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ABSTRACT A novel self-air-cooling reciprocating compressor (SACRC) is proposed, which can cool
itself when it is working without adding any auxiliary equipment. The suction and discharge valve model
are established considering thermodynamic and kinematics properties. The thermodynamic models of
compressor and cooling system are respectively established considering their compressibility and heat
exchange. The model of SACRC is finally achieved on the basis of building its energy network and it is
verified by good curve-fitting between simulation and experiment at different conditions, which improves
the compressor thermodynamic model theory. The results of characteristic analysis and comparative research
show that the cooling system can obviously reduce the cylinder temperature and improve the volumetric
efficiency, which makes it possible for compressor to realize high pressure and microminiaturization.

INDEX TERMS Thermodynamic model, self-air-cooling, compressor, characteristic analysis, comparative
research.

I. INTRODUCTION
Reciprocating compressor, as a common equipment in indus-
try, plays a huge role because of its high pressure, compact
structure and clean energy [1], [2]. Due to the large amount
of heat generated in the compression process, the efficiency
of high pressure reciprocating compressor without cooling
system is only around 20%, which is quite low compared
with electrical or mechanical efficiency [3]. As an efficient
cooling method, the liquid-cool [4]–[6] and air-cool [7], [8]
are widely applied to cool the cylinder or inter-stage gas,
which can even achieve isothermal compression. But they
usually need additional auxiliary equipment and consume
even more energy than compression. Through improving the
structure, the liquid piston [9] and finned [2] reciprocating
compressor are put forward and applied in the low-pressure
situation. This paper proposes a self-air-cooling reciprocating
compressor (SACRC), which can cool the cylinder through
airflow produced by itself without any auxiliary equipment.
It does not need additional energy consumption and the vol-
ume and weight may be reduced. So, the thermodynamic
analysis becomes the key to further improve its performance.
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The thermodynamic model of reciprocating compressor
is firstly established by Costagliola and Great Neck in
1950 [10]. However, the research process was relatively slow
due to underdeveloped computer technology. Since 1972,
the international conference on compressor engineering held
by Purdue University published a lot of high-level papers,
which became the research direction of compressor industry.
At present, the modeling methods of reciprocating compres-
sor mainly consist of the polytropic equation based on Van
der Wals [11], [12], the first thermodynamic law [13], com-
putational fluid dynamics model [14], [15] and the second
theorem of thermal dynamics [16], [17].

The mathematical model of compressor based on the first
thermodynamic law can intuitively describe the thermody-
namic process in the sight of energy conservation. Soedel
W and Hamilton J.F firstly built the thermodynamic model
of the reciprocating compressor [18], [19]. Prakash R and
Todescat added the heat transfer between gas and cylinder
into this model [20], [21]. Giovanni studied the performance
and stability of the compressor heat transfer [22]. Wang J
built the thermodynamic model including of gas leakage and
unstable heat transfer, which regarded the compressor as a
variable mass system [23]. Mahmood and Amir built the
thermodynamic model of real gas and studied the effects of
angular velocity, pressure ratio and clearance on compressor
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FIGURE 1. Mechanism of SACRC.

efficiency [24], [25]. Although the simulation data could
agree well with the experiment, they are established based
on their own special conditions. As the cooling system is
integrated into the compressor, the thermodynamic model of
SACRC is far more complex than traditional reciprocating
compressor (TRC) without cooling system. In order to study
the cooling characteristics of SACRC, the thermodynamic
model of SACRC is achieved through establishing the model
of each component and their energy transfer network and it
is verified by experiment under different conditions. On this
basis, its thermodynamic characteristic is studied through
analysis and comparison.

II. WORKING PRINCIPLE OF SACRC
The mechanism of SACRC is shown in Fig.1. The cooling
system is composed of air passage and rod cavity. The spiral
groove is machined on the cylinder outer wall (Fig.1-a),
which forms air passage with shell (Figure 1-b). The rod
cavity is closed by sealing ring, which is connected to the air
passage (Fig.1-b). When the piston moves along the direction
of arrow (Fig.1-b), the gas in rodless cavity is compressed and
exhausted through discharge valve and the air flows into rod
cavity through spiral groove and air inlet. The compressed gas
may be air, natural gas or nitrogen, while the air in rod cavity
is from atmosphere. As the equivalent diameter of rod cavity
is much larger than spiral groove, the air is always turbulent in
passage, which increases the forced convection heat transfer
coefficient. The cylinder is heated by compressed gas and its
temperature is always higher than the air in spiral groove.
So, the cylinder is cooled and the heat of the compressed gas

FIGURE 2. Energy transfer network.

is dissipated quickly, which can increase the mass flow rate of
the exhaust and improve the compressor’s efficiency. When
the piston moves along the opposite direction of arrow, the air
in the rod cavity is discharged through spiral groove and it can
also cool the cylinder, which can improve suction quality. The
rod cavity is fully applied to cool the cylinder and the rodless
cavity is applied to output high pressure gas. So, the SACRC
can realize self-cooling and improve its efficiency.

