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ABSTRACT

Stirling machines are ecologically propitious refrigeration devices that utilize natural gases 
like helium, nitrogen, or air. Stirling machines are active refrigerators that should be designed 
with minimal vibrations and durability in order to fulfil current and future commercial de-
mands and requirements. The present paper deals with the modification of the inertance pulse 
tube refrigerator in which the reservoir is eliminated and replaced with another pulse tube 
refrigerator. These two pulse tube refrigerators are operated at 180 degrees out of phase, called 
counter-flow pulse tube refrigerators (CFPTR). The second-order cyclic analysis approach is 
used to develop a mathematical model for evaluating the performance of CFPTR. This paper 
describes a modified second-order cyclic approach in detail. The performance of CFPTR is 
evaluated by estimating the ideal refrigerating effect, ideal power input, and losses individual-
ly, yielding net power input and net refrigerating effect. The net refrigerating effect of 30.88W 
at 70K is obtained with the percentage of Carnot COP of 13.71. The CFD modeling of CFPTR 
is used to corroborate the second order cyclic model.

Cite this article as: Choudhari M, Gawali B, Malwe P, Deshmukh N, Dhalait R. Second order 
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INTRODUCTION 

The energy-efficient active refrigeration system should 
be designed with durability and minimal vibrations to fulfil 
current and future demands. For an energy-efficient sys-
tem, passive and active heat transfer enhancement tech-
niques are utilized. Two active heat transfer enhancement 
techniques that have recently been developed include the 
use of nanofluid in a rotating field and oscillating flow in 
a refrigeration system [1,2]. Bayareh et al. [3–5] performed 
a numerical analysis of mixed convection (free and forced 

convection) heat transfer considering alumina water nano-
fluid. The analysis involved several configurations, includ-
ing nanofluid between two cylinders with an inner rotating 
cylinder, a blade revolving in a square chamber, and an 
inclined-baffled C type enclosure. The average Nusselt num-
ber is affected by dimensionless factors such as Richardson 
and Rayleigh numbers, nanofluid volume fraction, and 
eccentricity ratio [3]. In the case of a blade rotating in a 
square chamber, the effect of blade length is the additional 
parameter considered. Heat transfer is observed to be pro-
portional to blade length [4]. A numerical study of mixed 
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convection heat transfer in inclined-baffled C-type enclo-
sures stated that heat transfer increases with an increase 
in enclosure angle and length of the baffle [5]. Oscillating 
flow heat transfer is an active heat transfer enhancement 
technique used in pulse tube refrigeration systems to elim-
inate heat quickly and efficiently. Pulse Tube Refrigerator 
(PTR), first discovered by Gifford and Longsworth [6], has 
the potential to be widely applied for producing low tem-
peratures. The main benefit of this system is the absence 
of moving mechanical parts in low-temperature regions. 
It lowers the induced mechanical vibrations significantly 
and enormously improves the reliability of the subsystems. 
Based on phase shift, the main two design variations are 
proposed, and they are the orifice pulse tube refrigerator 
(OPTR) [7], double inlet OPTR [8], and the inertance pulse 
tube refrigerator (IPTR) [9]. According to speed and valve 
arrangement, PTR is classified as Stirling type and G-M type 
PTR. The G-M pulse tube is consists of a rotary valve and 
has low-frequency flow, while the Stirling type pulse tube 
has no valve mechanism and operates with high frequency. 
The thermodynamic cycle of the Stirling refrigerator and 

Stirling type PTR is more or less similar to each other and 
can be seen as a replacement of the displacer by a gas piston. 
A passive phase shifter replaces the active phase shifter. In 
the PTR system, refrigerating effect is obtained by main-
taining the appropriate phase shift between the mass flow 
and pressure pulse at the cold end of the pulse tube [10,11]. 
Pulse tube refrigeration is defined as continuous pressur-
ization and depressurization with air or gas as the working 
medium, creating a temperature gradient in the pulse tube. 
The inertance type of the pulse tube refrigerator is pre-
sented in Figure 1 [12]. The current work is concerned with 
the analysis of modified PTR.

