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Abstract
Miniature multi-stage reciprocating compressor is the core component in the on-board continuous high-pressure gas supply 
system. Intercoolers play an important role in determining the thermodynamic performance of multi-stage reciprocating 
compressor. However, adequate inter-stage volume cannot be provided to miniature multi-stage reciprocating compressor 
due to the restriction of compacted dimension. Understanding the thermodynamic performance with insufficient inter-stage 
volume is the key issue for design and application of miniature multi-stage reciprocating compressor. However, the previous 
work focused on the thermodynamic process in single-stage cylinder, the proposed model cannot predict the real-time ther-
modynamic process in intercoolers. In this paper, stage-in-series thermodynamic model has been established by connecting 
the multi-stage cylinders through the intercoolers and the internal transient heat transfer was emphasized. The in-cylinder and 
in-intercooler thermodynamic properties have been numerically analyzed under insufficient inter-stage volumes. Experimental 
investigation on compressor performance has been carried out by varying the intercooler channel diameter. The results show 
that insufficient inter-stage volumes bring about the abnormal movement of suction and discharge valves. Pressure peak 
in former-stage cylinders increases when the inter-stage volume decreases, which results in obvious increase in frictional 
loss and power consumption. This study provides significant references for design optimization of miniature multi-stage 
reciprocating compressor. Furthermore, the proposed methods can be applied to large-scale reciprocating compressor for 
improving efficiency and reducing power consumption.
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List of Symbols
A   Area/m2

m   Air mass/kg
p   Gas pressure/Pa
Q   Heat/J
T    Temperature/K
u   Internal energy/J  kg−1

h   Specific enthalpy/J  kg−1

W    Work/J
V    Volume/m3

M   Valve plate mass/kg
s   Piston displacement/m

smax   Piston stroke/m
r   Valve orifice radius/m
l   Length of flow channel/m
R0   Cylinder distribution radius/m
Cd   Orifice discharge coefficient
Cr   Rebound coefficient
ks   Suction valve spring stiffness/N  m−1
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kd   Discharge valve spring stiffness/N  m−1

zs0   Pre-compression length of suction valve spring/m
zd0   Pre-compression length of discharge valve spring/m
Gr   Grashof number
Pr   Prandtl number

Greek letters
�   Swash plate angle/°
�   Angular speed/rad  s−1

�   Degree/rad
�   Gas density/kg  m−3

�   Compression ratio
�   Wall thickness/m
�   Heat transfer coefficient/W  m−2  K−1

�   Thermal conductivity/W  m−1  K−1

�   Dynamic viscosity/Pa s
�   Mean velocity of piston/m  s−1

�   Overall heat transfer coefficient/W  m−2  K−1

�   Relative clearance volume rate

Subscripts
s   Suction
d   Discharge
cy   In-cylinder
ic   Intercooler
co   Coolant
p   Piston
e   Inlet of intercooler
f   Outlet of intercooler
w   Wall surface

Introduction

On-board continuous supply system of high-pressure clean 
gas has been widely applied to aircraft for missions of mis-
sile launching and infrared cooling, which can eliminate the 
need for gas canisters and refills, improve mission flexibility 
and forward deployment. Miniature multi-stage reciprocat-
ing compressor with compacted size and high output pres-
sure is the crucial component in the on-board continuous 
gas supply system, and its thermodynamic properties have 
significant influence on the working performance of the sys-
tem [1]. Intercoolers which can store and cool the inter-stage 
gas play an important role in determining the overall perfor-
mance of multi-stage reciprocating compressor [2]. Tradi-
tional multi-stage reciprocating compressor holds large size 
and the internal volume of intercoolers usually is more than 
10 times the stroke volume of the subsequent-stage cylin-
der, which means the sufficient inter-stage gas can be stored 
and cooled for subsequent-stage cylinder [3, 4]. Therefore, 
little attention was paid to the effects of intercooler volume 

and single-stage mathematical model was applied to analyze 
the thermodynamic properties of multi-stage compressor by 
changing the suction and discharge parameters [5, 6]. How-
ever, for miniature multi-stage reciprocating compressor, 
adequate intercooler volume cannot be provided due to the 
restriction of compacted dimension. Gas storage capacity 
and cooling capacity of intercoolers are greatly weakened, 
which can exert significant influence on the thermodynamic 
performance of the compressor.

