Development of a rotary pneumatic transformer
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Pneumatic drives are widely used in industrial applications. As the energy demand of production systems
becomes more and more important, nowadays, many users favour a reduction of the general supply pressure to
save energy. Nevertheless, some applications afford compact and powerful drives. To serve these demands, an
energy efficient local pressure boosting is necessary. Today, linear pressure boosters based on double-piston
cylinders are used to fulfil this task. The paper proposes a novel concept based on pneumatic radial piston
motors. The new concept features a radial piston compressor, which is driven by a radial piston motor. The paper
shows simulation data as well as a validation by experimental investigations of a working model of the new
booster. Different configurations of the booster are examined for a range of driving pressures and pressure ratios.
The experimental results are compared to a standard pneumatic booster subsequently.
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1 Introduction

Pneumatic drives are used in a great variety of applications, especially in manufacturing and process
engineering. Since compressed air is an expensive form of energy, recent developments show a tendency to
lower the overall system pressure in compressed air systems. This improvement should lead to lower energy
consumption in the compressor while larger drives are needed to provide equivalent driving forces /1/. Despite
that, some applications require compact drives and, therefore, a higher driving pressure. To ensure the
applicability of these drives while maintaining the energy efficiency it is suitable to implement pressure boosters.

Current concepts for pressure boosters feature double piston linear transformers which have a very limited
efficiency. To enhance the efficiency of pneumatic transformers, the paper proposes a novel concept featuring
rotating units. The new transformer comprises of a pneumatic radial piston motor which drives a radial piston
compressor. Similar concepts using pumps and motors are well known by hydraulic systems /1-3/. These
hydraulic transformers are used, e.g., for energy recovery in mobile or stationary systems. Hydraulic
transformers are often built using axial piston machines. In these units, the separation between high and low
pressure and the valve function are realised using a valve plate. Due to the low viscosity of air, control using a
valve plate is not possible as the leakage through the gaps would cause very high losses which negatively impact
the efficiency of the booster. Therefore, an actuation using switching and check valves is proposed.

1.1 Standard Booster

Standard pneumatic boosters that are used in industrial applications today are designed as double piston
cylinders, as shown in figure 1. The double piston fulfils an alternating stroke from one side to the other. In each
cycle, one of the inner chambers is used for the compression of the output air. One driving chamber and the other
inner chamber work as driving chambers for the compression. The second driving chamber is exhausted to the
environment. The ratio between input and output mass flow as well as between input and output pressure is

defined by the ratio between the piston areas used for driving and compression, respectively. The switching
valve is actuated pneumatically which is not shown in the figure for readability.
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Figure 1: Working principle of a standard pneumatic booster

Most boosters offer the possibility to reduce the driving pressure in the driving chambers. Due to the force
equilibrium at the piston the output pressure is decreased. As the air in the outer driving chambers is exhausted
to the environment at the end of each cycle, a lower driving pressure in these chambers also increases the
efficiency of the booster because less air is filled into the chamber. Standard double piston boosters emit a lot of
noise due to the nearly undamped end stops of the piston. The efficiency of an exemplary piston booster is
examined in chapter 4 of the paper.

2 Novel booster concept

Figure 2 shows a schematic of the novel design. The booster consists of a pneumatic radial piston motor shown
on the left hand side and a radial piston compressor shown on the right.
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Figure 2: Working principle and p-V-diagram of the novel pressure booster concept

The transformer takes in air at supply pressure pg,, in order to compress it to a higher outlet pressure poy,. The

energy needed for the compression process is supplied by the pneumatic motor shown on the left side. Each
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piston is actuated by two switching valves. The compressor (right hand side) is controlled by two check valves
per cylinder connecting the chamber to the supply and outlet, respectively. For clarity reasons, the valves are
depicted for one cylinder of both motor and compressor only.