The reservoir occupied a substantial fraction of pulse-
tube refrigerator volume. The reservoir volume is ten 
times more than the pulse tube volume, which affects on 
specific power of the PTR, and it is not favorable for small 
size, lightweight PTR. So reservoir is removed and replaced 
by another set of PTR. Two sets of PTR are connected by 
an inertance tube at hot end heat exchangers, as shown in 
Figure 2. Volume flow at CHX has adjusted so that total 
volume flow at inertance tube junction is zero, allowing the 

Figure 1. Inertance pulse tube refrigerator system.

Figure 2. Counterflow pulse tube refrigerator system
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reservoir removal [13,14]. Initially, Gao et al. [15] came up 
with a new concept of phase shift controller (on-off valve 
at pulse tube hot ends) by eliminating reservoir to increase 
refrigeration efficiency. Zhang et al. [16] studied the inert 
phasing pulse tube refrigerator numerically. The result of 
the study revealed that it performs better than the orifice 
type of pulse tube refrigerator. Gour et al. [17] designed 
twin PTR using Sage 6.0. The simulation result shows that 
COP of twin PTR is doubled as compared to single PTR.

The proposed system is the modification of the Gawali 
et al. [18] model, which comprises two Stirling type PTR. 
The two identical pulse tubes are connected by an inertance 
tube at HHX, eliminating the reservoir of IPTR. This sys-
tem is Stirling-type Counter Flow Pulse Tube Refrigerator 
(CFPTR) system displayed in Figure 2. The two identical 
compressors operating in a 180-degree phase shift develop 
the pressure waves. A special feature of the proposed sys-
tem is that the pressure wave is generated by two identical 
compressors operating 180 degrees out of phase in such a 
way that one tube is high-pressure side and another tube is 
low-pressure side. After every 180 degrees of crank angle, 
the flow gets reversed in direction.

There are many models, which simulate the PTR. 
However, due to simplicity, the isothermal model is still 
extensively used. The isothermal model can provide compre-
hensive clarity by considering the actual process occurring 
in the system to some level. Zhu and Chen [19] presented 
the isothermal model for OPTR. They compared the ideal 
performance, did not consider the losses, and assumed an 
isothermal compression process. The analysis of Zhu et 
al. [19] was modified by Atrey and Narayankhedkar [20] 
by including the losses and thus making it a second-order 
analysis. Both Zhu et al. [19] and Atrey et al. [20] consid-
ered orifice as a phase shifter, and the compression process 
isothermal. Zhu et al. [21,22] extended the cyclic analysis 
approach to the modified pulse tube refrigerator.

In practice, the process of compression is neither iso-
thermal nor adiabatic. However, due to high speed (40 to 50 
cycles/sec), the compression process tends to be close to the 
adiabatic process. Hence, the assumption of adiabatic com-
pression is more realistic for a high-frequency PTR system. 
Narayankhedkar et al. [23] developed a model for the adi-
abatic compression process. With the adiabatic compres-
sion process, there is a need to use an after-cooler which 
reduces the discharge temperature. Shendage et al. [24,25] 
performed cyclic analysis and optimization of the Stirling 
engine by developing the adiabatic model. Natu et al. [26] 
applied the cyclic approach and presented the performance 
evaluation of a two-stage Stirling cryogenerator.

The present paper develops the second-order adiabatic 
model to analyze CFPTR by the cyclic analysis approach. A 
modified analysis approach is presented to determine ideal 
power input, ideal refrigerating effect, and losses separately, 
providing estimates of net power input and net refrigerat-
ing effect. Then confirmation of the present model is done 
by CFD modeling of CFPTR.

Cyclic analysis
The second-order adiabatic model is developed to 

analyze the CFPTR. The ideal cycle processes differ from 
the actual cycle processes due to the losses, resulting in 
an increment in net power supply and a decrement in net 
refrigeration effect. Several expressions are available in the 
literature to obtain pressure drops in the regenerator. Also, 
there are various relationships available for the estimation 
of various losses because of which the available refrigera-
tion effect decreases. So, the following assumptions are 
made during the cyclic analysis of CFPTR.