Many previous research have been carried out to inves-
tigate the in-cylinder thermodynamic properties of recip-
rocating compressor based on single-stage mathematical 
model. Navarro et al. [7] developed a mathematical model 
for reciprocating compressor, and a statistical fitting meth-
odology based on Monte Carlo techniques was designed 
to predict volumetric efficiencies with an error lower than 
3% under a wide range of operating conditions. Yang et al. 
[8] presented a comprehensive simulation model including 
frictional power loss and piston leakage for a reciprocat-
ing compressor, mass flow rate, input power and efficiency 
which were predicted. Farzaneh-Gord et al. [9, 10] estab-
lished the mathematical model of single-stage reciprocating 
compressor, and the effects of natural gas composition were 
evaluated by inducing special gas state equation. A differen-
tial model for reciprocating compressors was developed by 
Roskosch et al. [11] to calculate volumetric and isentropic 
efficiencies as a function of the inlet condition and the outlet 
pressure and the fluid. A novel generalized framework is 
presented by Bell et al. [12] to simulate the quasi-steady-
state performance of a wide range of positive displacement 
compressors. Wang et al. [13] derived a thermodynamic 
model of reciprocating compressor from the experimental 
p–V diagram in the expansion and compression phases, and 
the internal mass transport process was analyzed. Apart 
from mathematical models, CFD method has been applied 
to investigate the complex flow inside the cylinders [14]. 
Zhao et al. [1, 15] used mesh mapping method combining 
with dynamic mesh technique to simulate the transient flow 
inside the reciprocating compressor. Wang et al. [13] also 
developed a three-dimensional fluid structure interaction 
(FSI) model to investigate delayed closure and oscillation 
of suction valve in reciprocating compressors. Wu et al. 
[16] simulated the motion of the valve on the piston inside 
a single acting compressor by the FSI method. To sum up, 
the existing research focused on the thermodynamic process 
inside the single-stage cylinder of reciprocating compres-
sor. The effects of intercooler cannot be considered in the 
proposed methods and the overall thermodynamic properties 
of multi-stage reciprocating compressor cannot be predicted 
precisely.

This study investigates in-cylinder and in-intercooler 
thermodynamic properties of miniature multi-stage recip-
rocating compressor with insufficient inter-stage volumes. 
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Stage-in-series mathematical models have been established 
by connecting the multi-stage cylinders with intercoolers, 
and the transient heat transfer inside the intercoolers has 
been considered. The effects of intercooler channel diam-
eter on the compressor performance have been investigated 
numerically and experimentally. This work provides signifi-
cant references for design optimization of miniature multi-
stage reciprocating compressor. Furthermore, the proposed 
numerical methods can be applied to large-scale reciprocat-
ing compressor for improving efficiency and reducing power 
consumption.

Numerical modeling

Schematic of miniature multi‑stage reciprocating 
compressor

The working principle of the miniature multi-stage recipro-
cating compressor is presented in Fig. 1. Multi-stage pistons 
are mounted in the integrated cylinder block and driven by 
swash plate. Integrated suction valves, discharge valves and 

intercoolers are used to shorten the axial dimension. Gas 
inhaled from the inlet is compressed stage by stage to form 
high pressure, and the inter-stage gas is cooled by forced cool-
ant flow.

Based on the schematic diagram, the motion equation of 
multi-stage pistons can be given as following[17].

where R0 is the distribution circle radius of the pistons, � is 
the angular speed of motor, � is the swash plate angle, and 
�i0 is the initial phase angle of ith piston.

Therefore, the volume inside the ith cylinder can be cal-
culated as following.

where Dpi is the ith piston diameter and �i is the relative 
clearance volume rate of the ith cylinder. The values of first 
piston, second piston, third piston and fourth piston are 
44 mm, 22 mm, 10 mm and 6 mm, respectively.

(1)si = R0[1 − cos(�t + �i0)] tan �

(2)Vcyi =
π

4
D2

pi

(
si + smax�i

)
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Fig. 1  Schematic of miniature multi-stage reciprocating compressor
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Thermodynamic process in cylinders

The ideal gas state equation is used to establish the stage-
in-series thermodynamic model of miniature multi-stage 
reciprocating compressor. Gas inside the control volume of 
cylinder is regarded as homogeneous, and the kinetic energy 
and potential energy are ignored [18]. Additionally, the gas 
leakage through the pistons is neglected due to PTFE rings 
with excellent sealing performance are used.

