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Abstract. A �nite volume method is developed for simulation of oscillatory compressible
ow in the pulse tube part of an ori�ce pulse tube refrigerator. Governing equations
for control volumes are written in 1D discretized form. Second order upwind is used
for the convective terms as well as Euler implicit method for temporal derivatives. The
results include the temperature and mass ow rate as functions of time and position, and
the bu�er pressure as a function of time. A typical pulse tube is modeled by using the
numerical model. The results show that the present numerical method has good agreement
with previously published results. The cold end (inlet) mass ow rate makes an angle
of 39.60 with the pressure vector. Hot end mass ow rate is in phase with the pressure
vector. Previously, it was mentioned that in one-dimensional models, overshoots never
disappear completely, whereas in the present one-dimensional model they are eliminated.
The overshoots in the both ends for present results are less than those for 3D results.
By using the results of Eulerian coordinate, Lagrangian approach is used to track
the movement of the gas parcels to get their pressure, temperature, and velocity in a
thermodynamic cycle.
© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

The invention of the ori�ce pulse tube cooler is re-
garded as the milestone of the developments of pulse
tube cooler. Since then, cooling performance of the
PTCs has been signi�cantly improved [1,2], which is
now comparable to the conventional cryocoolers. Many
theoretical analytical methods as well as numerical
models have been developed to investigate the mecha-
nism of refrigeration and intrinsic loss.

A zeroth order (thermo-dynamical) analysis gives
overall knowledge of occurred phenomena in PTCs.
Thermodynamical models [3-5] use the laws of ther-
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modynamics to analyze the performance of a pulse
tube. These thermodynamical models are based on
time-averaged values.

Several attempts have been made to linearize the
conservation laws. One of the possible approaches
is harmonic analysis (see [6,7]). Harmonic time
dependence is used and all variables of the system
are expanded in the harmonic series. Subsequently,
the 1D conservation equations are solved through an
expansion series solution. One of the main bene�ts
of this approach is its capability to perform rapid
optimizations with respect to dimensions and opera-
tional conditions of the pulse tube cooler. However,
this approach is restricted to small-amplitude harmonic
pressure variations in the system.

Due to the complexity of the conservation equa-
tions, analytical solutions are basically impossible.
This is why numerical models are of great importance.
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In [8], a one-dimensional numerical model was used
to describe an ori�ce-type pulse-tube refrigerator. All
components of the system in this study were considered
considering the basic assumptions: Ideal gas, ideal heat
exchangers, and negligible axial heat conduction as
well. Besides, the conservation equations were solved
using the �nite volume method. In later works [9,10],
real gas properties were taken into account. The
same model was used by Ju et al. [11] for studying
a double-inlet pulse tube and a good agreement with
experimental data was reported.

A two-dimensional model for the tapered tube
section of a pulse tube refrigerator has been proposed
in [12-14]. Linearized conservation equations were
solved analytically. The e�ects of operating frequency,
taper angle, and displacement volume ratio and phase
angle between velocities at the ends of the tube on the
net energy ow were studied.

The commercially available CFD code, such as
Fluent [15], is a bene�cial tool to numerically solve
Navier-Stokes equations with the �nite volume dis-
cretization scheme. Some researchers have demon-
strated the application of CFD simulations to PTRs.
The multidimensional ow e�ect has been analyzed by
Cha and Ghiaasiaan [16] on a high frequency inertance
tube pulse tube. In fact, they modeled the regenerator
and all heat exchangers as porous media taking the
gas viscous and inertial losses into account. Barrett
and Arsalan [17] performed a CFD simulation of a
stirling type simple OPTR using an axis-symmetric
model. In their model the regenerator and the pulse
tube have the same radius. The conclusion was that
a three-dimensional modeling tends to be very time
consuming and consequently not applicable for real
system optimization. In this paper, a one-dimensional
numerical method is developed for simulation of ow
and thermal �eld of the pulse tube part of an ori�ce
pulse tube refrigerator.

2. Physical model and governing equations

2.1. Physical model and assumptions
A schematic of an ori�ce pulse tube refrigerator is
shown in Figure 1. Assumptions considered are as
follows:

1. Ideal Newtonian gas;
2. One-dimensional laminar ow;
3. Negligible viscous dissipation;
4. No external force;
5. Constant wall temperature with respect to the time.

In pulse tube cryocoolers, Mach number is small.
However, compressibility cannot be neglected because
of density changes induced by the driving pressure.
This kind of ow is called low Mach number compress-
ible ow.