1. Pulse tube gas splits into three parts, I, II, and III, 
shown in Figure 3. Part I is gas at HHX. Part II is the 
middle part, similar to the displacer, and part III is 
gas at CHX.

2. The pressure remains the same at any instant in the 
system. 

3. The regenerator dead space temperature is the loga-
rithmic mean temperature of cold end and hot end 
regenerator temperatures. 

4. There is no direct thermal diffusion between adja-
cent gas elements in the pulse tube. 

5. There is the sinusoidal movement of the piston. 
6. The piston seal is gas leak-proof.
7. There is no resistance to the fluid. 
8. The working fluid is considered an ideal gas. 
9. The dependency of material properties on temperature.
A pressure-volume cycle of 3600 is divided into 72 small 

intervals to carry out the cyclic analysis. The ideal gas law is 
applied for each interval, and the equation is rearranged to 
give the pressure for the corresponding point of the inter-
val. Mass flow rates, the ideal refrigerating effect, and ideal 
power input are calculated based on the volume variations 
in the I, II, and III sections. There are various losses because 
of which the available refrigeration effect decreases. After 
considering these losses, the net refrigerating effect, net 
power input, and COP is calculated.

Pressure volume variation
Two identical pulse tube refrigerators are connected 

through an inertance tube at the hot end exchanger, operat-
ing at 180 degrees out of phase shift.

Figure 3. CFPTR system with pulse tube sections
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The volume variation in the compression space is sinu-
soidal, and it is given as

  (1)

  (2)

Where  is the clearance volume. The 
total mass of the working fluid is

  (3)

P is the pressure developed in each time interval of the 
cycle, and it varies with crank angle. Using the perfect gas 
laws

  
(4)

The product MR of total mass moles of the gas, M, and 
universal gas constant, R, is assumed to be unity for initial 
iteration, as the exact value of M is not known. The new 
MR value is obtained after the simulation of one complete 
cycle. The complete cycle is split into 72 equal intervals of 
50 crank-angle. The pressure in the CFPTR system for each 
interval is then obtained as

  
(5)

P(1) indicates the pressure developed in the working 
space during the first interval of the cycle. Vc(1) and Ve(1) 
during the first interval of the cycle, respectively. Tc (1) is 
the gas temperature in the compression space for the first 
interval.

Assuming 

  

(6)

Where Tc (2) and P(2) are the gas temperature in the 
compression space and gas pressure in the working space 
for the second interval of the cycle, respectively. Substitute 
the values of Vc(2), Tc (2) and Ve(2) in equation (5), P(2) is 
the only unknown variable in the equation, and it is calcu-
lated by the Newton-Raphson method. P(3) is calculated by 
using P(2) and so on. If q is equal to 50, values of pressures 
and temperatures up to the 73rd interval need to be calcu-
lated to come to the starting position. The pressure and 

temperature values should be the same at the 1st and 73rd 
intervals to show it is a cyclic process.

The expansion space volume is assumed as 1% of the 
volume variation in compression space. 

  (7)

As all the points are equispaced on the P-q curve, and 
the curve is symmetrical, the mean pressure Pm would be 
equal to 

  (8)

Where Ptotal  is the summation of pressure values in all 
72 intervals, i.e., in one cycle. The existing average pres-
sure Pavg of the CFPTR system is known. The ratio of Pavg to 
Pmobtains the correct value of product MR. Initially, MR is 
supposed to be 1. So, with the new MR values, the corrected 
pressure for each interval is calculated by multiplying the 
same with MR.

The calculation of pressure and volume variation is 
completed with assumed volume variation in expansion 
space Ve. Correction in the expansion space volume varia-
tion depends on the phase shifter (inertance) mechanisms. 
Using the characteristic equation of the phase shifter, the 
volume variation in the expansion space is possible and it 
is made by calculating mass flow through section I (mI). 
Then the volume of pulse tube section I is calculated using 
mI. Volume variation in pulse tube section III is calculated 
using VI, VII  and pulse tube volume Vpt.