The schematic of thermodynamic process in multi-stage 
cylinders is presented in Fig. 2. The basic equations for the 
control volume can be listed as following.

1. Energy and mass model [19]

  The work term dWcvi

dt
 can be written as [19]

  The item d
dt

(
mcviucvi

)
 can be further calculated as fol-

lowing.

  Therefore, Eq. (3) can be finally expressed as follow-
ing.

(3)d

dt
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=
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−
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dt
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(6)

dQcvi

dt
+ hsi

dmsi

dt
= hdi

dmdi

dt
+ mcvi

dhcvi

dt
+ hcvi

dmcvi

dt
− Vcvi

dpcvi

dt

  Additionally, mass conversation equation can be writ-
ten as following [18].

2. Heat transfer model.

As for the heat transfer between in-cylinder gas and 
cylinder wall, the following equation can be used [20].

where �cyi , Tcyi and Twi are the heat transfer coefficient, in-
cylinder gas temperature, and wall temperature, respectively. 
Acyi represents in-cylinder surface area contacted with gas 
which varies with piston displacement.

The convective heat transfer coefficient �cyi can be calcu-
lated according to Woschni correlation as below [11, 21].

where �pi and Dpi are the mean velocity and diameter of the 
ith piston, respectively. The value of parameter � is 6.18 
when the suction valve or discharge valve is open and 2.28 
vice versa.

The wall temperature Twi can be defined as following [22].

where �i is the real-time compression ratio.
(3) Valve motion.
Considering the possible back flow, the mass flow through 

the suction valves and discharge valves is given in Eqs. (11) 
and (12), respectively [23].

where Cdsi and Cddi are coefficient at the valve port and the 
valve opening area Asi and Adi can be given as following.

where dsi and ddi are the diameters of valve port. zsi and zdi 
represent the distance between valve plate and valve port, 

(7)
dmcvi

dt
=

dmsi

dt
−

dmdi

dt

(8)
dQcvi

dt
= �cyiAcyi

(
Tcyi − Twi

)

(9)�cy i = 127.93D−0.2
pi

p0.8
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T−0.53
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(
��pi

)0.8

(10)Twi = 211 + 0.3Tsi + 0.162� + 8
(
�i − 1

)

(11)
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dt
=

⎧⎪⎨⎪⎩

Cdsi𝜌siAsi

𝜔

�
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dmdi

dt
=

⎧⎪⎨⎪⎩

Cddi𝜌cyiAdi

𝜔

�
2(pcyi−pdi)

𝜌cyi
for pdi < pcyi

−
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Fig. 2  Schematic of thermodynamic process in cylinders
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respectively, and their calculating method is shown as below 
[18].

As collision occurs between the valve plate and limiter or 
valve seat, an impact force is generated and the velocity rela-
tionship can be expressed as below [18].

where Crsi and Crdi are rebound coefficient.

Thermodynamic process in intercoolers

The details of integrated intercoolers applicable to the min-
iature multi-stage reciprocating compressor are presented 
in Fig.  3. Three independent intercoolers and coolant 
channel are set in the integrated block with dimension of 
Φ 110 mm × 20 mm . The compressed gas from ith cylin-
der is stored and cooled in jth intercooler and then inhaled 
into (i + 1)th cylinder. Circular channel with excellent flow 
capacity and machinability is chosen by referring to tradi-
tional multi-stage compressor. Screw thread is designed at 
the top of channel for simplified sealing of high-pressure gas 

(14)

{
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(
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(
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dt

�
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�
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with bolt and sealant, which can effectively reduce the radial 
and axial dimension.

The establishment of thermodynamic model in intercool-
ers considering the transient heat transfer is introduced in 
the part.

(1) Energy and mass model.
According to the thermodynamic process interpreted in 

Fig. 3, energy conservation equation in the jth intercooler 
volume can be given as following.

where Q̇ic j represents heat transfer rate between coolant and 
compressed gas in the jth intercooler. Subscripts e and f 
stand for in and out.

The mass conservation equation can be given by

 
2. Heat transfer model.

  In Eq. (16), heat transfer item dQic j

dt
 can be calculated 

by the following equation.

where Aic j is the surface area and ΔTic j is the tempera-
ture difference between inter-stage compressed gas and 
the coolant, which can be expressed as below.

where Δtj max is the maximum temperature difference 
between compressed gas in jth intercooler and the cool-
ant, while Δtj min represents the minimum value.

