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ABSTRACT

In this paper, a piston bidirectional compressed air engine with a semi-gear and rack mechanism in power transmission has been
analyzed and investigated.

In this structure, there are two reciprocating pistons in two opposite positions to produce power Therefore, there are two power
courses in each rotation of the output shaft. In the power transmission mechanism, a rack gear and a semi gear have been used,
so that the generating power is transferred to the rack gear through the reciprocating pistons and consequently to the semi gear
and the output shaft.

The new engine first designed and after confirming the stress analysis of the parts in the software, it was made and then launched
using compressed air energy. The data of this engine has been collected and analyzed using sensors and electronic equipment.
The results of this research include experimental analysis, thermodynamic analysis and simulation of this new engine.

In the experimental results obtained from the performance of the mechanism in the form of a power generation engine, the
average output speed of the engine at a relative pressure of 4.2 bar is 135 rpm, the engine output is equal to 495 watts.

The results of engine analysis through the extracted relationships, modeling solution, Simulation in Software and experimental
data also indicate the overlap and appropriate consistency of engine analysis.

Key words: Compressed air engine, rack mechanism, semi-gear mechanism, piston bidirectional engine.

INTRODUCTION
1.Introduction and background

Today, increasing efficiency and reducing energy loss is very important and necessary, and extensive research has been conducted
on optimizing and increasing the efficiency of energy-related mechanisms [1-5]. In their research so far, researchers have
experimentally, numerically examined and simulated existing mechanisms, including cylinder-piston or rotary mechanisms and,
each has tried to improve the performance of engines by presenting a new solution [6-11]. However, it is necessary to conduct
extensive research on the investigation, presentation and analysis of new mechanisms in order to provide the most appropriate
structure according to the application. Also, considering the limitations of using fossil fuels and reducing hydrocarbon fuel
resources, attention to reducing pollutants in combustion engines, using available, renewable and environmentally friendly energy
and using new structures such as compressed air mechanisms seem necessary [12-17].

Tamam Basbus et al. in 2012 [18], investigated the performance of a diesel engine as a four-stroke, two-stroke air-compressed, six-
stroke, and the performance of a diesel engine as a compressor. The results of this study indicate the saving of engine fuel
consumption, increased efficiency and very low emissions of carbon dioxide at a rate of 51 grams per hundred kilometers. In 2012,
Guazi et al. [19] simulated the performance of an air engine in software. This research has proposed a mathematical model for a
three-cylinder engine and, the dynamic characteristics of piston motion and gas parameters have been simulated and numerically
solved. In 2013, Yung Huang et al. [20] used a cylinder engine and a crankshaft piston in the pressure range of 5-9 bar of
compressed air to generate power. The results of this study indicate that the maximum power at 9 bar pressure at 1320 rpm is 0.95
kW.

Kantharaj et al. in 2014, [21] studied the thermodynamic analysis of a heat engine and a heat pump using the conditions of air phase
change as a gaseous fluid in two phases, gas and liquid. Their results showed that by using a heat pump in the process of converting
compressed air to liquid air, the efficiency is 70% and the efficiency in the reverse process is 53%. In 2014, Pathak et al. [22]
presented an example of a compressed air vehicle of the rotary mechanism type, examining the engine output in different positions
and declared the mechanical efficiency of compressed air engines in the pressure range of 4.1 to 7 bar at 3000 rpm equal to 55%.

In 2015, Dimitrova et al. [23] investigated the combined effect of using compressed air with a 3-cylinder internal combustion engine
to generate power. The results of this study indicate a reduction in fuel consumption of the internal combustion engine, an
improvement in efficiency by 50% and a reduction in carbon dioxide emissions. In 2015, Yu et al. [24] have evaluated a
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compressed air engine equipped with a crankshaft. Results for the pressure of 20 bar, the maximum output power of 1.92 kW, the
maximum output torque of 56.55 Nm and engine efficiency of 25% have been reported.

In 2015, Chi Liu et al. [25] used a compressed air single-cylinder engine to modify the inlet and outlet feed systems with different
opening statuses of an engine. The engine used was able to provide 2.15 kW output power at the pressure of 13 bar with a torque of
15.97 Nm. In 2017, Marwania et al. [26] examined the technologies of power generation from compressed air and after various
discussions have concluded that the use of compressed air in vehicles will be appropriate in the case of hybrid application. In 2016,
Chi Min Liu et al. [27] have studied the expansion process in a two-stage air engine. The results of this study indicate an increase of
about 12% in engine output power.

