
0

- ¥0-361'S
F y0-3TS'S

3000000

2500000 -

2000000
1500000 -
1000000

(ed) ainssald

500000

o

Volume (m3)

Figure 2.12 Open p-V Diagram

38



Temperature vs Angle
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2223 2" Law Analysis

2.2.2.3.1 Entropy Change

The cycle is assumed as ideal to calculate the entropy change trough the cycle.

Compression:

Compression process is assumed as polytrophic, entropy change is calculated as,

S,—S, =C, In[T—Zj +R In[v—zj Eq.2.79
Tl Vl

Constant Volume Combustion:

S;—S, =C, In(_-ll:ij Eq.2.80

2

Constant Pressure Combustion:

S, —S3=C, In(-Tr—“J Eq.2.81

3

Expansion:

Expansion process is assumed as isentropic process, entropy change is calculated
as,

S; —S, =C, In(T—Sj +R In(v—s] Eq.2.82
T4 V4
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2.2.2.3.2 Availability Analysis

The amount of useful work that can be extracted from the gasses in the engine at
each operating point is one of the most important engine performance calculations.
The problem is determining the maximum possible work output when a system is
taken from one state to another. The first and second laws of thermodynamics are
together defines this maximum work as availability [20] or exergy [21].

Availability for each process in the cycle analysis shows the availability transfer
and losses in the availability. [22]

The change in availability between states i and j is given by

A-A= m(aj —ai)z mi(u; —u;)+ P (v; —Vv;) =T, (s; =s;)] Eq.2.83
The appropriate normalizing quantity for availability analysis is the
thermomechanical availability of the fuel supplied to the engine (m:dg). However,
it is more convenient to use Qf which is m{Q_nyv as the normalizing quantity since
it can be related to the temperature rise during combustion. Thermomechanical
availability of the fuel and the heat given by the fuel differ only a few percent for
common hydrocarbon fuels.

And in the analysis dead state is :

Po=1 atm
Tp=298.15 K

Compression:
Compression process is assumed as polytropic.

T
A+ W, = A2+1Q2(1_?0j Eq.2.84

Ty
A, - A=W,-Q, (1_ ?)

m[(uz - ul) + Po (Vz - Vl) - T (Sz _31)]=1W2 -Q, (1_ :-_Oj
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Constant Volume Combustion:
In the combustion it is assumed that there is no heat transfer, adiabatic combustion.

A =A+,A, Eq.2.85
Volumes and internal energies remain constant.

In the Eq.2.78 ,Ay3 is the used availability during the combustion process (2 to 3)

which is then used for the constant pressure combustion.

Constant Pressure Combustion:
Constant Pressure Combustion is assumed as adiabatic combustion.

Ay = A+ W, A, Eq.2.86
ml(u, —uy) + Py (v, —V3) =Ty (S, =S3)]=W, +5A,

h, =h, Eq.2.87
Uy + PaVy = U, + P,V,

Uy —Ug = PV — Pyv,

Expansion:
Expansion process is assumed as polytropic.
As+,Wy = As+4Q5(1—TT—°j Eq.2.88

m[(us _UA) * Po (Vs _V4) -Ty (55 _34)]=4W5_4Q5[1_:-_0j
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2224 2" Law Analysis Results

Availability change during states is seen on the following table.

Table 2.5 Availability Changes

a,-a; 178740 | J/kg
az-ar -223580 | J/kg
as-az -55398 | J/kg
as-ay -633680 | J/kg

Normalized availability changes with the fuel energy are on the following table.

Table 2.6 Normalized Availability Changes

(ax-a))/Q¢ | 0.19014
(az-a,)/Q¢ | -0.23785
(as4-a3)/Q¢ | -0.05893
(as-a9)/Qs | -0.67412

In the analysis heat transfer and work transfer are not ignored so to understand the
engine characteristic, work output and fuel energy usage normalized work

quantities are necessary. In the following table work/fuel energy can be seen.

Table 2.7 Normalized Works through the Processes

Wo/Q; -0.20255
WA/Q; 0.00132
We/Q 0.87535
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In the upper table:

1W,/Q;: Fuel energy used for the compression

aW,/Qr: Work output in terms of fuel energy during constant pressure combustion
JWs/Qp: Work output in terms of fuel energy during expansion

The sum of normalized work quantities give the thermal efficiency of the engine
which is found on the 1% Law Analysis.

n, =0.67

The thermal efficiency found here is the same value as found before.

A fundamental measure of the effectiveness of any practical engine is the ratio of
the actual work delivered compared with the maximum work. This ratio is called

as the availability conversion efficiency.

W

n, = net Eq.2.89
fOAWU,,
AWu__ is the maximum useful work transfer to the environment.

max

AWu, ., can be calculated as a control volume approach around the engine. If we

apply 1 Law for this control volume,

AQ - AWU, = AH Eq.2.90

And from the 2" Law,

AQ L ps Eq.2.91
T

So,

AWU,,, < —(AH —TAS) Eq.2.92

AWU, . < —(AG) Eq.2.93

If we return to the Eq.2.88,

— Wnet __Wnet
T2 = AWu_ | AG
_We AH _ . AH
"= AH aG T AG
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For gasoline %:5219.9/-5074.6 =1.0286

n, =0.65

Availability conversion efficiency shows the amount of the availability destroyed
in combustion, plus the inability of the ideal cycle to use the availability remaining

at the end of the cycle.
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CHAPTER 3

STRUCTURAL ANALYSIS of the ENGINE

3.1 Compressor & Turbine

3.1.1 Compressor & Turbine Parts

The rolling piston compressor and turbine are designed by using the geometric
data taken from the thermodynamic design code. The design is achieved in CAD

environment.

The rolling piston compressor and turbine are composed of a cylinder, upper and
lower plates, upper and lower bearing housings, an eccentric, blade, blade spring,
roller, a discharge valve and its bearing housing, two timing pulleys and one

timing belt and two ports (Figure 3.1.1 and 3.1.2).

As the blade divides the compressor and turbine housing into two parts, for one
complete revolution, compressor discharges one unit of compressed air and turbine
gets one unit of combusted gases. The compressor valve is so designed that it
discharges compressed air to the discharge port at designed angles of roller and
turbine intake valve gets combusted gasses into the turbine at designed angles of

roller.