Item �ic j in Eq. (18) is the overall heat transfer coef-
ficient and can be calculated as following.

where �ic j is the convection heat transfer coefficient between 
the compressed gas and the internal wall in jth intercooler 
and �w j and �w j are the thickness and thermal conductiv-
ity of wall, respectively. �co is the convection heat transfer 
coefficient between intercooler and coolant. It is noteworthy 
that the value of �w j , �w j and �co can be set as fixed when 
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the compressor structure and coolant flow are determined. 
However, �ic j can vary greatly with the real-time velocity, 
density, temperature of gas inside the intercooler, which is 
determined by the combined motions of the former discharge 
valve and the subsequent suction valve. The calculating 
method of �ic j is introduced in the following part.

3. Determination of real-time value of heat transfer coef-
ficient �ic j.

  The value of �ic j can be determined as following.

where �ic j is the thermal conductivity of gas and D̃j is the 
hydraulic diameter of the flow channel. Nuic j is Nusselt 
number, and it can be calculated as below.

(21)𝛼ic j =
Nuic j𝜆ic j

D̃j

When the former discharge valve and the subsequent suc-
tion valve are both closed, natural convection heat transfer is 
applied to the calculation of Nuic j as below.

where Grj is the Grashof number and Prf j is Prandtl number. 
lj is the length of flow channel, and �j is the wall thickness.

Grashof number can be given as below.

(22)
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⎧⎪⎨⎪⎩
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Fig. 4  Solution flowchart of 
stage-in-series mathematical 
model
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Table 1  Intercooler parameters 
for numerical simulation

Channel 
diameter/
mm

Intercooler channel 
length/mm

Intercooler volume/mm3 Piston stroke volume/mm3

Ic1 Ic2 Ic3 Ic1 Ic2 Ic3 Cy1 Cy2 Cy3 Cy4
4 225 95 78 2827.4 1193.8 980.2 19,158.7 4789.7 989.6 356.3
5 4417.9 1865.3 1531.5
6 6361.7 2686.1 2205.4
7 8659.0 3656.0 3001.8
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where �vj , g and �j stand for volume expansion coefficient, 
gravitational constant and dynamic viscosity, respectively.

When the former discharge valve or the subsequent suc-
tion valve is open, forced convection heat transfer is applied 
to the calculation of Nuic j.

where Tf j and Tw j are average temperature of compressed 
gas and wall surface and �f j and �w j are the corresponding 
dynamic viscosity of compressed gas under the temperature 
of Tf j and Tw j , respectively.

In Eq. (24), the Reynolds number Rej and Darcy resistance 
coefficient fj can be determined as following, respectively.

(24)

Nuic j =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1.86
(

�f j
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)0.14( RejPrf j
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)

laminer flow

(fj∕8)(Rej−1000)Prf j

1+1.27
√

fj∕8(Pr
2∕3
f j −1)

(

Tf j
Tw j

)0.01[

1 +
(

D̃j
lj

)2∕3]

turbulance flow

(25)Rej =
D̃j

Sj𝜂f j

dmic j

dt

where Sj is the cross-sectional area of the channel.

Numerical implementation

Matlab/Simulink was used to implement the stage-in-series 
thermodynamic models. The mathematic models of former 
cylinder and subsequent cylinder were connected by inter-
cooler model, as interpreted in Fig. 2. Structural parameters 
of cylinders and intercoolers were present in the model, 
as well as the initial pressure and temperature. Fixed-step 
fourth-order Runge–Kutta (ode45) algorithm was adopted 
for solution, and the solution flowchart is shown in Fig. 4. 
Two convergence criterions were set to guarantee the stable 
state which had been reached. Firstly, the maximum pressure 
difference and temperature difference between two iterations 
in each control body at the same shaft position were less 
than the set residual error. Secondly, the gas mass difference 

(26)fj = (1.82 lg Rej − 1.64)−2
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between the outflow and inflow of each control volume was 
less than the set residual error.