In 2017, Chi Min Liu et al. [28] transformed a four-stroke engine into a compressor to regenerate braking power in a variety of
situations. The results showed that the maximum reduction pressure is 2.91 bar. In 2018, Fang et al. [29] developed an experimental
sample to study energy recovery and power generation with compressed air technology. In this study, a diesel engine has been used
and hot water was used as a heat source. The results show that under the influence of heat source, the maximum output power is
22% more than the output without heat supply. In 2018, Bravo et al. [30] analyzed brake recycling for heavy vehicles. The results
show that the proposed system is able to store 69% of the available energy during a complete stop and 14% on a low slope on the
highway.

As observed from the results, the method of implementation and analysis in the above research, each of them has examined the
existing mechanisms and each of them have tried to improve the performance of engines by presenting a new solution. In the
present paper, the performance of this structure in the form of a compressed air engine is evaluated, by presenting a new semi-gear
and rack mechanism in power transmission.

2. New Engine Structure

According to Fig. 1, in the form of mechanism operation in the structure of a power generating engine, the three-way flow control
valves in this situation connected the routes (1 to 2), (4 to 5), (7 to 8) and (10 to 11) to each other and the operating fluid will be able
to pass through these paths. For example, if the main piston is at the far right, the mechanical fluid control rotary valve installed on
Lines 8 and 2 is active. Compressed air now flows from the c-compressed air tank through the mechanical rotary valve installed in
path 8 into the cylinder a, causing the piston to move to the left. In the left movement course of the piston, the air in the left cylinder
chamber b is discharged into the environment by passing through a mechanical rotary valve installed in path No. 2. This condition
will continue for up to a percentage of the piston stroke, after which the mechanical valve in Route 8 will close, but the valve in
Route 2 will remain open. Now the flow of inlet fluid into the cylinder chamber a is stopped, but due to the pressure difference
between the cylinder and the environment and due to the opening of the valve of route No. 2, the movement cycle of the piston will
continue until the piston reaches the extreme left. In this situation, the rotary valve installed in route No. 2 is deactivated and the
mechanical rotary valves in routes 5 and 11 are activated. In this case, the piston will move to the right due to the entry of fluid into
the cylinder chamber from the left side of b and the discharge of air from the other side into the environment will move to the right.
This situation will also be permanent up to a percentage of the piston course, then the rotary valve in path 5 becomes inactive and
the mechanical valve in path 11 remains active. In this case, considering the pressure difference between the left chamber of the
cylinder and the environment, the piston continues to move to the right to reach the end of its course. Now the valve of route 11 is
deactivated and the valves installed in routes 8 and 2 become active and the course is repeated.

d
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C=x

Fig. 1 Schematic of the engine

The semi-gear and rack gear mechanism has been also used to transmit power, as shown in Fig. 2. In this structure, the outlet shaft is
connected to the pinion gear shaft and, the main cylinder piston to the rack gear. In this mechanism, in the power course of one of
the pistons, the pinion gear engages the upper rack gear, and the linear motion of the piston and the rack gear leads to the rotational
motion of the pinion gear. As the piston reaches the end of the power course, the pinion gear is simultaneously detached from the
upper rack gear and engages with the lower rack gear. In this position, the other piston is at the beginning of the power course and
the gas pressure leads to the linear movement of the piston and the rack gear, and consequently the pinion gear continues to rotate in
the same rotational direction.

Fig. 2 Power transfer mechanism
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In this engine, there are two power courses in each rotation of the output shaft, in other words, this single-unit engine is equivalent
to a reciprocating 2 cylinder engine. It is also possible to change the velocity and torque of the output shaft with constant engine
power. Since in the structure of semi-gear and rack gear, the output torque of the engine is equal to the output force of the power-
generating pistons at the average radius of the semi-gear. Therefore, as the radius of the semi-gear is increased, the torque applied to
the output increases. The linear velocity of the piston is equal to the product of the angular velocity of the output shaft in the average
radius of the semi-gear, and the output angular velocity rate is reduced with increasing the radius of the semi-gear. Therefore, in the
output power status of the engine cylinders, the torque increases and the angular velocity decreases with increasing semi-gear
diameter.