The discharge valve and inlet valve are coupled with the rotary compressor rotor
with the help of two timing pulleys and one timing belt and revolves at the same
rpm with the rotor. The position of the discharge valve relative to the compressor
rotor is adjusted with the timing pulleys such that it discharges the compressed air
to discharge port at correct times same timing is also done for the turbine intake

valve.
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An oil pump is used to lubricate the compressor inner surface and the three

bearings. (Two main eccentric bearings and one discharge valve bearing)

alye: Lischarge Valve for Compressor o i Upper Bearing
Trlet Valve for Turbine

Discharge Port (Compressor)
Inlet Port (Turbine)

Inlet Port (Compressor) E
Exhaust Port (Turbine) Lower Bearing

Figure 3.2 Compressor& Turbine Inner Parts
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3.1.1.1. Compressor & Turbine Cylinders

Compressor and turbine cylinders are the main body of the compressor and
turbine. Eccentric and roller (rotor) is mounted eccentrically in the cylinders.

One discharge port and one inlet port are placed on the compressor cylinder. In the
turbine cylinder inlet and exhaust ports are placed.
On the discharge port discharge valve is placed to control the compressed air

discharging time.

Blade has housing on the cylinder and in the blade housing there is a spring to
keep blade in touch with the roller. And this spring can be adjusted by using the
bolts behind the spring, by tightening the bolts blade can be closer to the roller.

Working Charnber

./’ . ..‘.
{valve Housmg}'.

Discharge Port {Compressor) ( ,

Tnlet [Port (Turbine) |. g /
.‘rJ
./,
Blade L

Iqu mg lj P

TYI[L‘G Port (Compressor)
“-‘_\ Exhaust Port (Turbine)

Figure 3.3 Compressor & Turbine Cylinder
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3.1.1.2. Compressor & Turbine Plates

Compressor & turbine upper plates and lower plates are similar so the explanation
for the plates is done here.

On the plates there exists bearing surfaces for the rotor. And also eccentric and
roller rolls under/over the plates, this makes plate critical parts. And plates are
mounted to the cylinder by the bolts.

Figure 3.5 Compressor & Turbine Lower Plates
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3.1.1.3. Compressor & Turbine Eccentrics

Eccentric is placed in the cylinder and it has two bearings on the plates.

Eccentric is not directly connected to the air there is roller between eccentric and

the air. Eccentric has oil channels for heat rejection and lubrication purposes.

Eccentric
Cooling Holes

Roller

Figure 3.6 Compressor & Turbine Rotor
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3.1.1.4. Compressor & Turbine Rollers

Roller is placed on the eccentric.

Roller is in the contact with the blade and also it rotates through the cylinder
without touching.

Among the parts of the compressor & turbine it is the most critical rotary part,

because any fault of the roller causes pressure loss in the compressor.

By just replacing the roller the compressor mean time between failures is
increased.

i J \ Y
[ \
\ /
\\\ \\\ / /
N, . - _/,/
\ /
AN /

Figure 3.7 Compressor & Turbine Roller
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3.1.1.5. Compressor & Turbine Blades

Compressor and turbine blades are sliders that work through the housing in the

cylinders.

A spring is placed behind it to support the spring.
Spring is used to push the blade to the roller and also to guarantee the blade to be

in touch with the roller all the time.

When the roller pushes it to the housing in the cylinder spring is compressed and
by the rotation of the roller blade spring discharges its energy to the blade so blade

can always be in contact with the roller.

Figure 3.8 Compressor & Turbine Blade
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3.1.1.6. Compressor Discharge Valve & Turbine Inlet VValves
Discharge valve is placed with in its housing inside the cylinder of the compressor
and the turbine inlet valve is placed with in its housing inside the cylinder of the

turbine.

Valves are directly coupled with the rotor by the help of timing pulleys and timing

belt and rotate at the same rpm with the rotor.

Discharge and inlet timing is adjusted by the timing pulleys and belt.

Channel

(W CCC

Figure 3.9 Compressor Discharge Valve & Turbine Inlet Valve
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3.1.2. Material Selection

H13 Hot Work Tool Steel is selected as the material of the compressor & turbine.

The selection criteria of the material are given below;

o Excellent wear resistance and hot toughness.

e High thermal shock resistance.

e Good thermal conductivity and tolerate some water cooling in service.
e High temperature tensile strength.

e Good machinability.
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3.1.3. Thermal and Structural Analysis of Compressor & Turbine

Structural analyses of the rotating eccentric (rolling piston) compressor & turbine
of the novel engine are done in NX NASTRAN Environment (Finite Element
Program). The aim of this work is to select the material of the compressor parts.

To do the structural analysis, firstly the critical parts are defined as follows;

e Stress distribution on the housing and the plates of the compressor & turbine
due to pressure and temperature exerted by the compressed air onto the inner
surfaces.

e Stress distribution on the rotor due to pressure and temperature exerted by the
air, together with the centrifugal force caused by rotation.

e Stress distribution on the blade due to pressure and temperature exerted by the
air, together.

e Stress distribution on the valve due to pressure and temperature exerted by the

air, together with the centrifugal force caused by rotation.

To make the structural analysis of the compressor & turbine, the necessary
temperature and pressure data is taken from the thermodynamic design code where
the temperature and pressure data is given with respect to compressor & turbine

rotor angle as explained in the previous chapter.

In the analyses following method is used:

Boundary Conditions

Defined on the figures

Loads

Convection on divided surfaces

Pressure load on divided surfaces

Assumptions

Temperature and pressure values calculated by the thermodynamic code are

approximated on the divided inner surfaces.
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Compressor: Convection Heat Transfer Coefficient for compressed air is
approximated as 40 W/m? .K Convection Heat Transfer Coefficient for cooling air

is approximated as 100 W/m? .K

Turbine: Convection Heat Transfer Coefficient for combusted air is approximated
as 50 W/mAK. Convection Heat Transfer Coefficient for cooling air is

approximated as 100 W/m? .K

The calculation of the heat transfer coefficients are explained in the

thermodynamics part.

Firstly, thermal analyses of the parts are done to determine the temperatures on
each node due to convection between the air and the inner surfaces and between

the cooling air and the outer surfaces of the parts.

Secondly, structural analyses of the parts are done to determine the stress
distribution and the deformation on the parts. The temperatures calculated in the
thermal analysis are applied to the nodes as thermal load and the air pressure is

applied to the inner surfaces of the parts as pressure load.
The results of the analysis showed that the stress values on the parts are in the

elastic region and most of the cases are much below the yield tensile strength of

the material and can be safely used.
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3.1.3.1 Thermal and Structural Analysis of the Compressor
3.1.3.1.1 Thermal and Structural Analysis of the Compressor Cylinder

Loads on the compressor cylinder are seen on the figure 3.10.

