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Abstract. This paper presents the friction loss model of a novel double chamber rotary sleeve
air compressor (DCRSC) concept. The compressor mechanism is similar to that of rotary
compressor whereby the novelty transpires in the instalment of two rotating sleeves and a
secured vane that has one end fixed to an outer sleeve and the other end to a rotor, respectively.
This Part Il of the paper series presents the friction losses analysis of the compressor.
Thermodynamic and leakage losses models were respectively presented in Part | and Part 111 of
this paper series. The primary aim of this paper is to formulate and analyse the friction loss
model at the radial and axial contact regions of DCRSC at different rotational speed. The
variations of the mechanical power and efficiency were evaluated based on the adiabatic,
polytropic and isothermal thermodynamic principles as illustrated in Part | of this paper series.
Considering the design simplicity of cylindrical shaped components, at maximum rotational
speed of 1500 rpm, the DCRSC mechanical efficiencies are 72.43%, 66.2% and 59% when air
undergoes adiabatic, polytropic and isothermal compression process, respectively. it is believed
that the DCRSC is well suited for compressed air systems and air-conditioning applications.
Keywords: sleeve compressor, double-chamber, friction losses, modeling, simulation.

Nomenclatures Subscripts
a Linear acceleration, m.s* b End plate bearing
e Inner sleeve offset distance from rotor center, c Compression
m d Discharge
F, Pressure force, N diff Due to pressure difference
I Second moment of inertia, Kg.m? f Friction
L Length, m ic Inner chamber
M Moment, N. m is Inner sleeve
m Mass, Kg in Inner surface of the inner sleeve
N Rotational Speed, rev.s* lo Lower bearing
P Pressure, bar mech Mechanical
pw Power, W oc Outer chamber
T Radius, m s Outer sleeve
R Contact force, N ou Outer surface of the inner sleeve
t Thickness, m p Due to pressure

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1


mailto:2haslinda@utm.my
mailto:4nazrikh@utm.my
mailto:5e-nrumzi@utm.my

Sustainable and Integrated Engineering International Conference 2019 (SIE 2019) IOP Publishing

IOP Conf. Series: Materials Science and Engineering 884 (2020) 012105 doi:10.1088/1757-899X/884/1/012105
Nomenclatures Subscripts

v Velocity, m.s’? T Rotor

w Work, J g Suction

r Torque,N.m tc Both chambers

M Coefficient of friction up Upper bearing

o Angular acceleration, rad. s* v Vane

w Angular velocity, rad. s* vel  Volumetric

d°  Assembly clearance gap, m adia Adiabatic compression process
B Rotor angle of rotation, rad poly Polytropic compression process
D Density, Kg. m™ isoth lsothermal compression process
7] Vane Angle to the inner sleeve center, rad theo  Theoretical results

n Efficiency

& Angle of the discharge groove, rad

1. Introduction

A class of compressors that operate on the positive-displacement principle and employ rotary motion
to transfer energy are described under the term rotary, which in short compresses gas [1, 2]. In general,
there are four main types of rotary compressors: rotary vane compressors, scroll compressors, screw
compressors and rolling piston rotary compressors that are used in a variety of applications.
Compared with other rotary types, the scroll type compressors show higher performance and smoother
operation, yet have complex structure and is difficult to manufacture [3-5].

It all started with the concept development of single-vane compressor which is featured with an
eccentric sleeve and two compression chambers [6]. The multi-vane rotary compressor was developed
by [7]. Then a study developed what’s called a vacuum rotary compressor [8]. In his compressor, a
reduction of frictional losses and wear were significantly highlighted whereby lighter materials were
used for the parts that undergone motion, which effectively decrease the friction force between the
cylinder wall and the vane tip. To moreover decrease the vane tip load, a research introduced the
concept of the multi-sliding vane compressor [9]. A dual sliding vane rotary compressor was
developed to increase the pressure ratio, however such improvement lead to high friction losses due to
the sliding vanes [10]. A numerical analysis of friction force and wear of rotary vane compressor was
conducted by [11] . Furthermore, a study investigated the friction force and the overcoming wear
between vane and rotor Surface [12]. A reduction of friction was achieved by reducing the speed of
rotation of the rotary vane compressor. The introduction of dual-chamber sliding vane rotary
compressor was implemented whereby more fluid quantity is charged and compressed with a better
mechanical efficiency than that of a single-chamber sliding vane rotary compressor [13].
Improvements methods have been implemented to increase the durability and efficiency of the rotary
compressor. For instant, the coating technology is used to decrease the friction losses to achieve higher
mechanical efficiency, leakage losses and lubricant studies to achieve higher cooling capacity, and
parametric studies for higher performance [14].