2-1. Description of the fabricated engine parts

This type of engine consists of a bidirectional piston cylinder chamber with a piston diameter of 71 mm and a course of 134 mm in
each cylinder, two-cylinder heads, mechanical rotary valves for fluid flow control, a power transmission mechanism, outlet steel
shaft, two flywheel, compressed air storage tank and fluid transfer tubes have been formed as shown in Fig. 3.

£ F—.

The pistons have reciprocating linear motion inside the cylinder housing, and this motion is transformed into rotational motion
through the power transfer mechanism. The double rack gear has two connection points to the pistons, which are connected to the
pistons by connecting the pin. The semi-gear is engaged with the upper rack gear in the zero to 180 degree angular phase where one
piston is in the expansion course and the other piston is in the discharge course. It is connected to the lower rack gear at an angle of
180 to 360 degrees, the various situations of which have been shown in Fig. 4.

Fig. 4 Semi gear and rack engagement situations

Mechanical rotary valves are designed in such a way that a valve has been considered to control the entry of compressed air from
the tank and a valve to control the discharge of air from the engine chamber, for both sides of the cylinder. High-pressure air is
established from the storage tank to the area behind the mechanical rotary valves, and as the inlet path is opened by rotating the
valve, the compressed airflow to the cylinder chamber generates power and causes the piston to move. Air is discharged from the
cylinder chamber into the environment through another mechanical rotary valve and by opening the exhaust duct which receives its
command from the outlet circulation. Rotary valves, one for inlet flow control and the other for outlet flow control, have been
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shown in Fig. 5. The control valves and holder blocks are located on either side of the holder chambers of the semi-gear and rack
gears, and the engine output shaft passes through the middle of the control valves. The rotary valves are fixed on the engine output
shaft and rotate with the outlet shaft. The inlet valve holder block has a compressed air inlet duct from the tank and has two outlet
ducts to feed the cylinders, and the position of the rotating valve will determine which cylinder the compressed air will flow to. The
outlet valve holder block also has two inlet ducts from the cylinders and a discharge duct into the environment.

Fig. 5 Rotary valves for fluid flow control
3. Equations and Related Relationships
3-1. Analysis of thermodynamic theory diagram and rotary inlet and outlet valves of fluid flow control

According to the results of research conducted in references [23] and [29] to [31] and [34-35], the closest thermodynamic cycle in
each 180 degree course consists of two iso bar processes, two iso volume processes and one isentropic process according to Fig. 6.
Since the high-pressure gas inside the tank is supplied and located in the area behind the inlet valve, by opening the inlet valve at
point 5, high-pressure gas enters the cylinder chamber and the constant pressure inside the cylinder chamber reaches the maximum
pressure at point 1. In processes 1-2, the inlet valve is open, which leads to the movement of the piston, the expansion process can
be considered as a constant pressure process. At point 2, the inlet valve is closed and the expansion process is complete. At point 3,
the outlet valve is opened and the pressure inside the cylinder decreases to the ambient pressure. Process 4-5 is mechanical
evacuation. When the piston reaches point 5, the outlet valve is closed and the inlet valve is opened and the pressure inside the
cylinder will reach maximum pressure.

According to the PV diagram of the engine, the known parameters are:

P P B

3 is assumed at 200 kPa and pressure P,

Pressures® 2 and 4 is assumed to be 100

V. ; ; cm? ; P cm?
kPa. The dead volume (" 1) of the cylinder is 60 , the volume of the cylinder at the end of the lower dead point is 595 .

are assumed to be equal to 500 kPa, pressure

3
The unknown parameters V2 and Tz are obtained by using adiabatic expansion relationships equal to 309 ™ and 110 degrees
Celsius, respectively. According to the known position of point 2, the distance at which the inlet valve of the cylinder is open will be
equal to 88 mm of the piston course and approximately 90 degrees of rotation of the outlet shaft.