Additionally, the p-V-diagrams of the motor and compressor are shown in figure 2. Due to the actuation of the
motor by means of switching valves, an adjustment of the motor characteristics is possible. A variation of the
piston’s radial position at which the connection to the air supply is cut off influences the air mass fed to the
motor. Earlier switching off does not only lead to lower air consumption and therewith higher efficiency but also
reduces the mean driving torque of the motor and therewith the maximum output pressure of the compressor
which is directly proportional to the mean torque.

3 Simulation model

To establish the main influences on the efficiency of the novel pneumatic booster, a lumped parameter
simulation model was developed. The following pages present the mathematical description of the booster, its

implementation in the simulation environment and some sample results of the simulation study.

3.1 Mathematical description

To understand the working principle and the main influences on the exergy efficiency of the booster, a
mathematical description of the kinematics, thermodynamics and the effect of the dead volume attached to each
cylinder is of great importance. This description is shown in paragraphs 3.1.1 to 3.1.3.

3.1.1 Kinematic model

Figure 2 shows a schematic of one cylinder including the crank drive which converts the linear movement of the
piston into a rotational movement of the shaft. The conversion from rotational movement to linear movement is

mainly dependent on the push rod ratio A3 = lclrﬁdk, /4/

To

Figure 3: Geometry of one motor piston including valves, crank and rod

For 22 « 1 the piston stroke and velocity can be calculated using (1) and (2) respectively. As the rod ratio of the
radial piston motors examined in this study lies between 0.125 and 0.156, this assumption is valid.

1 1
S((P) = lcrank . [1 - COS((p) + Z ) /15 : (1 - C05(2<P)) @
. ds(p) _ds(ep) . 1 ) 2)
s(@) = dt = dg @ = lerank " @ Sln(q)) + E " A5+ sin(2¢)
The torque M ess produced by the pressure force Fg = Ap - Apisron can then be calculated using equation (3)
with y = arcsin (l"a“k * sin (p).
lrod

cos(90° — ¢ —y) 3)

Mpress = Frg - lcrank = T “Fg - lcrank

The rotational acceleration ¢ is then calculated from the conservation of angular momentum using equation (4)
with the sum of driving torque produced by the motor, load torque applied by the compressor and the torque
losses M, caused by friction.

n=npm n=npc )

]tot . (,0 = Z Mpress,i - Z Mpress,j - Mloss
i=1 Jj=1

3.1.2 Thermodynamic modeling

Equation (5) delivers the calculation of the pressure change in each cylinder chamber. The total pressure change
is calculated as the sum of the pressure change due to mass transfer into and out of the chamber p,;, the pressure
change pyy caused by heat exchange between air and cylinder walls and the pressure change py due to the
volume change of the cylinder chamber in the cause of the rotational movement. /5/

P = P + Pug + Py (5)

To examine the efficiency of the booster, the thermodynamic concept of exergy is used. Exergy describes the
ability to conduct work of different forms of energy. The exergy fed to a pneumatic system can be calculated
using equation (6). This includes the compressed air mass flow as well as the electrical energy fed e.g. to the
valves. /6/

AE;, = Amy;, - [(hair - hamb) - Tamb(sair - Samb)] + Wel,in (6)

T.. Dai
= Amair . [Cp,air . (Tair - Tamb) - Tair (Cp,air In (Talr ) —RIn (ﬂ))] + Wel,in
amb Pamb

As described in /7/, an analysis using exergy instead of energy is advantageous for pneumatic systems because
the influence of different losses on the overall efficiency can be quantified more easily. Additionally, effects that
have a small influence on the working ability of a system can be neglected during an optimisation of automation
systems.

The exergy efficiency is then defined according to equation (7) as the ratio between the output exergy AE,,; and
the input exergy AE;, over a certain period of time. The total energy consumed by the valves is around 6000 J
for one cycle shown in chapter 4. Due to its small amount in relation to the exergy contained in the compressed
air mass flow the electrical energy Wy, is neglected in the following.

