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Abstract

The pulse tube refrigerator (PTR) is a cryocooler which is capable of reaching
temperature of a few tens of Kelvin in a single stage and a few Kelvin in two stages. Unlike
ordinary refrigeration cycles which utilize the vapor compression cycle, a PTR implements the
oscillatory compression and expansion of gas within a closed volume to achieve the desired
refrigeration. Pulse tube refrigerator has the advantages of long—life operation, high reliability
and low vibration over the conventional cryocoolers, such as G-M and Stirling coolers because
of the absence of moving parts at their low temperature end. Due to its associated
advantages, pulse tube refrigerators have several applications such as cooling of infrared
sensors, night vision equipments, SQUID, cryopumping etc.

All pulse tube refrigerator units operate as closed systems where no mass is
exchanged between the cryocooler and its environment. The only moving component is the
piston (and the rotary valve) which oscillates back and forth to generate periodic pressure
oscillation of the working fluid. Mostly helium is chosen as working fluid because it offers the
lowest critical temperature compared to other available gases. It has also high thermal
conductivity. Accurate modeling of the pulse tube cryocooler is essential to predict its
performance and thereby arrive at optimum design. At the current stage of world wide
research, such accurate models are not readily available in open literature. Further, the
complexity of the periodic flow in the PTC makes analysis difficult. Although different models
are available to simulate pulse tube cryocoolers, the models have its limitations and also range
of applicability. In order to accurately predict and improve the performance of the PTC system
a reasonably thorough understanding of the thermo fluid- process in the system is required.
One way to understand the processes is by numerically solving the continuum governing
equations based on fundamental principles, without making arbitrary simplified assumptions.
The recent availability of powerful computational fluid dynamics (CFD) software that is capable
of rigorously modeling of transient and multidimensional flow and heat transfer process in
complex geometries provides a good opportunity for analysis of PTCs.

The experimental method to evaluate the optimum parameters of PTCs is difficult. On
the other hand, developing a specialized computer code for its CFD analysis is equally complex.
Thus numerical experimentation using CFD software is a suitable option. It should, however,
be emphasized that CFD-type predictions, like other model-generated results, are reliable only

when they are verified against experimental data. Therefore, importance of experimental



validation is to be emphasized. An issue of particular interest is the relevance of the
predictions of one-dimensional models to asses the performance of pulse tube cryocoolers.
This is important because the calculations for design procedure are usually based on one
dimensional flow models. Thus the validity one-dimensional flow model to use for the multi-
dimensional flow system is an important aspect of analysis. These issues are addressed in the
dissertation.

In this study, multi-dimensional continuum governing equations are humerically solved
to investigate the details of thermo-fluid process in Stirling type Orifice Pulse Tube
Refrigerator (OPTR) and Inertance Tube Pulse Tube Refrigerator (ITPTR) and GM type Double
Inlet Pulse Tube Refrigerator (DIPTR). The Stirling type system includes dual opposed piston
compressor, regenerator, pulse tube, cold and hot heat exchangers, inertance tube/orifice and
reservoir. In the GM type DIPTR the additional components are rotary and double inlet orifice
valves. In this investigation the Commercial CFD package, FLUENT is utilized to study the flow
phenomena and heat transfer characteristics in the pulse tube system. The simulation results
are presented and compared with experimental data. The whole study is classified into three
groups which are discussed below.

In the first part of study, Stirling type OPTR and ITPTR are considered for CFD
simulation using Fluent software. Two-dimensional axis-symmertic geometry is considered for
CFD simulations. The simulations represent a fully-coupled system operating in steady periodic
mode, without any arbitrary assumptions other than ideal gas and no gravity effect. The sole
external boundary conditions imposed on the model are a sinusoidal oscillating piston face
velocity by user defined function (UDF) along with one of the thermal boundary conditions,
adiabatic, isothermal or known heat flux at the cold end heat exchanger. The objective is to
compare the performance of ITPTR and OPTR on the basic of CFD simulations. Where physical
dimensions of components are kept same except that the inertance tube is replaced by an
orifice valve. In order to observe the difference of refrigeration performance between an
ITPTR and OPTR, pressure wave of same amplitude and frequency are applied.

For each system three separate simulations are analyzed. One simulation assumes an
adiabatic cold-end heat exchanger (CHX); another assumes a known cooling heat load, and
the last assumes a pre-specified CHX temperature. Each simulation started with an assumed
uniform system temperature, and continued until steady periodic conditions are achieved. The

transient CFD model successfully predicts pulse tube refrigerator performance through solving



the Navier—Stokes Equations for fluid momentum and heat transfer, along with an ideal gas
equation. The result shows that the performance of the ITPTR is superior to that of OPTR.
The use of the ITPTR configuration offers a better potential for higher performance and
efficiency. The improvement can be explained in terms of mass flow rate inside the pulse tube
and the favorable phase relation between the mass flow rate and pressure at the cold end
section of the pulse tube.

In the second part of study, a single stage G-M type double inlet pulse tube
refrigerators is considered for CFD simulation using Fluent software. The two-dimensional
geometry is taken for simulation. In this simulation the physical dimensions of all the
components are kept constant and pressure input is generated from the same UDF (User
Defined Function) for different case of simulations. Initially the valve openings (orifice and
double inlet valve) are optimized to achieve the lowest temperature at the adiabatic condition
of cold end heat exchanger. This optimized valve openings are used for other boundary
conditions i.e., known heat load and isothermal conditions. In the DIPTR system, five separate
simulations are analyzed. For adiabatic cold end boundary conditions three cases are
simulated to optimize the valve openings to achieve the lowest temperature at the cold end.
Based on this optimized valve opening, simulations are performed on the known heat load
boundary conditions and isothermal cold heat exchanger. Each simulation started with an
assumed uniform system temperature, and continued until steady periodic conditions are
achieved. The results showed that CFD simulations are capable of elucidating the complex
periodic processes in DIPTR very well. This CFD simulation results are compared with the
available experimental data. The comparisons show that there is an appreciable agreement
between CFD simulation and experimental data.

In the third part of study the CFD simulation is extended to GM type DIPTR by taking
three-dimensional geometry of the system to more accurately access the performance. In this
DIPTR system five separate simulations are analyzed similar to 2D- GM cycle described earlier.
For adiabatic cold end boundary conditions three cases are simulated to optimize the valve
openings. Based on this optimized valve opening, simulations are performed on the known
heat load and isothermal boundary conditions at the cold heat exchanger. The simulation
results are validated with available experimental results. There is an excellent agreement of
simulation result with the experimental data. These conclusions lead that numerical simulation

by Fluent is capable of designing, predicting and optimizing the pulse tube cryocoolers.



Contents

Acknowledgements

Abstract

List of Figures
List of Tables

Nomenclature

Introduction

11
1.2
1.3
1.4
15
1.6
1.7
1.8
1.9

General

Application of Cryocoolers

Comparisons between Stirling and GM type Cryocoolers
Pulse Tube Refrigerators

Classification of Pulse Tube Refrigerators

Types of Pulse Tube Refrigerators

Components of Pulse Tube Refrigerator

Aim of the Present Investigation

Organization of the Manuscript

Literature Review

2.1
2.2
2.3
2.4
2.5
2.6
2.7

Introduction
Theoretical Investigations on PTRs

Experimental Investigations on PTRs

Review of CFD(Using Fluent Software) Simulations on PTRs

Efforts to Improve the Performance of Regenerator

Review of the Investigations of Thermoaccoustic Machine

Development of the Volume Averaging Technique

Pulse Tube Refrigerator Approximate Models:

Review of Mathematical Analysis

3.1
3.2

Introduction

Pulse Tube Refrigerator Operation Principle

viii

Xiv

XV

o o0~ B DN PP

16
19
21

22
22
31
36
38
41
42

43
43



3.3 Pulse Tube Refrigerator Analysis Methods 45

3.4  First Order Analysis 45
3.4.1 Surface Heat Pumping Theory 45
3.4.2 Enthalpy Flow Analysis 46
3.4.3 Phasor Analysis 49
3.5 Second Order Analysis 57
3.5.1 Thermodynamic Non-Symmetry Effect 57
3.5.2 Approximate PTR Models: Adiabatic and Isothermal 61

Theory of Heat and Fluid Flow in Pulse Tube Refrigerator

4.1 Introduction 79
4.2 Porous Media 80
4.3 Volume Averaging Technique 80
4.4 Regenerator Materials 82
4.5 Porous Media Parameters for Regenerator Matrix 83
4.6 Permeability and Inertial Resistance Factors for Porous Media 87
4.7 Governing Equations for Pulse Tube Refrigerators 90
4.8 Computational Fluid Dynamics(CFD) Simulation Procedures 96

CFD Analysis of Stirling type Pulse Tube Refrigerators

5.1 Introduction 105
5.2 Inertance Tube Pulse Tube Refrigerator 106
5.3 Orifice Pulse Tube Refrigerator 110
5.4 Dynamic Meshing Function 114
5.5 User Defined Function 115
5.5.1 Compiling User Defined Function 116
5.5.2 Mesh Motion Preview 116
5.6 Results of CFD simulations of ITPTR 117
5.6.1 Casel: Adiabatic Boundary Condition 117
5.6.2 Case2: Known Heat Load Boundary Condition 121
5.6.3 Case3: Isothermal Boundary Condition 124
5.7 Results of CFD simulations of OPTR 126
5.7.1 Casel: Adiabatic Boundary Condition 126

Vi



5.8
5.9

5.7.2 Case2: Known Heat Load Boundary Condition
5.7.3 Case3: Isothermal Boundary Condition
Performance comparisons between ITPTR and OPTR

Discussions

CFD Analysis of G-M type Pulse Tube Refrigerators

6.1
6.2
6.3

6.4
6.5

Introduction

2-D Geometry of Double Inlet Pulse Tube Refrigerators
Results of 2-D Simulations

6.3.1 Casel: Adiabatic Boundary Condition

6.3.2 Case2: Known Heat Load Boundary Condition
6.3.3  Case3: Isothermal Boundary Condition

6.3.4  Comparision with Experimental Data

6.3.5  Discussions

3-D Geometry of Double Inlet Pulse Tube Refrigerators
Results of 3-D Simulations

6.5.1 Casel: Adiabatic Boundary Condition

6.5.2 Case2: Known Heat Load Boundary Condition
6.5.3  Case3: Isothermal Boundary Condition

6.5.4 Comparison with Experimental Data

6.5.5 Discussions

Conclusions

7.1
7.2

7.3

Highlights of Stirling type PTR Models

Highlights of GM type Double inlet Pulse Tube Refrigerators
7.2.1 Highlights of DIPTR 2-D Simulations

7.2.2 Highlights of DIPTR 3-D Simulations

Scope of future work

References

Curriculum Vitae

vii

129
131
132
136

137
137
142
142
148
150
151
154
154
157
158
165
166
169
172

173
174
174
174
175

176



Figures

Fig.1.1a
Fig.1.1b
Fig.1.2
Fig.1.3
Fig.1.4a
Fig.1.4b
Fig.1.5
Fig.1.6

Fig.1.7

Fig.1.8
Fig.1.9a
Fig.1.9b
Fig.1.10
Fig.1.11
Fig.1.12
Fig.1.13
Fig.3.1
Fig.3.2
Fig.3.3
Fig.3.4
Fig.3.5
Fig.3.6
Fig.3.7
Fig.3.8

List of Figures
Title

Stirling type basic pulse tube refrigerator
G-M type basic pulse tube refrigerator
Schematic diagram of basic pulse tube refrigerator

Schematic diagram of orifice pulse tube refrigerator

Schematic diagram of Stirling type double inlet pulse tube refrigerator

Schematic diagram of G-M type double inlet pulse tube refrigerator

Schematic diagram of the inertance tube pulse tube refrigerator

Schematic diagram of pulse tube geometry (a) Linear (b) U-type (c)

Coaxial

Schematic diagram of (a) Warm expander PTR, (b) Multiple-inlet PTR,

(c) Four valve PTR

Schematic diagram of thermoaccoustic PTR

Two-stage G-M type double inlet pulse tube refrigerator
Two-stage Stirling type double inlet pulse tube refrigerator.
Double inlet pulse tube refrigerator with minor orifice

Schematic diagram of active-buffer PTR

Typical pictures of (a) Regenerator (b) Pulse tube.

Schematic diagram of rotary valve

Schematic diagram of the simple vapor compression cycle
Schematic diagram of surface heat pumping theory for BPTR
Macroscopic energy balance for PTR

Energy balance of system components in an OPTR

Phase shift relation for gas temperature and mass flow rate
Schematic diagram of pulse tube refrigerator for phasor analysis
Energy balance for pulse tube section

Phaser representation of cold end mass flow rate and pressure for
BPTR

viii

Page

© © 00 N o o

10
11

12

13
14
14
15
16
17
19
44
46
46
47
49
50
50
52



Fig.3.9

Fig.3.10
Fig.3.11
Fig.3.12
Fig.3.13
Fig.3.14
Fig.3.15
Fig.3.16

Fig.3.17

Fig.3.18

Fig.3.19
Fig.3.20
Fig.3.21
Fig.3.22
Fig.3.23
Fig.3.24
Fig.3.25
Fig.4.1

Fig.4.2

Fig.4.3
Fig.4.4
Fig.5.1
Fig.5.2
Fig.5.3
Fig.5.4

Phasor representation of cold end mass flow rate and pressure for
OPTR

Phasor representation of mass flow rate at and pressure for DIPTR
Phaser representation of mass flow rate and pressure for ITPTR.
Impedance for OPTR

Impedance for ITPTR

Phase lag representation of OPTR

Phasor diagram of the total system for OPTR

Schematic diagram of the idealized working processes of pulse tube
refrigerators: (a) first half-cycle; (b) second half-cycle

Pressure versus time: (a) pressure in pulse tube;

(b) Pressure externally applied the flow capacity of the regenerator
Temperature versus position of a gas element in the basic pulse tube
(a) Adiabatic (b) with thermal contact

Temperature versus position of a gas element in the OPTR
Temperature versus position for gas elements in the DIPTR

Schematic diagram of the physical model for DIPTR

Schematic diagram of energy balance for compressor

Schematic diagram of the physical model for DIPTR

Control volume for isothermal model

Flow chart of the computer program for numerical simulation

The representative elementary volume to show the intermediate size
relative to the sizes of the flow domain and the pores.