The experimental results show that the onset of
turbulence in oscillating ow is di�erent from that in
steady ow. The critical transition parameter is a
Reynolds number based on the Stokes layer thickness,
�,

Re� =
�u�
�
; (1)

� =
r

2�
!
: (2)

By using experimental results, the stability-plane has
been de�ned for oscillating pipe ow in the \Re�
versus r=�" space. According to this stability-plane,
turbulence occurs if Re� > 500. For the present pulse
tube parameters, we have Re� = 230, which is in the
perturbed-laminar ow region.

Considering an Eulerian point of view, the ow
�eld unknowns can then be described as the functions
_m(x; t), P (x; t), �(x; t) and T (x; t). The spatial domain

of the pulse tube is divided to n �nite volumes. Thus
there are n+ 1 faces as shown in Figure 2. Solid circles
(1 � I � n) store the nodal values of the temperature,
pressure, density, mass, and gas properties. The cross
signs (1 � i � n + 1) are the storage locations for the
nodal values of the mass ow rate, velocity, enthalpy
ow, energy ow, and the exergy ow. This staggered
arrangement of �nite volumes helps to prevent non-
physical numerical solutions in the Finite Volume
Method (FVM).

2.2. Governing equations
Based on the mentioned assumptions, the governing
equations are:

Figure 1. Schematic of an ori�ce pulse tube refrigerator.
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Figure 2. Subdivided domain of the pulse tube.

Continuity equation:
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= 0: (3)

Conservation of momentum equation:
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The last term of momentum equation is implemented
to describe wall-ow interaction which is equivalent to
the integration of viscous terms of 2-D Navier-Stokes
equations over a cross section of the tube.

Conservation of energy equation:
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Unlike momentum equation, here, the interaction
between gas and wall has been neglected because
of its complexity (non-synchronicity of heat transfer
and temperature di�erence). Also, it is negligible in
comparison to enthalpy ow.

State equation of the gas:

PV = mRT: (6)

Integrating of the above di�erential equations over an
arbitrary �nite volume gives:
@mI

@t
= _mi � _mi+1; (7)

@
@t
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2.3. Initial conditions
Real initial conditions in the pulse tube are zero
velocity, the charge (not mean) pressure, and the

ambient temperature. To reach to an oscillatory steady
state solution in a computer program needs very long
CPU time (several days). Whereas oscillatory steady
solution is essential to have a deep insight in analyzing
pulse tube refrigerator, it is e�cient to consider an
initial guess solution close to steady values instead of
real initial condition. The chosen initial conditions are:

P (x; 0) = Pm;

_m(x; 0) = 0;

T (x; 0) = (Thhx � Tchx)x=L+ Tchx: (10)

Furthermore, a linear initial condition for temperature
�eld is assumed. In [18], three pro�les (linear, expo-
nential, and step function) have been considered to
investigate the e�ect of initial conditions.

3. Numerical simulation

3.1. Procedure of the continuity and
momentum equations

In the momentum equation, the temporal derivative
of the momentum can be changed to the temporal
derivative of the mass ow rate as:

@
@t

(mu)i =
@
@t

(�iA�xui) = �x
@ _mi

@t
: (11)

The momentum ow at the nodes is calculated by
second order upwind:

( _mu)I =

8><>:uI(1:5 _mi � 0:5 _mi�1) uI � 0

uI(1:5 _mi+1 � 0:5 _mi+2) uI < 0
(12)

To deal with pressure force, combine state equation of
the gas with continuity equation, and then approximate
the temporal derivative by using the Euler implicit
method. Thus a relation which gives pressure at the
nodes explicitly is derived:

P kI = ( _mk
i � _mk

i+1)�t
RT kI
V

+ P k�1
I

T kI
T k�1
I

: (13)

The index k shows the value at the present time level,
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and index k�1 shows the values at previous time level.
The density is replaced by state equation of the

gas. The pressure at faces is estimated by central linear
interpolation:

Pi =
1
2

(PI�1 + PI): (14)

Finally, inserting Eqs. (6), and (11)-(13) into the
momentum equation (8), gives:

�x
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_mk
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The aforementioned equation along with boundary
conditions are solved by Penta-Diagonal Matrix Algo-
rithm.

3.2. Boundary conditions of the momentum
equation

3.2.1. The left boundary (cold end, x = 0)
It has a sinusoidal or trapezoidal pressure, corresponds
to a speci�ed mean value and amplitude. For sinusoidal
oscillation, we have:

Pi=1 = Pm + Pa sin(2�ft): (16)

Combining Eqs. (13), (14) and (16) gives an equation
which includes the inlet mass ow rate.