366 K
267586 Pa

336 K
175886 Pa

418 K 312K
456708 Pa Fressures and 129718 Pa
Temperatures

of
Gas in contact
with the cylinder 301 K

108972 Pa

463 K
738461 Pa

492 K

914282 Pa
All Hole

Surfaces

Translation
Fixed

All Quter Surface
206 K

Figure 3.10 Structural Analysis Model of the Compressor Cylinder
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Figure 3.11 Temperature Distributions on Compressor Cylinder
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Figure 3.12 Stress Distributions on the Compressor Cylinder
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Frest View 2 WORK

Figure 3.13 Deformations on the Compressor Cylinder

3.1.3.1.2 Thermal and Structural Analysis of the Compressor Plates
Loads on the compressor plates are seen on the figure 3.14.

366 K
267586 Pa

336K
175686 Pa

418K
456798 Pa

463 K
738461 Pa

32K
126718 Pa

301K
108972 Pa

All Quter Surface

296 K
492 K 296 K
914282 Pa 101777 Pa All Hole
Surfaces
Translation
Fixed

Figure 3.14 Structural Analysis Models of the Compressor Plates
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Figure 3.15 Temperature Distributions on Compressor Plates

scenario_l, Solution £, SUBCASE - STATIC LOADS 1,
Stress - Element, Von Mises
Min: 1.591e+000, Max: |.783e+002 N/mmAZ (MPa)

Displacement - Nodal
I | . 783e+002
B | .622=e+002
| . 462e+002
| . 301e+002
| . 140e+002

9.796e+001
I 8.190e+001

Figure 3.16 Stress Distributions on the Compressor Plates
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e 1
T

Figure 3.17 Deformations on the Compressor Plates

3.1.3.1.3 Thermal and Structural Analysis of the Compressor Rotor
Compressor rotor has pressure and temperature loads as the other components but

it also has angular velocity of 6000 RPM.

6000 RPM

Translation
Fixed

Through the
Rotor Holes
Cooling Oil
296 K

Figure 3.18 Structural Analysis Model of the Compressor Rotor
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Figure 3.19 Temperature Distributions on Compressor Rotor
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Figure 3.20 Stress Distributions on the Compressor Rotor
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Figure 3.21 Deformations on the Compressor Rotor

3.1.3.1.4 Thermal and Structural Analysis of the Compressor Blade

Loads on the compressor blade are seen on the figure 3.22.

Figure 3.22 Structural Analysis Model of the Compressor Blade
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Figure 3.23 Temperature Distributions on Compressor Blade
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Figure 3.24 Stress Distributions on the Compressor Blade
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Figure 3.25 Deformations on the Compressor Blade

3.1.3.1.5 Thermal and Structural Analysis of the Compressor Discharge Valve
Compressor discharge valve has temperature, pressure loads as the other
components and also it has 6000 RPM angular speed like the rotor.

Figure 3.26 Structural Analysis Model of the Compressor Discharge Valve
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Figure 3.27 Temperature Distributions on the Compressor Discharge Valve
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Figure 3.28 Stress Distributions on the Compressor Discharge Valve
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Figure 3.29 Deformations on the Compressor Discharge Valve

3.1.3.1.6 Thermal and Structural Analysis Results of the Compressor Parts

The results of the analysis for the compressor are seen on the Table 3.1

Table 3.1 Thermal and Structural Analysis Results of the Compressor Parts

COMPRESSOR
Discharge
Cylinder | Plates Rotor Blade Valve
Max. Temperature (°C) 48.70 46.3 85.9 68.9 89.9
Max. Stress (Mpa) 170 178 225 192 168
Max. Deformation (mm) |1.88e-02| 1.73e-02| 6.42e-02| 4.62e-02 5.97e-02
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3.1.3.2 Thermal and Structural Analysis of Turbine

3.1.3.2.1 Thermal and Structural Analysis of the Turbine Cylinder

353953Pa 220561 P
124K et

162479 Pa
[ 287K Pressuresand 64K
Temperatures
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Gas in contact
with the cylinder

138109 Pa
1666279 Pa
1628 K St

2162237 Pa
131600 Pa
16817 K 924 K

All Hole
Surfaces

Translation
Fixed

All Outer Surface
206 K

Figure 3.30 Structural Analysis Model of the Turbine Cylinder
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Figure 3.31 Temperature Distributions on Turbine Cylinder
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Figure 3.32 Stress Distributions on the Turbine Cylinder
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Figure 3.33 Deformation on the Turbine Cylinder

3.1.3.2.2 Thermal and Structural Analysis of the Turbine Plates
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Figure 3.34 Structural Analysis Models of the Turbine Plates
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Figure 3.35 Temperature Distributions on Turbine Plates
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Figure 3.36 Stress Distributions on the Turbine Plates
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Figure 3.37 Deformations on the Turbine Plates

3.1.3.2.3 Thermal and Structural Analysis of the Turbine Rotor
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296 K

N Translation §f
Fixed

Translation
Fixed

ooling|
Air

296 K

Figure 3.38 Structural Analysis Model of the Turbine Rotor
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Figure 3.39 Temperature Distributions on Turbine Rotor
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Figure 3.40 Stress Distributions on the Turbine Rotor
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Figure 3.41 Deformations on the Turbine Rotor

3.1.3.2.4 Thermal and Structural Analysis of the Turbine Blade

direction

Figure 3.42 Structural Analysis Model of the Turbine Blade
74



goenaio ). Selution . SUBCASE - LOADS. CONSTRAINTS |. SUBCASE - LOADS, CORSTRAINTS 1 Loods
Tamperaobore - Modol, Scalac
Mim? 3, Z18=+002, Max: 3.291=r002 C

w

«291e+002

w

«Z284e+002

w

J27824002

w

2712002

3.264£4002

L EETa00R

3.250e+002

3. 2449=+002

3.23%e+002

w

«230a+002

3.223=+002

3. 21 Bw+00E

Fosl View 1 WORAE

Figure 3.43 Temperature Distributions on Turbine Blade
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Figure 3.44 Stress Distributions on the Turbine Blade
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Figure 3.45 Deformations on the Turbine Blade

3.1.3.2.5 Thermal and Structural Analysis of the Turbine Inlet Valve

Cooling
Air

Figure 3.46 Structural Analysis Model of the the Turbine Inlet Valve
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Figure 3.47 Temperature Distributions on the Turbine Inlet Valve
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Figure 3.48 Stress Distributions on the Turbine Inlet Valve
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3.1.3.2.6 Thermal and Structural Analysis Results of the Turbine Parts

The results of the analysis for the turbine are seen on the Table 3.2

Table 3.2 Thermal and Structural Analysis Results of the Turbine Parts

TURBINE
Discharge
Cylinder |Plates Rotor Blade Valve

Max. Temperature
(°C) 243 314.7 320.6 329.1 430.1
Max. Stress
(Mpa) 1107 1504 1505 1636 1093
Max. Deformation
(mm) 1.82e-01] 5.11e-01| 2.88e-01 1.62e-01 4.65e-01
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3.1.4 Discussions of the Thermal and Structural Analysis

The structural analyses of the turbine & compressor parts are done using H13

material (see the Appendix for the material properties).