III. MATHEMATICAL MODEL
The SACRC is mainly composed of drive unit, rodless cavity,
rod cavity, spiral groove and cylinder. The energy transfer
network among components is shown in Fig.2. The P, T , U ,
V , h and m respectively are pressure, temperature, internal
energy, volume, enthalpy and mass. The subscripts l, r, g and
a respectively are rodless cavity, rod cavity, spiral groove
and atmosphere. The relationships among U , h, T are as
follows [26].

U = mcvT (1)

h = cpT (2)

cp = (28.15+ 1.967× 10−3 × T + 4.801× 10−6 × T 2

−1.966× 10−9 × T 3)/M0 (3)

cv = cp − r0 (4)

where cp is the constant pressure specific heat, cv is the
constant volume specific heat, r0 is the gas constant.

The mathematical models of each component are respec-
tively established and the system model can be achieved
according to the mass and energy transmission and conver-
sion among them.

A. DRIVE UNIT
The piston moves back and forth along sine curve driven by
crankshaft or swash plate. The stroke of piston l is

l =
lp
2
+
lp
2
sin(2π ft) (5)

where lp and f respectively are the motion amplitude and
frequency of piston.

When SACRC works, the volume of the rod and rodless
cavity respectively are Vr and Vl . The relationships among
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FIGURE 3. Mass flow parameters.

P, V , T and m satisfy the differential equation of gas state
(Eq.8).

Vl = lπd2/4+ V0 (6)

Vr = π (lp − l)(d2 − d2r )/4+ Vr0 (7)
dP
dt
=

1
V
(r0T

dm
dt
+ r0m

dT
dt
− P

dV
dt

) (8)

where V0 is the clearance volume of rodless cylinder, d is
inner diameter of cylinder, Vr0 is the clearance volume of rod
cylinder, dr is piston rod diameter.

B. CHECK VALVE
The check valve is used for the suction and discharge valves
to ensure one-way flow of gas. When the gas pressure is
higher than the opening pressure of valve, the valve core
moves under the action of aerodynamic force. The gas mass
flow is determined by the opening of valve core. Therefore,
the model should include differential equations of gas flow
rate and valve core spool movement

When the check valve is open, the gas begins to flow with
varying thermodynamic properties. The following assump-
tions should be made.

1) When the gas flows through valve port, its ther-
modynamic parameters remain uniform in any transient
procedures.

2) The damping force and pressure pulsation of gas are
both ignored.

3) The valve port is regarded as a small hole in the effective
flow cross section.

The mass flow
•
m through valve is shown in Eq.9 [27].

•
m = ACmCq

Pup√
Tup

(9)

where A is the effective orifice area of valve, Cm is the flow
parameter, Cq is the flow coefficient, Pup is the upstream
pressure and Tup is the upstream temperature (Fig.3).

When the suction valve opens, the gas source is upstream
and rodless cavity is downstream. When the discharge valve
opens, the rodless cavity is upstream and the gas bottle is
downstream.

The reed and poppet valve are respectively regarded as suc-
tion and discharge valve. When their openings respectively
are xs and xe, the effective orifice area As and Ae are shown
in Eq.10 [28] and Eq.11 [27].

As = πdsxs (10)

FIGURE 4. Valve parameters.

FIGURE 5. Equivalent model of reed valve.

Ae = πxe sinαe(de − xe sinαe cosαe) (11)

The valve parameters are shown in Fig.4.
The mass flow parameter Cm can be written as

follows [27].

Cm =



√
2γ

r0(γ − 1)

√
(
Pdn
Pup

)
2
γ − (

Pdn
Pup

)
γ+1
γ

Pdn
Pup

> Pcr (Subsonic)√
2γ

r0(γ + 1)
(

2
γ + 1

)
1

(γ−1)

Pdn
Pup
≤ Pcr (Sonic)

(12)

where γ = cp/cv is the specific heat ratio, Pcr is the critical
pressure ratio, Pdn is the downstream pressure (Fig.3).
The reed valve is a single freedom system with one end

fixed and one end free. It can be equivalent to a spring-mass-
damper system of single freedom (Fig.5). The poppet valve
is also a single freedom. So, the motion differential equation
is

meq
••
x +ceq

•
x+keqx = F − F0 (13)

where meq, ceq, keq, F and F0 respectively are equivalent
mass, damping coefficient, stiffness, aerodynamic force and
pre-pressure of valve.