o A

P

P, |- 1

P -

Fig. 6 Thermodynamic P-V diagram of the engine

In the structure of the available engine, the diameter of the mechanical rotary valves for dividing the flow of the operating fluid is
equal to 40 mm, so the value of the valve perimeter will be equal to 126 mm. On the other hand, the diameter of the hole embedded
in the mechanical rotary valve is equal to 8 mm and has a cross-sectional area of 50 mm. Now, if 126 mm of valve perimeter is
equal to 360 degrees, the 8 mm hole of the fluid will be equal to 23 degrees. Since, according to the theoretical thermodynamic PV
diagram, it is necessary to open the inlet valve at an angle of 90 degrees from the output shaft and then close it, it is also necessary
to keep the mechanical rotary outlet valve open during the discharge process at the 180-degree phase of the shaft. According to the
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predicted structure at the 360-degree phase of the engine output shaft rotation, the inlet rotary valve starts to open from a zero-
degree angle of the rotating shaft where the piston of one of the cylinders is at the high dead point and, this increase in the cross-
section of the inlet will continue until the angle of 23, because the inlet valve needs to be left 90 degrees open from the point
onwards, until the angle of 113 degrees (90 + 23) is completely open and from the angle of 113 degrees it starts to close and, it
closes completely at an angle of 136 degrees (23 + 113). At the end of the expansion process, the other cylinder piston reaches a
high point of death, and since the geometric parameters of both cylinders are the same, then, the inlet valve of the new cylinder
starts to open at the angle of 180 degrees, completely opens at an angle of 203 degrees and, is in the fully open phase at an angle of
203 to 293 degrees. The inlet valve begins to close at an angle of 289 degrees, and it closes completely at an angle of 316 degrees.
There is also a special timing in the mechanical rotary outlet valve so that the outlet rotary valve from the zero degrees angle of the
rotating shaft where the opposite cylinder piston, which is located at the lower point of death, begins to open, and opens fully to the
angle of 23 degrees, fully opens at the angle of 23 degrees to 157 degrees and closes completely at the angle of 180 degrees. Then,
the discharge phase of another cylinder has started therefore, the outlet rotary valve starts to open the exhaust cylinder of the other
cylinder from an angle of 180 degrees and opens completely at an angle of 203 degrees. From this angle, the outlet valve is
completely open up to 327 degrees by the outlet rotary valve and then it gradually starts to close and closes completely at a 360
degree angle. This cycle of inlet and outlet rotary valves is constantly repeated.

The operating diagram of each of the mechanical inlet and outlet rotary valves is as shown in Fig. 7 below:
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Fig. 7-a Inlet valve diagram

60

50

40

30

20

Exhaust area (mm~#2)

10

0 50 100 150 200 250 300 350 400
6(deg)

Fig. 7-b Outlet valve diagram
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Fig. 7-c Inlet and outlet valve function

3-2. Calculation of the theoretical power generation
A: Calculation of the work generated when the inlet valve is open (Process 1-2).

Wi =P (W, —V) 1)

Where 1 is inlet pressure, V2 is the volume of the piston when the inlet valve is closed, Vi is the volume of the piston when the
inlet valve is open and the cylinder chamber begins to expand.

B: Calculation of the work generated when the inlet valve is closed (Process 2-3).
Given that process 2-3 is an isentropic process, and since k is defined as the specific heat ratio, the generated work in this process
will be as follows:
_ PV — BV, 2
=37y
C- Calculation of the work consumed in process 4-5:
The work consumed in this process is provided by the work generated by another expanding piston. The amount of this work is
equal to:
W, =P (V, - W5) @)
According to parts A to C, the net work produced by each cylinder in one cycle is estimated as follows:

4
w 4

Fyl3 — Bl
net Pl“’{“ _Vlj + 1 —k + 'P-i[:L'rl _T’{i]

If the proposed engine speed is equal to n rpm, the output power by the two cylinders can be calculated from the following equation

(5):
n (5)
Fw= Exmzar XE

3-3. Speed and related parameters according to the output shaft angle
To determine the piston speed at any given moment, we must calculate its kinetic energy at any given moment. To do this, we must
first calculate the energy injected into the set by the gas inside the piston.
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According to the law of conservation of energy, if we denote the initial volume of the cylinder by V1 and the volume of the cylinder

v

W = PdVv
at any given moment by V, the work produced by the gas inside the cylinder at any given moment is equal to “rV-_ ,
where p is the instantaneous pressure inside the cylinder. Some of this energy is used to overcome the friction between the piston