3.2.2. The right boundary (hot end, x = L)
It is at the ori�ce face if the resistive e�ect of the hot
heat exchanger is neglected. The gas velocity at the hot
end is proportional to the pressure di�erence between
two sides of the ori�ce, i.e. bu�er pressure and hot end
pressure given as:

uH =
Cor
A

(PH � Pb): (17)

Eq. (17) can be easily changed to derive an equation
for mass ow rate. To do this, the bu�er pressure
must be speci�ed. The volume of the bu�er is large
compared to that of the pulse tube, typically being 10

times larger. One procedure is that the pressure in
the bu�er is considered nearly constant and practically
equal to the average pressure in the system. A more
accurate procedure is a time dependent bu�er pressure,
so an extra equation is needed. It is the conservation
of mass equation for the bu�er:

@
@t

�
PbVb
RTb

�
= _mH = Cor�H(PH � Pb): (18)

Two common ways to deal with the thermal behavior
of the gas inside the bu�er are assuming isothermal and
adiabatic process. The �rst assumption is considered
in this study. The temperature of the bu�er is almost
constant during the oscillation process and equals to
the temperature of the hot heat exchanger which is
the same as ambient temperature. As a result, the
conservation of the mass equation for the bu�er can be
written as:

@Pb
@t

= Cor�i=n+1(Pi=n+1 � Pb)RThhxVb
: (19)

By using the Euler implicit method, Eq. (19) would
change to a simple algebraic equation:

P kb � P k�1
b = �tCor�i=n+1(Pi=n+1 � Pb)RThhxVb

:
(20)

Inserting Eq. (20) into the last part of Eq. (18) gives
the mass ow rate at the hot end as the right boundary
condition.

3.3. Procedure of energy equation
To evaluate a convection-dominated problem, the up-
wind scheme for the enthalpy ow and temperature at
faces is commonly used.

Because of large temperature gradient, the second
order upwind method is used. The temperature at the
faces is derived as:

Ti =

8><>:1:5TI�1 � 0:5T kI�2 _mk
i � 0

1:5T kI � 0:5T kI+1 _mk
i < 0

(21)

Similarly, the enthalpy ow at the faces is estimated
as:

( _mCPT )i=

8><>: _miCP (1:5TI�1�0:5TI�2) _mi�0

_miCP (1:5TI�0:5TI+1) _mi<0 (22)

The heat conduction rate is calculated by Fourier's law
as:

_qi = �kA
�
@T
@x

�
i

= �kATI � TI�1

�x
: (23)
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Temporal derivatives of energy equation are discretized
by the Euler implicit method. Finally, the energy
equation of the gas is obtained in the following form:

P kI V CV
RT kI �t

T kI + max( _mk
i+1CP ; 0)(1:5T kI+1 � 0:5T kI+2)

+ min( _mk
i+1CP ; 0)(1:5T kI � 0:5T kI�1)

�max( _mk
iCP ; 0)(1:5T kI � 0:5T kI+1)

�min( _mk
i+1CP ; 0)(1:5T kI�1 � 0:5T kI�2)

+ kA
T kI � T kI�1

�x
� kAT kI+1 � T kI

�x

=
P k�1
I V CV
R�t

+ 0:5
�
P kI V (ukI )2

RT kI �t

� P k�1
I V (uk�1

I )2

RT k�1
I �t

+ _mk
i+1(uki+1)2

� _mk
i (uki )2

�
: (24)

The above equation along with boundary conditions
are solved by Penta-Diagonal Matrix Algorithm.

3.4. Boundary conditions of the energy
equation

3.4.1. The left boundary (cold end, x = 0)
At the left boundary and while ow is positive (inow
to the domain), temperature is equal to constant
temperature of the cold heat exchanger. When ow is
negative (outow), temperature is calculated by using
the second order upwind approximation, thus:

Ti=1 =

8><>:Tchx _mk
i � 0

1:5T kI � 0:5T kI+1 _mk
i < 0

(25)

3.4.2. The right boundary (hot end, x = 0)
This boundary is treated similar to the left boundary,
therefore:

Ti=n+1 =

8><>:1:5TI�1 � 0:5T kI�2 _mk
i � 0

Thhx _mk
i < 0

(26)

3.5. Solution algorithm
The following procedure is used for the calculation
process:

1. Enter parameters including dimensions (length and
diameter), gas properties, performance parameters
(such as frequency, mean pressure, and ow conduc-
tance of ori�ce), and options (number of iterations

per time step, time steps per cycle, number of
cycles, and number of control volumes).