These rotary type compressors have higher efficiency and reliability, are also less subjected to
mechanical vibration and, for a given volumetric capacity, are usually smaller, light compacted than
their reciprocating compressor [15-17]. Various types of rotary compressors are able to perform well
in both automotive and residential applications, however, they still have lower efficiency when
compared to the scroll compressor. The critical factors affecting the overall efficiency of the rotary
compressors are mainly the friction and internal leakage losses. In most of the existing rotary vane
compressors, the sliding vane usually possesses high friction at high relative velocity which limits
their performance [18-20].

As reviewed by studies [21-24] , rotary types compressors are subjected to high friction when
running at a higher speed which in return bring out poorer and limited performance. The friction losses
are considered amongst the significant factors impacting rotary compressor performance. A new rotary
compressor (Two- sleeve rotary compressor) was introduced to minimize the friction losses amongst
other hinderances such as leakage losses [25]. Based on the sleeve rotating mechanism introduced by
the study [25], the double chamber rotating sleeve compressor was developed. The proposed double
chamber rotary sleeve compressor introduces non-sliding vanes and rotating sleeves concept, which
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minimizes the relative velocity between the rotating components and eliminate friction at the vane tip
thus improving the mechanical efficiency. The configurations and compression mechanism of the
DCRSC are detailed in Part | of this paper series [26].

2. Mathematical friction losses model of the DCRSC

As illustrated on Figure 1a, there are mainly three radial regions of friction in the double chamber
rotary sleeve compressor. The radial locations are, at the inner sleeve tip and vane contact, at the radial
contact between the inner sleeve and the rotor, and at the radial contact between the inner and outer
sleeves [26]. As shown in Figure 2b, there are mainly eight axial regions of friction in this compressor.
The axial contact regions contacts are, two regions at the vane ends on the two end plate bearings, two
regions at the inner sleeve path on the two end plate bearings, two regions at the outer sleeve ends on
the two end plate bearings, two regions at the rotor ends on the two end plate bearings. Since the
compressor is placed horizontally, axial contacts will have less friction when compared to the radial
contact due to gravity is perpendicular to the radial direction. Outer sleeve and rotor axial contacts
where not used on calculating the friction losses because they have bearing and lubrication on all of
the contact region and gravity is perpendicular to these regions so we expect minimum friction at these
regions and where ignored during the analysis. The working compression cycle for a complete
revolution is presented in Part | of this paper series [26].

| Outer sleeve-innersleeve | @b — W )

) ) Vane-Inner sleeve
Radial contact region

Radial contact region

Rotor-Inner sleeve

Radial contact region

End plates-Vane
Two axial contact regions

End plates-Inner sleeve

two axial contact regions |

Sy
End plates-Outer sleeve /"I, |
s -

two axial contact regions == ol End plates-Rotor

two axial contact regions
(b)
Figure 1. Friction contact regions of the DCRSC, (a) Radial contacts, (b) Axial contacts.

The air pressure inside the compression chambers were used in the friction loss model based on
the three thermodynamic compression principles as detailed in Part | of this paper series [26]. The
inner sleeve inertia force, contact and reaction forces are illustrated in Figure 2. In this analysis, it is
assumed that the pressure force due to the pressure difference between the outer chamber and the inner
chamber acts as a single dynamic force on the inner sleeve, since the rotating mechanism of the
compressor is entirely dependent on the sliding motion of the inner sleeve.
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Figure 2. Forces acting on the inner-sleeve of DCRSC.

From Figure 3, the force analysis begins by taking the moment about the centre of the inner sleeve
(equation 1), and the rotor centre (equation 1), and by taking the radial forces (equation 3) and
tangential forces (equation 4) acting on the inner sleeve.

(eg —cos f—pysin )] [Riso

. —,uf(ros—e) Ros.is — 7 -
XM, Cmte) X| g, _|= Uisois]
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—1 Lisp (1)
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B =sin! (isin[}).
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The analysis continues by taking all contact and frictional forces acting on the inner sleeve in the

radial and tangential directions as described in Equations (3) and (4). The force equation is derived
using the second law of Newton for a curvilinear motion and can be formulated as follows,
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The four unknown forces can be solved simultaneously using 4th order Runge-Kutta numerical
integration by a MATLAB program, combining all Equations (1) to (4) in matrix form. An iteration of

the angle B of rotation can be conducted to find the variation of all unknown forces for one complete
cycle.