_I'f 2uNrdf f; {m + :r_li) vdv

g
as pure work or renitent torque applied to the output shaft “r o Tdﬁ'. p is the coefficient of friction between the piston and the
cylinder wall, N is the vertical force on the cylinder wall, r is the semi-gear radius which is approximately equal to the mean inner

and the cylinder wall , some of it is used to move the pistons, shaft and flywheel [32] , The rest is

and outer semi-gear radius, 0 is the angle of the output shaft (radians) and Iy is the sum of inertia, semi-gear and the flywheel
around the output shaft.

So there is:
v ., . g 8 (6)
J-Fcﬂf:J (m+—‘j) udv-l—J-Z_uNrdﬁ'—I-deE
o re
v, 0 0

By integrating from the above equation (6), the piston speed can be calculated:

| o (7)
|2w — 4uNrf —2 [ Td8
U =

| m+ i'?.-
™ re
Since the velocity of the piston is equal to the product of the radius of the semi-gear and its angular velocity; the angular velocity of
the semi-gear and all rotating parts can be calculated as follows (8):

(8)

|
| m-l—ig}
N re

o is the angular velocity of the output shaft, T is the output torque of the engine and m is the sum of the mass of the two pistons and
the two rack gears, and in general each part with reciprocating motion with the piston. To obtain the acceleration of the piston, it is
sufficient to calculate the result of the forces acting on it and divide it by the mass of the piston.

2 9
T (I
([P —P)A—2uN——— (—DE""T))

m

L law = aunre - 2 [ Tde
w=—
T

a:

The result of the forces acting on the piston are: The force due to the gas pressure inside the cylinder, which is equal to (P - P4)A
at any moment. this force is the driving force and increases the acceleration of the piston. The friction force between the piston and
the cylinder wall is equal to uN. Since both pistons are moving at any given moment; the friction force of both pistons is 2uN. This
force is a resistive force and reduces the piston acceleration. the value of uN has been measured experimentally and has been
estimated at 100 N. The force applied from the semi-gear to the rack gear, which is a resistive force and reduces the acceleration of
the piston. The reaction of this force, i.e. the force applied by the rack gear to the semi gear, leads to the rotation of the rotating parts
and creates the output torque of the engine. The acceleration of the piston is obtained by dividing the result of the mentioned forces
by the mass of the piston (mass of all the parts connected to the piston).

The rack gear is in direct contact with the semi gear and the linear displacement of the rack gear (equivalent to the displacement of
the piston) is equal to the length of the arc associated with the rotation of the junction of the semi gear with the rack gear.

x=18 (10)

x defines the instantaneous position of the piston and x=0 refers to the position of the piston when the cylinder has the smallest
volume. According to the structure of the mechanism, x=0.134 is related to the position of the piston when the cylinder has the
maximum volume.

r denotes the radius of the semi-gear, which has been considered to be equal to 43 mm therefore, the engine rotation angle is equal
to 180 degrees per piston course.

AV = Adx ;4 dx = rd6

Since , the equation for the piston speed in terms of the output angle of the shaft is as follows (11):
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| 8 g g (11)
o |sz PArdf — 4 [ uNrdf — 2 [ Td6
| m+ —I'?.-
R re
The piston speed at each stage of cylinder expansion is also obtained as follows:

A: When the piston is expanding and the inlet valve path is open to either side of the piston:

(12)
||2[P1(V2“ — V) —P(V2' —V,)) — 4uNrf — 2 ff Td#
U =
| m + i'?.—
R re
B: When the piston is expanding and the inlet valves are closed (assuming the expansion process in the isentropic state):
| (P,'V,' — B,1,) 13
— BV, g
|2(P1EV: - V) + 2 - R - 1@))— 4uNr6 — 2 [ Td6

.
\

I I
Where, V2" denotes the cylinder volume at each outlet shaft angle in the constant pressure expansion process, Va represents the

P

¢
cylinder volume at each outlet shaft angle in the isentropic expansion process, © 3 is the cylinder pressure at each outlet shaft angle

output process in the isentropic expansion process.
3-4. Investigation of the force applied to the mechanism and stress analysis in all parts