When the reed valve opens, the deflection is inconformity
in different positions. The distributed mass system is simpli-
fied as a single degree of freedom system based on the energy
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conservation [29].

mseq =
33
140

ρsbsδsls (14)

where ρs, bs, δs, ls respectively are the density, width, thick-
ness and length of reed valve.

The reed valve is regarded as a single degree of free-
dom cantilever beam. The equivalent stiffness is shown in
Eq.15 [29].

kseq =
Esbsδ3s
l3s

(15)

where Es is the elasticity modulus of reed valve.
The aerodynamic force acting on the valve core F is

F = A(Pup − Pdn) (16)

The rod and rodless cavity are both variable volume and the
gases in them satisfy the first law of thermodynamics, mass
conservation equation and gas state equation.

According to the first law of thermodynamics, the gas
thermodynamic energy conservation equation is shown in
Eq.17.

dU
dt
=

dQ
dt
−

dW
dt
+
••
mshs −

•
mehe (17)

dW
dt
= P

dV
dt

(18)

where Q is the heat exchange between gas and cylinder, W
is the work of piston, ms, hs respectively are the mass and
enthalpy of the gas entering cavity, me, he respectively are
the mass and enthalpy of the gas discharged from cavity.

Q = HS1T (19)

where H , S and 1T respectively are the coefficient of con-
vection heat transfer, heat convection area and temperature
difference between cylinder and gas.

The convection heat transfer coefficient between cylinder
and gas in rod and rodless cavity is shown in Eq.20 [24].

H = 3.26d−0.2P0.8T−0.55(2.28v)0.8 (20)

where v is the average speed of piston.

v = 0.637× 2πfl (21)

C. SPIRAL GROOVE
When the piston moves, the air can flow into or out of
the rod cavity through spiral groove. The mass and energy
exchange exist between spiral groove and rod cavity, spiral
groove and atmosphere. As the equivalent hydraulic diameter
of spiral groove is far less than rod cavity, the flow rate
of air in spiral groove is high and the flow resistance isn’t
ignored. So, the spiral groove can be equal to a chamber with
compressibility and heat exchange.

The air in spiral groove meets the first law of thermody-
namics, mass conservation equation and gas state equation.
As the volume is fixed, P dV

dt is 0.

dUg

dt
=

dQgc

dt
+
••
msghsg −

•
megheg (22)

where Qgc is the heat exchange between cylinder and air in
spiral groove, msg and hsg are the mass and enthalpy of the
air entering spiral groove from atmosphere and rod cavity,
meg and heg are the mass and enthalpy of the air discharged
from spiral groove.

Qgc = cgHgcπdglg(Tc − Tg) (23)

where Hgc is the convective exchange coefficient between
cylinder and air in spiral groove, dg, lg respectively are the
equivalent diameter and length of spiral groove.

The helical tube correction factor cg is [30]

cg = 1+ 3.54
dg
dc

(24)

Hgc =
Nuλg
dg

(25)

where λg,Nu are respectively the heat conductivity coeffi-
cient and Nusselt number of the air in the spiral groove.

When the air pressure is between 100Pa and 1Mpa, λs is
only related to temperature [26].

λg = λ0(
Tg

273.15
)0.8 (26)

where λ0 = 2.44 × 10−2W/m.K is the air heat conductivity
coefficient at 273.15K.

When the air is respectively in laminar flow, transition and
turbulence, Nu are shown in Eq.27 [26].

Nulam = 1.86(Re • Pr)2(
µ0

µg
)0.14

Re < 80
dg
1
(laminar flow)

1
2
[(1− kNu)Nulam + (1+ kNu)Nutur]

80
dg
1
< Re < 4160(

dg
1
)0.85(transition)

Nutur = 0.027Re0.8
1/3
Pr(

µ0

µg
)0.14

Re > 4160(
dg
1
)0.85(turbulence)

(27)

kNu = tanh(8
Re− 80 dg

1

4160( dg
1
)0.85 − 80 dg

1

− 4) (28)

whereµg is the air dynamic viscosity,1 = 45µm is absolute
roughness of the spiral groove, Re is Reynolds number, Pr is
Prandtl number.