_ AEout _ Amair,out . [(hair,out - hamb) - Tamb (sair,out - Samb)] (7)

Z = =
AE; Amair,in : [(hair,in - hamb) = Tamp (Sair,in - Samb)]

If an isothermal change of state is assumed, equation (7) can be simplified to equation (8). This assumption is

valid for the described booster if cooling the air to ambient temperature in the accumulator is taken into account.

p (Pout ®)
_ AEout _ Amalr,out In (pamb)

AE; AMyipin * In (pI:::b)

In the study, the exergy efficiency is calculated according to the definition presented in equation (8).

3.1.3 Influence of the dead volume

The dead volumes of compressor and motor have major influence on the maximum efficiency which can be
obtained by the booster. Therefore, a mathematical model of this influence is presented as follows.

Without consideration of leakage, the mass flow 1, fed to the booster can be calculated as the sum of the

theoretical input mass flows into motor and compressor according to equation (9).

N
)
]

—
g,
[a W
()
@)
o'
@)




11iF8

Msup = Min,theo,M + Mip theo,C ©)

As the motor cylinder chambers are completely exhausted at the end of each rotational cycle, the theoretical
input mass flow (without leakage losses) to the motor can be calculated by the chamber pressure at the inner
dead center (IDC).

min,theo,M =ZeylMm* (chl,M + Vdead,M) * PIDCM " Zeylm T (10)

To calculate the theoretical output mass flow, the density at output pressure is needed. Veomp,c describes the part
of the chamber volume which needs to be compressed to reach the output pressure. The dead volume Vgeaqc
influences the size of Vi ompc and therewith the efficiency of the booster. It is only filled with compressed air

once, since it is not exhausted to the environment.
mout,theo,c = Zeylc” (chI,C - Vcnmp,C) * Pout " Zcyl,c ' (1)

Equation (12) describes the calculation of the volume V., at which the output pressure is reached.

Transforming this equation delivers equation (13) for the compression volume Veomp, c-

psup _ ( Vp,out )n _ <chl,c + I/dead,l: - Vcomp,C>n (12)

Pout chl,C + Vdead,C chl,C + Vdead,C
1 (13)
D n
= Vcomp,C = (chl,C + Vdead,C) . (1 - (ﬂ) >
Pout

Inserting equation (13) in equation (11) leads to equation (14) for the theoretical output mass flow of the
compressor in dependence of the inverted pressure ratio Zsﬁ.

out

(14)

1 1
. Psup \n Psup \n
mout,theo,C = chl,C ) (ﬁ) + Vdead,C ) ((psup) - 1> * Pout " chl,C n
out

out

Figure 4 shows the influence of the compressor dead volume on the output mass flow for both isothermal
(n = 1) and isentropic (n = 1.4) compression. The dead volume has been normalised to the cylinder volume
whereas the output mass flow was normalised to the value which is reached with no dead volume for each
pressure ratio.
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Figure 4: Influence of the dead volume on the output mass flow of the compressor

It is obvious, that even a relatively small dead volume of only 10 % of the chamber volume reduces the output
mass flow and, therewith, the efficiency of the booster by more than 10 % for an isothermal compression with a
pressure ratio of 2.5. In the functional model presented in chapter 4, off-the-shelf-components were used. This
leads to a relatively large percentage of dead volume in comparison to the cylinder chamber volume. In case of

the small compressor with 22 mm piston diameter, the dead volume is nearly one quarter of the chamber volume.
In this case, the maximum output mass flow is reduced by up to one third.
3.2 Implementation

An excerpt of the simulation model implemented in DSHplus is shown in Figure 5. Both the motor and the
compressor are modelled using a combination of a pneumatic cylinder and a thrust crank.
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Figure 5: Excerpt of the simulation model in DSHplus

The torque delivered by the thrust cranks works as an input to a common shaft which comprises the inertia of the
booster. Additionally, velocity dependent friction is calculated in the model of the rotating mass. The rotational
position and velocity are then fed back to the thrust cranks where they are converted to the radial position and
velocity of the cylinders where the piston force and the chamber pressure are calculated. The specific cylinder
model used in the simulations does not include friction losses.

