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ABSTRACT

A new pneumatic motor is presented where the pneumatic to mechanical energy conversion is based on
double effect linear actuators. The parallel running cylinders are pneumatically coupled through intake,
transfer and exhaust valves which allow to combine constant pressure displacement work and
thermodynamic expansion work in order to reach an augmented energy efficiency. The linear motion of the
actuator assembly is transformed into a rotational movement through an original connecting-rod based
mechanism pushing and pulling lever-arms which are coupled to freewheeling clutch bearings. The paper
shows the different variable as forces, torque, power and produced mechanical work. The energetic
performance of the new engine is analysed, and finally, a small dimension demonstrator is presented.

Keywords: Compressed air motor; linear actuators; energy efficiency; clutch bearings; coupling
mechanism.

INTRODUCTION

Compressed air engines have been proposed in many contexts of use and in many different technologies.
Their main advantages are in the simplicity and reliability of the technology, and in the acquisition costs of
the equipments. Near standard industry applications in production of goods, handling or moving of objects,
another application field in the energy sector concerns compressed air energy storage where conversion
engines are used. Compressors are filling the storage reservoirs while in the recovery path expansion
turbines or motors are placed between the storage vessel itself and the electrical generation machine (1-4).
The classical compressed air machines go from rotary vane type to piston/crankshaft types, through gear
type or turbine type motors.

In general, these motors have a low energetic efficiency due to their principle of conversion where only
displacement work is produced in the machine (5-7). Recent developments in the field of pneumatic to
mechanical conversion allow to strongly increase the energetic performances of such machines. These
benefits are realised through the addition to the conversion principle of a second torque component resulting
from a real thermodynamic expansion inside of the active volume or in an added supplementary chamber of
larger dimensions (8-11).

Pneumatic drives for propulsion of vehicles have also been proposed with very different energetic
performances. Transformed machines initially running with internal combustion of fuel have been proposed
as zero-emissions vehicles, also dedicated architectures with increased efficiency (12-15). Previous work has
described an original compressed air engine where the conversion of the compressed air energy is realized
on the base of so-called PAMs, Pneumatic Artificial Muscles (16-18).

Instead of using a classical crankshaft for the coupling of the linear motion of the muscles to the rotation of
the shaft, an original architecture has been proposed where the artificial muscles are driving the shaft of the
engine with lever-arms which impose their sectorial rotation through freewheel clutch bearings (19-20). In a
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further study, the coupling mechanism has been transformed into a specific mechanism allowing the
coupling of both the pulling and the pushing effort of the actuator into a rotational movement (21).

This mechanism is re-used in the present studied engine. Instead of using a PAM as a primary actuator, the
present engine uses classical linear piston-cylinders in an original assembly allowing to reach an increased
energy efficiency (22, 11). Figure 1 illustrates the concept of the new engine.

The original assembly of the pneumatic actuator is based on the principle of combining displacement work
and thermodynamic expansion. This principle uses a central bidirectional cylinder where the filling of the
chambers is done with air at constant pressure. Then the air is expanded by a transfer from the central
cylinder into the chambers of two lateral cylinders running in parallel.
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Figure 1 Structural diagram of the engine
A Cylinder Assembly for an Actuator With Higher Efficiency

The principle of recovering the thermodynamic content of the pressurized air is applied to linear cylinders,
where in addition to the simple displacement work usually produced in a conventional cylinder, the air is
additionally expanded in a supplementary pneumatic chamber system, allowing to recover a significant part
of the injected enthalpy [11].

Operating Principle and Control

The pneumatic actuator of the present engine is an assembly of individual cylinders as represented in Fig. 1
and 2a. The chambers of the central cylinder are fed from the air reservoir under constant pressure. Then the
air is transferred into the chambers of the two other cylinders running in parallel. As represented in the
diagram of Fig. 2a, two intake valves Vin, and Viny are feeding alternately the pulling and pushing chambers
of the first cylinder. The transfer of the air from the first cylinder to the two others is controlled through the
two transfer valves Vtra. and Vtry.