Numerical results and discussion

According to the structure of integrated intercooler pre-
sented in Fig. 3, we set the values of channel length as fixed 
while varying the channel diameter. The maximum channel 
diameter can reach to 7 mm under current overall dimen-
sion setting. Table 1 presents the comparison of intercooler 
volume (Ic) and cylinder volume (Cy). It can be learned that 
the values of Ic1 are obviously smaller than Cy2 when the 
channel diameter is 3 mm, while Ic 2 is equivalent to Cy3. 
When the diameter increases to 7 mm, the volume of Ic1 
is still 1.8 times that of Cy1. The intercooler volumes are 
obviously insufficient in the miniature multi-stage compres-
sor compared to traditional design criterion, especially for 
Cy2 and Cy3.

In‑cylinder thermodynamic properties

For quantitative assessment of the effects of the inter-stage 
volumes, the discharge pressure was set fixed as 35 MPa 
and a stable period as interpreted in Fig. 4 was selected. 
Based on the parameters listed in Table 1, the variations of 
in-cylinder gas pressure and gas temperature with differ-
ent intercooler channel diameters are presented in Fig. 5 ad 
Fig. 6, respectively. It can be learned that the inter-stage vol-
ume exerts great influence on discharge pressure in Cy1 and 
Cy2. The pressure peak in Cy1 and Cy2 reaches to 0.68 MPa 
and 5.71 MPa, respectively, when the diameter is 4 mm. 
As the channel diameter increases to 7 mm, the pressure 
peak drops to 0.61 MPa and 3.82 MPa, respectively. As for 
Cy 3, the suction pressure and discharge pressure increase 
with the channel diameter, which results in the increasing 
suction pressure in Cy4. The diameters of first stage piston 
and second stage piston are relatively large, and it can be 
inferred that increasing the inter-stage volume of Ic1 and 
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Ic2 can reduce the pressure peak in Cy1 and Cy2, which is 
beneficial for reduction of frictional power loss.

As for gas temperature in Fig. 6, we can learn that its 
variation in Cy1, Cy2 and Cy3 follows the variation trends 
of gas pressure. In Cy4, gas temperature at the discharge pro-
cess varies greatly with the channel diameter when the dis-
charge pressure is set fixed. Additionally, it can be observed 
that the average temperature Cy4 is significantly higher than 
Cy1, which can attribute to the insufficient cooling with lim-
ited volumes. More severe wear of piston sealing parts can 
occur under such temperature range.

Figure 7 illustrates the variations of gas mass in each cyl-
inder during one cycle. The gas mass during the expansion 
process in Cy1, Cy2 and Cy3 is smaller when the diameter 
is larger due to the relative lower discharge pressure. In Cy4, 
higher discharge temperature can result in less mass dur-
ing the expansion process. Additionally, it can be noticed 
in Fig. 7c that gas mass during the suction and compression 

process shows a different variation trend when the diameter 
is 4 mm. The gas mass keeps fixed at a medium value for 
a period and then continues to rise to the maximum value, 
which indicates the suction valve of Cy3 experiences abnor-
mal opening and closing movement at the corresponding 
process.

Valve dynamics

The movement of suction valves and discharge valves varied 
with inter-stage volume is presented in Figs. 8 and 9. The 
opening time of suction valves in Cy1, Cy2 and Cy4 delays 
with the decrease in channel diameter. It is because that the 
discharge pressures in Cy1 and Cy2 increase when channel 
diameter decreases, the expansion process will take longer 
time to reach the opening differential pressure of suction 
valve. As for Cy4, gas mass is less in the cylinder at the 
end of discharge process when channel diameter is smaller, 
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the pressure can fall faster to reach the opening differential 
pressure. This can also explain the opposite phenomenon of 
Cy3 presented in Fig. 8c. It is noteworthy that the suction 
valve in Cy3 experiences repeated opening when the chan-
nel diameter is 4 mm, which results in the intermittent rise 
of air mass as shown in Fig. 7c. Violent oscillation occurs 
when the suction valve plate of Cy2 and Cy3 collides with 
the lift limiter and the oscillation amplitude increases as the 
channel diameter decreases. All suction valves experience 
violent oscillation when the valve plates leave the lift limiter.