(eg —cosB —pipsinB) —us(ros—€) —prte) 11 [Rey L
g “HrTos “HreTy 0 % Rosis _ l,o, = gEyp sin 0
—sin @ — pgcos 1 -1 0 Rpis | [mus(ays _r:'swizs)‘l’Fﬂp
cosf — p;sin @ —pp —pr 0 Lisp mys (15035 — 2v350) 1 (5)

Concerning Error! Reference source not found., all contact forces will generate friction power.
The friction power can be calculated using the following relations:

PM‘)}" = [(ﬂfRiS.Vh?V _Vis|)v + (Juf'Ris.osWos - Visl)os + (JufRis.rWr _VI'SDI. + (Ffﬂs.b(mis))b] (6)

The mechanical power of the DCRSC can be expressed as:
PWpeen = PW, + PW‘}- (7)

Where the compression power (PW) is the total hydraulic power of the inner chamber and outer
chamber required to compress the air. The compression power at adiabatic, polytropic and isothermal
compression process is presented in Part | of this paper series[26].

Nmech = (merc.fpwmecﬁ) X 100% (8)

3. Main results and discussion

The mathematical model has been used to theoretically predict the compressor mechanical
performance with the aid of computing effort. The theoretical analysis can be served as the tool for
parametric studies and optimization for a better compressor design. The DCRSC operation parameters
and main dimensions are detailed in Part I of this paper series.

3.1 Friction losses analysis: pressure and contact forces

Figure 3a ,3b and 4c show the variation of the air pressure forces acting on the inner sleeve for two
complete working cycles under adiabatic, polytropic and isothermal compression model, respectively.
The analysis of air pressure inside each chamber is presented in Part | of this paper series. As shown
in Figure 3, the pressure forces acting on the inner sleeve profile increases during compression and
reaches its peak value when the air starts to discharge for each perspective compression chamber.
Figure 3d, shows the total pressure difference acting on the inner sleeve, it can be seen the forces
acting on the inner sleeve changes direction based on what of the two compression chambers has the
higher pressure during the rotational cycle. From Figure 4d, the adiabatic compression process exerts
more pressure force on the inner sleeve and the isothermal compression process has smaller pressure
force due to the high-pressure ratio of the adiabatic compression.

6000

= Fp,ic.adiab Fp,oc.adiab Fp diff.adiab 1000 T Fpic.poly Fp.oc.poly Fp diffpoly
4000 -
z Z 2000 |
8 2000 + 8 v W
o
s < o 5
a 04 ? 0
o <
o Conditions: o Conditions:
Ts= Ts= 28415 K
2000 s=284.15K e
Ps=1bar 2000 - s=1 bar
Pd,adiab= 9.3 bar Pd,poly= 6.8 bar
N= N=1500 pm
4000 ‘ 1500 rpm ‘ ‘ P :
0 200 400 600 0 200 400 600
Rotational angle (deq) Rotational angle (deg)

(@) (b)



Sustainable and Integrated Engineering International Conference 2019 (SIE 2019) IOP Publishing

IOP Conf. Series: Materials Science and Engineering 884 (2020) 012105 doi:10.1088/1757-899X/884/1/012105
3000
r— Fp,ic.isoth Fp,oc.isoth Fp,diff.isoth 4000 - — prdiﬂ.adiab
Fp diffisoth
2000 | Fp,diff.poly
g v ¥ Y z 2000 ‘
2 1000 - 8
8 8
® < 0+
3 3
"] 4 3
o Conditions: o
Ts=28415K -2000 + Conditions:
-1000 Ps= 1 bar Ts=284.15K
Pd,isoth= 4.9 bar Ps=1 bar
N=
-2000 : N=1500 rpm ‘ 4000 1500 rpm
0 200 400 600 0
Rotational angle (deg) Rotational angle (deg)
(c) (d)

Figure 3. The profile of pressure forces acting on the inner sleeve for two rotational cycle due to (a)

adiabatic compression process, (b) polytropic compression process, (c) isothermal compression
process, (d) Overall pressure forces profile.

Figure 4 shows variation of the generated friction forces between the inner sleeve and each of the
vane, outer sleeve, rotor, end plate bearings during the two complete rotational cycles. During
compression stage, the inner sleeve and vane contact force average is about 1110 N which contributes
to 32.6% of the total generated friction forces, the inner sleeve and outer sleeve contact will generate
an average friction force of 695N or 20.4%of the total friction, the inner sleeve and rotor contact will
produce an average 1157N friction force which contributes highest percentage at 34% of the total
friction, while the inner sleeve and end plate bearings will only generate an average friction force of
442N or 13% of the total friction.as shown in figure 6d, the maximum generated friction forces will be

at its peak when the compressed air start to discharge from each of the inner and outer compression
chambers.
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Figure 4. The profile of friction forces during two rotational cycle for (a) adiabatic compression, (b)
polytropic compression, (c) isothermal compression, (d) Total friction forces.
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3.2 Mechanical power and efficiency