The mass flow rate through the inertance will depend 
on the pressure in the pulse tube set I and pulse tube set II. 
If the pressure in the pulse tube of the first set (P1) is greater 
than the pulse tube of the second set (P2), gas will flow from 
PTR set I to PTR set II and vice versa.

For inertance tube, the characteristic equations are:
For P1>P2

  
(9)

For P1<P2

  
(10)

Mass flow rate at section I
The mass flow from section one depends upon the mass 

flow through inertance (mo) and the pressure variation in 
volume I
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(11)

Calculating the volumes VI, VII, and VIII
The hot end isothermal volume VI is calculated as

  (12)

The adiabatic part of the pulse tube VII

  (13)

The correct value of C is obtained with 

  (14)

The expansion space volume or cold end side of pulse 
tube volume VIII is obtained as

  (15)

Ideal power input and ideal refrigerating effect
Pressure and volume variation calculation is done for 

the cycle and the same is used for computation of the ideal 
power input (QP), and the ideal refrigeration effect (QR). 

  
(16)

Loss analysis
Loss analysis of the CFPTR takes account of the actual 

processes in the system that degrades the system’s per-
formance. Due to the losses, compressor power input 
increases, and the refrigerating effect get decreases. The 
friction factor ‘f ’ and pressure drop DP are calculated with 
the correlations used by Martini [27] for different mass flow 
rates at different intervals.

  (17)

Where f is calculated as

  (18)

  (19)

  (20)

Where Re is the Reynolds number given by the formula 

  (21)

Regenerator ineffectiveness loss
The regenerator is the major source of loss. Because of 

the regenerator’s ineffectiveness, the gas is cooled to (Te + 
DT) instead of Te. Therefore some refrigeration effect is 
lost to cool the gas coming out from the regenerator. The 
loss, QREG(I), for the Ith interval is given by, as described by 
Martini [27]

  (22)

Loss due to temperature swing
Temperature swing loss occurs due to the change in 

matrix temperature. The change in regenerator matrix tem-
perature, as given by Martini [27], is

  
(23)

DRMT(I) starts at zero at the start of flow and grows to 
DRMT(I) at the end of the flow during the interval. The loss 
is given by

  (24)

P-V loss due to pressure drop
The expansion space pressure values are calculated as 

per the given equation Pe(I) = P(I) - (pressure drop at the 
interval). Due to pressure drop, there is a reduction in the 
refrigeration effect. So, the actual refrigeration effect is 
given as

  (25)

The term  gives the P-V loss.

Conduction loss through solid members
The losses due to conduction are calculated as,

  (26)

Martini [27] has given a formula for effective thermal 
conductivity, kmx. Factor FF is the (1 – porosity) for the 
mesh used in the matrix.

  

(27)
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Computer code 
The above governing equations are converted into com-

puter code using C programming. Figure 4 shows a flow 
chart for the same.

Results of the cyclic model
The major geometrical and operating conditions of 

CFPTR considered for analysis are given in Table 1. The 
pressure, volume, and mass flow variation through the 

Figure 4. Flow chart.
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inertance tube is computed and plotted to calculate the 
ideal power input and ideal refrigerating effect. Then losses 
calculation provides an estimation of net power input and 
net refrigerating effect.

The pressure variation in the two subsystems of CFPTR 
is obtained, and they are in a 180-degree phase shift. The 
compression space pressure variation of PTR set I and PTR 
set II over a cycle with crank angle is presented in Figure 
5. The maximum and minimum pressure in the system is 
18.12 bar and 14.08 bar, respectively. Pressure variation for 
the cycle is useful to find the ideal power input and refrig-
erating effects.

Volume variation
The compression volume variation in PTR set I and PTR 

set II over a cycle with crank angle is displayed in Figure 
6. The maximum and minimum volume in the system is 
3.03X10-5 m3 and 3.00 X10-7 m3, respectively. 

Mass flow rate through the inertance tube 
The mass flow rate through the inertance tube for PTR 

set I is calculated using equations (9) and (10) and shown 
in Figure 7. It depends on the pressure in the pulse tube and 
pressure in the PTR set II. If the PTR set I pressure exceeds 
PTR set II, gas will flow from the set I to set II.