The temperatures of the gasses are defined by the thermodynamic design code.
Temperature distributions of the parts are calculated by using FEA program NX
Nastran. Convection between the gasses and the parts, convection between the
cooling air and the parts and conduction through the parts are calculated by using

the program. Empirical formulas are used to calculate the convection coefficients.

In the structure analysis of the compressor & turbine cylinders the stress values are
much below the yield strength value of the material. The high stress concentrations
are found where the gasses temperature is high and the bolt holes. The stress on
the bolt holes are much higher because of the displacement restrictions caused by
the bolts.

The structure analysis results of the compressor & turbine plates are similar to the
cylinders because they are affected by the same gasses. The critical result obtained
from this analysis is the deflection on the inner surface of the turbine plate. In
manufacturing of the engine tolerances should be arranged to satisfy the turbine

plate inner surface deflection.

Compressor & turbine rotors are under the heavy loads. Temperature, pressure and
centrifugal loads are applied to the rotors. The main reason causing high stress on
the rotors is the temperature. Analysis shows that effective turbine cooling by the

oil is necessary to work properly.

In the analysis more loads than actual ones are applied to the compressor & turbine
blades. Actual pressure and temperatures are changing with the position of the
rotor and extension of the blade. In actual case, when the blades extensions are
maximum the temperature and pressures of the gasses are lower than the

maximum pressures and the temperatures of the gasses that can be obtained in the
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cylinders. However in these analyses maximum pressures and the temperature are
applied for the most critical case (maximum extensions positions) of the blades to
be in the safe side. The results of the turbine blade are more critical because of the
high temperature and the pressure and the stress value is lower than the yield

stress.

In the compressor & turbine valves analyses the maximum pressures and the
temperatures are used with the centrifugal forces. The results of the analysis
showed that deflections under the valves are much higher than the other sides and
using another bearing for the lower part of the valves will be better to prevent any

contact between the valves and the cylinders.
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3.2 Combustion Chamber

Combustion takes place in the external combustion chamber of the novel engine
which is designed using the geometric data calculated with the thermodynamic
design code. By design the rolling piston compressor inlet volume is calculated as
450 cc. As the compression ratio is determined to be 4.5, the required combustion
chamber volume, calculated by the code is 100 cc. As it is seen in the
thermodynamic part the equivalence ratio of the engine is much smaller than the
conventional spark ignition engines. In conventional spark-ignition engine the fuel
and air are mixed together in the intake system, induced through the intake valve
into the cylinder and then compressed. In this type of combustion min. equivalence
ratio should be around 0.5. In the following table the flammability limits for

various fuels can be seen. [23]

Table 3.3 Flammability Limits for Various Fuels

Flammability Limits

FUEL Lean or Lower Rich or Upper Stoichiometric
Limit Equivalence | Limit mass air-fuel ratio
Ratio Equivalence Ratio

Acetylene, 0.19 - 13.3

Carbon monoxide | 0.34 6.76 2.46

n-Decane 0.36 3.92 15.0

Ethane 0.50 2.72 16.0

Ethylene 0.41 >6.1 14.8

Hydrogen 0.14 2.54 345

Methane 0.46 1.64 17.2

Methanol 0.48 4.08 6.46

n-Octane 0.51 4.25 15.1

Propane 0.51 2.83 15.1

81




So, for our engine which has very lean mixture, fuel should be directly injected to
the combustion chamber. And the name of this type injection system in today’s
spark ignition engines is gasoline direct injection system. By this injection ultra
lean mixtures are combusted, the air to fuel ratio could be as high as 65 to 1. These
leaner mixtures (much leaner than any conventional engine) are desired because of

reduced fuel consumption

In gasoline direct injection system the fuel is injected directly into the combustion
chamber, as opposed to conventional multi point fuel injection that happens in the

intake valve, or cylinder port injection in two-strokes.

This enables stratified charge (ultra lean burn) combustion for improved fuel
efficiency and emission levels at low load. Further improving efficiency and high-
load output-power, the engine power is governed by modulating fuel injection with
unthrottled air intake, like a diesel engine; as opposed to restricting intake airflow,

like a conventional gas internal combustion engine.

The volume of the chamber is defined by the thermodynamic code, also the inlet
and exit port of the combustion chamber are known. Two parameters should be

defined; length and diameter of the combustion chamber.

Before combustion for good mixing the flow velocity should be 7-12 m/s and the

nominal velocity should be 9 m/s. [24] The angle S is chosen as 30° for the same

purpose.

The combustor chamber is a cylindrical combustor (for structural purposes) as it is

seen in the following figure.
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Figure 3.50 Combustion Chamber and Design Parameters

The inlet and exit port diameters d; and d. are known and:

d, =d; =20cm Eq.3.1
And the angle 5

B=30 Eq.3.2

And the intake air density is calculated by the thermodynamics code as:
p, =6.55kg/m* Eq.3.3
The area A. in which velocity criteria should be satisfied is:

A, = ”-dcz /4 Eq.3.4
And the mass flowm. rate at Ac where mixing of air and fuel will take place:

me = p.U A, Eq.3.5
By using the formula above velocity of the air in the chamber is calculated by
considering the mixing velocity criteria.

L and L; lengths are found by geometric relations:

L = (dc _de)

. Eq.3.6
tan g

L, =L, Eq.3.7
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And L. combustor length is calculated from the volume of the combustion

chamber.
Vc =100 cc
2 2 2
ve=2l 2l 29 | vy - 298 In [+ 290 Eq.3.8
3 4 ' 4 4
Where,
h,=h = AL, Eq.3.9
d, + L, tan g —d,
L.=L +L +L Eq.3.10

All parameters are calculated for the velocities 7- 12 m/s and it is seen that there
are no obligations to satisfy the nominal velocity requirement 9 m/s. Then sizing is
done for the 9 m/s velocity condition.