Figure 5 shows the mechanical power losses due to friction forces generated between the inner sleeve
and each of the vane, outer sleeve, rotor and end plate bearings at maximum rotational speed of 1500
rpm. The value of the dynamic coefficient of friction is assumed as 0.09. Experimental studies of
sliding stainless steel components show the dynamic coefficient of friction is around 0.05~0.09. The
friction power graph on figure 6d, shows a peak friction of 868 W at the end of the outer chamber
compression. Based on the current design[26], the inner chamber compression begins after 180° from
the beginning of the outer chamber compression, and since double compression chambers are acting
on the inner sleeve continuously, double chamber rotary air compressor frictional power is expected to
be lower than the friction power of a single acting compression chamber compressor.
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Figure 5. The profile of friction power during two rotational cycle for (a) adiabatic compression
process, (b) polytropic compression process, (¢) isothermal compression process, (d) Total friction
power.

Figure 6 shows the total friction power of the compressor at different rotational speed ranging from
500 to 1500 rpm. The figure indicates the increase of rotational speed will rapidly increase the friction
losses because the higher the rotational speed the lower metal to metal clearance and that leads to
higher friction.



Power (W)

Sustainable and Integrated Engineering International Conference 2019 (SIE 2019) IOP Publishing

IOP Conf. Series: Materials Science and Engineering 884 (2020) 012105 doi:10.1088/1757-899X/884/1/012105
/ﬂ— FPt.adiab at 1500 rpm
800 /1 FP.isoth at 1500 rpm
’ FPfpoly at 1500 rpm

==++= FPf adiab at 1000 rpm
= = FPf isoth at 1000 rpm
=«=FPf,poly at 1000 rpm
= = FPt,adiab at 500 rpm
——- FPyisoth at 500 rpm
—— - FPt,poly at 500 rpm

600

400 -

Conditions:

LN Ts=284.15K
- . Ps= 1 bar
= Pd adiab= 9.3 bar
,’

/ Pd,poly= 6.8 bar
Pd,isoth= 4.9 bar

Frictional power (Watt)

Rotational angle (deg)
Figure 6. DCRSC frictional power for various rotational angles at different rotational speed.

Figure 7 show the mechanical power and mechanical efficiency of the DCRSC at different
rotational speed. At maximum rotational speed of 1500 rpm, the compressor requires an input power
of 1876W, 1458W, 1157W to compress the air from 1 bar to 9.3 bar, 6.8 bar, 4.9 bar, respectively,
when the compressor undergoes adiabatic, polytopic and isothermal compression process. From figure
7b, the compressor mechanical efficiency is 71.3%, 66.2%, 59% when the rotational speed for
adiabatic, polytropic and isothermal compression process. The compressor will have the highest
mechanical efficiency when the air is compressed close to the ideal reversable adiabatic compression
process. Figure 7b shows the compressor will most likely undergo an isothermal compression at low
rotational speed up to 400 rpm where the friction is low and heat build-up is very low, however the
leakage flow rate will be higher at lower speed as presented in Part Il of this paper series [27].
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Figure 7. The variation of the mechanical power and efficiency of the DCRSC for the adiabatic,
polytropic and isothermal compression process at different rotational speed (a) mechanical power, (b)
mechanical efficiency.

4. Conclusion

In this paper, friction losses of a novel double-chamber rotary sleeve compressor have been
theoretically modelled and analysed. The compressor’s uniqueness is with the introduction of the two
eccentric sleeves and end fixed vane that create two different compression chambers. The preliminary
thermodynamic analysis of the DCRSC is presented in Part | of this paper series. The friction model
focuses mainly on the contact and pressure forces acting on the inner sleeve. It has been found the
metal to metal contacts between the inner sleeve and each of the vane, outer sleeve, rotor, end plate
bearings contribute to 32.6%, 20.4%, 34%, 12% of the total friction produced during compression,
respectively. For adiabatic, polytropic, isothermal compression process, the DCRSC has respectively a
mechanical efficiency of 72.43%, 66.2% and 59% at maximum rotational speed of 1500 rpm.
Although, the new compressor has effectively minimized the frictional loss at the vane which poses
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the highest friction on the existing rotary vane compressors, there is a room for further reduction of the
friction losses by increasing the assembly clearances at the contact points or surfaces, without
significantly affecting the volumetric efficiency of the compressor. For further improvement in the
efficiency of the proposed compressor, material selection and suitable assembly clearances need to be
studied with bearing in mind on the reduction of metal to metal contact and the implementation of a
good lubricating system.
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