Finally, after the expansion, the air at the final expansion pressure is released to the external atmosphere
through two exhaust valves, Vexh, and Vexh,. The sequences of operation are defined according to the
diagram of Fig. 2c. The simulation of the system is considering a simplified model where the two parallel
running cylinders are represented by one cylinder of the corresponding larger volume (Fig. 2b). In the
studied example, a central cylinder of 12mm diameter is chosen with two lateral ones of each 16mm
diameter. As a result, the volumetric expansion ratio is 3.55.

Page 553

www.rsisinternational.org


http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF LATEST TECHNOLOGY IN ENGINEERING,
MANAGEMENT & APPLIED SCIENCE (IJLTEMAS)

ISSN 2278-2540 | DOI: 10.51583/IJLTEMAS | Volume XV, Issue IX , September2026

Airin

(Y
=

[ e=——

=1

B

ON/OFF

a) b)
[ V1, | ntake [Transfer (Expand)] ntake | o
Cylinder 1 _ —
| W1, |Transfer {Expand]| niake [Transfer (Expand)| -
[~ W2, [Transfer (Expand)] Exhaust [Transfer (Expand)]
- " - -
Cylinder 2 —
| W2 | Exhaust |[rdna1rr {f :l::r]"I:]l Exhaust | -
Wing [ ]
N -
Valves —  Vin [ I -
ver, | | [ | o
Wexh, [ 1 -
| Vesdng | | [ [
o 180° 360 1807
c)

Figure 2 Principle of operation a) cylinder arrangement with control valves, b) equivalent of volumes, c)
Control diagram

The Pressure Variation during Expansion

The expansion of the air is supposed to be of the adiabatic type. This assumption is based on the fact that the
air flows rapidly and does not rest in the cylinders, with the consequence that the thermal transfer time is too
short. The resulting pressure P» in the chambers V2, (first half-cycle) and V2, (second half-cycle) and of the
feeding chambers Vipand respectively V1. takes the value of

4

\/
P,=R,| o—"— ithy = 1.4 1
i ) Vla,b +V2b,a v ( )

P>, V1ia, Vo respectively P2, Viv, V2a are system variables which change during the expansion phases in
dependency of the piston’s displacement during the first, respectively the second half period. For example,
V1a is decreasing during the “push” stroke, while V2 is increasing.

With the dimensions of the chosen cylinders of respectively 12 and 16 mm, the ideal volume ratio which
appears at the end of the stroke becomes
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Vo 1aDil4 0012 0 .
V, 2.1.zD72/4 2.0.016

Vi corresponds to the initial (maximum) value of the chambers of the central cylinder, and V¢ corresponds to
the final value of the sum of the feeding and of the expanding chambers of the two parallel running lateral
ones.

and the corresponding final pressure ratio becomes
P2/Pix=0.169 according to rel. (1).

In the real case, there is an asymmetry of expansions and forces between the right- and the left side of the
pistons in the cylinders. The asymmetry is due to the presence of the piston rod inside of one of the cylinder
chambers (at the pushing side) which reduces the pressure area. Table 2 shows the values of the parameters
of the chosen cylinders, their active surfaces in the of the push and pull motions, together with the length of
the strokes.

Cylinder Bore size | Pressure area (push) Pressure area (pull) | Stroke
type

MI12-50 12 mm 113 mm? 93.4 mm? 50 mm
MI16-50 16 mm 201 mm? 181 mm? 50 mm

Table 2 Parameters of the cylinders

The asymmetry of the pressure areas affects first the produced force caused by a given pressure, and second
it causes an asymmetry of the volumes, which further have their effect on the expansion ratio in the push and
pull modes. The volume Viamax at the pull side (right side) of the 12 mm cylinder is

Vi = - 7(Df —d?,/4=0.050-7-(0.012* —0.006%) / 4 = 4.24-10"°m’ (3)

rod

drod being the diameter of the piston rod (Figure 3)

A I
D1 l d rod
A4 I

Figure 3 Diameters of cylinder and piston rod

At the push side (left side) Vibmax 1S

Ve =|-7D?14=0.050-7-(0.012%)/ 4=5.65-10"m® (4)
For the 16 mm cylinder, the volumes are respectively V2amax and V2pmax

V,, . =1-7(D,>—d?,/4=0.050-7-(0.016° —0.006%) / 4 =8.63-10°m® (5)

Voo =l 7D 14=0.050-7-(0.016°) / 4=10.05-10"°m’ (6)

As a consequence, the volume and pressure ratios become
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Vi max _ 5.65-10 _ — 0327 9)
2V, .. 2-8.63-10
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—2 | _“bmx_ | —(2094 (10)
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Modeling the Complete Engine.

