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Abstract

An optimize result of the single stage iterance tube pulse tube refrigerator (ITPTR) has been found by the
use of a computational fluid dynamic (CFD) solution method. A well CFD solution software FLUENT is
used for solution purpose. A number of case has been solved by changing the pulse tube length by taking
diameter constant out of which it is found that a length of about 125mm at which the minimum
temperature is achieved at cold heat exchanger end of 58 K. The variation in any parameter of ITPTR will
affect the cooling temperature that may be the length or diameter of pulse tube or inertance tube or
change in operating frequency but it is essential to achieve lower temperature than till date achieved by
same method. So for optimization purpose we take the length of pulse tube length as the varying Para-
meter and the operating frequency 34 Hz, pulse tube diameter Smm remains constant. To get an optimum
parameter experimentally is a very tedious for iterance tube pulse tube refrigerator job so the CFD
approach gives a better solution which is the main purpose of the present work.
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1. Introduction

Due to no moving part and high reliability pulse tube refrigerator are widely used for space cooling
applications, semiconductor fabrication for industrial purpose, infrared sensors in military field etc. In
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world history Gifford and Logesworth [1] first time give the idea of Basic pulse tube Refrigerator (BPTR)
in 1960s. After 16 year later Mikuluin [2] bring a modification to the introductory type Basic pulse tube
Refrigerator. To get better cooling effect he modified it in such a way that the phase angle between
temperature and velocity changes due to adding a small orifice which causes enthalpy flow increasing
near hot end. Such type of pulse type of refrigerator is named as Orifice Pulse Tube Refrigerator (OPTR).
Then it is modified by so many researchers to get better cooling effect by varying shape of any parameter
or number of stage. A double inlet pulse tube refrigerator (DIPTR) has been introduced by Zhu et al. [3].
Marquardt and Redebaugh [4] made another type of refrigerator having much better efficiency by
combining both iterance tube and orifice. There are some other papers which deal with theoretical
approaches to study the phase shift, efficiency and flow cycles [5-10] inside the pulse tube refrigerator.
Cha et al. [11] first time made a CFD model on a single stage iterance pulse tube refrigerator using
FLUENT software which gives a better solution to optimise pulse tube refrigerator. Using the same CFD

Nomenclature
Greek Symbols
a piston displacement (m)
a piston displacement amplitude (m) p density (kg/m’)
G specific gas constant, (J/kg-K) ® angular frequency (rad/s)
C inertial resistance (m™) p permeability tensors (m”?)
E total energy (JKg™) i dynamic viscosity(kg/m s)
h enthalpy (J/kg) v kinematic viscosity
j superficial velocity (m/s) T stress tensors (N/m”)
k thermal conductivity (W/m-K) 3 porosity
p pressure (N/m?)
T temperature (K) Subscripts
t time (s)
v velocity (m/s) S solid
\Y% volume (m?) f fluid
Sy,Sy  momentum source terms (Nm'3) z frequency
y radial coordinate
X axial coordinate

solution method by changing the dimension of (ITPTR). Ashwin et al. [12] achieved a minimum
temperature of 65 K at an operating frequency of 34 Hz. Ling et al. [13] studied the thermodynamic
cycles inside a pulse tube refrigerator. They show a minimum temperature achieved is of 62k, operating
at a higher frequency of 40Hz.

2. Geometrical Design of PTR for CFD analysis
2.1. Mathematical Formulation

Fig. 1 shows the schematic representation of the 2D axi-symmetric model of the inertance pulse tube
refrigerator used for the present computational analysis. The detail dimension is given in the Table 1. at
which the optimised temperature was found.
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Fig. 1. Schematic diagram of computational domain of ITPTR: A - compressor, B — transfer line, C - after cooler, D — regenerator,
E — cold heat exchanger, F — pulse tube, G — hot heat exchanger, H - inertance tube, I - reservoir.

Tablel

constituent part Diameter (m) Length (m) Boundary condition
Compressor (A) 0.01908 0.0075 Adiabatic
Transfer line (B) 0.0031 0.101 Adiabatic
After cooler (C) 0.008 0.02 300 K
Regenerator (D) 0.008 0.058 Adiabatic
Cold heat exchanger (E) | 0.006 0.0057 Adiabatic
Pulse tube (F) 0.005 0.125 Adiabatic
Hot heat exchanger(G) 0.008 0.01 300 K
Inertance tube (H) 0.00085 0.684 Adiabatic
Reservoir (I) 0.026 0.13 Adiabatic

2.2. Governing equations

The governing equations for the above analysis can be written as:

Continuity Equation

0 10 0
a[fp]ﬂL;g[f’”Py}La[éﬁpf"sz 0 (1)

Momentum Equation:

For axial direction



S.K. Rout et al. / Procedia Engineering 38 (2012) 1524 — 1530

cp 0

aa—t[ipvxh l—y—jx Erv.}, —Fl—)[ aay Ey povly,
(2)
]

y oy

For radial direction
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Where S, and S, are the two source term in the axial and radial direction which values is zero for
nonporous zone. But for the porous zone the source term which is solved by the solver is given by the
following equation.