Temperature range for commonly used regenerator materials in
cryogenic refrigerators

Woven wire mesh screens

Geometry of woven screen

Three-dimensional view of the inertance pulse tube refrigerator
Two-dimensional view of inertance pulse tube refrigerator
Two-dimensional axis-symmetric geometry of ITPTR

Two-dimensional axis-symmetric meshing of ITPTR

53

53
54
54
55
56
57
59

59

59

60
60
62
64
70
71
78
81

83

84
85
106
107
107
108



Fig.5.5
Fig.5.6
Fig.5.7
Fig.5.8
Fig.5.9
Fig.5.10
Fig.5.11
Fig.5.12
Fig.5.13
Fig.5.14
Fig.5.15
Fig.5.16
Fig.5.17
Fig.5.18
Fig.5.19

Fig.5.20
Fig.5.21
Fig.5.22
Fig.5.23
Fig.5.24
Fig.5.25
Fig.5.26
Fig.5.27
Fig.5.28
Fig.5.29
Fig.5.30
Fig.5.31
Fig.5.32
Fig.5.33
Fig.5.34

Three-dimensional view of the Stirling type OPTR

Two-dimensional view of OPTR

Two-dimensional axis-symmetric geometry of OPTR

Two-dimensional axis-symmetric mesh of OPTR

Mesh motion preview of dynamic meshing model (OPTR/ITPTR)
Pressure variations in compressor, pulse tube and reservoir for ITPTR
Cooling behaviour at the beginning of simulation

Cooling behaviour till cyclic steady state condition.

Cold end temperature variation at cyclic steady state condition.
Temperature distributions along axial direction for casel

Density distributions along axial direction for casel

Temperature contours for casel

Density contours for casel

Velocity vector in the pulse tube for casel

CHX wall temperature variation at cyclic steady state condition
(case2)

Temperature distribution along axial direction for case2

Density distributions along axial direction for case2

Temperature contour along axial direction for case2

Density contour along axial direction for case2

Temperature distribution along axial direction for case3

Density distribution along axial direction for case3

Temperature contour for case 3.

Density contour for case3

Cooling behavior for orifice pulse tube refrigerator(Casel and 2)

CHX wall temperature variation at cyclic steady state condition(Casel)
Temperature distributions along axial direction(Casel)

Density distributions along axial direction (Casel)

Temperature contour along axial direction (Casel)

Density contour along axial direction (Casel)

Velocity vector in the pulse tube

110
111
111
112
117
118
118
119
119
120
120
120
121
121
122

122
122
123
123
124
125
125
125
126
127
127
127
128
128
128



Fig.5.35

Fig.5.36
Fig.5.37
Fig.5.38
Fig.5.39
Fig.5.40
Fig.5.41
Fig.5.42
Fig.5.43
Fig.5.44
Fig.5.45
Fig.5.46
Fig.5.47
Fig.5.48
Fig.6.1
Fig.6.2
Fig.6.3
Fig.6.4
Fig.6.5
Fig.6.6
Fig.6.7
Fig.6.8
Fig.6.9
Fig.6.10
Fig.6.11
Fig.6.12
Fig.6.13
Fig.6.14
Fig.6.15
Fig.6.16

CHX wall temperature variation at cyclic steady state condition
(case2)

Temperature distribution along axial direction (case2)

Density distributions along axial direction (case2)

Temperature contour along axial direction (case2)

Density contour along axial direction (case2)

Temperature distribution along axial direction for case 3

Density distributions along axial direction (case3)

Temperature contour along axial direction (case3)

Density contour along axial direction (case3)

Variation of cold wall temperature with frequency for ITPTR and OPTR
Phase relation between mass flow and pressure at CHX for ITPTR
Phase relation between mass flow and pressure at CHX for OPTR
Mass flow rates at cold end section for OPTR and ITPTR

Heat load comparisons for OPTR and ITPTR

Schematics of the physical model of G-M type DIPTR
Two-dimensional geometry with complete mesh for DIPTR
Cooling behavior of cold end temperature for DIPTR

Phase relation between pressure and mass flow rate for casel(a)
Temperature distribution along axial direction of pulse tube casel(a)
Temperature contour for casel(a)

Density contour for casel(a)

Phase relation between pressure and mass flow casel(b)
Temperature contour for case 1(b)

Density contour for casel(b)

Phase relation between pressure and mass flow rate casel(c)
Temperature contour for casel(c)

Density contour for casel(c)

Mass flow rates through pulse tube cross section

Cooling behavior of cold end temperature for case2

Phase relation between mass flow rate and pressure at cold end

Xi

129

129
130
130
130
131
131
132
132
133
134
134
135
135
139
139
143
143
144
144
144
145
146
146
147
147
147
148
149
149



Fig.6.17
Fig.6.18
Fig.6.19
Fig.6.20
Fig.6.21
Fig.6.22
Fig.6.23
Fig.6.24
Fig.6.25
Fig.6.26
Fig.6.27
Fig.6.28
Fig.6.29
Fig.6.30
Fig.6.31
Fig.6.32
Fig.6.33
Fig.6.34
Fig.6.35
Fig.6.36
Fig.6.37
Fig.6.38
Fig.6.39
Fig.6.40
Fig.6.41
Fig.6.42
Fig.6.43
Fig.6.44
Fig.6.45
Fig.6.46
Fig.6.47

Temperature contour for case2

Density contour for case2

Heat transfer rate over a cycle at CHX for case 3
Temperature contour for case 3

Density contours for case3

Comparison of pressure wave at the inlet of regenerator
Comparison of cool down behaviour.

Comparison of heat load

Comparison of temperature variation along the pulse
Different components of DIPTR for 3-D simulations
Three-dimensional mesh for G-M type DIPTR

Cool down behaviour at the beginning of simulation

Cool down behaviour till cyclic steady state condition for casel(a)

CHX Wall temperature variation at cyclic steady condition casel(a)

Temperature variation along pulse tube length for casel(a)
Phase relation between mass flow and pressure casel(a)
Temperature contour for casel(a)

Density contour for casel(a)

Velocity vector for the entire system casel(a).

Velocity vector near the cold end casel(a)

Wall temperature variation of the cold heat exchanger casel(b)
Phase relation between mass flow and pressure casel(b).
Temperature contour for casel(b)

Density contour for casel(b)

Wall temperature variation of the cold heat exchanger casel(c)
Phase relation between mass flow and pressure(c)
Temperature contour for casel(c)

Density contour for casel(c)

Wall temperature variation of cold heat exchanger for case2
Temperature contour for case2

Density contour for case2

Xii

149
150
150
151
151
152
152
153
153
155
155
159
159
159
160
160
160
161
161
161
162
162
163
163
164
164
164
165
165
166
166



Fig.6.48
Fig.6.49
Fig.6.50
Fig.6.51
Fig.6.52
Fig.6.53
Fig.6.54
Fig.6.55
Fig.6.56

Heat transfer rate over a cycle at CHX for case3

Wall temperature variation with time for case3
Temperature contour for case3.

Density contour for case3

Mass flow rates through pulse tube cross section
Comparison of pressure wave at the inlet of regenerator
Comparison of cool down behaviour.

Comparison of heat load.

Comparison of temperature variation along the pulse tube length

Xiii

167
167
167
168
168
170
171
171
172



Table

Table 3

Table 4.1
Table 4.2
Table4.3

Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 5.5
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 6.6
Table 6.7
Table 6.8

List of Tables

Title

Design data for adiabatic and isothermal models
Friction factor correlations

Operational parameters of the porous media
Variables and respective convergence

criteria used in the simulation

Component dimensions of ITPTR

Boundary and initial conditions for ITPTR
Component dimensions of OPTR

Boundary and initial conditions for OPTR
Simulation result of ITPTR and OPTR

Dimensions of DIPTR for 2-D simulations

Boundary and initial conditions of DIPTR for 2-D simulations

Percentage of valve opening
Summery of result of 2-D simulation of DIPTR

Dimensions of DIPTR for 3D simulations

Boundary and initial conditions of DIPTR for 3D simulations

Percentage of valve opening

Summery of result of 3-D simulation of DIPTR

Xiv

Page

77
89
90
102

109
109
113
113
136
140
140
141
154
156
156
156
172



Nomenclature

English symbols
a Sonic velocity,[m/s]
Qo Transient advection coefficient
a Combined advection and diffusion coefficient
Aqgi Area of the double inlet orifice ,[mz]
Ao Area of the orifice,[m?]
Aq Free flow cross sectional area of regenerator,[m?]
Ay Cross sectional area of regenerator,[m?]
As Total surface area of connected voids,[ m?]
Ay Cross sectional area of the pulse tube,[m?]
b Component of the linearized source term
Co Specific heat at constant pressure,[J/kg-K]
C Inertial resistance factor, [m™]
Cy Specific heat at constant volume,[J/kg-K]
Cr Friction factor
Cts Skin friction factor
Crd Form drag correlation constant
Ca,Cqi,C1 Constants
d Diameter, [m]
do Outer diameter of screens,[m]
dh Hydraulic diameter of screen,[m]
dw Wire diameter of screen,[m]
dt Differential time,[s]
dT Differential temperature,[K]
dx Differential piston displacement,[m]
dv Differential volume, [m?]
D Viscous resistance factor, [m?]

Energy,[J]
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f Operating frequency,[Hz]

g Gravity acceleration, [m/s?]

G Mass flow rate per unit of free flow area of screen,[kg/sm?]
h Local enthalpy,[W]

H Enthalpy ,[W]

| Unit (Identity) tensor

Im Current

k Thermal conductivity, [W/m-K]

I Mesh distance,[m]

L Length, [m]

r;1 Mass flow ate, [kg/s]

m, Mass flow rate at cold end section ,[kg/s]

Mg, Mass flow rate at the outlet of the compressor,[kg/s]
My; Mass flow rate through the double inlet valve,[kg/s]
m, Mass flow rate at hot end section ,[kg/s]

m, Mass flow rate at through the orifice ,[kg/s]

m Mass flow rate through the regenerator,[kg/s]

Mass flow rate due to pressurization of pulse tube,[kg/s]

Mesh size,[per inch]

n Total number of screens used to pack the regenerator
n’' Number of packed screens per length

P,p Pressure, [N/m?]

Po Average pressure, [N/m?]

P, Pressure amplitude

Py Pressure inside the pulse tube,[N/m?]

Ph High pressure, [N/m?]

P, Low pressure, [N/m?]

P Mean pressure, [N/m?]

Peo Pressure at compressor,[N/m?]
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Pressure at reservoir,[N/m?]
Heat flux,[W/m?]
Heat flux rate,[W/m?/s]

Heat rate ,[W]

Heat transfer,[W]
Radial coordinate
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Reynolds number=ml/ SA, u
Reynolds number=md, / A, u

Ideal gas constant, [J/kg-K]

Pitch,[m]

Source term

Time,[sec]

Time interval,[sec]

Screen thickness,[m]

Temperature, [K]

Temperatures, [K]

Gas temperature at after cooler,[K]

Gas temperature at cold end heat exchanger,[K]
Gas temperature at the compressor,[K]

Gas temperature at hot end heat exchanger,[K]
Mean temperature of regenerator,[K]

Gas temperature at the regenerator,[K]
Temperature of the ambient,[K]

Specific internal energy,[J/kg]

Internal energy,[J]

Physical velocity, [m/s]

Superficial velocity,[m/s]

Volume, [m?]

Volumetric velocity,[m®/s]
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Viac Void volume of the aftercooler,[m3]

Vep Compressor cylinder volume ,[m?]
Viex Void volume of the cold end HX,[m?]
Varg Void volume of the regenerator matrix,[m3]
Vahx Void volume of the hot end HX,[m?]
Vo Compressor cylinder clearance volume ,[m?]
Vs Compressor cylinder stroke volume ,[m?]
Vi Pulse tube volume,[m°]
V, Volume encompassing the wire,[m’]
w Mechanical work,[W]
W Work transfer, [W]
W Power,[W]
W, Weight of packed matrix material,[kg]
X Axial coordinate
Xt Transverse pitch, [m]
X Lateral pitch, [m]
X Piston displacement, [m]
X1 ,X2 Position along pulse tube length,[m]
Xt Dimensionless cold volume
Greek symbols
a Permeability, [m?]
p Opening area ratio of screen
e Ratio of specific heat
7 Fluid molecular viscosity, [kg/m-s]
p Density, [kg/m°]
A Index of polytrophic process
0] Angular frequency, [rad/s]
0 Phasor angle between m_ and P vector

Ve

Phasor angle between m, and P vector
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Specific volume,[m3/kg]

Porosity

Generic variable
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Area density,[m™]
Stress tensor

Period of the cycle,[sec]
Diffusion flux

Capacitance

Differential operator
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Gradient operator
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Summation
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Subscripts

amp Amplitude of piston displacement
ac After cooler

avg Average value

chx Cold end heat exchanger

c Cold end

coeff Coefficient

cp Compressor

d Dead volume
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di Double inlet valve

eff Effective

f Fluid

h Hot end

hhx Hot end heat exchanger
In incoming

j Summation

loss Losses

m Mean value in one cycle
0 Orifice

out Outgoing

P Constant pressure
porous Porous medium
pt Pulse Tube

pv PV work

r Radial direction

rg Regenerator
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T Transfer line
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Chapter I

Introduction

1.1 General

Cryogenics comes from the Greek word “kryos”, which means very cold or freezing
and “genes” means to produce. Cryogenics is the science and technology associated with the
phenomena that occur at very low temperature, close to the lowest theoretically attainable
temperature. In engineering, cryogenics can be best described as an application which
operates in the temperature range from absolute zero to about 123K(-150°C). In particular,
this includes refrigeration, liquefaction, storage and transport of cryogenic fluids, cryostat

design and the study of phenomena that occur at these temperatures.