Table 3.4 Results of the Combustion Chamber Sizing Calculations

Velocity | Area dc Li hi L Lc

m/s m’ m m m m m
7 0,0014 |0,042 0,022 0,020 0,133 0,178
8 0,0012 |0,040 0,020 0,020 0,170 0,209
9 0,0011 0,037 0,017 0,020 0,206 0,241
10 0,0010 |0,036 0,016 0,020 0,241 0,272
11 0,0009 |0,034 0,014 0,020 0,275 0,303
12 0,0008 |0,032 0,012 0,020 0,309 0,334
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3.2.1 Combustion Chamber Parts

e Combustion chamber is composed of upper and lower parts bolted
together.

e A spark is placed on top of lower part to ignite the fuel air mixture.

e An injector is placed on the top of the upper part to inject fuel on
the compressed air.

e Two seal channels are placed at both sides of the chamber to avoid
leakage from the contact surfaces of the parts.

e Four cooling passages are drilled on both parts in which cooling

water is circulated.

I Cooling Passages

Figure 3.51 3-D Wire-Frames Drawing of Combustion Chamber
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Figure 3.52 3-D CAD Model of the Combustion Chamber

3.2.2 Combustion Chamber Material

With respect to the structural analysis results, H13 Hot Work Tool Steel is selected
as the material of the combustion chamber. The selection criteria of the material

are given below;

¢ High thermal shock resistance.
e Good thermal conductivity and tolerate some water cooling in service.
¢ High temperature tensile strength.

e Good machinability.

Regarding these properties of the material, it is one of the best alternatives that can
be used for the combustion chamber. Beside these properties, the structural
analysis of the combustion chamber is done using this material and the analysis

results showed that the selected material is suitable.
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3.2.3 Thermal and Structural Analysis of the Combustion Chamber

Structural analysis of the combustion chamber of the novel engine is done in NX

NASTRAN Environment (Finite Element Program). The aim of this work is to

select the material of the chamber and to determine the required cooling. To do the

structural analysis, firstly the critical parts are defined as follows;

For material selection;

e Stress distribution on the chamber due to pressure and temperature exerted by

the combustion gases onto the inner surfaces.

For determining the required cooling;

e Stress distribution on the chamber due to pressure and temperature exerted by

the combustion gases onto the inner surfaces while cooling the chamber with

cooling water injected from the cooling passages.

To make the structural analysis of the combustion chamber, the necessary

temperature and pressure data is taken from the thermodynamic design code.

Maximum combustion temperature and pressure is applied to the inner surfaces of

the chamber for safety considerations.

Pmax =20 atm

Tmax = 1200 K
B.C’s:
Loads:

Assumptions:

Fixed all DOF on inlet and outlet surfaces
Convection on divided surfaces

Max. Pressure load on divided surfaces

Convection Heat Transfer Coefficient for combustion
gases is approximated as 50 W/m? .K

Convection Heat Transfer Coefficient for cooling air
is approximated as 100 W/m? .K

Convection Heat Transfer Coefficient for cooling

water is approximated as 150 W/m? .K
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Figure 3.44 Structural Analysis Model of the Combustion Chamber
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Figure 3.45 Temperature Distributions on the Combustion Chamber
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Figure 3.46 Stress Distributions on the Combustion Chamber
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Figure 3.47 Displacements on the Combustion Chamber
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3.2.4 Results & Discussions of the Thermal and Structural Analysis

Results of the combustion chamber structure analysis are shown on the following
table.

Table 3.5 Results of the Combustion Chamber Structure Analysis

COMBUSTION CHAMBER
Max. Temperature (°C) 102.9
Max. Stress (MPa) 1025
Max. Deformation (mm) 4.05e-02

The structural analysis of the combustion chamber is done using H13 material.

In the analysis the convection between the hot combustion gasses and the chamber,
convection between the cooling water and the chamber, convection between the
cooling air and the chamber and the conduction through the material are

calculated.

The analysis showed that necessary cooling by the air and the water could be

achieved.

The stress values are much lower than the yield stress of the material and the

deformations in the inner surface of the chamber are in the desirable range.
One of the most important results of the analysis is the stress concentrations, and

the higher stress values are found on the bolt holes, this makes choosing proper

bolts critical.
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CHAPTER 4

ENGINE LOSSES

In this part engine losses are calculated. In the rotary engine there are two main
loss sources. These are friction [25] and leakage [26]. Novel rotary engine has two
moving parts, compressor and turbine. Compressor and turbine has the same
geometric properties but they are different in size. So only compressor will be
explained and formulas for the compressor will be derived because they have same

relations these formulas will be used both for compressor and turbine.

Friction losses between rotating parts and non-rotating parts in compressor and
turbine are calculated. Before calculating the friction losses velocities of the
compressor and turbine components are calculated because they are necessary to
calculate the friction losses. In the kinematics part all velocity calculations are
seen. And also in this part geometric relations between the components of the
compressor and turbine are defined and formulas are derived.To understand the

components motions compressor (turbine) and its motion is briefly explained.

Compression process in rolling piston type compressors is accomplished by a
piston and cylinder arrangement that employs circular or rotary motion instead of
the usual reciprocating motion. In rolling piston compressors the rotor (or piston)
“rolls” on the inside surface of the cylinder — hence forming the source of its
name. Figure 4.1 shows a schematic sketch of compressor part of the engine. The
roller (or the rolling piston) is mounted on a shaft having an eccentric. The shaft
rotates about the center of the cylinder and the roller rolls over inside surface of
the cylinder, thereby rotating about eccentric. If the tolerances are perfect, the

roller would have a perfect rolling motion. However, in practice this does not
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happen and the roller has a complicated motion consisting of rolling coupled with

the slipping motion relative to the cylinder.

point of
rolling
contact

discharge pring
port

Upper Seal

cylinder upper plate

cylinder lower plate

Lower Seal

Figure 4.1 Cross Section of Compressor
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4.1 KINEMATICS

4.1.1 Angular Speed of the Roller

Thus the motion of the roller can be considered as consisting of two different types
of motions superimposed over each other. These are: Pure rolling motion and
slipping motion. Referring to the Figure 4.2, if the motion is pure of rolling type,

we would have following relationships:

Re cylinder
Rr [
roller
y
PI
— P . :
point of P new position of point P
Llus LotiAs point of contact at 8=0

Figure 4.2 Rolling Motion of Roller

Rcéd =Rry Eq.4.1
Rcé is the distance traveled by roller by rolling around its center

Rry is the distance traveled by roller by rolling around cylinder center
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,/,:&9:19 Eq.4.2
Rr a