2. Guess initial values for mass ow rate, pressure and
temperature.

3. Calculate the mass ow rates.
4. Calculate the pressure �eld explicitly.
5. Calculate velocities and temperatures at the faces.
6. Calculate the temperature �eld.
7. Iterate steps 3 through 6 until one time step ends.
8. Go to the next time step.
9. Repeat steps 3 to 8 for a speci�ed number of the

cycles.

4. Results and discussion

4.1. Input parameters
A typical pulse tube is modeled by using the afore-
mentioned numerical model. The geometry, gas (He-
lium) properties, and performance conditions are taken
from [19] which are listed in Table 1. Optional param-
eters, which are used for simulation, are tabulated in
Table 2.

4.2. Flow �eld
In the most studies, the pressure gradient in the pulse
tube was neglected. Figure 3 shows the pressure
distribution on the pulse tube at the half and end of

Table 1. Physical data.

Parameter Value-unite

Cor 10�8 m3.Pa�1.s�1

Cp 5197 J.Kg�1.K�1

Cv 3120 J.Kg�1.K�1

f 20 Hz
k 0.158 W.m�1.K�1

L 0.2 m
Pm 3 MPa
Pa 0.5 MPa
r 0.025 m
R 2077 J.Kg�1.K1

TH 300 K
TC 70 K
Vb 0.005 m3

� 2.0e-5 Pa.s

Table 2. Optional parameters.

Number of control volumes 100
Number of time steps per cycle 100
Number of cycles 200
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Figure 3. Pressure distribution at half and end of the
200th cycle.

Figure 4. Inlet pressure and bu�er pressure.

the 200th cycle. The pressure drop in the pulse tube is
less than 1 kPa.

A larger bu�er volume gives smaller amplitude of
the bu�er pressure. Variations of the inlet pressure and
the bu�er pressure are shown in Figure 4. It is obvious
that the bu�er pressure has a phase lag produced by
the ori�ce. The mean value of the bu�er pressure
(3.0252 MPa) is approximately as same as the bu�er
pressure calculated by analytical treatment:

Pb =
p
P 2
m + P 2

a =2 = 3:0208 MPa: (27)

The temporal variations of inlet and outlet mass ow
rates and driving pressure (minus mean value) as
crucial parameters are shown in Figure 5. This �gure
shows that the cold end (inlet) mass ow rate makes an
angle of 39:6� with pressure vector. The refrigeration
power is proportional to the product of the inlet mass
ow rate and pressure. Hot end mass ow rate is
in phase with the pressure vector, because the ori�ce
always provides a ow on the hot end of the pulse tube
which is in phase with the pressure.

Figure 5. The temporal variations of inlet and outlet
mass ow rates and driving pressure in the last cycle.

Figure 6. Limits (maximum and minimum) of the mass
ow rate.

According to Figure 6, where the limits (maxi-
mum and minimum) of the mass ow rate are shown,
it can be found that the relative change in mass ow
rate is approximately 82%.

4.3. Temperature �eld
Temperature of cold and hot ends of the pulse tube
along with the results achieved by harmonic treat-
ment [5] and 3D simulation [20] is shown in Figure 7.
In the half-cycle, where the velocity at cold end of the
pulse tube is positive (gas ows from CHX into pulse
tube) based on upwind approximation, temperature
at the cold end of the pulse tube is equal to the
temperature of the cold heat exchanger, and is con-
stant. On the other hand, in the half-cycle, where the
velocity at the cold end of the pulse tube is negative,
temperature at the cold end arises corresponding to
mass ow rate variations. These results can be found
by comparing Figures 5 and 6. Besides, there is a
similar behavior for the temperature at the hot end
of the pulse tube.

The results show that the present numerical
method has a good agreement with previous results.
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Figure 7. Temperatures of cold and hot ends in 9th
cycle: (a) Cold end; and (b) hot end.

Also overshoots at both ends for present results are less
than that for 3D results. These overshoots were being
reported also in other one-dimensional simulations
and that is because of a small net gas ow in the
system. Overshoots are sensitive to the velocity and
temperature boundary conditions, the initial condi-
tions, and the grid re�nement. It was reported that
in previous one-dimensional models, overshoots never
disappeared completely [19], whereas in the present
one-dimensional model they are eliminated after 40
and 12 cycles for cold and hot end (Figures 8 and 9.),
respectively. Furthermore, they disappear sooner than
2D model [19] which is based on �nite di�erence
method.