3.3 Simulation results
In the following, some sample results with high influence on the design of rotary pneumatic boosters are shown.
Results towards exergy efficiency are presented for different configurations that were analysed in the study.

3.3.1 Exergy efficiency

Different configurations of motor and compressor geometry were included in the research. In all variations a five
cylinder motor was implemented in combination with a three or five cylinder compressor. For both motor and
compressor, the piston diameter, the crank and rod length were varied on the basis of off-the-shelf pneumatic
radial piston motors. The piston diameter values considered here are 22 mm, 32 mm and 44 mm respectively.

Table 1 gives an overview over some simulation results for the exergy efficiency for a configuration comprising
of a five cylinder motor in combination with a three cylinder compressor with 32 mm piston diameter each.

Table 1: Exergy efficiency in dependence on the supply and output pressure

(five cylinder motor, three cylinder compressor, 32 mm piston diameter)

Pout
Psup 7 bar 8 bar 9 bar 10 bar
4 bar 51,5 % - - -
5 bar 56,8 % 40,4 % 36,6 % -
6 bar 71,1 % 65,0 % 52,8 % 39,8 %

The results show a maximum efficiency of over 70 %. In this case, only a small pressure ratio of 7/6 was
reached. For higher pressure ratio values, the efficiency is lower, yet an efficiency of more than 50 % is possible.
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Variation of the piston diameter shows an increase in efficiency for larger pistons due to the lower impact of
friction in comparison to the driving torque and especially to the lower losses caused by the dead volume. As the
dead volume stays constant for all variations, its percentage of the cylinder chamber volume is lower and,
therefore, a higher output mass flow can be realised.

4 Functional model

To validate the simulation results and to show the potential of the new transformer, a functional model was built.
The experimental setup, the functional model itself and some experimental results are shown in the following.

4.1 Experimental setup

Figure 6 shows a schematic of the test rig used to investigate the pneumatic booster. The high pressure air is
delivered into an accumulator with a volume of 5 1. To simulate pneumatic consumers, a valve downstream the
accumulator is connected to the environment. Therewith, air is released and the pressure inside the accumulator
decreases.

Figure 6: Schematic of the test rig

The test rig includes two mass flow sensors measuring the supply mass flow and the high pressure output mass
flow, respectively. Additionally, the pressures upstream and downstream the booster are measured.

The working model developed in the study is shown in figure 7. It consists of a 5 cylinder radial piston motor
(left) and a 3 piston radial piston compressor (right). To apply the standard radial piston motors, the cylinders
were modified. New cylinders were designed to ensure sealing of the chambers and check as well as switching
valves were implemented. The torque sensor between motor and compressor is used to define the rotational
position of the shaft and, therewith, the radial positions of the pistons.

Compressor

Switching
valves

Figure 7: Pneumatic transformer of novel design concept (5 cylinder motor, three cylinder compressor)

In addition to the working model shown in figure 7, a second version comprising of a three piston compressor
with a smaller piston diameter and a larger three piston motor was constructed and examined in the study. This
smaller configuration is suitable for applications with lower demand for high pressure air but is still able to
produce air at the same pressure ratio as the initial configuration.

4.2 Experimental results

4.2.1 Standard piston booster

Figure 8 shows sample experimental results for the exergy efficiency of a standard pneumatic booster in double
piston configuration. The set up used for the investigation equals the set up for the novel booster concept. The
absolute supply pressure was set to 5 bar. When the pressure inside the accumulator reaches 7.5 bar, the booster
is switched off and the volume is exhausted to the environment. At a pressure lower than 7 bar, the booster
restarts.
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Figure 8: Experimental results for exergy and pressure for a standard pressure booster

The input and output exergy shown in figure 8 leads to an exergy efficiency of 47 %. An overview over the
exergy efficiency obtained with the standard booster for different input pressure values as well as pressure ratios
is given in table 2.