The semi gear and the rack gear are connected and apply force at the joint (Fig. 8). The work produced by this force is equal to the
amount of this force multiplied by the displacement of the point of effect of the force. Therefore the differential value of this work is

equal to: Frdf

P1>P2

Ff

Fig. 8 Diagram of forces
A part of this work is used to move the rotating parts and the rest is considered as output work. The differential form of the energy
required to move the rotating parts is equal to lywdw and the differential form of the energy generated by the engine output torque
is TdE_ So we have:
Frdf = Iywdw + Tdf (14)

By integrating from equation (15), the amount of force applied to the semi gear as well as the rack gear, at any given moment, is
equal to:

8 8 (15)
f Frdf = %Ium: + f Td#
o o
The average horizontal force on the rack gear for the output shaft angle of between 0 and 0 is as follows:
1 (16)

7 g

Shw® + [ Td6
rg

It should be noted that all the components in the mechanism have been analyzed under stress in software and the results of the

analysis showed that the maximum applied stress was in the rack gear area and, according to the materials used and the dimensions

of the parts in the design the stress is 275.14 MPa, which is much less than the yield stress of steel, which was equal to 380 MPa,
which has been shown in Fig. 9.
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Fig. 9 Investigation of stress in rack gear
4. Theory Analysis
4-1. Engine performance analysis according to the extracted relationships
According to the basic known parameters and considering the expansion process in the adiabatic state and using the corresponding
relationships, the unknown parameter V2 will be equal to 0.000309 mq.
In reference [24], there is also a relationship to determine the engine efficiency:

1 | )
PV, — V) + = PV [ — 1] + P — )
n= =
P
1
P,V In P,
which has been used to determine the position of point No. 2 of the theoretical diagram that provides the maximum possible
an
efficiency according to the known thermodynamic properties. So that if #¥2 , the appropriate volume of the cylinder chamber

— 3
in which it is necessary to close the compressed air inlet into the cylinder will be equal to V; =0.00024 m® 1 comparison of
this volume with the volume obtained from the relationships related to adiabatic expansion overlapped with each other and indicates
that the position in which the inlet valve has been considered to close is a good position.

According to the specified parameters, the piston speed variation diagram is extracted from Equations (13) and (16) as shown in Fig.
10. Also, the changes of pressure inside the cylinder with respect to the position of the piston, are obtained from the relationship of
the adiabatic expansion process according to the angle of the outlet shaft, which has been shown in Fig. 11.

6

0 50 100 150 200 250 300 350 400
8(deg) cylinderl

cylider2

Fig. 10 Diagram of velocity variation in terms of shaft angle
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Fig. 11 Diagram of pressure variation in terms of angle

The average velocity of the piston and consequently the average velocity of the engine will be equal to 700 rpm with the average
velocities and rounds obtained from the velocity-related equations. Also, due to the known volume difference between points 1 and
2 of the PV theory diagram, and the resulting engine velocity, the flow rate will be equal to 350 liters per minute and the output
power will be about 3750 watts.

4-2. Engine Performance Analysis from Air Engine Modeling

In order to simulate the engine mechanism with semi-gear and rack structure to analyze the dynamic characteristics of piston motion
and operating fluid parameters, some results and analyzes performed in references [19] and [33] have been used to be able to
analyses and achieve the result benefited from the performance and status of the effective parameters in the performance of the
engine mechanism.

1 8,
\ s 1!
Pm, é \ 2 ‘;
] | \ S/t o | !
- Q -
o o
1 s @ 0 o C a8 A '
" ] T o
8 & s X8
xC xC
x0 *0

Fig. 12 Schematic of the cylinder and piston

According to Fig. 12, the piston is initially in position A. The value of 4 is the distance between the end of the cylinder and point

A, which is determined by the user as the program input. The values *&, **c and *D are also introduced to the program according to
the geometry of the cylinder and piston. The simulation process starts from point A and continues until the piston reaches point D.