Cryocooler is a refrigeration machine with refrigeration temperature below 123K and
with a small refrigeration capacity. According to the classification by Walker (1983) there are
two types of cryocoolers: recuperative type and regenerative type. The former includes the
Joules Thomson cryocooler and the Brayton cryocooler. The latter includes the Stirling type
cryocooler and the Gifford-McMahon type cryocooler. These cryocoolers as enumerated by
Radebaugh (1995), are mainly used for cooling of the infrareds sensors in the missile guided
system and satellite based surveillance, as well as in the cooling of superconductors and
semiconductors. The cryocoolers can also be used in other applications such as in cryopumps,
liquefying natural gases, cooling of radiation shields, SQUID (super conducting quantum

interference device), Magnetometers, SC Magnets, Semiconductor fabrication etc..



Classification of cryocoolers

v

v
Regenerative cryocoolers Recuperative cryocoolers

§ v | I
With Val Valve less

It : alve Joule-Thomson  Brayton Claude

Stirling

Gifford-McMahon Vuilleumier
Pulse Tube Pulse Tube

1.2 Application of Cryocoolers

The major applications of cryocoolers are summarized below [53].
A. Military

(i) Infrared sensors for missile guidance & night vision
(i) Infrared sensors for surveillance (satellite based)
(iii)  Gamma-ray sensors for monitoring nuclear activity
(iv)  Superconducting magnets for mine sweeping

B. Environmental

() Infrared sensors for atmospheric studies (satellite)
(i) Infrared sensors for pollution monitoring

C. Commercial
0) Cryopumps for semiconductor fabrication
(i) Superconductors for cellular-phone base stations
(i)  Superconductors for voltage standards
(iv)  Superconductors for high-speed communications
(v) Semiconductors for high-speed computers
(vi)  Infrared sensors for NDE and process monitoring
(vii)  Industrial gas liquefaction

D. Medical

(i) Cooling superconducting magnets for MRI



(i) SQUID magnetometers for heart and brain studies
(iii)  Liquefaction of oxygen for hospital and home use

(iv)  Cryogenic catheters and cryosurgery

E. Transportation
(i) LNG for fleet vehicles

(i) Superconducting magnets in maglev trains

(iii)  Infrared sensors for aircraft night vision

F. Energy
0] LNG for peak shaving

(i) Superconducting power applications (motors, transformers etc.)

(iii) Infrared sensors for thermal loss measurements

G .Police and security

) Infrared sensors for night-security and rescue

H Agriculture and Biology

(i) Storage of biological cells and specimens

Due to special application of the cryocooler as described above, the demands for high
performance efficiency, reliability, low vibration, long life time, small size and weight become
important aspects for the improvement of the cryocoolers. Since regenerative coolers have
higher efficiency due to smaller heat transfer loss, Stirling coolers and Gifford-McMahon type
coolers have been widely used in different application fields. In both the Stirling cryocoolers
and Gifford-McMahon (G-M) cryocoolers there are expansion devices (i.e., moving parts) in
the cold ends. The moving parts in the cold end are needed in order to adjust the phase angle
and to recover the energy flow, which result in the decrease in reliability of the system and
shorten the life times of the cryocoolers. The pulse tube refrigerator/cryocooler has the
advantages over other cryocoolers due to simplicity in construction with no moving part at the
cold end, and therefore is more reliable in operation. For this reason more attention has been

paid to the investigation of pulse tube refrigerator/cryocoolers in recent years.



1.3 Comparisons between Stirling and G- M type Cryocoolers

In general there are two types of pulse tube refrigerator used in practice. The overall

comparisons between these two systems are described below.

Stirling type cryocooler G-M type cryocooler

Works at high frequency (20-120Hz) Works at Low frequency (1-5Hz)

Compressor directly connected to expander | Compressor connected to expander
through a valve

Use of dry compressor Use of oil lubricated compressor
High COP Low COP
Pressure ratios are low Pressure ratios are high

Can attain 20K using two stages of cooler Can attain below 2K using two stages of
cooler

Compressors are small (capacity is in few Compressors are bulky(capacity is in kW )
hundred Watts)

1.4 Pulse Tube Refrigerators

Cooling effect at one end of a hollow tube with a pulsating pressure at the other end
was first observed by Gifford and Longsworth [1] in the early sixties. This marks the inception
of one of the most promising cryogenics refrigerators know as ‘basic pulse tube refrigerator’
(BPTR). Due to the absence of the moving parts in the cold temperature region and the
associated advantages of simplicity and enhanced reliability, the pulse tube system has
become one of the most important topics in the field of cryogenics refrigeration. The main
advantage of this new device, as compared to conventional Striling and Gifford-McMahon
systems, is its reliability and long life due to the absence of moving part at low temperature

region.

o Working Principle of the Pulse Tube Refrigerators

The pulse tube refrigerators (PTR) are capable of cooling to temperature below 123K.

Unlike the ordinary refrigeration cycles which utilize the vapor compression cycle as described



in classical thermodynamics, a PTR implements the theory of oscillatory compression and
expansion of the gas within a closed volume to achieve desired refrigeration. Being oscillatory,
a PTR is a non steady system that requires time dependent solution. However like many other
periodic systems, PTRs attain quasi-steady periodic state (steady-periodic mode). In a periodic
steady state system, property of the system at any point in a cycle will reach the same state in
the next cycle and so on. A Pulse tube refrigerator is a closed system that uses an oscillating
pressure (usually produced by an oscillating piston) at one end to generate an oscillating gas
flow in the rest of the system. The gas flow can carry heat away from a low temperature point
(cold heat exchanger) to the hot end heat exchanger if the power factor for the phasor
quantities is favorable. The amount of heat they can remove is limited by their size and power

used to drive them.

1.5 Classification of Pulse Tube Refrigerators
There are many ways of classifications of pulse tube refrigerator.

. Based on nature of pressure wave generator:

(i) Stirling type PTR(valve less)
(i) Gifford McMahon (GM) type PTR(with valve)

Pulse Tube Refrigerators

v v

Stirling type Pulse Tube G-M type Pulse Tube
Refrigerators (PTRS) Refrigerators (PTRS)
—» Basic pulse tube refrigerator (BPTR) -» Basic pulse tube refrigerator
—» Orifice pulse tube refrigerator (OPTR) > Orifice pulse tube refrigerator

—» Double inlet pulse tube refrigerator (DIPTR) [ Double inlet pulse tube refrigerator

—> Inertance pulse tube refrigerator (ITPTR) - Inertance pulse tube refrigerator

—» Multi-Stage PTR - Multi-Stage PTR

. On the way of development:

(i) Basic Pulse Tube Refrigerator(BPTR)
(i) Orifice pulse tube refrigerator(OPTR)
(iii) Double inlet pulse tube refrigerator(DIPTR)



(iv) Multiple inlet pulse tube refrigerator

(v) Inertance tube pulse tube refrigerator(ITPTR)
(vi) Single stage pulse tube refrigerator

(vii)Multi stage pulse tube refrigerator

(Viii)Thermoaccoustic pulse tube refrigerator (TAPTR)
J According to geometry or shape:

() In-line type pulse tube refrigerator
(i) U type pulse tube refrigerator

(iii) Coaxial type pulse tube refrigerator

1.6  Types of Pulse Tube Refrigerators

Pulse tube refrigeration systems can be classified as either a Stirling type or a GM type
according to the method of pressurization and expansion as shown in Fig.1.1 (a) and (b). For
a Stirling type pulse tube shown in Fig.1.1 (a) a piston cylinder apparatus is directly coupled to
the hot end of the regenerator so that the pressure fluctuations are directly generated by the

piston movement.

1= Compressor
6 Qn 2 =Aftercooler
MIMM——- 3= Regenerator
B 4 =Cold HX

‘,“
et

i

i
[
[ —
[
[ =
[
[
[
[
[
[
[ —
[
[ =
[
[
[
[
[
[
[ —
[
[ =
[
[
[
[
[
[
[
e
[
[
[
[
[
[
e 4 EH]F-FFHT““““
FER A . |

(b)

Fig.1.1 Schematics of basic pulse tube refrigerator (a) Stirling type (b) G-M type.

In Stirling type PTR, the frequency of the compressor is the same as that of the pulse
tube. The heat of compression by the compressor must be removed to the environment by a
heat exchanger between the compressor and the regenerator, commonly known as after

cooler or precooler. These aspects are the same in Stirling type and G-M type refrigerators.



These are used for PTRs in the higher temperature ranges of about 50K.The typical operating
frequency of Stirling type PTR is 10-120Hz, which is higher than that of a GM type pulse tube
as shown in Fig.1.1 (b). Because of this high operating frequency and the absence of valve
losses, Stirling type pulse tube systems generally produce higher cooling powers than GM type
pulse tube. However the rapid flow oscillation of fluid heat exchange required in Stirling type
pulse tube refrigerators limits their performance at low temperatures, such as at 10K and
below. In this range, the longer time allowed for thermal diffusion by the slower frequency G-
M type pulse tube refrigerators provides a higher efficiency option. The G-M type pulse tube
refrigerator distributes high/low—pressure gas into the pulse tube and other components by
use of a valve system. Generally a rotary valve or solenoid valve is used in G-M type
cryocooler. The periodic opening/closing operation of the high/low pressure valves produces a
pressure pulsation in the system. Because of the limitations associated with the valve
operation a typical G-M type pulse tube operates at frequencies of a few hertz (1-5Hz). The
valve system separating the compressor and the pulse tube system provides the possibility of
eliminating vibration problems caused by the compressor and permits remote location of the
compressor from the cold head.

Fig.1.2 shows the main components of Stirling type BPTR. It is composed of six
components: compressor, after cooler, regenerator, cold heat exchanger, pulse tube and
warm heat exchanger. In a BPTR, the oscillatory pressure waves impose a shuttling effect to
the working fluid in the pulse tube. The shuttling effect creates an energy interaction between
the pulse tube wall and the working fluid. This is known as surface heat pumping process [1].
Thus, the BPTR achieves refrigeration through the surface heat pumping process between the
working fluid and the pulse tube walls. BPTRs have relatively low coefficients of performance

and can typically reach a cold end temperature of the order of 124K.

<Q>cp . _ L
refri Q,, yreject
T Regenerator <Qi g < h%
.
S ~ CHX =
Compressor Aftercooler HHX

Fig.1.2 Schematic diagram of basic pulse tube refrigerator (BPTR).



The second type of the PTR is the Orifice Pulse Tube Refrigerator (OPTR), shown in
Fig.1.3. OPTRs are significantly better than BPTRs, and are among most widely refrigerator
until the mid 1990s in Striling type PTR [97]. The schematic configuration of an OPTR can be
viewed as a modification of the BPTR. This modification is made by including an orifice valve
and a surge volume at the warm end of the BPTR, as depicted in Fig.1.3. Additional
components create an advantage of in-phase relationship between the mass flow and the
pressure within the pulse tube to enhance the heat transport mechanism. But the mass flow
through the regenerator is increases leading to degradation of regenerator performance. This

drawback is removed by adding a second orifice i.e. double inlet PTR.

<Q>cp <Q>refrig <Qh >reject
TR Jr Pulse tube ——
i — Reservoir
i =— Orifice
- CHX Hox  Valve

Compressor Aftercooler Regenerator

Fig.1.3 Schematic diagram of orifice pulse tube refrigerator (OPTR).

In the double-inlet pulse tube refrigerator (DIPTR)[35] the hot end of the pulse tube is
connected with the entrance (hot end) of the regenerator by an orifice adjusted to an optimal
value shown in Fig.1.4(a) and (b) for Stirling type and GM type DIPTR respectively. The
double inlet is a bypass for the regenerator and hence reduces the cooling power. In addition,
the valve is a dissipative device, which leads to a deterioration of the performance. However,
both these disadvantages are overcome by the fact that the double inlet reduces the
dissipation in the regenerator. As a result, the performance of the overall system is improved

significantly.



Double-inlet valve

<Q}::p I <Q>refrig <Qh >reject

A

1

y Pulse tube

Reservoir

LT

ﬁ Orifice
) valve

HHX
Compressor  Aftercooler  Regenerator

Fig.1.4 (@) Schematic diagram of Stirling type double inlet pulse tube refrigerator.

1 = Compressor
2 = Rotary valve
3 = Regenerator hot end
4 = Regenerator
5 = Cold heat exchanger

6 = Pulse tube
7 = Hot heat exchanger
8 = DI valve

9 = Orifice valve
10 = Reservoir

Fig.1.4 (b) Schematic diagram of G-M type double inlet pulse tube refrigerator.

The fourth and the most recently invented PTR is the inertance tube pulse tube
refrigerator shown in Fig.1.5. In this type of PTR the orifice valve is replaced by a long
inertance tube having very small internal diameter and adds reactive impedance to the system
[58]. The implementation of this inductance generates an advantageous phase shift in pulse
tube and produces an improved enthalpy flow. Studies show that use of the inertance tube is

significantly beneficial for large-scale pulse tubes operating at higher frequencies.



Pulse tube ——
:‘# Reservoir

5 CHX —X'Inertance
tube

<Q>TCp _ :<Ql>refrig <Q.h>f'fjeCt

Regenerator

Fig.1.5 Schematic diagram of the inertance tube pulse tube refrigerator.

Pulse tube refrigerators are also classified according to their geometry or shape or the
arrangement of components. These are linear type; U type and coaxial type, each of them are

described below in brief.

o Linear type PIR,

If the regenerator and the tube are in line as shown in Fig.1.6 it called a linear PTR.
The best arrangement for mounting the PTR in the vacuum chamber is with the hot end of the
tube, where heat is released to the environment, connecting to the vacuum chamber wall.

However the cold end of the regenerator is inside the vacuum chamber.

J U-shape type PIR,

The disadvantage of the linear PTR is that the cold region is in the middle of the
cryocooler system. For many applications it is preferable that the cooling is produced at the
end of the cooler. U shaped, PTRs shown in Fig.1.6(b) are made by bending the PTR at the
cold end of the regenerator and the tube. Both hot ends can be mounted on the flange of the

vacuum chamber at room temperature. This is the most common shape of PTRs.

10
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Fig.1.6 Schematic diagram of pulse tube geometry (a) Linear, (b) U-type, (c) Coaxial.

. Coaxial type PIR,

For some applications it is preferable to have a cylindrical geometry. In that case the
PTR can be constructed in a coaxial way so that the regenerator becomes a ring shape space
surrounding the tube as shown in Fig.1.6(c). A disadvantage of this construction is that there
is thermal contact between the tube and the regenerator. Generally the temperatures of the

two components may differ. This leads to the degradation of regenerator performance.