Temperature of gas in 100th cycle obtained by
the present model, and 1D and 2D results of Lyulina's
simulation are shown in Figure 10. In Figure 10(a),
the e�ect of upstream cold temperature in the cold
region is clear. Besides, the temperature rising in
Figure 10(b) is due to the e�ect of gas compression
in the hot region.

Figure 8. Temperature at cold end in �rst 50 cycles.

Figure 9. Temperature at hot end in �rst 50 cycles.

4.4. Energy ow and enthalpy ow
After calculation of the mass ow rate, velocity, tem-
perature, and pressure, total parameters are obtained.
Total parameters are mean cyclic values of net mass
ow rate, enthalpy ow, and energy ow. When cyclic
(periodic) steady state is reached, net mass ow rate
over a cycle must be zero based on the continuity
equation.

However, this condition is never satis�ed because
of numerical errors. To evaluate numerical errors
during cycles, mean cyclic mass ow rate is named
as \error" (28). After 200 cycles, error reaches to
1:6 � 10�6 kg/s that is very satisfactory. Figure 11
shows the error during 200 cycles.

Another important total parameter is the en-
thalpy (sum of internal energy and ow work) ow (29).
The energy ow is the sum of enthalpy ow, kinetic
energy, and heat conduction of the gas (30). Ideally, the
energy ow is equal to the cooling power of the cooler.
When the periodic steady state is reached, integration
of the energy equation over one cycle implies that
energy ow must be constant along the pulse tube.
Therefore, the energy ow and enthalpy ow are
suitable criterion for investigation of the convergence
of the solution. Figure 12 shows the net cyclic enthalpy
and energy ows of 200th cycle in the pulse tube. From
Figure 12, it is clear that net cyclic energy ow in the
pulse tube is not constant and varies a little during
cycles.
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Figure 10. Temperature at half and end of 100th cycle:
(a) t = 4:975 s; and (b) t = 5:000 s.

e =
1

n+ 1

n+1X
i=1

1
�

I
_midt; (28)

�_H =
1
�

I
_mCPTdt; (29)

�_E =
1
�

I �
_m
�
CPT +

u2

2

�
� kA@T

@x

�
dt: (30)

Also, a G �M type pulse tube cryocooler, which has
a trapezoidal driving pressure, is simulated by using
the numerical model. The enthalpy ow calculated by
present simulation for sinusoidal and trapezoidal inlet
pressure has been compared to analytical results in
Table 3. The di�erence between the present results
and the analytical results is less than 1

4.5. Lagrangian approach
After numerical calculations, summarizing the ob-
tained results in Lagrangian view, the quantitative
results of thermodynamic cycles will come out. In [21],

Figure 11. Error of net mass ow rate during cycles.

Figure 12. Energy ow and enthalpy ow of 200th cycle
along pulse tube.

Table 3. Net enthalpy ow (watts) for two di�erent types
of pressure oscillations.

Inlet
pressure

Analytical
estimation

Present
results

Sinusoidal 1250 1242

Trapezoidal 1944 1925

the mixed Eulerian-Lagrangian method was applied to
simulate and visualize one-dimensional gas ow in a
two-stage pulse-tube cooler which is operating in the
4 K temperature region. A moving grid is used to
follow the exact tracks of gas particles (Lagrangian
approach) when they move with pressure oscillation
in the pulse tube. For the regenerator, a mixed com-
putational grid was used (Eulerian approach). Using
calculated values of 200th cycle in Eulerian coordinate,
an additional Lagrangian approach is used to track
the movement of a gas parcel to get its pressure,
temperature, and velocity at di�erent positions in a
thermodynamic cycle. Assuming constant velocity of
the gas parcel during a time step, the gas parcel would
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move to a new certain position at a new time level.
If the new position is not located in a grid point,
pressure, temperature, and velocity of the gas parcel
are calculated by linear interpolation of corresponding
parameters at two adjacent grids. After 100 time steps
calculations, the gas parcel would return to its original
position. Therefore, complete thermodynamic cycles
of the gas parcel can be obtained. Results show that
di�erent gas parcels undergo thermodynamic cycles at
di�erent temperatures. These gas parcels convey heat
from the low temperature part to the high temperature
part of the system.