The produced mechanical work by the proposed system must be evaluated first as the effort produced by the
cylinder assembly and then as the torque transmitted to the engine’s shaft. The actuator assembly produces
pulling and pushing forces, as contributions of four main components namely the forces generated by the
intake pressure on the surfaces of the first piston and the forces generated by the expansion and exhaust
pressures on the surfaces of the first and second one. Additionally, the four force components must be
evaluated for the pull and push motion of the actuator. An analytic calculation of the sum of these eight
components is not realistic, due to the fact that the expansion pressure depends on the position of the pistons
which is imposed by the coupling mechanism and the angular position of the engine’s shaft. Thus, the
different variables are calculated by simulation of the complete system.

Structure of the Coupling

For the representation of the variables of the complete system, a mathematic description of the kinematics of
the coupling of the cylinder’s piston rods to the engine’s shaft is needed. Figure 1 has given a first view of
the coupling mechanism which uses short lever-arms driving freewheeling clutch bearings. The end
connection of the three pistons is maintained in line by a horizontal linear guide and is coupled to two
connecting rods (Figures 1 and 4). The positive force of the cylinder assembly (acting from the right to the
left in Figure 4) is pulling the upper lever-arm and produces a torque which acts anticlockwise on the engine
shaft. The clutch bearing of the lower lever-arm is freewheeling during this stroke. The negative force of the
cylinder assembly (acting from the left to the right in Figure 4) is pushing the lower lever-arm and acts on
the shaft with a torque in the same direction as the upper one during the previous stroke. The clutch bearing
of the upper lever-arm is freewheeling during this stroke. The positive and negative actions of the cylinder
assembly are defined over a limited angle during each half-period (limited oscillating angle of the lever-
arms), and are positioned with a 180° phase-shift, assuming no overlap of their active modes.

In the present application, the active rotation angle jact is a result of the defined cylinder stroke Al and the
radius of gyration of the lever-arms r: @act=2 * asin(Al/2r) as represented in Figure 4.

The radius of gyration of the lever-arms is chosen equal to the cylinder stroke, resulting to an oscillation
angle @act 0f 60°.

From the simulation curves of the torque (see next sections) one can see the dead zone existing in the torque
transmission. This intermittency can be corrected with multiple interventions triggered from an adapted
angular position sensor (see Figure 4b).

A view of the coupling from the realized experimental set-up is given in Figure 5.
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Figure 4 a) Scheme of the coupling mechanism, b) Different position sensors for the multiple torque
interventions.

Figure 5 Detail view of the coupling (experimental set-up)
Simulation of the System

The simulation of the system is realized with a tool where the different elements are represented as
functional blocks (Simulink). One period of rotation of the engine is simulated as a quasi-stationary
phenomenon, and with an imposed value of the angular velocity (»=6.28 rad/s). The coupling angles of the
clutch bearings are calculated from the running angle wt.

In the simulation program all elements are represented with functional blocs. Trigonometric, algebraic and
other classical analogic and logic functions are implemented directly.

Mathematical Description of the Lever-Arm Assembly

In Figure 6 the coupled cylinder assembly is represented with a connecting rod and a crankshaft used for the
illustrating of the lever-arm principle. The parameters are indicated as r;, the radius of gyration of the lever-
arm, /., the length of the connecting rod, and j the angle of rotation of the crankshaft. The position of the end
of the piston rod x is also indicated.