The mass flow can also be calculated by Eq.9. Considering
the friction in the spiral groove, the equivalent flow coeffi-
cient is

Cqg =

√
dg
lgfg

(29)
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FIGURE 6. SACRC testbed.

The fg depends on the Reynolds number Re [26].

fg =
64
Re
Re < 80

dg
1
(laminar flow)

1√
fg
= −2 lg(

1

3.7dg
+

2.51

Re
√
fg
)

80
ds
1
< Re < 4160(

dg
1
)0.85(transition)

fg =
1

[2 lg( dg21 )+ 1.74]2

Re > 4160(
dg
1
)0.85(turbulence)

(30)

Re =
4
∣∣ dm
dt

∣∣
πµds

(31)

D. CYLINDER
The cylinder temperature is changed by heat exchange.

Qlc + Qrc + Qgc = Ccmc1Tc (32)

where Cc = 480 J/kg.K is the average specific heat capacity
of cylinder when its material is steel, mc is the cylinder mass,
1Tc is the cylinder temperature change.

IV. EXPERIMENT RESEARCH
A. EXPERIMENT TESTBED
The SACRC testbed is shown in Fig.6, which is composed
of controller, motor, leading screw, piston, cylinder, pressure
sensor, temperature sensor, relief valve and data acquisition.
The motor drives the piston along the sine through leading
screw. Smaq USB-3110, as a data acquisition, is used to
collect pressure and temperature by sensor and its sampling
period is 10ms. The pressure sensor1, temperature sensor1,

TABLE 1. parameters of SENSOR.

pressure sensor2 and temperature sensor2 are respectively
applied to test the pressure and temperature of gas in the
rod and rodless cavity (Fig.6-a). The parameters of sensors
are shown in Table.1. The piston motion frequency can be
adjusted through controlling the speed of motor. The output
pressure is regulated by relief valve.

The speed of motor can be adjusted by controller. The lead
of leading screw is 5mm and the stroke of piston is 60mm.
When the frequency of the compressor is 0.5Hz, 1Hz and
2Hz, the motor speed can be set 720r/min, 1440r/min and
2880r/min. The relief valve is used to adjust the pressure
ratios. When pressure ratios respectively are 3, 6 and 9,
the discharge pressure of relief valve is set 3bar, 6bar and
9bar.

B. MODEL VERIFICATION
When the compressor works at 0.5Hz for 50 seconds and
the pressure ratios respectively are 3, 6 and 9, the gas per-
formances of rod and rodless cavity at the last cycle are
shown in Fig.7. The pressure curves of simulation fit very
well with the experiment at different pressure ratios. As the
leakage is ignored, the pressure and temperature of gas in
experiment are always lower than simulation. As the response
of temperature sensor is low, the test value is always lower
than the real value. So, the fitting of temperature curve is
worse than pressure. When the pressure difference of valve
on both sides is higher than opening pressure, the rodless
cavity begins to inhale or discharge. The check valve mainly
affects the minimum and maximum pressure of gas in the
rodless cavity especially at a larger pressure ratio (Fig.7-a)
and the gas temperature also varies greatly in the suction and
discharge (Fig.7-b). Therefore, the check valve model has
an important impact on the thermodynamic characteristic of
compressor especially at high pressure ratio. The temperature
and pressure of air in the rod cavity don’t fluctuate much in
one period (Fig.7-c, Fig.7-d). Due to the more heat can be
produced at high pressure ratio, it is transferred to the air in
spiral groove and rod cavity (Fig.7-d).

When the compressor works at pressure ratio 6 for
30 cycles and the driving frequencies respectively are 0.5Hz,
1Hz and 2Hz, the performance of gas for the 30th cycle
in rodless and rod cavity are shown in Figure 8. The pres-
sure and temperature curves of simulation fit very well with
the experiment at different frequencies. As the velocity and
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FIGURE 7. Gas performance at different pressure ratios.

FIGURE 8. Gas performance at different frequencies.

flow resistance of gas are related to frequency, the check
valve increases pressure and temperature especially at high

frequency (Fig.8-a, Fig.8-b). When the compressor works at
high frequency, the more heat is produced and temperature
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FIGURE 9. SACRC’s characteristics in one cycle.

difference in one cycle is larger (Fig.8-b). Although themove-
ment performance of valve core is affected at different fre-
quencies, once the pressure ratio is determined, the pressure
and temperature change little in a cycle. As the air flows
into or out of rod cavity through the slender spiral groove,
the pressure of rod cavity is closely related to the frequency.
When the compressor works at high frequency, the air in
spiral groove flows faster. So, the air pressure and temperature
difference in rod cavity are both larger in one cycle because
of higher flow resistance and heat transfer (Fig.8-c, Fig.8-d).