It can be learned from Fig. 9 that the full-open time of all 
discharge valves are inadequate under insufficient inter-stage 
volumes. The discharge valves of first stage and third stage 
maintain full-open status for a short time when the channel 
diameter is 7 mm. However, when the diameter decreases 
to 4 mm, the valve plate rebounds after collision with lift 
limiter and then quickly falls back to the valve seat. As for 

the second stage discharge valve, the valve plate experiences 
multiple collisions with the lift limiter when the diameter 
is less than 7 mm. It can attribute to the greater pressure 
fluctuations in intercoolers with more insufficient inter-stage 
volumes, which will be discussed in the following section.

To sum up, insufficient inter-stage volumes contribute to 
abnormal movement of suction and discharge valves in min-
iature multi-stage reciprocating compressor. The abnormal 
movement is more obvious when the volumes are less and 
the service life and reliability of compressors can be greatly 
weakened.

In‑intercooler thermodynamic properties

The variations of in-intercooler gas pressure, temperature, 
mass and transient heat transfer coefficient with different 
intercooler channel diameters are discussed in this section. 
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Figure 10 shows the thermodynamic properties of Ic1 in five 
cycles. During the period of t11 , Cy1 is in the expansion and 
suction process while Cy2 is in the compression and dis-
charge process, which mean the discharge valve of Cy1 and 
suction valve of Cy2 are both closed and natural convection 
heat transfer is formed inside Ic1. Subsequently, Cy1 experi-
ences compression process while Cy2 experiences suction 
process during the t12 period. The suction valve of Cy2 is 
opened, forced convection is formed, and the transient heat 
transfer coefficient increases rapidly. Moreover, when time 
advances to t13 , both the discharge valve of Cy1 and suction 
valve of Cy2 are opened, and forced convection heat transfer 
is further strengthened.

It can also be learned that the gas pressure peak in Ic1 
increases with the decrease in channel diameter at the same 

time, while the curves of temperature and mass show oppo-
site variation trends. The fluctuation amplitude of temper-
ature and pressure are obviously larger when the channel 
diameter decreases, which can bring about more serious 
vibration, frictional loss and power consumption. Addi-
tionally, the transient heat transfer coefficient distinguishes 
significantly with the channel diameter. Smaller diameter 
can bring about faster flow velocity in the channel, and the 
Reynolds number increases greatly and thus enhances the 
heat transfer.

The variations of thermodynamic properties in Ic2 are 
shown in Fig. 11. Pressure and temperature fluctuation 
are more evident with variation of channel diameter. The 
maximum and minimum pressure differences are 3.81 MPa 
and 0.65 MPa when the diameters are 7 mm and 4 mm, 
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respectively. Higher pressure in Ic2 will exert significant 
effects on the pressure in Cy2 and lead to more frictional 
loss due to the relative large diameter of 2nd piston.

Figure 12 shows the variations of thermodynamic proper-
ties in Ic3. It can be learned that pressure and temperature 
fluctuation reduce to a certain extent compared to Ic2. The 
maximum and minimum pressure differences are 1.38 MPa 
and 0.40 MPa when the diameters are 7 mm and 4 mm, 
respectively. Compared to former two intercoolers, the pres-
sure inside Ic3 increases with the channel diameter, which 
can somewhat result in the increment of driving force in Cy3 
and Cy4. However, the diameter of third and fourth piston is 
small (≤ 10 mm) and the overall power consumption is less 
sensitive to the variation of gas pressure.

Based on the transient heat transfer coefficient described 
in the above three figures, the total heat flow of the inter-
coolers in one cycle has been calculated and is presented 
in Fig. 13. It can be learned that the variation of heat flow 

is more distinctive when channel diameter is 4 mm. The 
abnormal opening and closing movement of suction valve 
and discharge valve under such inter-stage cooling brings 
about the multiple occurrences of heat flow peaks.

Flow rate and indicated work

The overall thermodynamic performance of the miniature 
multi-stage reciprocating compressor with different inter-
stage volumes has been presented in this section. Figure 14 
shows the variations of p–V diagram of each cylinder. Based 
on Fig. 14, the indicated work is calculated and presented 
in Fig. 15. The indicated work of Cy1 decreases with the 
channel diameter, while the other three cylinders show 
opposite trend. The discharge pressure of Cy1 is obviously 
higher when the channel diameter is smaller, resulting in 
more indicated work in the cylinder. It is noteworthy that 
although the relative variations of indicated work under 
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different inter-stage volumes are quite small, the frictional 
loss caused by the increasing in-cylinder pressure in Cy1 and 
Cy2 is significant due to the large piston diameters.