The compression and expansion pressure-volume vari-
ation is shown in Figure 8. The area under the PV curve 
gives the ideal work of the compressor and refrigerating 
effect for a cycle. 

Figure 7. Mass flow rate through the inertance tube for 
PTR Set I vs crank angle.

Table 1. Major geometrical and operational parameters of 
CFPTR

Component / parameter Unit Values
Pulse tube diameter mm 9.6
Compressor swept volume cm3 30
Volume of pulse tube cm3 9.3
Operating frequency Hz 50
After cooler volume cm3 5.3
Regenerator OD mm 28
Regenerator length mm 54
Regenerator mesh Mesh / in. 400
Cold end heat exchanger volume cm3 1.8
Hot end heat exchanger volume cm3 0.45
Average pressure bar 16
Heat rejection temperature K 310
Refrigeration temperature K 70 

Figure 6. Compressor volume vs crank angle

Figure 5. Compressor pressure vs crank angle.
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The ideal power input, QP, and the ideal refrigeration 
effect, QR, to the system are calculated using pressure-vol-
ume variation for the cycle. The values of the net refriger-
ating effect and losses for CFPTR are displayed in the form 
of a pie chart in Figure 9. The ideal and net power input to 
the compressor of CFPTR, COP, Carnot COP, and percent-
age of Carnot COP calculation has been made, and they are 
displayed in Table 2. 

The performance evaluation of CFPTR is done by using 
a cyclic analysis approach. The net refrigerating effect and 
net power input are given for the CFPTR system. To vali-
date, the CFD model is prepared using geometrical param-
eters, and the load of 15 W at each CHX is provided to 
obtain cyclic steady temperature.

CFD Analysis of CFPTR 
CFD software is widely used for numerical simula-

tion-based systems studies, such as fluid flow, heat trans-
fer, and chemical reaction phenomena. The CFD analysis 
requires geometry creation, meshing, and solver setup with 
appropriate boundary conditions. The governing equations 
are solved for velocity, pressure, and temperature at various 
locations in the system. CFD may also be used to model 
regenerators and heat exchangers that use porous material. 
Designers may need to create a unique profile as a bound-
ary condition in some cases, and these conditions cannot 
be expressed using FLUENT’s default settings. For defin-
ing such conditions, FLUENT introduces the UDF option. 
CFD allows for compressor modeling using dynamic mesh-
ing and appropriate UDF.

CFD analysis of CFPTR is performed to corroborate 
the results obtained by cyclic analysis. It is conducted to 
predict the cycle steady temperature at the CHX under 
no-load and 15 W load conditions. It is to be compared 
with the cyclic analysis CHX temperature for validation. 
ANSYS Fluent 18.0 software package is used for CFD 
simulation with a computer specification of 2.40 GHz 
processor and 4.00 GB RAM. It takes a month or more 
to complete a simulation. The working fluid for CFPTR 
is helium, while the component materials are copper and 
steel.

Simulated system
The IPTR may be modeled as plane-symmetric around 

the common plane of the system since the components 
are cylindrical and conical. Geometry is created using the 
design modeler in the ANSYS workbench. Table 3 lists 
the dimensions of the CFPTR model. The “Add Frozen” 

Table 2. Performance parameters of CFPTR

Parameter Unit Value
Gross Refrigerating effect W 94.76
Net Refrigerating effect W 30.88
Compressor power (Ideal) W 438
Regenerator pressure drop W 95.34
Heat exchanger pressure drop W 58.6
PV power W 591.94
Net power input (78 % motor efficiency) W 758.89
COP 0.04
Carnot COP 0.29
Percentage of Carnot COP 13.7

Figure 8. P-V charts for compression and expansion space.

Figure 9. Net refrigerating effect and losses.

Table 3. CFPTR dimensions

Component Radius (cm) Length (cm) Volume(cm3)
Compressor 3.09 1.3 30
Transfer line 0.3 3.796 5.3
Aftercooler 1.4 2.0
Regenerator 1.4 5.4 22.35
CHX 1.4 0.879 1.8
Pulse tube 0.48 12.85 9.3
HHX 0.50 0.9 0.45
Inertance tube 0.125 200 9.8175
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technique is utilized instead of “Add Material” to prevent 
system components from blending together. The CFPTR 
geometry view is shown in Figure 10.