Then, rotating of roller about its center because of pure rolling motion in the

positive @ direction will be given by & —y ,or
1

H—V/ze(l——J Eq.4.3
a

where a is the radius ratio (Rr/R). (a = Re = R, , a= )
R R +e e
r 1+R—

r

c

Therefore, roller speed due to rolling motion,

w, = (0-y) Eq.4.4

or

W, = (9(1—3) = wl(l—i) Eq.4.5
a a

Where w; is the engine speed (rad./sec.) Now suppose ws (rad/sec) is the angular
speed of slipping only in the positive & direction. Then the net angular speed w,

of the roller is:
W, =W, + W, =Wl(1—l)+W3 Eq.4.6
a

This, then, is the absolute angular speed of the roller, However, the speed of the

roller about is center or its speed relative to the eccentric w, will be w-w; or,

W, =W4—W1=W3—ﬂ Eq.4.7
a

Since w; is already known (engine speed) the only unknown in the equation is ws

which is obtained as shown later from the free-body analysis of the roller once the

friction forces have been analyzed.
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4.1.2. Volume-Angle and Pressure-Angle, Temperature-Angle

Relationships

By using Figure 4.3 following geometric relations can be established:

point of
contact ’ cylinder
roller
Rc
Figure 4.3 Rolling Motion of Roller

In the figure e is the eccentric which is Rc-Rr.
Rr’ =e” + R* —2eRcos(d — ¢) Eq.4.8
Or
R =Rc(l—a)cos(d —¢) = \/Rcz (1-a)®cos? (0 —¢) + Rc*(2a—1) Eq.4.9

Since the radius ratio a is slightly less then 1 we can neglect the negative term so:

R = Re|(1—a)cos(d — ¢) ++/(1—a)? cos? (6 — ¢) + (2a—1) Eq.4.10
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To find the total area trapped between the roller and the cylinder, we will integrate

a differential annulus area dA as shown from ¢=0to ¢=6. Thus,
[ 6 1

A(6) =jdA=jE(Rc2 ~R?%)d6 Eq.4.11
0 0

Substituting R from from Eq.4.1.9 into Eq.4.1.11 and integrating, we finally get
the following relationship:

1-a)® . a1 :
1-a? 0—(—sm26?—azsm Y(=-1sino
Rc? ( ) > ((a ) )

A@0) = Eq.4.12
—a(l—a)sin 6?\/1— (l ~1)%sin® @
a
or
A(9) =%Rc2 f(6) Eq.4.13
where,
2 1 2 - 2 = 1 .
(l-a )H—E(l—a) sin20 —a“sin~ ((——-1)sin @)
£(6) = ) 2 Eq.4.14
—a(l-a)sin 49\/1—(——1)2 sin? @
a
The volume V (¢) will then be given as follows:
V (6) = hA(9) =%th2 f () Eq.4.15

So far we neglected the blade thickness, but for accurate results blade effect can be
considered as:
True value of V (9)

= apparent value of V (0) —%th&e Eq.4.16

where &, is the blade extension and t is the blade thickness. But

S, =[Re—(R) . | Eq.4.17
or

S, :Rcb—(l—a)cose—\/(l—a)z00529+2a—1 Eq.4.18
Then,
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V'(6) =V(9)—%th5e Eq.4.19

Where V (9) is given by Eq.4.1.15 and &, by Eq.4.1.18

So we have found the volume-angle relationship of the compressor.

To find the pressure-angle relationship we use the following formula,

PV" = constant where n is the coefficient of polytrophic compression process so
we can express pressure corresponding to any angle € as follows:

P(0) =P, [\%} Eq.4.20
After finding all these relations temperature-angle relation is found easily by using
the following formula,

_[ven]”
T(9) —T{ T0) } Eq.4.21

4.1.3. Torque-Angle Relationships

Calculation of pressure distribution on the roller made possible to calculate the
torque distribution on the roller of the compressor. Here torques caused by
compressed air — angle relationships is found. Figure 4.4 shows the relationship

between torque and angle.

m.—-—“"

Figure 4.4 Torque-Angle Relations
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In the figure above it is seen that in the compressor we have two different

pressures on each side of the compressor, and the angle @ is known for this angle

P and P’ can be calculated as described previously. After calculating the pressures,

force due to these pressures F and F’ is calculated by multiplying the areas of each

sides of the compressor. F is the force due to pressure P, F’ is the force due to

pressure P’ and the angles « and gare the angles between the forces and the

moment arm. O is the center of cylinder and O’ is the center of rotor the distance

between them is e eccentric which is constant and the moment arm. So T is the

torque due to F, T’ is the torque due to F’and the formulas derived for torque

calculations are:
a=012

B =180-0/2

F(0) = P(6).A(6)
F'(0) =P'(0).A(6)
T(0) = F(0)esin(a)

T'(@) =F'(9).esin(p)

98

Eq.4.22

Eq.4.23
Eq.4.24
Eq.4.25
Eq.4.26

Eq.4.27



4.1.4. Results
4.1.4.1 Compressor

Compressor volume is found by using the thermodynamic design code which is
explained in the previous chapter. According to the compressor volume
compressor geometry is specified. Rc compressor cylinder radius, Rr compressor
rotor radius, h compressor height, t blade thickness are calculated. The dimensions

are seen in the following table.

Table 4.1 Compressor Dimensions

Compressor

Rc (m) |0,07

Rr (m) |0,0575

h (m) |0,09

t (m) [0,006

ac 0,821429

After calculating the dimensions angular speeds are calculated as explained before.

Angular speed calculation results are seen in the Table.4.2.

Table 4.2 Compressor Angular Velocities

Angular Velocities (rad/sec
W1 W2 W3 w4 Wr
628,300 |-136,587 |13,551 |-123,035 |-751,335
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The important part of the compressor design is to derive the volume-angle
relationship which is also necessary to calculate the pressure and temperature
distributions on the compressor; they are used in both thermodynamic analysis and
structural analysis. So the volume-angle and the pressure-angle relations are very
critical through out the design process. The following Figures show the volume,

blade extension and pressure, temperature variation due to angle.

Volume vs Angle
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Figure 4.5 Compressor Volume vs. Angle
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Pressure vs Angle
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Figure 4.6 Pressure Distributions in the Compressor
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Figure 4.7 Temperature Distributions in the Compressor
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Figure 4.8 Blade Extension in the Compressor
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Figure 4.9 Torque Distributions in the Compressor
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4.1.4.2 Turbine

Turbine volume is found by using the thermodynamic design code which is
explaned in the previous chapter. According to the turbine volume turbine
geometry is specified. Rc turbine cylinder radius, Rr turbine rotor radius, h turbine

height, t blade thickness are calculated. The dimensions are seen in the following

table.