. Warm expander PTR,

In this system, instead of an orifice and buffer an expander is installed as shown in
Fig.1.7 (a). Unlike the orifice in the single-orifice case there is no energy dissipation. The work
that is recovered is used to improve the overall performance of the system. By actively
controlling the amplitude and phase one can optimize the system. If the work is recovered,
the COP of this type of PTR is higher than that of the PTR with passive elements at the hot
end. This is important, especially for applications near room temperature where the difference
between the COP of the ideal PTR and the Carnot COP is very high.

11
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. Multiple-inlet type PIR,

In this type of PTR some points in the regenerator is connected to some points in the
pulse tube via flow resistors. Fig.1.7(b) depicts schematic diagram of the multiple inlet system.
The flow resistance of the connection must be of the same order as the flow resistance of the
regenerator. This type of system improves the performance due to similar distribution of
temperature along the length of both regenerator and pulse tube.

J Four —valve type PIR,

The hot end of the tube is connected to the low-and high-pressure sides of the
compressor by valves, which are opened and closed by a timing mechanism and are adjusted
for optimum performance. Fig.1.7(c) shows the schematic diagram of the four —valve method.
The opening and closing times of the orifice at the hot end of the tube are synchronized with
the pressure wave in the tube and adjusted for optimum performance of the system.
However, a small error in this timing can generate a big DC flow, which ruins the performance
of the cooler. The advantages are that large and heavy buffer volume is omitted and that
there is a large degree of freedom for optimization of the system.

12



° Thermoaccoustic PIR,

Thermoaccoustic refrigerator is also known as resonant pulse tube. This works on the
principle of thermo-acoustic pressure wave instead of a mechanical one. The thermoaccoustic
driver pulse tube refrigerator is shown in Fig.1.8. It was first demonstrated in 1990 in a joint
effort of NIST and Los Alamos National Laboratories (1990) [9]. It reached a no-load

temperature of 90K and is the first cryogenic refrigerator with no moving parts.
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Fig.1.8 Schematic diagram of thermo-acoustic PTR.

. Multistage arrangement type PIR,

It is really impossible to achieve very low temperature in a single stage of PTR. So one
PTR can be used to pre-cool the other. For temperatures below 30K, it turns out to be
advantageous to split the system in two i.e. double-stage PTR shown in Fig.1.9 (a) and (b). In
this arrangement the hot end of the second tube is connected to the room temperature and
not to the cold end of the first stage. In this way it is avoided that the heat released at the hot
end of the second tube is a load on the first stage. Three-stage PTRs have also been

introduced. With a three-stage PTR, 1.78K has been reached using *He as the working fluid.

13
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Fig.1.9 Two-stage double inlet pulse tube refrigerator (a) G-M type (b) Stirling type.
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o Minor orifice type PIR,

The presence of the second orifice (DI valve) inlet opens an internal circuit. If
somewhere in this circuit there is an asymmetrical flow resistance, rectification of the flow
takes place, which leads to an internal circulation through the loop of regenerator, pulse tube,
and second inlet. In any case this circulation flows from the hot to the cold end, thus giving a
heat load on the coldest parts of the cooler, which can lead to severe degradation of the
performance. A way to overcome this internal circulation is by installing a minor orifice. Fig.
1.10 shows a GM-type double inlet PTR with minor orifice. The two valves in series with the

minor orifice are used to connect the minor orifice to one of the two sides of the compressor.

| > 8 1 = Compressor
]_®_|—|><17 2 = Regenerator
3 = Cold heat exchanger
7X 4 = Pulse tube
R $ >6< 5 = Hot heat exchanger

6 = DI valve
5[ 7 = Orifice valve
8 = Minor orifice
9 = Reservoir

4 R = Rotary valve

3 III|III

Fig.1.10. Double inlet pulse tube refrigerator with minor orifice.

This is an adjustable flow resistance in a flow line between the hot end of the tube and
the high or low-pressure side of the compressor. By adjusting the minor orifice, direct current
(DC) flow of gas can be superposed on the existing flow distribution. At the proper value of
the minor orifice the unwanted DC flow can be suppressed. The experience with the minor
orifice has shown that a small DC flow from the regenerator to the hot end of the tube is
infact beneficial for the operation of the PTR. It is postulated that the deliberately imposed DC
flow reduces the heat flow from the hot end of the tube to the cold parts of the cooler.

° Active buffer PIR,

Figure 1.11 gives the schematic diagram of the active buffer PTR. Two or more buffer
volumes have placed instead of one buffer behind the orifice. The buffers are connected to
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the warm end of the tube by valves, which are opened and closed by a timing mechanism;

which is adjusted so that optimum performance is obtained.

1=Compressor

2= After cooler
On 3= Regenerator
— 4= Cold heat exchanger
5=Pulse tube
6= Hot heat exchanger
7=Valves
8=O0rifice valves
9=Reservoir
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Fig.1.11 Schematics of the Active-buffer PTR.

1.7 Components of Pulse Tube Refrigerator

. Compressor

The main function of the compressor is to supply gas pressurization and
depressurization in the closed chamber. Electrical power is applied to the compressor where
this electrical work is converted into the mechanical energy associated with sinusoidal

pressure waves, resulting in gas motion. In an ideal compressor, the electrical power provided

to the compressor must be equal to f§PdV , Where the integration is performed over an entire

cycle, P is the compressor pressure, and f is the compressor frequency. In an actual system,
however, the above-mentioned power (the PdV power) is always less than the actual
measured electrical power due to the associated irreversibilities. Usually reciprocating nature

of compressor is used in case of Stirling model; it may also be a dual opposed piston type.

J After cooler

The function of the ideal after cooler is to extract all the heat that is generated in the
compressor volume during the gas compression and dispose to environment. This minimizes

the warm end temperature so that the regenerator can work more efficiently and supply low
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temperature working fluid to the system. Typically, these types of heat exchangers are

assembled using copper wire mesh screens that are directly in contact with the housing wall.
. Regenerator

The regenerator is the most important component in pulse tube refrigerator. Its
function is to absorb the heat from the incoming gas during the forward stroke, and deliver
that heat back to the gas during the return stroke. Ideally, PTC regenerators with no pressure
drop and a heat exchanger effectiveness of 100% are desired, in order to achieve the
maximum enthalpy flow in the pulse tube. The performances of the real regenerators are of
course far from ideal. Stainless steel wire screens are usually selected as the regenerator
packing material, since they offer higher heat transfer areas, low pressure drop, high heat

capacity, and low thermal conductivity. A typical regenerator housing is shown in Fig.1.12 (a)

(b)

Fig.1.12 Typical pictures of (a) Regenerator (b) Pulse tube.

J Cold Heat Exchanger (CHX)

CHX can be best viewed as the equivalent of the evaporator in the vapor compression
refrigeration cycle. This is where the refrigeration load is absorbed by the system. This is the
junction of the regenerator and pulse tube. Copper wire mesh screens are used to exchange
heat with the housing wall, and thereby receive the applied heat load.

° Pulse Tube

The pulse tube is the most critical component of the whole refrigerating system. The
main objective of the pulse tube is to carry the heat from the cold end to the warm end by an
enthalpy flow. By imposing a correct phase difference between pressure and mass flow in the
pulse tube by phase shifting mechanisms, heat load is carried away from the CHX to the WHX.
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Physically, the pulse tube is simply a hollow cylindrical tube made up of stainless steel with an
optimum thickness to enhance the surface heat pumping. A typical picture of pulse tube is
shown Fig.1.11 (b).

J Hot Heat Exchanger (HHX)

Hot end exchanger is where the gas rejects heat of compression in every periodic cycle
of operation. Upon receiving the enthalpy flow from the pulse tube, the heat load at a higher
temperature is rejected to the environment. Usually, air cooling or water cooling system is

used to take away the heat from the hot end exchanger.

. Orifice Valve, Inertance Tube and Surge Volume

The role of either the inertance tube or the orifice valve is to appropriately adjust the
phase difference between the mass flow rate and the pressure. By controlling the orifice
diameter or the inertance tube diameter and length, the desired phase relationship can be
obtained. In general, the orifice valve is a needle valve, and the inertance tube is an open
cylindrical stainless tube. In comparison with the aforementioned pulse tube, the inertance
tube is much longer, and its diameter is much smaller. The surge volume can be viewed as a
closed buffer reservoir of sufficient volume to allow for small pressure variations resulting from

the oscillating mass flow.

®  Rotaryvalve

The rotary valve is one of the critical components of a GM type pulse tube refrigerator.
The schematic of rotary valve is shown in Fig.1.13. It is used to switch high and low pressure
from a helium compressor to the pulse tube system. The high and low pressure of helium
compressor are connected to the rotary valve through the quick disconnect couplings. The
rotary valve has a rulon part which is made to rotate with the help of a synchronous motor
against an aluminium block with predefined passages connecting the high and low pressures
from the helium compressor. The rotational frequency of the synchronous motor is controlled
using an inverter drive. The rotary valve has been designed to produce pressure wave in the

frequency range from 1Hz to 3Hz. A typical design of rotary valve is shown in Fig.1.13.
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Fig.1.13 Schematic diagram of rotary valve.

1.8 Aim of the Present Investigation

All pulse tube refrigerator units operate as closed systems where no mass is
exchanged between the cryocooler and its environment. The only moving component is the
piston (or the rotary valve) which oscillates back and forth to generate periodic pressure
oscillation of the working fluid. Mostly helium is chosen as working fluid because it offers the
lowest critical temperature compared to other available gases. It has also high thermal
conductivity.

Accurate modeling of the pulse tube cryocooler is essential to predict its performance
and thereby arrive at optimum design. At the current stage of world wide research, such
accurate models are not readily available in open literature. Further, the complexity of the
periodic flow in the PTC makes analysis difficult. Although different models are available to
simulate pulse tube cryocoolers, the models have its limitations and also range of applicability.

In order to accurately predict and improve the performance of the PTC system a
reasonably thorough understanding of the thermo fluid-process in the system is required. One
way to understand the processes is by numerically solving the continuum governing equations
based on fundamental principles, without making arbitrary simplifying assumptions.

The recent availability of powerful computational fluid dynamics (CFD) software [175]

that is capable of rigorously modeling of transient and multidimensional flow and heat transfer
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process in complex geometries provides a good opportunity for analysis of PTCs. A successful
demonstration of the suitability of CFD type analysis for Stirling and Gifford-McMahon type
PTCs is one of the main features of the investigation.

The experimental method to evaluate the optimum parameters of PTCs is difficult. On
the other hand, developing a specialized computer code for its CFD analysis is equally
complex. Thus numerical experimentation using CFD software is a suitable option. It should,
however, be emphasized that CFD-type predictions, like other model-generated results, are
reliable only when they are verified against experimental data. Therefore, importance of
experimental validation is to be emphasized. An issue of particular interest is the relevance of
the predictions of one-dimensional models to the performance of pulse tube cryocoolers. This
is important because the calculations for design procedure are usually based on one
dimensional flow models. Thus the validity one-dimensional flow model to use for the multi-
dimensional flow model is an important aspect of analysis. These issues are addressed in the
dissertation.

In this study, multi-dimensional continuum governing equations are numerically solved
to investigate the details of thermo-fluid process in Stirling type Orifice Pulse Tube
Refrigerator (OPTR) and Inertance Tube Pulse Tube Refrigerator (ITPTR), and GM type
Double Inlet Pulse Tube Refrigerator (DIPTR). The system includes compressor, regenerator,
pulse tube, cold and hot heat exchangers, inertance tube/orifice and by pass valves, and
reservoir etc. In this investigation the Commercial CFD package, FLUENT is utilized[175]. The
simulation results are presented and compared with experimental data.

Thus the present study aims to focus on the following points:

e Principle of low temperature generation in pulse tube cryocooler from phasor and one-
dimensional model.

e Derivation of pressure drop characteristics of wire mesh matrix and other type of
porous media regenerator.

e The simulation of PTC using a commercial CFD software, FLUENT to study the flow
phenomena and heat transfer characteristics in the pulse tube system. Under this
simulation the following models are analyzed.

) 2D -contour axis-symmetric problem of Stirling type orifice and inertance pulse

tubes.

(i) 2D —contour of GM type double inlet pulse tube.
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(iii)

3D-contour of GM type double inlet pulse tube.

Comparison of experimental data with the models (ii) and (iii) as described above.

1.9 Organization of the Manuscript

The thesis contains seven chapters including the present chapter (ChapterI) on
introduction. In this chapter, an introduction about cryocoolers, classification of
cryocoolers, their working principles, general applications, comparisons and a brief
description of the different types of pulse tube refrigerators along with their
components are discussed.

The second chapter deals with an overview of the subjects and review of the
literatures on pulse tube refrigerators with related technologies.

The third chapter describes the different methods of pulse tube refrigerator analysis.
Surface heat pumping, enthalpy flow theory, phasor diagrams for different PTR models
are presented. Also development of time dependent approximate theoretical models
for pulse tube refrigerator is discussed.

The fourth chapter describes the derivation of governing equations for fluid flow and
heat transfer in pulse tube and regenerator. For regenerator which is modeled as
porous medium, the methods are discussed to calculate porous media parameters with
emphasis on wire mesh regenerators. Also the step by step procedures for CFD
simulations are presented.

Detailed CFD simulation, using commercial software, Fluent for Stirling type orifice
pulse tube refrigerators (OPTR) and inertance tube pulse tube refrigerators (ITPTR)
are presented in chapter V. Results and discussions of CFD simulations for these
models are also presented in this chapter.

For G-M type double inlet pulse tube refrigerator (DIPTR), details of geometry,
meshing of the geometry, boundary conditions, CFD simulation results and discussions
are presented in chapter VI.

The final chapter reflects salient points and concluding remarks on the results and
adopted methodology on previous chapters. Some recommendations have also been

highlighted for further investigation.
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Chapter 11

Literature Review

2.1 Introduction

This chapter represents a review of the literature. It can be broadly classified under
three main categories. The first part of the survey deals with the theoretical investigations on
pulse tube refrigerators, the second part deals with experimental investigations on pulse tube
refrigerators and the third part deals with the efforts to improve the regenerator (porous-
matrix) performance and also highlights some other useful literatures related to improve the

overall performance of pulse tube refrigerator.