Table 2: Resulting exergy efficiency for different supply pressures and pressure ratios
(standard double piston booster)

Supply pressure | Output pressure | Pressure ratio Exergy
efficiency

3.5 baryy, 5-5.5 bary 1.43-1.57 49.0 %

4 bar,, 6-6.5 bar,, 1.5-1.625 47.6 %

5 baryp, 7-7.5 bar s 1.4-1.5 46.6 %

5 bar, 7.5-8 bar,, 1.5-1.6 47.1 %

All values for the effiency lie within the range of 46 and 49 %.

4.2.2 Novel booster concept

First experimental results for a compression from a supply pressure of 5 bar,,, to an output pressure of
7 to 7.5 bary,s are shown in figure 9. Besides the pressure in the supply line and inside the high pressure
accumulator, the exergy fed to the booster and the output exergy are shown.
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Figure 9: Experimental results for exergy and pressure without optimisation of the valve switching points

(Five cylinder motor, three cylinder compressor)

To obtain these results, no optimisations of the actuation where put into action as the focus lies on the general
functionality of the working model. The air supply is switched off at a rotational position of 150 °. This leads to
a high driving torque and good dynamics of the booster. On the downside, the booster features a relatively poor
exergy efficiency of 30 %. To increase this efficiency, an optimisation of the switching position was executed.
The principle and results of this optimisation are described in depth in the following section.

4.2.3 Optimisation of switching positions

The variation of the switching points is depicted in figure 10. Without any optimisation, the air supply is
switched off at a radial position of the piston which is near to the IDC. This leads to a very high mean torque of
the motor but no expansion energy comprised in the air is used. Now, the switching point is moved closer to the
outer dead center (ODC). This leads to a much smaller amount of air fed to the cylinder chamber and, therewith,
a higher efficiency of the booster. On the downside, the maximum torque of the motor is reduced and the
maximum pressure ratio decreases as well.

Variation of the

\ : switching point

Piston Stroke

0 60 120 180 240 300 360
Rotational Position in °©

Figure 10: Variation of the switching point to reduce the input mass flow

The resulting values for the exergy supplied to the transformer and the exergy output to the accumulator are
shown in figure 11. It is obvious, that the exergy supplied to the booster is much lower than before optimisation
due to the lower mass flow into the booster. This leads to an exergy efficiency of 49.6 % which is increased
significantly with respect to the initial approach shown in figure 9.
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Figure 11: Experimental results for exergy and pressure after optimisation of the valve switching points

(Five cylinder motor, three cylinder compressor)

Depending on the geometry of both motor and compressor and on the pressure ratio needed in the application, an
optimisation of the switching point needs to be undertaken. In the study, the experimental investigation of the
exergy efficiency was carried out at 4 different supply pressure values and pressure ratios. An overview over the
results is given in table 3.

Table 3: Resulting exergy efficiency for different supply pressure and pressure ratio values
(Five cylinder motor, three cylinder compressor)

Supply pressure | Output pressure | Pressure ratio Min. angle at Exergy
switching off efficiency

3.5 baryy 5-5.5 baryy 1.43-1.57 240° 44.6 %

4 bar s 6-0.5 bary, 1.5-1.625 240° 453 %

5 baryps 7-7.5 bary, 1.4-1.5 225° 49.6 %

5 barys 7.5-8 bar,ps 1.5-1.6 240° 59.5%

The results show that the exergy efficiency of the novel booster lies in the range of 40-60 %. An increase of the
supply pressure leads to an efficiency increase. At a constant supply pressure, a higher pressure ratio also
improves the efficiency. These values are in the range of the values obtained using the standard booster. At a
supply pressure of 5 bar,,s and an output pressure between 7.5 and 8 bar,, the efficiency is better.