The model is meshed with hexahedral elements, with 
some triangular elements in ANSYS workbench meshing. 
The mesh must match the interfaces of the various com-
ponents. A mesh independence test is conducted to obtain 
optimum meshing for the model. The meshing view and 
mesh independence test are depicted in Figure 11 and 
Figure 12, respectively.

The governing equations used in the simulation for the 
gas domain are given by 

Mass:

  (28)

Momentum:

  (29)

Energy:

  (30)

Where  is the fluid velocity. Similarly, the governing 
equation used in the simulation for the porous zones are 
given as 

Mass:

  (31)

Momentum:

  (32)

Where Si is the source term and it is the combination of 
the Darcy term and the Forchheimer term [28]:

  
(33)

Where C2 is the inertial resistance factor and α is the 
permeability. 

  
(34)

  
(35)

Energy:

  (36)

Where, Ef = Fluid energy
 Es = Solid medium energy 
The cell zone and boundary conditions are applied to 

the CFPTR system. UDF has been written for the move-
ment of the piston in the compressor [29]. Adiabatic wall 
condition is given for compressor, regenerator, pulse tube, 

Figure 10. CFPTR model.

Figure 11. Mesh view.

Figure 12. Mesh independency test.
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and inertance tube while heat exchanger walls have been 
given as isothermal condition. For hot end heat exchangers, 
310 K is given. The material for heat exchangers is specified 
as copper, and they are considered as porous zone, while the 
remaining components are made of stainless steel. Patching 
has been done to reduce computation time for 15 W load 
conditions by writing linear algebraic equations no. 33 and 
34 for regenerator and pulse tube temperature [28,30].

  (37)

  (38)

Results of CFD model
The simulation of CFPTR is done to confirm the results 

obtained by cyclic analysis. The simulation is carried out 
until the cyclic steady temperature is achieved. In order 
to have a better understating of temperature variation in 
CFPTR, the contour is plotted in Figure 13. The tempera-
ture contour does not cover the inertance tube. The CFPTR 
operates in the opposite phase. The pressurization occurs 
in the pulse tube refrigerator set I, while depressurization 
occurs in another. So temperature variation in compressor 
due to the same is displayed in the form of temperature 

contour. Figure 14 shows the temperature at CHX with 
respect to flow time at 15 W load. The phase difference 
between mass flow and pressure pulse at CHX is useful, and 
it is crucial for the system’s performance, which is plotted 
in Figure 15.

To reduce computation time, ANSYS Fluent gives a 
patching tool where the initial value can be patched. For 
regenerator and pulse tube, temperatures at the cold and 
hot end are maintained at 70 K and 310 K. Patching for 
the regenerator and pulse tube is done by equation no. 33 
and 34. The cyclic steady temperature of 47 K is attained 
at CHX for the 15 W load condition. In CFD analysis of 
CFPTR, the gas domain is taken into account without con-
sideration of wall thickness. Axial conduction losses are 
significant as a large temperature gradient along the regen-
erator and pulse tube length. Therefore the wall thickness 
of tubes should be designed to sustain pressure and reduce 
axial conduction loss. As a result, conduction losses in sol-
id-state components such as the regenerator and pulse tube 
are not reflected in the result. 

The regenerator is modeled as a porous zone in CFD 
analysis of CFPTR. The thermal equilibrium model or the 
thermal non-equilibrium model can be employed to inves-
tigate regenerators. In the thermal equilibrium model, the 
temperature of the gas and wire mesh is supposed to be the 
same at all times. The thermal equilibrium model is utilized 
to avoid the problem’s complexity.