2.2 Theoretical Investigations on PTRs

o  Basic Pulse Tube Refrigerator (BPIR):

Gifford and Longsworth from Syracuse University in 1963 pioneered the introduction of
pulse tube refrigerator, a new method of achieving cryogenic temperature. Although the
development of pulse tube models for research purpose started in 1963, their first paper was
published on 1964 [1] giving a brief account of progress made. The phenomenon was
described as “the pressurization and depressurization of any closed volume from a point on its
periphery sets up temperature gradients in the volume”. Obviously the temperature gradients
thus obtained depend upon the geometry of closed volume and the operating condition.

Their first design was based on a hollow cylindrical tube with one end open and the
other end closed. The closed end is exposed to an ambient temperature heat exchanger, while
the open end represents the cold end. As a result of the oscillatory flow field caused by piston,
the open end was subjected to an oscillatory pressure from the regenerator, causing the open
end to cool. This refrigerator is commonly known as Basic Pulse Tube Refrigerator (BPTR). In
a second paper, published only months after the first, Gifford and Longsworth [2] reported

useful refrigeration in a pulse tube operating well below the critical pressure ratio. Later
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Gifford and Longsworth [3] developed a relation for the cold end temperature with zero heat
pumping rate in terms of length ratio, hot end temperature and the ratio of specific heats of
gas with the help of surface heat pumping mechanism. They stated that surface heat pumping
is caused by an unusual interaction between fluid displacement along a surface, energy
exchange in the fluid, and heat exchange with the surface, as a result of a periodic change of
pressure of gas. In their fourth paper [4] they have reported the problem of reversible pulse
tube and attempted to compare operation with that of a valved pulse tube.

de Boer [5] developed a thermodynamic model of BPTR with various improvements by
taking into account the gas motion during the cooling and heating steps, that result in more
accurate temperature profiles. In second paper [6] he has presented a thermodynamic
analysis of the BPTR with a regenerator and heat exchangers at both ends. The performance
of the regenerator and its adjacent heat exchangers has been investigated using control
volume analysis to determine enthalpy flows and by control mass analysis to determine heat
flows associated with individual gas elements. Soo et al.[7] studied the secondary flow in
BPTR. The existence of large scale streaming and the effect of axial temperature gradient on
secondary flow within the basic pulse tube configuration has been shown analytically.
Efficiency of basic pulse tube was very poor, and, as a result, little work was done with the

BPTR in the first twenty years after its discovery.

e Orifice Pulse Tube Refrigerator (OPTR):

Orifice pulse tube refrigerator was introduced in 1984 by Mikulin et al.The invention of
the simple OPTR is regarded as the milestone of the developments of pulse tube cooler.
Starch and Radebaugh [8] developed an analytical model for OPTR and made a simple
expression for the gross refrigeration power, which agrees with experiments. Wu et al. [9]
have done a numerical analysis for an OPTR with a valve less compressor and described the
process occurring in the pulse tube. Richardson [10] reported that the valved pulse tube,
otherwise known as the orifice pulse tube, is able to reach much lower temperatures. Tward
et al. [11] studied the performance of pulse tube coolers in order to determine their suitability
for development of long life space coolers. Lee et al. [12] showed the influence of gas velocity
on surface heat pumping for the OPTR. Kasuya et al. [13] has discussed optimum phase angle
between pressure and gas displacement in pulse tube refrigerator. Wang et al. [14] developed

an improved numerical modeling technique for predicting the detailed performances and
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characteristics of an orifice pulse tube refrigerator. They included some physical factors in
order to improve the accuracy of the model such as flow friction, heat transfer in the heat
exchanger and the regenerator, real material properties etc. In 1992, a research program
began on pulse tube refrigerator at NASA —Ames Research Centre led by Kittel [15]. To
improve the performance, this program mainly focused on the optimization of the pressure
wave generator and thermal regenerator. Consequently, encouraging results have been
obtained that added evidence to the advantages of pulse tube refrigerator as compared to
Stirling refrigerator. David et al. [16] analyzed the mechanism of heat flow in the pulse tube
and explained the refrigerating effect as the result of hysteresis of the gas elements entering
and leaving the pulse tube.

Storch et al.[17] have described an analytical model of the orifice pulse tube
refrigerator with the help of phasor analysis. Zhu et al. [18] introduced an isothermal model
for an OPTR that is much simpler than nodal analysis. Wu et al. [19] developed a numerical
model of OPTR by using the method of characteristics and made a preliminary comparison
with experiment. Their suggestions are useful and convenient for understanding of the
process and design of the device. Kittel et al. [20] performed a detailed study of the flow field
in a pulse tube, and showed that flow circulation, commonly known as a secondary enthalpy
streaming effect, creates a convective enthalpy flow from the hot end to the cold end that
acts as a loss mechanism. Roach et al. [21] developed a simple modeling program for orifice
pulse tube coolers and theoretical analysis of the behavior of a typical pulse tube and made a
comparison with the earlier model. Rawlins et al. [22] developed a technique for the
instantaneous measurements of mass flow rate and temperature in an OPTR during actual
operation. Kittel et al. [23] described the qualitative behavior of pulse tube refrigerators on
the basic of simple 1-D models. These models have been used to introduce and demonstrate
the useful concepts of entropy flow and of Gibbs free energy flow.

Huang et al. [24] developed a linear flow network model for the analysis of an orifice
pulse tube refrigerator. The flow network analysis has considered the pressure as the electric
voltage and the mass as the electric current. Xu et al. [25] analyzed the behavior of the
various gas elements, which enter the tube of a refrigerator from its cold end with the help of
method of characteristics. Kuriyama et al.[26] discussed the relationships among the pressure,
mass flow rate and temperature oscillations in an OPTR. de Waele [27] proposed a new
definition of the efficiency of regenerator’s that takes into account all forms of dissipation in
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regenerators on an equivalent basis. In second paper [28] he reformulated the theory of
pulse-tube operation from the ideal-gas situation to a real gas and found that the effect of
non-ideal-gas properties has a profound effect on the energy balance in the regenerator and
on the expression for the cooling power. Gerster et al. [29] described a new loss, called “hot
end loss”. This occurs due to the regenerative effect of the hot end heat exchanger. The hot
end loss is described by means of the enthalpy flow model. Hagiwara et al. [30] have adopted
measurement using Rayleigh scattering in order to measure the temperature profile in the
pulse tube. de Boer [31] have presented optimization result for OPTR, for large orifice volume
and zero regenerator volume. They found that all non-dimensional quantities of interest
depend on frequency and ratio of orifice conductance to regenerator conductance. Roach [32]
have developed a calculation model that evaluates all the components of an orifice pulse tube
cooler. The results of the calculation are oscillating pressures, mass flows and enthalpy flows
in the main components of the cooler. For OPTR phasor analysis has been presented for mass
flow rate and pressure at cold end. Desai et al. [33] have calculated refrigeration power and
COP. Smith [34] studied the system of partial differential equations on modeling of pulse tube

refrigerators.

o  Double Inlet Pulse Tube Refrigerator (DIPIR):

Zhu et al. [35] achieved a new constructional solution to increase the OPTR
refrigeration efficiency. On the basis of theoretical analysis, a modified version called double
inlet pulse tube refrigerator (DIPTR) was suggested, which had a second inlet at the hot end
of the pulse tube connected to the pressure wave generator. Numerical analysis and
experimental results conform that the double inlet pulse tube has improved performance over
the OPTR. Ju et al.[36] developed an improved numerical model for simulating the oscillating
fluid flow and detail dynamic performance of the OPTR and DIPTR. The simulation model is
useful for understanding the physical process occurring in the pulse tube refrigerator, and also
for predicting the effect of the orifice and double-inlet valve on the refrigeration power and
efficiency of pulse tube refrigerator.

Wang et al. [37] developed a numerical model of a double inlet pulse tube
refrigerator (DIPTR) and solved the equations of continuity, momentum and energy
numerically. Predictions showed that DIPTR would result in higher refrigeration power with

lower P-V work than does the conventional orifice version; the bypass valve in the DIPTR has
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a significant effect on the phase and amplitude of the dynamic parameters. Harold et al.[38]
developed an analytical model for the performance of a DIPTR employing a stepped piston
compressor. Zhu et al. [39] documented the work loss in DIPTR. An analytical equation of the
mass flow rate through the by pass of a DIPTR is obtained by an analysis of the pressure drop
in the regenerator. Kirkconnell [40] developed a 1-dimensional model to simulate the thermo-
fluid interactions in the pulse tube. Zhu et al.[41] described an integration formula of enthalpy
flow rate along the pulse tube in pulse tube refrigerators on the assumption of sinusoidal mass
flow rate and sinusoidal pressure fluctuation based on the Lagrange method. Thummes et
al.[42] noticed that the use of double-inlet mode in the pulse tube cooler opens up a
possibility of DC gas flow circulating around the regenerator and pulse tube. Numerical
analysis shows that effects of DC flow in a single-stage pulse tube cooler are different in some
aspects from that in a 4K pulse tube cooler. Liang et al.[43] idealized the pulse tube
refrigeration process by simplifying the practical conditions without losing the main
characteristics of pulse tube refrigeration. Based on this idealization, the thermodynamic non-
symmetry effect of the gas element working at the cold end of the pulse tube has been
described. The gas elements enter the cold end of the pulse tube at the wall temperature of
the cold end heat exchanger but return to the cold end of the pulse tube at much lower
temperatures. They termed it thermodynamic non-symmetry in entering and leaving the pulse
tube during one cycle. This effect has been conveniently used to explain the refrigeration
mechanism of the basic, orifice and double inlet pulse tubes.

In their second paper, Liang et al. [44] developed the compound pulse tube model
based on the earlier analysis and incorporated the thermal and viscous influence of the pulse
tube wall and proposed a thermal viscous layer in the pulse tube. Hofmann et al. [45]
described different types of pulse tube refrigerators by phase diagrams. This provides a simple
means for finding the optimum phase shift between pressure and flow rate for PTRs operating
with different kinds of phase shifters. Yuan et al. [46] described a detailed thermodynamic
analysis of the working process of an active valve pulse tube refrigerator, which is introduced
to enhance the performance of a single stage pulse tube refrigerator. Xu et al. [47] have done
theoretical analysis and shown that, using 3He, the temperature limit is below 2K, and the
efficiency of a 4K pulse tube refrigerator can be improved significantly. de Boer [48] analyzed
the performance of the double inlet pulse tube (DIPTR) as a linearzed model that takes

account of the void volume of the regenerator. The phasor analysis has been extended for
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DIPTR [49]. They have mentioned that DIPTR improves the refrigeration power and COP. For
approximate PTR, numerical model is developed for single stage DIPTR. This model explained
isothermal and adiabatic gas behavior of compressor and pulse tube [50].

Atrey et al.[51] have done the cyclic analysis of Stirling type cryocooler. Details of
cryocooler design theory and practice has been covered at a short term course [52].
Radebaugh [53] presented a review of the pulse tube refrigerator from its inception in the
mid-1960s up to the present state. Various factors are discussed which brought it from a
laboratory curiosity to the point where it is now the most efficient of all cryocoolers and
reliable enough to be used on space missions.

Popescu et al. [54] have critically reviewed the design and theory of the regenerative
pulse tube cryogenic system. A general outlook of the functional principle of the process
occurring in this cryogenic system is presented. Zhang et al.[55] have analyzed the effects of
the reservoir volume on the thermodynamic performance of various components in a simple
orifice and a double-inlet pulse tube cooler by combining a linearized model. They have
presented the expressions of entropy production for those components. The results show that
the reservoir volume has a significant influence on the entropy production in the various
components when the reservoir to pulse tube volume ratio is smaller than about 5. The ratio is
important to determine the minimum reservoir volume for a pulse tube cooler.

Razani et al. [56] developed a thermodynamic model based on exergy flow through
pulse tube refrigerators (PTRs).They has proposed an exergetic efficiency parameter
representing the losses in the pulse tube itself. The effects of control parameters representing
a general phase shifter and their effect on the system performance are discussed. Ju [57]
discussed and explained the thermodynamic loss of the rotary valve and the COP of GM-type

pulse tube refrigerator by using the first and second laws of thermodynamics.

o Inertance Tube Pulse Tube Refrigerator (ITPIR):

Gardner et al. [58] used inertance tube instead of orifice valve. They have calculated
phase shift between oscillating pressure and velocity and found that use of inertance tube
improves the cooling power. Roach et al. [59] studied the advantages to be gained by
replacing the orifice of a pulse tube cooler with an inertance tube, a long thin tube that
introduces the possibility of additional phase shift between pressure and mass flow rate in the
pulse tube section. Comparisons between a laboratory cooler with an orifice and with two

inertance tubes have been presented; the inertance tubes yielded dramatic improvements
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over the use of the orifice. de Boer[60] found the rate of refrigeration of the inertance pulse
tube refrigerator (IPTR) as a function of the relevant parameters in the simplified case of
infinite volume of the reservoir and zero dead volume of the regenerator. It is found that the
performance of the IPTR is superior to that of the orifice pulse tube refrigerator (OPTR) over a
limited range of frequencies. Zhu et. al. [61] introduced a nodal analysis method for
simulating inertance tube pulse tube refrigerators. Wei et al. [62] have done theoretical
calculation for inertance tube without a reservoir and showed that this device provides a
rather large phase-leading effect. Thus phasor diagram is used to analyze the relationship
between phase-leading requirement and the pulse tube geometry. They noticed that a larger

void volume of pulse tube would require a larger phase-leading effect.

o  Other Pulse Tube Refrigerator Models:

Tward et al. [63] have reported the performance and flight qualification of miniature
pulse tube cooler designed specifically for use on small satellites. They reported that the
miniature pulse tube cooler is intended for greater than 10 year long-life space application and
incorporates a non-wearing flexure bearing compressor vibrationally balanced by a motor-
controlled balancer and a completely passive pulse tube cold head. de Waele [64]
documented general relationships for the entropy production in the components of pulse
tubes, which has a wide range of validity. Von et al. [65] described the cooling performance of
a pulse tube extending to room temperature which is precooled by a single stage GM
refrigerator. They found that this system is possible to reach liquid helium temperatures
without using rare earth compounds as regenerator material. Neveu et al.[66] developed both
ideal and dynamic models for better understand the energy and entropy flows occurring in the
pulse tube coolers. Ideal modeling is sufficient to quantify the maximum performance, which
could be reached, but dynamic modeling is required to perform a good design.