After calculating the dimensions angular speeds are calculated as explained before.

Table 4.3 Turbine Dimensions

Turbine

Rc (m) ]0,95
Rr  (m) (0,070
h (m) ]0,110
t (m) 10,006
ac 0,823

Angular speed calculation results are seen in the Table.4.4.

Table 4.4 Turbine Angular Velocities

Angular Velocities (rad/sec)
W1l |W2 W3 W4 Wr
628,3 | -7898,63 | 8080,159 | 181,53 -446,769
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The following figures show the volume, blade extension and pressure,
temperature variation due to angle. These results are both used in thermodynamics

calculations and structural analysis.
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Figure 4.10 Turbine Volume vs. Angle
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Figure 4.11 Pressure Distributions in the Turbine
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Temperature vs Angle
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Figure 4.12 Temperature Distributions in the Turbine
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Figure 4.13 Blade Extensions in the Turbine

After calculating the pressure distribution turbine torque due to the pressure is
calculated.
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4.2. FRICTION LOSSES

Referring again to Figure3 it can be seen that the possible friction loss mechanisms
in the cylinder are: (1) friction between the blade tip and the roller, (2) friction
between the cylinder plates and the two faces of the roller, (3) ) friction between
the cylinder plates and the two faces of the eccentricity, (4) friction at the point of
contact between the roller and the cylinder, (5) friction between the roller and the

eccentric, and (6) blade-slot friction.

dPA underblade
oil-pressure force

friction force

cylinder wall reaction
kx spring force

Figure 4.16 Blade Tip Friction

The last one can be conveniently disregarded since there will not be any
appreciable side pressure between the blade and the slot, thereby rendering the
friction force between the blade and the slot negligible. Also, since relative motion
between the cylinder and the roller is rolling plus sliding without any appreciable
contact force (the only force is due to centrifugal effect of the roller mass which
can be neglected) it is assumed that energy loss due to friction between the roller
and the cylinder at the contact point will be negligible. The remaining four losses
can be treated as follows.
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4.2.1 Blade Tip Friction

The relative motion between the blade tip and the roller is of pure sliding nature,
with the speed of rotation of the roller given by Eq. 4.1.6. and lying somewhere
between zero and eccentric velocity w;. Moreover, the spring force together with
the under-blade oil pressure acting behind the blade (Figure4.2.1) give rise to
considerably high unit pressure between the blade tip and the rotor. These
considerations suggest that the lubrication between the blade-tip and the roller
surface possibly of mixed nature and is somewhere between the boundary
lubrication with a very thin film of lubrication between the two surfaces and the
hydrodynamic lubrication with full fluid film between the two surfaces. Therefore,
the friction loss can be calculated by assuming a suitable coefficient of friction (f).
For this type application f can be taken from 0.008 to 0.2. [27] An average value of
0.015 seems to be reasonable for most cases. From the free body diagram of the
blade (Figure 4.17) we notice that the blade will exert a force on the roller that will
vary continuously from a maximum of dPth+kxm.x When the spring is in fully
compressed position to a possible minimum of dPth when the spring is in its free

position, where x is the spring compression.

roller-eccentric

i roller
friction torque

roller-cylinder
head friction
torque

op—

blade __‘_’_' blade tip friction force fF

Figure 4.17 Free-Body Diagram of Roller
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The analysis will, therefore, be approximated by taking the average value for both
dP and x. Thus:

Average Friction Force F:
F = f[(dp),, th+kx,,] Eq.4.28
Where,

1 1
(dp)av :E|:ps +§(ps + pd):l

:3ps+pd
4

Xy = %Xmax Eq429

Then the power loss due to blade tip friction is given by:

Ec, =R w, f B (Bp, + py)th +%kxmax} Eq.4.30

4.2.2. Roller-to-Cylinder Plate Friction

The clearance space between the roller faces and the cylinder plate is assumed to
be filled with lubricant which gives rise to viscous drag acting upon the roller as it
rotates. The radial velocity of the fluid in this clearance space will be assumed
negligible as compared to the tangential velocity. Then using viscous drag formula
between two rotating discs [28] we can write:

Friction torque on the roller:

_ MRt R Eq.4.31
&

Corresponding friction loss E. ,:

= ﬂf [R 4_ Re4] Eq.4.32

]
&1
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4.2.3. Eccentric-to-Seal Friction

This case is exactly similar to the previous case. The only difference here is that
the angular speed of the eccentric is different from that of roller and in some cases
it is possible that the clearance between the eccentric and the seal may also be
different from the clearance between the roller and the cylinder plate.

Friction torque on eccentric:

TN, [ZR
&

= seal4 - Rs4] Eq433

2

Corresponding friction lossE ,:

2
~ % bRt -R,] Eq.4.34
2¢,

4.2 .4. Friction between the Roller and the Eccentric

There is a relative motion between the roller and the eccentric due to the fact that
both rotate with different absolute angular velocities, which are w; and wy for the
eccentric and the roller respectively. The relative angular velocity between is given
by Eqg. 4.7 as ws-wi/a. Thus, the eccentric and the roller will behave somewhat
similar to a journal and a bearing and a similar analysis is done. However, since
the only bearing loss acting in this case is the centrifugal force of the roller due to
eccentric mounting, which is insignificant, we can approximate our analysis by
assuming that the hydrodynamic film of lubricant is not created and instead the
friction loss is only as a result of viscous drag between the two concentric
cylinders. (roller and eccentric) with a concentric film of lubricant being

developed between the two.

Friction torque on the roller:

_ uARNR,(-W)R,
5

Eq.4.35

3
_ _Zﬂ%ehwr Eq.4.36

Loss of power due to frictionE ,:
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3 2

__2mRhw Eq.4.37
o

4.2.5. Total Friction Loss

In the friction loss expressions there is one unknown term ws, angular speed of
slipping of the roller relative to the cylinder. From the free-body diagram of the
roller Figure4.2.2 following relation can be written for the steady condition:

T,+T,=T, Eq.4.38

or

er[E(Sps + pd>th+ikxmax}ﬂ[wla—lwwa}(&“ R
4 2 & a

1 Eq.4.39
27uR.’h [Wl }

o a
Solving for ws:

LN, |:2Reah _ (a—l) R 4:|_ R f|:(3ps + pd)th n kxmax:|

a 5 r r 4
W, = & Eq.4.40
_ 2R.°h . R‘-R*
H o &

So substituting w3 to the related loss equations all power losses caused by friction
is found.
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4.2.6. Results

In compressor/turbine design after calculating the geometric and thermodynamic
variables of the compressor/turbine, the most important part of the analysis of the
compressor/turbine in practice, friction analyses are done. The results of the
analysis are seen in the following tables and it also shows the energy loss due to

the frictions in the compressor/turbine.