The volumetric flow rate and total indicated work of the 
miniature multi-stage compressor are presented in Fig. 16. 
The flow rate increases from 10.84 SL  min−1 to 11.26 SL 
 min−1 when channel diameter increases from 4 to 7 mm. The 
total indicated work also increases with the channel diam-
eter. It can be inferred that enhancing the inter-stage cooling 
can improve the volumetric efficiency to a certain extent, as 
presented in Fig. 17. The overall volumetric efficiency of the 
compressor increases from 70.82% to 73.56% when channel 
diameter increases from 4 to 7 mm.

Experimental investigation

Experimental test rig has been established to validate the 
mathematical model and further investigate the overall 
performance of the compressor with different intercooler 
volumes. As shown in Fig. 18, the compressor was driven 
by a brushless motor to run at a speed of 800 r/min. A 
gas receiver with volume of 0.7 L was used to store the 
high-pressure gas. The pressure and temperature in the gas 
receiver were recorded to calculate the average flow rate of 
the compressor. The input current of brushless motor was 
monitored and recorded simultaneously. The test was started 
when pressure in gas receiver reached 25 MPa, and the data 
were recorded for every one minute. Intercoolers with chan-
nel diameters of 4 mm and 7 mm were used for comparison, 
as shown in Fig. 19. As interpreted in Fig. 3 and Table 1, the 
gas channels with diameter of 4 mm and 7 mm were sealed 
by M5 and M10 screws, respectively.
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Figure  20 compares the experimental output pres-
sure and motor current with pressurization time. It can 
be learned that the pressure is basically linear with time, 
which indicates that the flow rate is uniform along with the 
discharge pressure. Additionally, the pressure rising pro-
cess is slightly slower when the channel diameter is 4 mm. 
It is noteworthy that the variation trends of motor current 
show significant difference compared to output pressure. 
Motor current is 1.95 A and 2.33 A with output pressure 
of 25 MPa when the channel diameter is 7 mm and 4 mm, 
respectively. After 6 min operating time, the motor cur-
rent increases to 2.18 A and 2.78 A, respectively. It is 
evident that more insufficient inter-stage volume can result 
in more power consumption due to the abnormally high-
pressure gas inside the former-stage cylinders. Therefore, 
it is essential to enlarge the inter-stage volume between the 
low-pressure cylinders.
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Based on the output pressure in Fig. 20, the compari-
son of experimental and predicted flow rate is presented 
in Table 2. It can be learned that the experimental flow 
rates are slightly lower than the predicted one. The devia-
tions are 6.4% and 5.4% when the channel diameters are 
4 mm and 7 mm, respectively. It is mainly due to that 
trace amounts of gas leakage occur between PTFE seal-
ing part and pistons under high pressure. To sum up, the 
deviations are acceptable for engineering applications and 
model verification in current research.
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Conclusions

This paper presents a stage-in-series mathematical model 
to investigate the thermodynamic performance of miniature 
multi-stage reciprocating compressor with insufficient inter-
stage volumes. Transient heat transfer inside the intercool-
ers was emphasized. Different from previous work focused 
on in-cylinder process, the in-intercooler thermodynamic 
properties have been analyzed simultaneously in current 
work, the overall thermodynamic performance of multi-
stage reciprocating compressor can be evaluated in a more 
accurate way. Furthermore, experimental investigation on 
overall performance of miniature multi-stage reciprocating 
compressor has been carried out. The main conclusions of 
current research can be made as following.

1. Inter-stage volume exerts great influence on discharge 
pressure and temperature of former-stage cylinders. 
The pressure peak in Cy1 and Cy2 increases with 
the decrease in channel diameter. The pressure peak 
increment in Cy2 is 1.89 MPa when channel diameter 
decreases from 7 to 4 mm.

2. Insufficient inter-stage volumes contribute to abnormal 
movement of suction and discharge valves in miniature 
multi-stage reciprocating compressor. The reliability of 
compressors can be greatly affected.

3. The indicated work and flow rate are slightly influenced 
by the channel diameter. The flow rate increases from 
10.84 to 11.26 L  min−1 when channel diameter increases 
from 4 to 7 mm.

4. Experimental results show that the overall power con-
sumption is sensitive to insufficient inter-stage volumes 
and its value increases significantly with the decrease in 
channel diameter.
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