Figure 13 shows the temperature of four gas
particles in the pulse tube. Accordingly, the elements
which are close to the cold end have more displacement
and less temperature variations than those which are
close to the hot end. Pressure of two gas particles in
the pulse tube is depicted in Figure 14. For Stirling-
type pulse tube, thermodynamic cycle of gas particles
is an elliptical path as seen from T � x diagram as
well as in P � x diagram shown in Figures 13 and
14, respectively. A G �M type pulse tube cooler has
nearly trapezoidal shape thermodynamic cycle. Four

Figure 13. Temperature of gas particles during one cycle.

Figure 14. Pressure of gas particles during one cycle.

points are considered in thermodynamic cycle. Point
1 is selected as the starting point (left bound of gas
position) of the cycle whose pressure is a little more
than its minimum value and velocity is zero. Between
points 1 and 2, gas particles move to the hot end
and their velocity increases because of the acceleration
produced by driving pressure. The pressure and tem-
perature increase because of compression work which
is done on gas column. At point 2, pressure is a little
less than the maximum pressure, and the velocity is
the maximum. From point 2 to point 3, gas particles
move to the hot end. The velocity at point 3 is zero;
hence point 3 is at the right bound of gas position.
In the path between point 3 and point 4, the velocity
increases because of expansion (negative acceleration).
Besides, the temperature and the pressure decrease in
this section. Point 4 has maximum absolute value of
the velocity. From points 4 to 1 the velocity decreases
insofar as it becomes zero at point 1.

5. Conclusion

A �nite volume method is developed for the numerical
simulation of oscillatory compressible ow in the pulse
tube part of an ori�ce-type pulse tube refrigerator.
Governing equations for control volumes are written
in 1D discretized form. A staggered grid is used in the
spatial domain. The second order upwind method is
used for the convective terms as well as Euler implicit
method for temporal derivatives. A typical pulse
tube is modeled by using the numerical model. The
results show that the present numerical method has
a reasonable agreement with previous results. The
results show that the pressure drop in the pulse tube is
less than 1 kPa. It is found that the bu�er pressure has
a phase lag produced by the ori�ce. The mean value of
the bu�er pressure is approximately as same as bu�er
pressure calculated by analytical technique. The cold
end (inlet) mass ow rate makes an angle of 39:6� with
pressure vector. Hot end mass ow rate is in phase
agreement with the pressure vector. Previously, it was
mentioned that in one-dimensional models overshoots
never disappear completely whereas in the present one-
dimensional model they are eliminated. In addition,
the overshoots in both ends for present results are less
than those for 3D results. Furthermore, they disappear
sooner than 2D model which was based on the �nite
di�erence method.

Calculation of the mass ow rate, velocity, tem-
perature, and pressure leads to obtain total parameters.
Total parameters are mean cyclic values of net mass
ow rate, enthalpy ow, and energy ow. Also, a G-
M type pulse tube cryocooler, which has a trapezoidal
driving pressure, is simulated by using the numeri-
cal model. The enthalpy ow calculated by present
simulation for sinusoidal and trapezoidal inlet pressure
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has been compared with analytical results. The one-
dimensional numerical results di�er nearly 1% from
analytical results in two cases. Finally, by using the
calculated values of 200th cycle in Eulerian coordinate,
an additional Lagrangian approach is used to track
the movement of a gas parcel to get its pressure,
temperature, and velocity at di�erent positions in a
thermodynamic cycle.
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Nomenclature

A Cross sectional area of pulse tube
Cor Flow conductance of ori�ce
Cp Constant pressure speci�c heat

capacity
Cv Constant volume speci�c heat capacity
e Error of the mass ow rate
�_E Mean cyclic energy ow
f Operating frequency
fF Friction force
�_H Mean cyclic enthalpy ow
k Thermal conductivity
L Length of the pulse tube
m Mass
_m Mass ow rate
n Number of control volumes
N Total variable
Pa Pressure oscillation amplitude
Pm Mean pressure
_q Heat conduction rate
r Radius of the pulse tube
R Gas constant
Re Reynolds number
Re� Reynolds number based on �
T Temperature
u Velocity
�u Amplitude of the velocity
V Volume
x Distance from cold end

Greel letters

� Stokes layer thickness
! Angular frequency
�t Time step

�x Spatial step
� Viscosity
� Density
� Period
� Kinematic viscosity

Subscripts

b Bu�er
chx Cold heat exchanger
H Hot end
hhx Hot heat exchanger
I Node number
i Face number

Superscripts

k Time level number
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