V. CHARACTERISTIC ANALYSIS
According to the working principle of the SACRC, themathe-
matical model is established and its differential equations are
solved by Runge-Kutta method. When the stroke of piston is
60mm, the transient characteristics in one cycle are achieved
(Fig.9). The rodless cavity is used to compress gas and it goes
through four stages of expansion, suction, compression and
discharge in one cycle. The red broken lines in this figure are
the boundaries between two stages. The rod cavity and spiral
groove are used to cool the cylinder and there is no boundary
between expansion and suction, compression and discharge.
The dotted purple lines in the figure are the boundary between
two stages.

The working process is described according to four stages
of rodless cavity.

1) Gas characteristics of rodless cavity in expansion
The suction valve is closed (Fig.9-a). The pressure gradu-

ally decreases (Fig.9-b) and the temperature decreases first

and then increases gradually (Fig.9-c). The expansion can
consume heat and lower gas temperature. The heat flow
rate from cylinder to gas gradually increases because the
piston speeds up and the heat exchange coefficient increases
(Fig.9-d). So, the heat absorbed from cylinder becomes grad-
ually higher.When the amount of heat absorbed from cylinder
is higher than consumed by expansion, the gas temperature
starts to rise.

2) Gas characteristics of rodless cavity in suction
The opening of suction valve first increases and then

decreases (Fig.9-a). Due to the inertia, the suction valve
closes after reverse motion of piston. The pressure decreases
first and then increases, but its change is little (Fig.9-b).
Although the flow resistance is related to valve opening,
it is not important at low flow. The temperature gradually
increases, but its amplitude is not big. The heat flow rate is
small (Fig.9-d). Because the temperature difference between
gas and cylinder, pressure and flow rate of gas are all low.

3) Gas characteristics of cooling system in discharge
When the rodless cavity is in expansion and suction,

the cooling system is in discharge. The pressure of air in
rod cavity and spiral groove first increase and then decrease
(Fig.9-b). The pressure is mainly related to the flow resistance
that depends on the piston velocity. The air in rod cavity
flows out through the spiral groove. So, the pressure of air
in rod cavity is always higher than spiral groove (Fig.9-b).
The temperature of air in rod cavity and spiral groove both
fluctuate up and down around the cylinder (Fig.9-c), but its
amplitude change of spiral groove is much larger than rod
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FIGURE 10. Performance of compressor at different pressure ratios.

cavity. This is because the heat exchange between cylinder
and air in spiral groove is excellent. The air temperature
of spiral groove is raised rapidly to near cylinder and the
heated air is discharged (Fig.9-c), which is called discharge
cooling.

4) Gas characteristics of rodless cavity in compression
The suction and discharge valve are both closed (Fig.9-a).

The pressure increases rapidly (Fig.9-b) and the temperature
increases fast first and then decreases (Fig.9-c). The heat gen-
erated by compression is transferred quickly to the cylinder
(Fig.9-d), which increases the cylinder temperature (Fig.9-c).
As the heat produced by compression is smaller than heat
exchange at the end of the compression, the air temperature
decreases (Fig.9-c).

5) Gas characteristics of rodless cavity in discharge
The discharge valve opens quickly and closes gradually

(Fig.9-a). The high-pressure gas is discharged and its pressure
and temperature quickly decrease (Fig.9-b, Fig.9-c). The heat
flow rate quickly drops to zero (Fig.9-d).

6) Gas characteristics of cooling system in suction
When the rodless cavity is in compression and discharge,

the cooling system is in suction. The pressure of air in spiral
groove first decreases and then increases (Fig.9-b). The air
flows into the rod cavity through the spiral groove. Although
the air temperature of spiral groove fluctuates up and down
(Fig.9-c), it is always lower than cylinder (Fig.9-c). The heat
is quickly transferred to the air from the cylinder, which is
called suction cooling.
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FIGURE 11. Performance of compressor at different frequencies.

Therefore, the cylinder can be cooled by suction and dis-
charge cooling of spiral groove which exists in each cycle.
This continuous cooling can reduce the rate of temperature
rising of compressor and improve its efficiency.