Chen et al.[67] introduced a modified Brayton cycle, predicting the thermodynamic
performance of pulse tube refrigeration with a binary mixture refrigerant. They established
theoretical expressions of cooling power, thermodynamic efficiency and required work of a
refrigeration cycle. Baek et al. [68] obtained the time—averaged mass flux and the study
component of the second order temperature with the help of two-dimensional analysis of the
tapered pulse tube. The effects of the taper angle and frequency on the enthalpy flow loss
due to the mass streaming are also shown. In the second paper [69], they reported the
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effects of the taper angle and the frequency on the steady mass flux and the enthalpy flow
loss associated with the steady mass streaming by two-dimensional analysis of the tapered
pulse tube. de Waele , et al.[70] addressed the question of when and how multistage in
pulse-tube refrigerators improves the performance. They derived analytical expressions for the
position of the first stage connection to the regenerator in the case of maximum cooling
power and in the case for the minimum temperature for two-stage PTR. Gao et al. [71] have
used gas mixtures for comparison in order to improve the performance of a one-stage pulse
tube cryocooler, which have been used in other cryocoolers. Guogiang et al. [72] have
discussed the flow characteristics of a metering valve in a pulse tube refrigerator.

de Waele et al.[73] studied the performance of pulse tube at very low temperatures.
They found that the cooling power of pulse tube coolers is zero when the thermal expansion
coefficient is zero. Pan et al. [74] developed a single stage pulse tube refrigerator driven by a
7kW scroll compressor that equipped with a set of solenoid valves such that two different
operations could be realized, namely a 4-valve configuration and an active buffer
configuration. Both systems are compared with respect to various operational parameters.

Brito et al.[75] numerically developed a novel cryocooler named “free warm expander
pulse tube cooler “for long life applications. Park et al. [76] obtained unsteady components of
the second order axial velocity and temperature within a tapered pulse tube by using a hybrid
method of solution. Graziani et al. [77] discussed the characteristics and performance of a
new class of 3He refrigerators. They introduced a 3He refrigerator, which allows a
temperature of 296 mK to be reached with a starting point of 4.2K, without pumping on the
main 4He bath.

Waldauf et al. [78] have observed temperature instabilities in a four-valve pulse tube
refrigerator. Investigations have shown that the anomaly is caused by the dc-flow. They have
presented an actively controlled dc-flow suppression device, which uses a temperature
gradient in the regenerator as a control parameter. Masao , et al.[79] have studied secondary
flow in an inclined orifice pulse tube refrigerator at typical inclination angles of 0-180° by
using a smoke wire flow visualization technique. Ronald et al. [80] discussed the effect of
angular orientation to the refrigeration performance of high frequency (10-40 Hz) Stirling-type
pulse tube cryocoolers typical of those used in long-life space applications. Orientation effects
on the performance of such cryocoolers have recently been observed during system-level
testing of both linear and U-tube type pulse tubes. Will et al.[81] have described two types of
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valves, which have balanced forces on the rotor. In the first valve the rotor and the stator
make no mechanical contact. The second type is a contact valve, like the classical valves, but
the forces on the rotor are balanced in a different way. Therefore, these valves are less liable
to wear, and the torques needed to rotate the valves is small. Jiang et al. [82] has reported
the performance of a two-stage pulse tube cooler using 3He as working fluid. He reached the
world record in lowest temperature. Devlin et al.[83] present the design of a completely
closed-cycle refrigeration system. The system consists of four stages; the first two, 40.5 and
2.7K are provided by a pulse tube cooler, the third and fourth stages by helium adsorption
refrigerators. He et al. [84] have made numerical analyses for the PTR to reveal the variation
of its cooling capacity with the phase angle shift between the velocity wave and pressure
wave. Yang et al.[85] have reported on the design and test of a two-stage pulse tube cooler,
which is driven by a linear compressor with nominal input power.

Dang et al.[86] have designed and tested a set of Stirling-type non-magnetic and non-
metallic co-axial pulse tube cryocoolers, intended to achieve portable cryogen-free systems
with very low interference for high-Tc SQUIDs operation. Jeheon et al. [87] described simple
analysis of the pulse tube expansion efficiency. Yong et al. [88] have examined individual loss
associated with the regenerator and combined these effects to investigate size effects on the
performance of Stirling cycle cryocoolers. For the fixed cycle parameters and given
regenerator length scale, it was found that only for a specific range of the hydrodynamic
diameter can produce net refrigeration and there is an optimum hydraulic diameter at which
the maximum net refrigeration is achieved. Tanaeva et al. [89] developed a new three-stage
pulse-tube refrigerator (PTR) by scaling down a working model PTR by 50%. With 3He as a
working fluid a no-load temperature of 1.73K is reached and a cooling power of 124 mW at
4.2 K is realized. Qiu et al.[90] have designed and tested a novel 4K separate two-stage pulse
tube cooler (PTC). They reported that the lowest refrigeration temperature obtained at the
first stage pulse tube is 13.8K. This is a new record for single stage PTC. Will et al.[91]
derived a complete set of relations for the operation of counter flow pulse-tube refrigerators.
The input parameters depend on the working fluid, the geometries of the pulse tube and the
counter flow heat exchanger, and the compressor characteristics. Koettig et al. [92]
introduced a new kind of two-stage pulse tube refrigerators. The chosen entire coaxial
configuration combines the advantages of the coaxial design with the two-stage pulse tube
concept. Lead coated screens build the inhomogeneous regenerator matrix of the second
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stage. Without any rare earth compounds the refrigerator reaches a no load temperature of
6.6 K at the second stage cold tip. Liang et al. [93] analyzed the first and second law of
thermodynamics for orifice type and the double-inlet type of pulse tube refrigerator.

Razani et al.[94] developed a thermodynamic model based on exergy flow through
pulse tube refrigerators (PTRs).They has proposed an exergetic efficiency parameter
representing the losses in the pulse tube itself. Richardson [95] explained the influence of
viscosity on the surface heat pumping mechanism. It had been shown that miniaturization of

the pulse tube is quite feasible provided the effect of viscosity is appreciated.

2.3 Experimental Investigations on PIRs

Longsworth [96] presented an experimental investigation of pulse tube refrigeration
heat pumping rates. He has given an empirical relation for the heat-pumping rate to correlate
the experimental data. He remarked that the heat pumping rate is directly proportional to tube
length when other things being equal. Mikulin et al. [97] showed that the efficiency of the
pulse tube refrigerator can be increased by fastening a buffer reservoir to the warm end of the
pulse tube, through an orifice. In this construction, the reservoir is a buffer of quasiconstant
pressure, and the orifice is a local gas dynamics resistance of adjustable section. By changing
the flow area it is possible to obtain the optimal adjustment for the gas flow rate entering the
reservoir, as well as the optimal phase shift between the incident and reflected pressure
waves. Radebaugh et al. [98] discussed three types of PTRs. In their experiment they
achieved a record low temperature of 60K using a single stage pulse tube. Narayankhedkar et
al. [99] reported an experimental investigations and theoretical analysis of pulse tube
refrigerator. Concepts of steps have been introduced for the deviation of cold end temperature
with zero heat pumping rate. Richardson [100] had shown that transient radial heat transfer is
the dominant effect in the pulse tube refrigerator. An analytical solution, which enables
optimum pulse rate to be calculated, has been developed and the result is verified by
experiment. The research had enabled a more comprehensive explanation of the heat
pumping mechanism. The possible relevance of surface heat pumping to the non-ideal
behavior in certain types of cryocooler has been highlighted.

Zhou et al. [101] made an experimental investigation to compare the performance of
coiled pulse tubes with those of straight ones having similar cross sections, length and

operating conditions. The performance degradation of coiled pulse tube has also been
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reported when ratio of the axial radius to the radius of the cross-section is reduced. Liang et
al. [102] developed a new type of orifice pulse tube refrigerator which could reach much lower
temperature compared to that achieved by earlier designs. They have experimentally
investigated the relation between the ratio of regenerator volume to the pulse tube volume
and the minimum temperature of the orifice pulse tube and also the influence of the
dimensions and the matrix materials of the regenerators on the performance of the orifice
pulse tube refrigerator. They found that in the pulse tube refrigerator the amount of the gas
that passes through the regenerator is quit large and the load on the regenerator is also large.
Baks et al. [103] did an experimental verification of an analytical model for orifice pulse tube
refrigerator. The cooling power of a pulse tube refrigerator has been expressed in terms of
regenerator loss and average enthalpy flow through the pulse tube. Enthalpy flow through the
pulse tube is dependent on the amplitudes of the pressure fluctuation in the pulse tube and
the volume flow through the orifice. The interpretation of the experiment has been simplified
by elimination of the influence of regenerator loss by keeping the cold end heat exchanger at
ambient temperature. Kasuya et al. [104] studied on the role of heat exchange between the
gases in the pulse tube and the tube wall in a pulse tube refrigerator. They experimentally
investigated a system where the working fluid going through the pulse tube without heat
exchange by mounting a piston on the hot end of the pulse tube. Refrigeration power was
found to increase as the work flow reaching the hot-end piston increases. On the contrary, the
heat flow released into a room temperature environment decreases as the workflow increases.
This suggests that the work flow becomes more important as the refrigeration power
increases. Cai et al. [105] described experimental results on the double-inlet pulse tube
refrigerator. The effects of varying the amplitudes and the phase difference of the pressure
wave and mass flow have been presented and discussed. The main contribution of the double-
inlet pulse tube is to adjust the phase shift between the pressure wave and the mass flow rate
in the pulse tube, and to increase their amplitudes. There is optimum matching between
double-inlet resistance and the orifice resistance.

Wang et al.[106] suggested a modified refrigerator called a double inlet reversible
pulse tube refrigerator (DRPTR). In @ DRPTR an auxiliary piston is used instead of the orifice
and reservoir as used for an OPTR. Experiments comparing the DRPTR and OPTR have
verified that the former arrangement greatly improves the performance of a pulse tube
refrigerator. Yuyama et al. [107] studied on experimental investigation on refrigeration losses
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in pulse tube refrigerator. The heat input towards the cold end of a pulse tube refrigerator
have been studied using combination of two regenerators and two pulse tube of different
lengths. Changing the length alters the temperature gradient in the pulse tube or regenerator.
Changing the regenerator length produces almost no effect on the minimum refrigeration
temperature. In contrast, changing the pulse tube length appreciably affects the minimum
refrigeration temperature .These results suggests that heat input due to shuttle gas motion in
the pulse tube is the main origin of refrigeration loss. Huang et al. [108] carried out an
experiment to investigate the system performance characteristics of pulse tube refrigerator.
Both transient and steady state performance of pulse tube refrigerators involve transient heat
transfer processes. Wang et al. [109] suggested a modified orifice pulse tube refrigerator
(MOPTR) without a reservoir. In the modified arrangement, the crankcase of the compressor
has been used instead of the reservoir to bring about the appropriate phase shift between the
pressure and the flow velocity in the pulse tube. Numerical analysis and experiments had been
verified that the MOPTR could operate as successfully as a conventional OPTR. Gao and
Matsubara [110] studied experimental investigations to reach 4K using a pulse tube and the
best multiple staging configurations for the pulse tube. Experiments are performed on several
types of single stage pulse tube refrigerators coupled with a GM cryocooler. Cai et al. [111]
described the structural characteristics and the mechanical performance of a co-axial pulse
tube refrigerator with multi-bypass method with experimental analysis. It has been verified
that the performance of a pulse tube refrigerator with a multi-bypass is better than that of a
double-inlet pulse tube refrigerator. Wang et al. [112] performed an experimental
investigation on a multi-bypass pulse tube refrigerator (MPTR) to study the effects of the
middle bypass valve on the performance of the refrigerator and to determine the minimum
regenerative temperature. The experimental results comparing the multi-bypass version with
double inlet version showed that MPTR could reach lower temperature than DIPTR.

Liang et al. [113] studied an experimental verification on pulse tube refrigerator to
validate their theoretical model. The influence of the important parameter, such as opening of
the orifice and double inlet valves, frequency, average pressure, pressure oscillation amplitude
in the pulse tube, diameter of the pulse tube on the refrigeration performance has also been
intensively investigated. Xu et al. [114] reported experimental research on a miniature coaxial
pulse tube refrigerator using nylon tube. The coaxial design has been used to decrease heat
transfer between the pulse tube and the surrounding regenerator. Kirkconnell et al.[115]
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experimentally studied the effect of the pulse tube aspect ratio (Length/Diameter ratio) on the
overall performance of a PTC. They found that pulse tubes with different aspect ratios but
identical volumes performed identically for the range of aspect ratios considered. Zhu et al.
[116] has studied on the waiting time effect of a GM type orifice pulse tube refrigerator. The
pressure differences across the high-pressure valve and the low-pressure valve are decreased
by long waiting times. Thus, the cooling capacity and efficiency are increased, and the no-load
temperature is decreased. The experimental results show that there is an optimum waiting
time for cooling capacity, efficiency, and no-load temperature, respectively. Yang et al. [117]
analyzed direct current flow due to double-inlet, and introduced a second orifice version pulse
tube refrigerator experiment to diminish DC flow. Analysis based on some assumptions shows
that DC flow through the double-inlet valve in the pulse tube refrigerator is not generally zero,
and the DC flow direction may change when the pressure wave changes. Thus, different
schemes should be developed for different DC flow directions. Yang et al. [118] proposed a
mechanism of double-inlet to lower the temperature of pulse tube refrigerator by analyzing
phase relation between pressure and the flow characteristics of double-inlet and multi-bypass,
then another proposal is put forward to replace the low temperature multi-bypass valve, which
is another double inlet valve at room temperature and a small tube prolonging to the low
temperature part of pulse tube. Through experiment, this multi-double inlet version proved
effective to lower the refrigeration temperature. Test acquired a lowest temperature of 77K
with two double-inlet valves and 50K with one double-inlet valve. The concept of low
temperature double-inlet is proposed for the first time. Luwei et al. [119] analyzed the
mechanism of the symmetry nozzle instead of needle valve or orifice to improve the
performance of pulse tube refrigerator in experiments. The flow coefficient of the symmetry
nozzle is a positive feed back to flow rate while the orifice has little relation to flow rate.
Charles 1., et al. [120] have performed experiments on pulse tube coolers to demonstrate the
effects of the permanent flow in the double inlet configuration. They found that this
permanent flow affects the wall temperature profiles of the regenerator and the tube. They
have tested the solutions to minimize the permanent flow and have led to a significant gain in
performance. Von et al. [121] have presented a study on the experimental performance of a
hybrid cooler. They considered two-stage unit consists of a commercial single-stage GM
refrigerator to precool a pulse tube stage capable of reaching a minimum temperature of 2.2
K. The pressure waves for both stages are generated separately by independent rotary valves
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using the same 6 kW helium compressor. The GM refrigerator operates at a fixed frequency of
2 Hz while the optimum frequency for the pulse tube stage is experimentally found to be
lower. Neodymium is used as regenerator material in the coldest section. Gan et al. [122]
have done experimental investigation on two-component multi-phase helium and nitrogen
mixtures in a single-stage pulse tube refrigerator. The experimental results show that both
coefficient of performance (COP) and cooling power can be improved to some extent at above
70K when the nitrogen fraction in the mixture is less than 25%.