The values of pressure inside the cylinder when the piston is between position *4 and = are calculated by the following equation:

dP, Kp,a,kP,#(0)RT,, kP dV, (18)

dt v, v, dt

Where, P1 is the pressure inside the cylinder at any time, &1 is the area of the air inlet duct and 1 is the flow coefficient.s is
defined as the ratio of the pressure inside the cylinder to the pressure inside the manifold. The function @ is a function in terms of ¢
and is written as follows:

—_—

[z & (49)
@:(ﬂ-) = Nlﬂ-k — T k

(5]

Where, k is the coefficient of specific heat ratio of the gas. The expression K is also defined in the equation (20) as follows:

(20)
r = | 2k
= =3
\ k—1
V1 is the volume of the cylinder at any time and is determined according to equation (21):
V() =A, Xx(t) =A, xrx8 (21)
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Where, AF is the area of the piston and x(t) is the position of the piston at any given moment. As the piston passes through the
X8 position, the pressure change values are determined in terms of time from equation (22).
_ XB —ts " (22)
17 Mgy )
£: denotes the piston thickness and power n is related to the pressure changes according to the piston position and are calculated as
follows:
[op — 1] (23)
T

n=1+
Where, 90 is the ratio of static pressure inside the cylinder to the manifold pressure and @ is the ratio of pressure inside the cylinder
to the manifold pressure. The values of x (t) are determined by Newton's second law.

2 — — 24
d*x PyA,—PA,—F (24)
dt? M

Where, Py is the air pressure inside the cylinder which leads to the production of power, P, is the pressure of the cylinder on the
opposite side which is in the discharge course, F is the resistance force between the cylinder and the piston and is due to the force of
the rings and M is the mass of the piston. The mass of the rack gear and the mass equivalent to the rotating parts considered as
equivalent mass.

The results of this analysis are in accordance with the following graphs (Figs. 13, 14, 15).
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Fig. 13 Piston velocity variation in modeling
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Fig. 14 Cylinder pressure variation in modeling
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The power generated by the engine is equal to the product of the pressure inside the cylinder, the area of the piston and its velocity
and since instantaneous velocity and pressure are available, the instantaneous power generated by the engine can be extracted as
shown in Fig. 15.
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Fig. 15 Power generation in terms of displacement in modeling

According to the diagram of piston speed variation from engine modeling, the average engine round will be equal to 670 rpm.
According to the area below the power-displacement curve, and the known average round, the output power of the engine is set at
4700 watts and, due to the fact that the inlet valve is an open course and consequently the volume of inlet air to the cylinder and the
existence of a known average velocity, the flow rate will be equal to 360 liters per minute.

4-3. Schematic analysis of the engine

The schematic of the operation of the equipment used in the mechanism has been shown in the figure below (Fig. 16). In engine
operation, valves 14, 18, 32 and 33 are closed and valves 13, 17, 29 and 30 are open. As valve 10 is opened to activate the structure,
the fluid flow from the tank is directed to flowmeter 11 and the mechanical rotary valve of inlet 12 is directed as the inlet flow
divider. The position of the mechanical rotary valve determines the airflow to one of the two valves No. 13 or 17, which will
eventually lead to the movement of the actuator piston. The air on the other side of the cylinder chamber, due to the predetermined
timing of the engine in the outlet mechanical rotary valve No. 31 as an outlet divider through one of the two valves No. 29 or 30 is
discharged into the mechanical rotary valve and into the environment. As structure No. 16 is moved, the generated work is
transferred to generator No. 28 through gearbox No. 26 so that it can be used to measure the generation power. The output shaft
velocity can also be measured with an optical odometer No. 25. To determine the pressure-volume diagram and consequently
measure the internal power of the engine, a pressure sensor of piezoelectric type 21, encoder No. 24, data logger No. 22 and
processor No. 23 have been used and instantaneous changes in pressure inside the cylinder can also be seen through manometer No.
20. Valve No. 4 and compressor No. 1 can also be used for immediate discharge or possible charging of tanks.

Fig. 16 Schematic of the engine with the components

Copyrights @Kalahari Journals Vol.7 No.4 (April, 2022)
International Journal of Mechanical Engineering
1186



5. Extraction of Results and Experimental Analysis

The minimum starting pressure of the mechanism in real conditions was observed at an absolute pressure of 1.8 bar and considering
that in the calculations, the minimum pressure at the end of the piston course is considered at 2 bar therefore, this will confirm the
assumptions of mathematical and thermodynamic calculations.