The relation between the position x of the pistons end and the rotation angle of the shaft is given through
Rel. (17). This relation is valid for the status of the engaged clutch bearings.
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x:r,(l—cosw)+%r|sin2go (11)

where the connecting rod ratio 1 is used and is defined as

i=n (12)

Figure 6 Diagram of the forces for the calculation of the torque and reactions

The torque on the crankshaft is given by Rel.13.

Mo = F -1, (13)

With the tangent force F; which is given by (14)

F =Fcos(z/2—-(fB+¢)) (14)

The force transmitted through the connecting rod Fj is calculated from the actuator’s force F}, and the angle
beta (15)

R (15)

"~ cosp

S

This angle is given by Rel. (16)

ﬁ:arcsin(li-simpJ (16)

cr

The power produced at the shaft’s level is also defined

P

mech

=M-w (17)

Simulation Results

The variables of the system as positions, forces, torques, power and transmitted energy are calculated for a
complete period of a system. First, the position of the linear actuator assembly’s end is calculated which is
defined by the angular position of the lever-arm when the clutch bearings are locked. The curves of Figure 7
are representing the variations of the different volumes of the active chambers of the cylinders. The upper
two curves represent the decreasing volume of the left chamber of the central cylinder, and the sum of the
two increasing volumes at the right sides of the lateral cylinders. This corresponds to a pulling action of the
assembly (right-to-the left action). The lower two curves represent the increasing and decreasing volumes of
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the opposite chambers which act in the pushing mode (left-to-the-right motion of the actuator). In these
representations the asymmetries of the volume variations can be well recognized.

x10®
20 T T T T T T T T T
)
E15F .
g
= 5 - -
2
0 . 1 : . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]
x10°
T T T T T T 1 T T
52}
E 1.5+ .
™~
2 1+ .
-
—_— 0-5 - -
<
0 L L L L L L 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Figure 7 Volumes of the cylinder chambers.

The resulting expansion pressures in the corresponding chambers are represented in Figure 8. For both
expansions, meaning in the first and second half-wave, the pressure at the beginning of the expansion
corresponds to the intake pressure, the pressure of the air drawn in the chambers of the central cylinder.
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Figure 8 Pressures in the expansion volumes

Figure 9 shows the effects of the pressures on the two sides of each cylinder, together with the resulting
force of the actuator in the first and second half-wave. The rising curve (blue, left) corresponds to the total
force of the central cylinder. It is the result of the sum of the constant positive force on the right side of the
central piston during intake and of the decreasing force on the left side of this piston due to the transfer of air
into the other two cylinders (expansion). The smaller decreasing force (left, yellow) is the total force exerted
by the two lateral cylinders. It is the result of the sum of the expansion force of the air on the right sides of
the two lateral pistons, minus the effect of the atmospheric pressure on the left sides of these pistons during
exhaust of the expanded air. The group of curves during the second half-wave shows the forces during the
return stroke of the actuator, and again show the asymmetries of the effects due to the presence of the piston
rods inside of the left chambers of the cylinders.
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Figure 9 Forces produced by the pistons

The upper curves of figure 10 show the effect of the different forces transmitted by the coupling mechanism
to the engine shaft. The blue curve is the resultant force of the actuator (Fp , Fig. 6), and the red curve is the
force transmitted by the connecting rod (Fs, Fig. 6). The yellow curve corresponds to the tangential force (Fy,
Fig. 6). The lower curve of Figure 10 represents the torque transmitted to the engine’s shaft.
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Figure 10 Forces of the coupling mechanism and resultant torque.

Finally, Figure 11 shows the power produced by the engine and the energy converted or the work produced
by the engine.
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Figure 11 Power produced by the engine and energy converted
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Energy Efficiency

To evaluate the energy efficiency of an air engine, the ratio of the mechanical work produced, Wou, to the
enthalpy, Hin, of the injected air is calculated (Rel. 18).

_ W § 18
nconv H ( )

n

The value of the produced mechanical work W, is obtained from the integration of the instantaneous power
Prech over one period of the engine’s cycle.

W,

out —

Pmech (t)dt ( 1 9)

[SY S——

From the simulation results given in Figure 11 the produced mechanical work over one period is equal to
Wout: 4807 J

Due to the asymmetry of the volumes of the cylinders, the enthalpy injected for one cycle must be calculated
in two steps, namely for the filling of the right (a) and left (b) chambers of the first cylinder.