Kasthurirengan et al. [123] have developed rotary valve for cryocooler applications.
They found that the pressure wave form is in between the rectangular and sinusoidal shape.
In his second paper [124] they developed single stage pulse tube of 6éwatt at 77K. In their
technical report [125] detailed design parameters and experimental results have been
presented for single stage G-M type DIPTR. Karunanithi et al. [126] have presented design
and development of a single stage G-M type double inlet pulse tube refrigerator. They have
used a rotary valve for pressure wave generation.

Huang et al. [127] carried out an experimental steady on the design of a single stage
orifice pulse tube refrigerator (OPTR). It was shown experimentally that there exists an
optimum operating frequency, which increases with decreasing pulse tube volume. For a fixed
pulse tube volume, increasing the pulse tube diameter will improve the performance. The
experimental results are used to derive a correlation for the performance of OPTR, which
correlates the net cooling capacity with the operating conditions and the dimensions of the
OPTR. Some theoretical and experimental investigations on pulse tube refrigerator have been
presented by Roy et al. [128]. Their numerical model could be used for approximate design of
pulse tube refrigerators.

Ju et al. [129] measured the flow resistance and flow inductance of inertance tubes at
high acoustic amplitudes for different inner diameters at various tube lengths at different
frequencies. Lu et al.[130] carried out numerical and experimental study on a single -stage
double-inlet G-M Pulse Tube Refrigerator, where the oscillating amplitude of physical
quantities are large and oscillating frequencies are low in the system. They have measured the
temperature distribution on the surface of the regenerator and the pulse tube, as well as the
refrigeration capacities at different refrigeration temperatures under optimum operating
conditions. A transient one-dimensional numerical simulator has been developed to verify
experimental data and to study the nonlinear characteristics in the double inlet pulse tube
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refrigerator. Masuyama et al. [131] has experimentally investigated a Stirling type pulse tube
refrigerator with an active phase control. A phase shifter, which controls the phase angle
between the mass flow and the pressure inside a pulse tube, plays a key role in the
performance of pulse tube refrigerators. In this study, an electrically driven and mechanically
damped linear compressor, which is directly connected at the warm end of the pulse tube
using a connecting tube, is used as the active phase controller (APC). Wang et al. [132] have
constructed single stage four-valve pulse tube refrigerator (FVPTR) with a 'L’ type pulse tube
structure and two orifice valves at the hot end of pulse tube in order to simplify the structure
of the cold end of the pulse tube refrigerator (PTR) and have a better utilization of the cold
energy of the system. Verification by experiments shows that a two-orifice valve structure
gives different adjustments to the gas flow rate of the hot end of the pulse tube than that of
the one-orifice valve structure. Koettig, S. Moldenhauer [133] have experientially investigated
the direction and the quantity of transferred heat within a pulse tube refrigerator (PTR) in
coaxial configuration. They located the pulse tube inside the regenerator matrix in axial
direction. They found that an internal thermal contact between these two main components of
the cold finger occurs. Results showed that intermediate cooling of the regenerator by the
corresponding part of its own pulse tube can improve the cooling performance of a PTR.
Therefore, a well-adapted geometrical arrangement between the pulse tube and the

regenerator is essential.

2.4 Review of CFD (using Fluent Software) Simulations on PIRs

Barrett et al. [134] has used a commercial computational fluid dynamics (CFD)
software package to model the oscillating flow inside a pulse tube cryocooler. Capabilities for
modeling pulse tubes are demonstrated with preliminary case studies and the results
presented. The 2D axis-symmetric simulations demonstrate the time varying temperature and
velocity fields in the tube along with computation of the heat fluxes at the hot and cold heat
exchangers. Yarbrough et al. [135] have done CFD modeling of pressure drop through wire
mesh regenerator. They have presented three types of CFD regenerator models. They
suggested that the use of computational fluid dynamics (CFD) to predict pressure drop
through regenerator wire mesh screens would facilitate development of a cryocooler system

model.
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Anjun et al. [136] have performed combined experimental and numerical study to
determine the heat transfer characteristics of cryogenic helium gas with temperature
dependent thermo physical properties in a miniature tube. They found that the heat transfer
characteristics of cryogenic gas with temperature-dependent thermo physical properties
(TDTP) are different from those in the ambient condition with constant thermo physical
properties. Cha et al. [137] modeled two inertance tube pulse tube refrigerator (ITPTR)
systems operating under a variety of thermal boundary conditions using a computational fluid
dynamics (CFD) code. They concluded that CFD simulations are capable of elucidating
complex periodic processes in ITPTRs. They also showed that one-dimensional modeling is
appropriate only when all the components in the system have large length-to-diameter (L/D)
ratios. Gustafson, et al.[138]compared the result of three first-order models usually used to
simulate the effect of inertance tube as a phase-shifter used in Pulse-Tube Refrigerators
(PTRs) to the results of Computational Fluid Dynamics (CFD) simulation using a commercial
CFD software package. The results of the CFD calculations are first validated by their
comparison to experimental results for a compressor, inertance tube, and a reservoir system.
Good agreement between experimental and numerical calculations is obtained. Zhang et al.
[139] have performed a two-dimensional axis-symmetric computational fluid dynamic (CFD)
simulation of a GM-type simple orifice pulse tube cryocooler. They have presented the detailed
modeling process and the general results such as the phase difference between velocity and
pressure at cold end, the temperature profiles along the wall as well as the temperature

oscillations at cold end with different heat loads.

Xiao et al. [140] have performed computational fluid dynamic (CFD) simulation of an
inter-phasing pulse tube cooler. Due to reduced turbulence this IPPTC provides improved
performance compared with single OPTR. Banjare et al. have performed CFD simulations for
OPTR [141] and ITPTR [142] respectively at different frequency by using dual opposed piston
compressor. They have discussed that at higher frequency turbulence and recirculation of fluid
is observed, which deteriorates the overall performance of the system. CFD simulation results
showed that there is an optimum frequency for each PTR model at which it provides maximum

refrigeration.
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2.5 Efforts to Improve the Performance of Regenerator

Extensive efforts have been focused on improvement in regenerator technology since
the development of regenerative cryocoolers. These efforts have been categorized into areas
of materials and geometry, modeling, and measurement. The problems with designing the
optimum regenerator depend on the variation of thermal properties over the huge
temperature range of the regenerator. Orders of magnitude decrease in thermal capacity of
the material from 300 K to the cold temperature make different materials attractive in
different areas of the regenerator. The basic problem focuses on increasing the heat transfer
effectiveness between the gas and solid in the regenerator. The heat transfer effectiveness is
a function of fluid properties, solid properties, and the flow geometry. Any change in these
parameters will affect the regenerator performance. At temperatures below 20K, the solid
properties appear to be a major contributor to the overall regenerator performance. This has
led to a development of exotic materials and processes so that the regenerator has sufficient
thermal capacity in the cold region. Several erbium alloys have been tested, but these
magnetic alloys are brittle at cryogenic temperatures.

Roach et al. [143] carried out a theoretical analysis of the behavior of a typical pulse
tube regenerator. Assuming simple sinusoidal oscillations, the static and oscillatory pressures,
velocities and temperatures are determined for a model that includes a compressible gas and
imperfect thermal contact between the gas and the regenerator matrix. For realistic material
parameters, the analysis reveals that the pressure and velocity oscillations are largely
independent of details of the thermal contact between the gas and the solid matrix. Only the
temperature oscillations depend on this contact. de Waele [144] discussed the dynamic
behavior of the temperature profiles in the regenerator and in the gas near the hot and cold
ends of the tube. With some simplifying assumptions, the basic properties of the temperature
profile in the regenerator and in the tube are understood. Liang et al. [145] established a
theoretical model based on the analysis of the thermodynamic behavior of gas parcels in
oscillating flow regenerators. They suggested that this can be used to study the influence of
DC flow on the refrigeration performance. They developed a test bench, including a hot-wire
anemometer to investigate the flow resistance characteristics of regenerators with oscillating
flow. The results of measurement are correlated and served for practical design. Yonglin
[146] has studied the behavior of working gas subjected to an oscillating flow in a confined

passageway. They briefly summarize their previous works and presented some useful results,
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including experimental measurements on the oscillating flow behaviors of regenerators filled
with metallic wire screens and of cylindrical empty tubes, primarily DC-gas flow
measurements, and a CFD model for thermal and fluid dynamic analyses of PTRs.

Kwanwoo et al. [147] developed an experimental apparatus to investigate detailed
thermal and hydrodynamic characteristics of a regenerator at cryogenic temperature under
oscillating flow and pulsating pressure conditions. They installed fine hot wire probes, at both
ends of the regenerator, to measure the fast oscillating gas temperature and mass flow rate.
In their studies, they characterized the thermal and hydrodynamic behaviors of the well-
defined wire-screen regenerator. Firstly, pressure drop characteristics are discussed for
different frequencies under room temperature. Secondly, ineffectiveness of the regenerator is
obtained for different cold-end temperatures. Shaowei et al. [148] have introduced numerical
method for regenerators. They showed that this method is not only suitable for the
regenerators in cryocoolers and Stirling engines, but also suitable for the stacks in acoustic
engines and the pulse tubes in pulse tube refrigerators. Sungryel et al. [149] developed a
new oscillating flow model of the pressure drop in oscillating flow through regenerator under
pulsating pressure. In this oscillating flow model, the amplitude and the phase angle with
respect to the inlet mass flow rate represent pressure drop. It is found that the oscillating flow
friction factor is a function of Reynolds number while the phase angle of pressure drop is a
function of Valensi nhumber and the gas domain length ratio. Chen et al. [150] found that
computation with heat transfer, fluid flow and thermodynamics indicates that higher pulse
tube refrigeration performance can be achieved with He—-H2 mixtures as working fluids than
that with pure He in the cooling temperature region of 30K. In addition, it is found that Er3Ni,
a regenerative material, is able to absorb H2 and forms Er3NiHx. The calculation shows that
the regenerative performance of Er3NiH3.5 is better than that of Er3Ni due to its higher
volume specific heat. Razani et al. [151] developed a first order model for a pulse tube
refrigerator including the primary components and important parameters affecting the energy
and exergy transport in the refrigerator. The model includes a recent empirical relation for
pressure drop calculations in the regenerator, a simple model for the thermal analysis in the
regenerator, and the important parameters for the compressor. Kwanwoo et al. [152]
developed a new model for the oscillating flow combined with pulsating pressure in cryocooler
regenerators to overcome inaccuracy of the conventional flow model based on steady flow
friction factor. Empirical correlations of the parameters are obtained for screen regenerators.
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Qiu et al. [153] have designed and tested a single-stage G-M type pulse tube cooler
(PTC) to explore the lowest attainable refrigeration temperature and to further improve the
cooling performance in the temperature range of 15-40K. The magnetic material Er3Ni is used
as part of the regenerative material besides the phosphor bronze and the lead so as to
improve the efficiency of the regenerator. Kwanwoo Nam et al.[154] presented the
experimental results and correlations on the friction factor of screen regenerators, being
focused on the effect of cryogenic temperature. In their second paper [155] they described
development of novel regenerator geometry for cryocoolers.They developed a parallel wire
type which is a wire bundle stacked in parallel with the flow in the housing, which is similar to
a conventional parallel plate or tube. They performed hydrodynamic and thermal experiments
to demonstrate the feasibility of the parallel wire regenerator. The pressure drop characteristic
of the parallel wire regenerator is compared to that of the screen mesh regenerator. Cha et
al. [156] have made measurements of the lateral or radial permeability and Forchheimer's
inertial coefficient of widely used PTR regenerator filler. Using helium as the working fluid,
steady-state pressure drops are measured over a wide range of flow rates in annular test
sections that contained regenerator fillers. Wang et al. [157] have proposed a new type of
copper foaming metal with high heat transfer area and low flow resistance in the heat
exchanger instead of the copper screens. The heat transfer performances of the copper
screens and the copper foaming metal are compared by theoretical calculation. Qiu et al.
[158] have optimized a three-layer regenerator, which consists of woven wire screen, lead
sphere and Er3Ni to enhance the cooling performance and explore the lowest attainable
refrigeration temperature for a single-stage PTC. The efforts focus on the temperature range
of 80-300 K, where woven wire screens are used. They have carried out theoretical and
experimental studies to study the metal material and the mesh size effect of woven wire
screens on the performance of the single-stage G-M type PTC. Chen et al.[159] have analyzed
heat transfer characteristics of compressible oscillating flow in two kinds of simple
regenerators filled with circular tubes or parallel plates under assumption of small
perturbation. They have applied linear thermo acoustic theory for analysis. They have derived
exact expressions of Nusselt number in complex notation based on the cross-sectional
oscillating velocity and temperature distributions.

Bernd et al. [160] have presented an update on the evaluation of the different
correlations for the flow friction factor and heat transfer of Stirling type regenerators.
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Generally stainless steel woven wire mesh is used for cryogenic regenerative heat exchangers.

The details of regenerator parameters are presented by Robbert [161].