The required flow rate was calculated according to the extracted relations to produce the maximum power according to the known
parameters of 350 liters per minute. But since this flow rate is less than this value and equal to 100 liters per minute for each of the
engine cylinders according to the routes and materials used in real conditions. Therefore, achieving a lower velocity than the
predicted velocity and also lower power than the desired limit has been possible. Fig. 17 shows the measurement of consumption
flow rate and average engine velocity.

Fig. 17 Engine speed and flow rate measurement equipment

After starting the engine, measuring equipment has been used in order to provide the possibility of testing and creating conditions
for data collection from the engine to achieve the result. In order to measure the internal work of the diagram obtained from the PV
diagram in this structure, a pressure sensor from the German company Kistler and model 6613CA has been used on the cylinder
head, a rotary encoder from Atonik Company of South Korea, model E50S8-3600-6- L-5 on the output shaft and a data logger to
record data to measure and record instantaneous pressure values, also, a generator has been installed in the engine output to be able
to measure the engine output power, which has been shown in Fig. 18. The internal work of the engine is equal to the enclosed
surface of the PV diagram. The product of the work obtained from the pressure-volume diagram in the number of engine revolutions
will indicate the internal power of a cylinder and since this engine is a two-cylinder engine the total power will be doubled, the
difference between the measuring power produced by the generator and the internal power indicates the power loss.

Dynanomet i

Fig. 18 Data measurement and recording equipment

In this situation, many experimental diagrams of pressure changes in terms of the output shaft angle at different pressures and cycles
have been obtained according to the available parameters, which are shown in Fig. 19 related diagrams.
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Fig. 19 An example of the recorded experimental diagram

According to the experimental diagrams extracted from the engine, by adapting a large number of graphs at the corresponding

pressures and operating speeds and using software, after smoothing and normalization, the final diagrams have been extracted based
on PO and PV.

At a pressure of 4.2 bar in the cylinder, the engine speed has reached an average of 135 rpm. By calculating the enclosed surface of
the curve, the amount of work obtained is equal to 221 joules per cycle of the output shaft for each cylinder. Therefore, the output
power of the engine will be equal to 495 watts. Generation power is transmitted through the semi-gear and rack mechanism from the
belt wheel mechanism installed on the engine output shaft to the gearbox. Finally, the output shaft of the gearbox will act as the
driver of the generator and finally 237 watts of electrical power became available.

Diagrams of pressure in terms of the rotation angle of the output shaft and pressure in terms of volume have been shown in Fig. 20
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Fig. 20-a Experimental P6 diagram
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Fig. 20-c Experimental PO diagram at different pressures

6. Simulations in software

the issue is examined using software to be able to examine the engine in different analytical situations. For this purpose, the
dynamic mesh method has been used to simulate the movement of the piston using Ansys Fluent software. for cylinder motion
mesh, layering method and for rotary valve mesh, remeshing method has been used. in selecting the model, the Inviscid assumption
is used, and the Coupled method is used in selecting the solution method, and Presto has been selected in order to solve the pressure
equations. The results of simulation at software have been shown in Figs. 21.
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Fig. 21-c cylinder pressure in software simulation
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7. Comparison of Extracted Results and Conclusions

A- The results obtained from the analysis of the diagrams of pressure cylinder from software simulation and experimental is
showing a large behavioral similarity in the extracted graph (Fig.22).
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Fig. 22 Rotation angle pressure variations in software simulation and experimental solution

B- The results obtained from the analysis of engine parts in software indicated that the area of thorns installed on the engine shaft
was one of the weakest areas and, in case of overloading, it will lead to failure, which in practice was observed that the shaft
reinforcement will be one of the most necessary cases (Fig. 23).

0.090 (m)

Fig. 23 The weakest shaft area in software and experimental

C- analysis of rotary valve diagrams from software simulation and design predicted diagrams indicate simulation accuracy with
acceptable error percentage (Fig 24).
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Fig. 24 The rotary valves diagram
D- The exergy available in the pressure range of 2 bar of the gauge to 5 bar will be equal to 27.34 kJ, while the energy obtained in

the experimental state was equal to 1.98 kJ. Therefore, the efficiency of the engine according to the ratio of these values equal to
7%..
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