Table 4.5 Friction Calculation Inputs

Rr Roller radius

Rc Cylinder radius

Re Radius of eccentric
Rs Radius of shaft

h Height of blade
o Radial clearance between roller and eccentric
J, Min. clearance between roller and cylinder
Clearance between roller and cylinder plate faces, clearance
& between blade and cylinder plate
& Clearance between eccentric and cylinder plate faces
t Blade thickness

RPM |RPM of the motor
Ru Seal Radius
Xmax | Max. spring compression

k Spring constant

Ps Suction density

Ps Suction pressure

Ts Suction temperature
Pd Discharge pressure
Td Discharge temperature
f Coefficient of friction
H Viscosity coefficient
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Table 4.6 Friction Calculation Results for Compressor

o ENGINE
Friction POWER %
Blade-tip Friction Loss 18,99 | W 3,31E-02
Eccentric-to-seal friction loss 3,24 W 5,65E-03
Roller faces-to-cylinder plate 2,719|W 4,87E-03
Roller to eccentric friction loss 104,14 |1W 1,82E-01
Total Friction Loss 129,16 |W 2,25E-01

Table 4.7 Friction Calculation Results for Turbine

o ENGINE
Friction POWER %
Blade-tip Friction Loss 209,57 |W 3,66E-01
Eccentric-to-seal friction loss 11,01 W 1,92E-02
Roller faces-to-cylinder plate 15,50 W 2,70E-02
Roller to eccentric friction loss 93,89 W 1,64E-01
Total Friction Loss 329,97 (W 5,76E-01

4.3. LEAKAGE LOSSES

In the figure below there are various leakage paths occurring in a rolling piston
compressor and turbine. These are:

i. Leakage past the contact point between the roller and the cylinder.

ii. Leakage past the blade edges

iii. Leakage across the roller faces

iv. Leakage past the blade tips

Between these leakage losses the most important ones are the first two ones. The

others are negligible if we compare them with the first two ones.
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1: Leakage past the contact point hetween roller and the cylinder
2: Leakage past the blade edges
3: Leakage across the roller faces

4: Leakage past the blade tip

Figure 4.18 Leakage Flow-paths in a Rolling Piston Compressor & Turbine

4.3.1. Leakage Past the Contact Point

Assuming that the leakage is only due to the pressure differential we can model the
leakage past the contact point as flow through convergent-divergent nozzle. So the
amount of leakage loss can be calculated by the max. mass flow through the

converging-diverging nozzle formula,

M = p,UA Eq.4.41
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M =22 aMhs, Eq.4.42
RT

Tu

Where: M =1
r
Pry = P, L+ =y 2y Eq.4.43
Y

T =T, (1+77_1|v| ?) Eq.4.44
So:
. 2 (r+1) I(y-1)
Muws = 8,hp, || —=— Eq.4.45

RT, (7 +1

Where:

Pu: Upstream Pressure
Tu: Upstream Temperature

Pu and Tu are changing continuously throughout the cycle.

4.3.2. Leakage Past the Blade Edges

Leakage through the clearance between the blade edges and the cylinder plate can

be modeled as a max. flow rate through the converging-diverging nozzle. So:

. 2 (r+D)1(y-1)
Mz = 26,&,p, #(ﬁ] Eq.4.46
AV

Where:

J, . Blade extension

&, . Clearance between blade and the cylinder plate.
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4.3.3 Results
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Figure 4.19 Compressor Leakage Ratios to the Engine Mass Flow Rate
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Figure 4.20 Turbine Leakage Ratios to the Engine Mass Flow Rate
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CHAPTER 5

CONCLUSION

5.1 Summary of Work

During the thesis the works which has been done is summarized as follows;

Thermodynamic analysis of the novel rotary engine working on a novel
thermodynamic cycle has been done. A thermodynamic design code has
been written to determine the geometrical dimension of the novel rotary
engine. The rotary compressor and the rotary turbine of the engine have
also been matched along with the geometric dimensions of the engine
components (rotary compressor, rotary turbine, external combustion
chamber)

Structural and mechanical design of the components of the novel rotary
engine has been done according to the geometric data taken from the
thermodynamic design code. All the components of the novel rotary engine
have been modeled and assembled in CAD environment Structural
analyses of the critical components have been done using finite element

software.

Engine geometric and kinematics characters were determined and the

critical problem for rotary engines, friction and leakage were analyzed.
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5.2 Recommendations for Future Work

The thermodynamic design code should be improved after making experiments
about the compression and the expansion, by doing so more realistic compression
and expansion coefficients can be found and also heat losses during the

compression and the expansion can be determined.

Material selection of the rotary compressor, turbine and the combustion chamber
should be revised. The selected rotary compressor material seemed well but care
should be taken when selecting the turbine material taking into account the high
temperature load on the components and also the weight of the engine should be

taken into the account.

Structural analysis of the critical components of the novel rotary engine should be
revised using the real temperature and pressure data taken through out the

experiments.

In the engine induction process when the air goes through the air inlet ports there
can be analyzed by considering the things such as flow separation, inlet pressure
loss or any other problem restricts air to go into the compressor should be

determined by CFD analysis or experimental methods.
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A

PPENDIX

ROLLING PISTON ENGINE MATERIAL

Properties of H13 Hot Work Tool Steel

Table A.1 Chemical Composition of H13

Chemical Composition (Weight %)

C Cr

Fe

032-04 5.13 -

Min 90.95 1.33-1.4 1

Physical Properties

Density 7.8 g/cc

Mechanical Properties

Hardness

Ultimate Tensile Strength
Yield Tensile Strength
Elongation at Break
Modulus of Elasticity
Bulk Modulus

Poisson’s Ratio
Machinability

Shear Modulus

52-54 Rockwell
1990 MPA
1650 MPa

9%

210 GPa

140 GPa

0.3

50 %

81 GPa
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Thermal Properties

CTE, Linear 20°C 11 um/ m-"C
CTE, Linear 250°C 11.5 pm / m-°C
CTE, Linear 500°C 12.4 um / m-"C
Heat Capacity 0.46J/ g-°C
Thermal Conductivity 243 W/ m-K
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