For the enthalpy injected into the two chambers two terms remain to be evaluated, namely the internal
energy U and the transfer term PDV.

Hiy =U, + By Ny, +U + B, - AV, (20)
Air transfer

P-V,=4-10°N/m?-4.24.10°m* =1.696J (21)
PV, =4-10°N/m?.5.65-10°m° = 2.26J (22)
The volumes of the right and left chambers being

V,, =1-7(D?-d?,/4=0.050-7-(0.012° -0.006%) / 4 = 4.24.10°m° (23)

rod
V,, =1-7D}?/4=0.050-7-(0.012°)/ 4=5.65-10"m° (24)
Internal energies

The internal energies U, and U of the injected compressed air are calculated as

u,-p -Vla(ln%—l+ %) _1.696J(0.636) =1.079] (25)
1

U, = Pl-Vlb(In%—1+%) =2.26J(0.636) =1.43J (26)
a 1
They correspond to an isothermal expansion from a pressure P; to an atmospheric environment (Ref. [1]).

The efficiency calculated over a period of 360° comprising a right-to-the-left and left-to-the right motion of
the piston assembly becomes
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~ W ~ 4.807J 4.807J
PV, +U, +P-V, +U, 1.69J+1.079]+2.26J+143) 6.46]

n =0.744

Experimental Set-up

Figure 12 shows the realized experimental set-up with the original cylinder assembly and the control valves
(left). At the right side of the picture the coupling mechanism can be seen.

On the front side of the engine shaft the flywheel disc is mounted, and at the rear side the angular position
sensor is visible which is realised with a rotating piece with sectors made of electromagnetic material and a
proximity sensor (see also Figure 4b).

Figure 12 Experimental set-up

Measurements on the experimental set-up

Figure 13 shows the values of the measured pressures during a filling stroke (constant pressure) in the
central cylinder followed by an expansion into the two lateral cylinders. This measurement shows a specific
effect of the existing dead volumes in the path of air transfer between cylinders, due to tubing and valves.
When the central cylinder is filled at a pressure P1, the expansion phenomenon begins not at that value, but
at a pressure P1’. The change from P; to P;’ is due to the transfer of air into the dead volume, causing a pre-
expansion [23]. This effect is particularly marked for a system with small cylinders, what is the case of the
realized demonstrator.

Figure 13 Pressure in the cylinders during filling and expansion (1*10° N/m? per division).
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Additionally, the friction of the pistons in the cylinders would be a second source of deviation from the
theorical values in terms of efficiency. Especially for small cylinders, when the friction force of the piston is
proportional to the diameter and the pressure force proportional to the square of the diameter.

Under these conditions, any measurement of torque, power and mechanical work cannot be used for a
practical verification of the simulated performances. Such measurements should be made for a demonstrator
of larger dimensions.

The realized small demonstrator could however be considered as a good proof of concept.

CONCLUSIONS

A new compressed air engine has been presented and analysed. The forces developed by a dedicated
cylinder assembly have been established by simulation, as also the torque transmitted to the engine’s shatft.
Produced power and mechanical work, together with the injected enthalpy have allowed to calculate the
energetic performance of the motor. The well augmented energy efficiency is the result of the concept of
combining constant pressure displacement work with real thermodynamic expansion energy inside of the
cylinder assembly.

A comparison of the efficiency obtained with previously investigated systems (ref. 8-11) show that similar
values are obtained with the new concept. The relatively high value of more than 0.7 is mainly due to the
addition of an expansion process of the injected air. The coupling mechanism plays only a minor role,
because of all elements of the coupling are not affected by significant losses. These losses can be evaluated
as a small part only of the added expansion energy.

The use of double effect single rod pneumatic cylinders has the disadvantage of presenting different pressure
areas at the push and pull sides of the pistons in the cylinders, leading to asymmetries as well in the linear
forces as in the produced torque of the engine.

The operating principle of the cylinder assembly and of the original coupling mechanism have bee verified
with a small experimental set-up.
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