A smaller configuration, comprising of two three cylinder units with 32 mm piston diameter for the motor and
22 mm piston diameter for the compressor is also investigated. Exemplary results are shown in figure 12. In this
case, the air supply was switched of at an angle of 60° after the ODC of the piston movement.
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Figure 12: Experimental results for exergy and pressure after optimisation of the valve switching points

(Three cylinder motor, small three cylinder compressor)

The results show a slower increase of the pressure inside the accumulator due to the smaller compressor. The
exergy efficiency obtained here is 37.1 %. An overview over the experimental results is given in table 4.

Table 4: Resulting exergy efficiency for different supply pressure and pressure ratio values

(Three cylinder motor, small three cylinder compressor)

An additional approach to increasing the efficiency is the reduction of friction losses. The pressure ratio is
determined by the ratio between the driving torque and the load torque which comprises of the compressor
torque and the friction torque. The pistons of the functional model presented in the paper are sealed using o-rings
due to the available installation space. In the future, a more sophisticated sealing concept shall be designed and
implemented to reduce the necessary driving torque and therewith the input air mass.
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Supply pressure | Output pressure | Pressure ratio Min. angle at Exergy
switching off efficiency

3 baryp 5-5.5 baryy 1.43-1.57 270° 23.0 %

4 bar s 6-6.5 baryp, 1.5-1.625 240° 33.6%

5 baryps 7-7.5 baryps 1.4-1.5 240° 36.9 %

5 baryps 7.5-8 baryp, 1.5-1.6 240° 37.1 %

The overall efficiency of the smaller configuration is about 12 to 22 percentage points lower than the efficiency
obtained with the larger configuration. This is mainly caused by the larger percentage of dead volume in
comparison to the chamber volume. As the driving power of the smaller motor is lower, friction losses have a
larger influence on the overall efficiency which is revealed in the efficiency decrease with lower supply pressure.

5 Summary and Conclusion

The paper shows a novel concept of pneumatic pressure boosters based on radial piston units. The motor is
actuated by two fast switching valves per cylinder whereas the compressor is passively controlled by two check
valves. To identify the efficiency potential of the concept, a simulation study was conducted. Afterwards, a
working model was built and the exergy efficiency was measured.

The simulation results show exergy efficiency values up to 71 %. This large potential was verified in the
experimental study where exergy efficiency values up to 59 % were identified. The measurements show an
increase of efficiency with driving pressure as well as pressure ratio. It is shown that the larger configuration,
comprising of a five cylinder motor and a three cylinder compressor, has significantly better efficiency than the
smaller configuration comprising of two three cylinder units with different piston diameters.

A reduction of dead volumes leads to an increase in efficiency as the output mass flow is increased and the input
mass flow is reduced. In the functional model, a design using off-the-shelf components was implemented. This
approach leads to large dead volumes of up to 22 % of the smaller compressor’s cylinder chamber volume. Due
to this fact the efficiency of the small booster configuration is lower.

Nomenclature

Variable Description Unit
Cp,air Specific, isobaric heat capacity of air [J/kgK]
E.ir Exergy contained in the air mass [J]
Fg, Frg Pressure force / Pressure force in tangential direction [N]
Rambs Rair Specific enthalpy of air at ambient/current conditions [J/kg]
IDC, ODC Inner/outer dead center [°]
Leranko Lrod Crank/rod length [m]
M Torque [Nm]
Mair Air mass [ke]
n Polytropic coefficient [-]

n Rotational speed [1/s]
Pamb Psup» Pout  Ambient/supply/output pressure [bar]
R Specific gas constant of air [J/kgK]
s Piston stroke [m]
Samb» Sair Specific entropy of air at ambient/current conditions [J/kgK]
Tambs Tsups Tour ~ Ambient/supply/output temperature [K]
4 Volume [m?]
Weyin Electrical energy supplied to the system [J]
Zey) Number of cylinders [-]

4 Exergy efficiency [-]
As Push rod ratio [-]

p Density [kg/m?]
17 Rotational position [°]
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