VI. CONTRASTIVE RESEARCH BETWEEN TRC AND SACRC
The difference between the traditional TRC and SACRC
is the cooling system, which is mainly applied to cool the
cylinder. The performance of cooling system is studied by
contrastive research between TRC and SACRC at different
pressure ratios and frequencies.

The volumetric efficiency is applied to evaluate the perfor-
mance of the compressor and it is calculated by Eq.33 [31].

ηv =
mreal

mideal
=
mreal

ρiVc
(33)

where mreal is mass through suction value per cycle, ρi is the
suction gas density, Vc is the cylinder volume.

A. PRESSURE RATIO
When the compressor works at 0.5Hz for 300 cycles and the
pressure ratios respectively are 3, 6 and 9, the performances
of SACRC and TRC at the last cycle are shown in Figure 10.
Although the gas pressure of rodless cavity in the SACRC is
lower than that of TRC, their differences are all very small
at different pressure ratios (Fig.10-a). The gas temperature
of rodless cavity and cylinder increases significantly with
the increase of pressure ratio (Fig.10-b, Fig.10-c). The gas
temperature of SACRC is much lower than that of TRC.
The cylinder temperature difference between SACRC and
TRC increases with pressure ratio and cycle times (Fig.10-d).
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So, the cooling effect is more obvious at high pressure
ratio. With the increase of cycle times and pressure ratio,
the volumetric efficiency of SACRC and TRC quickly drops
(Fig.10-e). The volumetric efficiency of SACRC is always
higher than that of TRC (Fig.10-e). The volumetric efficiency
difference between SACRC and TRC increases with pres-
sure ratio and the number of cycles (Fig.10-f). Therefore,
the cooling system of SACRC can obviously reduce cylinder
temperature and improve volumetric efficiency especially at
high pressure ratio and long work hours.

B. FREQUENCY
When the compressor works at pressure ratio 6 for 300 cycles,
the driving frequencies respectively are 0.5Hz, 1Hz and 2Hz,
the performances of SACRC and TRC at the last cycle are
shown in Fig.11. The change of gas pressure is not obvious
(Fig.11-a). As the more heat is produced at high frequency,
the gas temperature difference in one cycle increases sig-
nificantly with the frequency (Fig.11-b) and the cylinder
temperature increases larger (Fig.11-c). The cylinder temper-
ature difference between SACRC and TRC is higher at high
frequency and long work hours (Fig.11-d). So, the cooling
effect is more obvious at high frequency. The volumetric
efficiency quickly drops with frequency and it is always
higher in the SACRC than TRC (Fig.11-e). The volumetric
efficiency difference between SACRC and TRC is higher at
high frequency and long work hours (Fig.11-f). Therefore,
the cooling system of SACRC can obviously reduce cylinder
temperature and improve volumetric efficiency especially at
high frequency and long work hours.

VII. CONCLUSION
The following conclusions can be drawn through establishing
thermodynamic model, experiment research, characteristic
analysis and contrastive research.

1. The good fitting between simulation and experiment at
different conditions proves this thermodynamic model.

2. The check valve model has an important impact on
the thermodynamic characteristic in suction and discharge
especially at high pressure ratio.

3. The cylinder can be cooled by suction and discharge of
cooling system at per cycle.

4. The cooling system of SACRC can obviously reduce
cylinder temperature and improve volumetric efficiency espe-
cially at high pressure ratio, high frequency and long work
hours.

APPENDIX A
NOMENCLATURE
A Area (m2)
C Specific heat capacity (kJ(kg.K)−1)
cv Specific heat at constant volume (kJ(kg.K)−1)
cp Specific heat at constant pressure (kJ(kg.K)−1)
ceq Equivalent damping coefficient (N.( m.s−1)−1)
Cm Flow parameter

Cq Flow coefficient
d Diameter (m)
f Motion frequency (Hz)
h Enthalpy (kJ.kg−1)
H Convective exchange coefficient J(m2.K.s)−1

keq Equivalent stiffness (N.m -1)
l Length (m)
m Mass (kg)
M0 Gas molar mass.
P Pressure (Pa)
Q Heat exchange (J)
T Temperature (K)
1T Temperature change(K)
V Working volume (m3)
v Average velocity(m.s−1)
V0 Clearance volume (m3)
U Internal energy (J)
ρ Density(kg.m−3)
µ Dynamic viscosity ( N.s(m2)−1)

Subscript
a air
c cylinder
d downstream
e exhaust
l rodless cavity
p piston
r rod cavity
s suction
g spiral groove
u upstream
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