X

7] 1

S =—|=v. +—Cp, 4
[‘//vx 2 P |VVX) “
7] 1

Sy =—[;vy +5Cpf |v|vyj (5)

In the above equation the first term is called Darcy term and the second term is called the Forchheimer
term which are responsible for the pressure drop inside the porous zone.

Energy Equation:

%(épEf +(1-8) p,E,)+V.(¥(p,E, + p)) = V.(kVT, +7.) )
Where

k=§kf+(1—§)k5 o)

E,=h-p/p,+v'/2 (8)
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2.3. Detail modeling and Boundary Conditions

All the boundary condition with dimension is shown in Table 1. Similar type of 2-D Axi-symmetric
geometry was modelled using the modelling software GAMBIT as shown in Fig. 1. The number of mesh
for this case is 4400 which is chosen after a grid independency test which shows that after this value there
no variation in the result of simulation. To guide the compressor piston a FLUENT User Define Function
(UDF) is attached to the piston with a correlation a = ay- sin«(wt). The operating frequency is taken z = 34
Hz. Where a is the piston displacement and ay = 0.0045m is the amplitude with a time increment of
0.0007s is assumed and the piston head velocity is related with the correlation v = ag«w+cos=(wt). Where v
is the piston head velocity. For porous media region the parameter s are taken from [15], inertial
resistance 76090 m™ and permeability 1.06 x 10" m?. Steel is chosen as the component material. The
working gas is chosen is helium and the property (viscosity, thermal conductivity, specific heat) of the
gas are taken as temperature dependent from NIST data base.

2.4. Numerical solution procedure

The governing equations as described above are solved by Fluent. Axisymmetric, unsteady, cell based,
physical velocity with segregated solver is taken for analysis. PISO algorithm with a PRESTO (Pressure
Staggered Option) scheme for the pressure velocity coupling is used for the pressure correction equation.
Suitable Under relaxation factors for pressure, momentum and for energy were used for the better
convergence. Quad lateral cells were used for the entire computational domain. For all equation
Convergence of the discretized equations are said to have been achieved when the whole field residual
was kept at 107,

3. Results and discussion

3.1. Matching with Cha et al. [11] model
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Fig. 2. Validation plot between present model and Cha et al. [11] model
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The Fig. 2 shows that the present CFD results match well with the Cha et al. [11] model. It is noticeable
from the Fig. 3 that the steady state temperature is reached after 50s for both the case after which there no
change in temperature with respect to time. The Cha et al. model reporting a temperature of 87 K using
4200 number of cell where in the present case it is found a 86 K using 3900 cell.
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Fig. 3. Axial temperature plot varying from after cooler to hot heat exchanger after steady state temperature of 58k at cold heat

exchanger .
Fig. 4. Area weighted verage temperature plot with number of iteration
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Fig. 5. Temperature Contours showing the temperature variation inside

pulse tube.
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3.2. Discussion on cool down Temperature

Fig. 3 shows the axial temperature variation from after cooler wall to hot heat exchanger wall because this
is the region at which it gives the minimum temperature. The plot is taken after a steady state is achieved.

So at any time the temperature remains nearly constant with small fluctuation at any position. Near the
cold heat exchanger wall it is found that 58 K where after cooler wall and hot heat exchanger wall is at
300k. Fig. 4 shows the area weighted average temperature at cold heat exchanger with respect to number
of iteration till 800000 steps. It shows that initially temperature decreases firstly and gradually the rate of
decrease in temperature decreases and becomes steady. Fig. 5 shows the Contours how the temperature
varies inside pulse tube.

4. Conclusions

The study focuses on CFD investigation to optimise the pulse tube refrigerator dimension so that we get a
better cooling effect to generate liquid nitrogen which requires a temperature below 77 K. The present
investigation shows as per requirement result for producing liquid nitrogen using Pulse tube refrigerator.
This cooling temperature is achieved numerically by changing the dimension of pulse tube length to
125mm. With this dimension we get the temperature 58K at cold heat exchanger.
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