CONCLUDING REMARKS

The CFPTR system is the modified IPTR obtained by 
removing the reservoir and replacing it with another pulse 
tube refrigerator. The current work is about the perfor-
mance evaluation of the CFPTR system. A mathematical 
model is developed for the analysis based on the second-or-
der cyclic analysis approach. This paper described a modi-
fied second-order cyclic approach for the CFPTR system in 
detail. The CFPTR performance is assessed by evaluating 
the ideal refrigerating effect, power input, and losses sepa-
rately, yielding net power input and net refrigerating effect. 
The net refrigerating effect and net power input obtained 
from the analysis of the CFPTR system are 30.88 W and 
758.89 W at 70K. The COP and percentage of Carnot COP 

Figure 13. Temperature contour.

Figure 14. Cooldown curve at 15W load condition.

Figure 15. Pressure and mass flow rate at CHX
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obtained for the CFPTR system are 0.04 and 13.71%. The 
confirmation of the second-order cyclic analysis model is 
made by CFD analysis by obtaining cyclic steady-state tem-
perature at CHX. This analysis gives the design methodol-
ogy for the modified system. The experimental setup will 
be developed for the CFPTR system, and it will be exam-
ined in a subsequent paper.

NOMENCLATURE

Ak Area for heat conduction, m2

C Constant
COP Coefficient of performance
CPM Specific heat of regenerator matrix, J/kg.K
Cv Specific heat at constant volume for the gas, J/

kg.K
Dp Wire diameter, m
D RMT Temperature change for regenerator material, K
E Total energy of the fluid
f Friction factor
G Mass velocity, kg/m2s
h Coefficient of heat transfer, W/m2 K
itd  Diameter of inertance tube, m
itl  Length of inertance tube, m
I Interval
kg  Gas thermal conductivity, W/m K
kmx  Matrix material thermal conductivity, W/m K
keff Effective thermal conductivity, W/m K
M Total moles of gas in working space, kg-mole
Mc Moles of gas in compression space, kg-mole
Mh1  Moles of gas in aftercooler (dead space), 

kg-mole
Mr  Moles of gas in regenerator, kg-mole
Me  Moles of gas in expansion space, kg-mole
Mh2  Moles of gas in cold end heat exchanger (dead 

space), kg-mole
mI Mass flow at pulse tube section I, kg/s
mo Mass flow through inertance, kg/s
MMX Mass of matrix material, kg
nmax Number of intervals
NTU Number of transfer unit
NU Nusselt number
P  Pressure, bar
P[i]  Pressure in CFPTR at the distinct interval, bar
Pavg Average pressure, bar
Pm Mean pressure, bar
QIP Refrigerating effect lost due to pressure drop, W
QK Loss due to conduction, W
QP Ideal power input, W
QR Ideal refrigeration effect, W
QREG Heat loss due to regenerator ineffectiveness, W
QTS Temperature swing loss, W
rh Hydraulic radius
R Universal gas constant, J/kg-mole.K
Re Instantaneous Reynolds number
Tr Regenerator Temperature, K 

Te Temperature in expansion space, K
Tpt Pulse tube temperature K
t Time, s
V Volume, m3

Vh1 Aftercooler volume, m3

Vh2 Cold end heat exchanger (CHX) volume, m3

Vh3 Hot end heat exchanger (HHX) volume, m3

Vpt Pulse tube volume, m3

WRS Mass flow rate of helium in the regenerator, 
kg/s

Greek Symbol 
g Specific heat ratio 
q Crank angle for compressor 1, degree
r Density, kg/m3

α Crank angle for compressor 2, degree
ε Porosity
t Time interval
μ Dynamic viscosity

Subscripts 
c Compression space 
cd Clearance space
cm Compressor swept volume
e Expansion space
I Part I of pulse tube
II Part II of pulse tube
III Part III of pulse tube
m Mean 
min Minimum
pt Pulse tube
pv PV work

Abbreviations 
CHX Cold end heat exchanger
CFD Computational fluid dynamics
CFPTR Counterflow pulse tube refrigerator
COP Coefficient of performance
CPU Central processing unit
HX Hot end heat exchanger
IPTR Inertance tube pulse tube refrigerator
OPTR Orifice pulse tube refrigerator
PTR Pulse tube refrigerator
RAM  Random access memory
UDF User defined function
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