2.6 Review of the Investigations of Thermoaccoustic Machine

The research on pulse tube cryogenerators have undertaken in the Los Alamos
National Laboratory by Wheatley [162] who used a thermo-acoustic pressure wave generator
instead of a mechanical one. Jin et al. [163] developed a single stage co-axial pulse tube
refrigerator driven by a standing wave thermoaccoustic prime mover and a minimum
temperature of 117.6K is achieved. Qiu et al. [164] have proposed a simple and feasible
calculation method to calculate temperature differences generated in thermo-driven thermo
acoustic refrigerator (TAR). The network model is used to make numerical calculations under
different conditions including heat-pump stack positions in TAR, different oscillating pressure
ratios (PR), plate spacings and different stack geometries. Tang et al [165] have studied
thermo acoustically driven pulse tube refrigerator. They found that after the modifications of
jacket type water coolers and stacks, and the optimizations of the openings of orifice and
double inlet valves, a refrigeration temperature as low as 115.4K has been achieved by a
thermo acoustically driven pulse tube refrigerator. It provides the possibility of utilizing the
low-grade heat energy. Sugita et al. [166] have studied thermally actuated pressure wave
generators they used solid displacers instead of long and heavy resonance tubes as a
resonator for compactness for less vibration and small loss. Tang et al. [167] simulated a
standing wave thermo acoustic engine with linear thermo acoustics. Computed results show
that an appropriate accretion of the resonance tube length may lead to a decrease of the
working frequency and an increase of the pressure amplitude, which will improve the match
between the thermo acoustic engine and the pulse tube refrigerator. Qiu et al. [168] has
constructed a Stirling thermo acoustic heat engine. The pulse tube cooler (PTC) driven by a
thermo acoustic engine can completely eliminate mechanical moving parts, and then achieves
a simpler and more reliable device. Hu et al. [169] have reported that the lowest temperature
of a thermo acoustically driven pulse tube cooler is generally limited by the pressure ratio
provided by the thermo acoustic engine with helium as working gas. With the innovative
configuration, the pulse tube cooler reached lowest temperature of 139K. On the other hand,
without the membrane, the PTC only achieved a lowest temperature of 186 K when using
nitrogen and 145 K with helium for both the PTC and the engine.
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2.7 Development of the Volume Averaging Technique

The volume averaging technique is an analytical tool for describing the flow and heat
transfer in a porous media. The fluid in the porous media only occupies part of the whole
space and is separated by a highly irregular solid surface. The hydrodynamic and
thermodynamic quantities for fluid are continuous locally but discontinuous over the entire
domain. However when averaged over a representative volume at a certain scale level the
quantity associated with the fluid could be a continuous function spatially. Thus by using the
volume averaging technique local conservation equations for a general fluid flow can be
transformed into a set of global conservation equations.

This technique has found extensive uses in ground water and pollution transport
science, petroleum reservoir modeling, catalytic reactors, and fluidized beds to mention a few.
Hassanizadeh point out that there are at least three methodologies for describing the flow and
heat transfer in multiphase systems, some of which rely mainly on intuition and empirical
observations [170]. While these methodologies have led to some of the original models, such
as the Darcy model, the volume averaging technique provides a formal framework for
improving the science of porous media. All of the current regenerator models in the open
literature, such as REGEN and Sage; rely on the intuitive and empirical knowledge of the flow
in the regenerator without any application of the volume averaging technique. As a result,
these models fall short of describing in an exact fashion the flow and heat transfer in the
regenerator. Whitaker has been fundamental in the development of the volume averaging
technique and its application to a variety of problems; diffusion and dispersion in a reactor,
conduction in multi-phase systems and development of conditions for non-homogeneous
porous media, local numerical studies and experimental validations to investigate the validity
of volume averaging closure conditions [171]. Macroscopic approach using volume averaging
technique has been excellently derived by Whitaker [172]. His studies have mainly focused on
incompressible flow, but he has briefly described about the case of slightly compressible flow.
Use of the volume averaging has been applied to a problem which is highly compressible due
to mainly the large pressure oscillations and the large temperature gradient across the

regenerator [173].
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Chapter 111

Pulse Tube Refrigerator Approximate Models:

Review of Mathematical Analysis

3.1 Introduction

Unlike the Striling or Gifford Mc-Mahon Refrigerators, pulse tube refrigerator has no
moving parts at the cold end region. The lack of cold moving parts has allowed it to solve
some of the problem associated with the cryocooler in many different applications, such as
vibration and reliability. With improved design and modification, it has nhow become the most
efficient cryocooler for a given size. It is suitable for a wide variety of application from civilian
to government to military and from ground equipment to space systems.

The moving displacer in the Striling and Gifford Mc-Mahon refrigerator has several
disadvantages. It is a source of vibration and has a short lifetime. It contributes to axial heat
conduction as well as a shuttle heat loss. In the pulse tube refrigerator, the displacer is

eliminated.

3.2 Pulse Tube Refrigerator Operation Principle

The operation principles of PTRs are very similar as conventional refrigeration systems.
The methods of removing heat from the cold environment to the warm environment are
somewhat different. The vapor compression cycle shown in Figure 3.1 operates in a steady
flow fashion where heat is transported from the evaporator to the condenser by a constant
and steady mass flow rate. The PTR relies on an oscillatory pressure wave in the system for

transporting heat from the cold end heat exchanger to hot end heat exchanger.

43



QOut
Condenser
m = cons tan t

% Expansion Valve Compressor

Evaporator

o

|

Figure 3.1 Schematic diagram of the simple vapor compression cycle.

In the pulse tube refrigerator the cooling actually occur in the oscillating pressure
environment. The heat is absorbed and rejected at the two heat exchangers. It is a cyclic

process. Because PTR operates in steady-periodic mode, the thermodynamic properties such

as enthalpy flow, <H>, heat flow, <Q>, and power <W> are evaluated in the form of cyclic

integrals. The appropriate instantaneous thermodynamic properties are integrated over the
entire cycle and divided by the period of that cycle to obtain the cyclic averaged quantity of

interest. For example, the compressor power is evaluated from the following integration.
. dv 1 .
w) = f§PEdt:Z§P(t)V(t)dt (3.1)

Where f is frequency, ¢ is period of the cycle, P and V, are instantaneous pressure and volume
respectively. The average enthalpy flow over one cycle <H> and average heat flow rate, <Q> ,

are also calculated similarly.
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3.3 ®ulse Tube Refrigerator Analysis Methods

Depending on the complexity of the problem and accuracy of the solution required for
the pulse tube refrigerator there are three methods of analysis, which are given as [52]
1. First Order Analysis

(i) Surface Heat Pumping
(ii) Enthalpy flow Analysis
(i) Phasor Analysis

2. Second Order Analysis

(i) Thermodynamic Non-symmetry effect
(ii) Approximate Model (Adiabatic and Isothermal Models)
3. Third Order Analysis

(i) Numerical Methods
(ii) FCD Analysis
In this section the first and second order analysis methods are discussed in brief. The

third order analysis method is discussed in detail in the subsequent chapters.

3.4 First Order Analysis
3.4.1 Surface Heat Pumping Theory

Gifford and Longsworth [1] proposed a surface heat pumping theory to explain the
performance of the basic pulse tube refrigerator after they have constructed a prototype of
BPTR as shown in Fig.3.2 (a). Consider a gas parcel in the pulse tube as shown in Fig.3.2 (b).
Suppose that in the beginning of the cycle the gas parcel at position X; has temperature Ty,
and the temperature distribution of the wall is given as line 1-2. Consider the first half cycle
where the pressure increases from the lowest to the highest. During this period, the gas
parcel flows towards the closed end of the pulse tube to position X, under going an adiabatic
process, hence its temperature increases to Ts. Since T3>T,, therefore heat is rejected to the
wall by the gas parcel until temperature of the gas parcel equals to that of the wall, T,. During
the next half cycle, this gas parcel flows backward. This is an adiabatic expansion process
where the temperature of the gas parcel decreases to T4. Since T4<T;, the gas parcel has

refrigeration effect at the position X;. This is so-called surface heat pumping theory. Based on
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surface heat pumping theory, de Boer [21] also studied the performance of a basic pulse tube

refrigerator using a thermodynamic analysis.

X2
Compressor %
Flow — |
[ HHX Gas parcel
ICY
AFI—C 3 L S R O N Gas
PT ©
REGN ) Wall
Q
=
[T CHX (@) 4
. —
(@) (b) Axial position

Fig.3.2 Schematic diagram of surface heat pumping theory for BPTR.

3.4.2 Enthalpy Flow Analysis

Figure 3.3 shows the schematic of a PTR along with energy flow at various
components for enthalpy flow analysis [17]. This figure demonstrates that the PTR’s heat
absorption and rejection occur at the cold heat exchanger (CHX) and the two hot heat
exchangers; (an after cooler (AFTC) and a hot end heat exchanger (HHX)).

<Q>Cp <Q>f6frig <Qh >reject
<W>pv T l Pulse Tube T Orifice
_> . o
[ — Regenerator > m, My —» ~
Aftercooler  CHX HHX My
Compressor

Reservoir

Fig.3.3: Macroscopic energy balance for PTR.

Clearly, HHX is equivalent to a condenser in a conventional vapor compression cycle,
and CHX is equivalent to an evaporator. During the PTR operation, most of the heat generated

due to compression is rejected through the after cooler. The rest of the energy that is not

rejected through AFTC is carried through by the enthalpy flow <I-'|>rg in the regenerator. This
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can be seen in the component energy balance schematics shown in Fig.3.4. The regenerator
enthalpy row<|—'|>rg , the additional refrigeration Ioad<Q>refrig , and the heat flow representing
all the losses, <Q>Ioss (such as gas conduction, solid matrix conduction, and dispersion), are all

absorbed at the CHX, therefore,
<H>chx :<Q>refrig +<H>rg +<Q>Ioss (32)

_____ Tl
(ii)Transfer Line <Q>ac
We —ETTE (), CR=—1CIN
. I "
— TV e

i m——g
. v — ()
] Q = chx
<Q>Ioss < >IOSS
(iv)Regenerator (v)Cold heat exchanger
<Q>reject
l"i':
<H>chx —§—> —-§-> <H>pt <H>pt : : H
Ve = :< >hhx

(vi)Pulse Tube
H —mL__ > H i i
e W, e
(viii)Orifice valve Y 0 .

(ix)Reservoir

Fig.3.4 Energy balance of system components in an OPTR.
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This enthalpy flow enters the pulse tube, and travels down the tube, reaches HHX and
then part of this enthalpy is rejected to the environment. The remaining enthalpy which has
not been rejected from HHX flows towards reservoir through orifice as shown in the energy

balance figure.

The average enthalpy flow over a cycle by assuming ideal gas flow is given by

i C. 5. -
<>chX=?ImT :—jmTcosedt (3.3)
0

Where ¢ the period of the cycle, C, is the heat capacity. The phasor quantities, m

and T are mass flow rate and temperature respectively.

According to the equation (3.3), if an oscillating mass flow rate m is in phase with the

oscillating gas temperature T then a net enthalpy flow exists in the pulse tube flowing from

the cold end to the warm end (i.e., <I—'|>ChX >0). (Note that m >0 when flow is from left to

right as shown in Fig.3.4. On the other hand, if an oscillating mass flow ratem is out of phase
with oscillating gas temperature T, then little or no enthalpy flow will exist in the pulse tube,
which results in minimum cooling. Fig. 3.5 depicts two examples of phase shift between gas
temperature and mass flux. The first example in Fig. 3.5a demonstrates a case where the
mass flow rate and the temperature oscillations are about 90 degrees apart. In this
circumstance, little or no enthalpy flow takes place. In fact, with temperature and the time
mass flow rate being 90 degrees out of phase, one phasor quantity will always be zero when
the other one is at its peak. Thus, out of phase relationships tend to produce poor
refrigeration due to minimum enthalpy flow in the pulse tube. On the other hand, if the mass
flow rate and the temperature oscillations are in phase as illustrated in the second example
(Fig. 3.5b), good enthalpy flow can exist in the pulse tube. Thus in-phase and out -phase are
the two extreme conditions. In actual pulse tube there exists same phase difference between
the phasor quantities.
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(b) » Time

Fig. 3.5 Phase shift relation for gas temperature and mass flow rate.
(a) Out-of-phase by 7/2 (b) In -phase

For perfect regeneration without any loss,

(Hy)=0and (Q) =0

loss

Refrigerating effect is obtained as

Qrefrig = <H >chx = %j. chdt (34)
0

3.4.3 ®hasor Analysis

Pulse tube refrigerators have shown dramatic improvements of performance in recent
years. These improvements have paralled advances in understanding the thermodynamics of
pulse tube refrigerators. There have been several different approaches to model pulse tubes.

Phasor analysis is one of such methods which has been proposed by Radebaugh [5].
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The schematic of a simplified model of pulse tube refrigerator for phasor analysis as
proposed by Radebaugh [5] is given in Fig. 3.6. This figure shows the mass flow rate at
different part of the system and energy flow at cold end and hot end.

Phasor analysis is based on the following assumptions for phasor analysis.

e Adiabatic behavior of gas in the pulse tube
e Pressure is constant through out the pulse tube and amplitude of dynamic pressure is
small compared to average pressure

e Sinusoidal variation of pressure and temperature with no phase difference between

them.
)., T Q.. T ,
Compressor Qe v Reservoir
Aftercooler l Pulse Tub T
uise Tube Orifice
| Regenerato > My My —>
rﬁh
CHX HHX

Fig. 3.6 Schematics diagram of pulse tube refrigerator for phasor analysis.

In the pulse tube the pressure and temperature variations are sinusoidal as
P =P, + P, cos(at) (3.5)
T =T, +T, cos(at) (3.6)

g 4
Y

dmchc

v

> dmhhh

g

CHX ¥aw HHX

Fig.3.7 Energy balance for pulse tube section.

The mass flow rate is not same along the pulse tube. The mass accumulation takes
place due to pressure variation. Applying the first law of thermodynamics to the control
volume drawn around the pulse tube section as shown in Fig.3.7,

dm_h, +dQ =dm, h, +dW +(AU), (3.7)

For adiabatic pulse tube dQ=0. On time rate Eq. (3.7) becomes
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dw  (AU), dm dm,

- _ o 4 Ch —

dt dt dt ° dt " )

pd_V:_CV dm, T - dm, T, |+c, dm, T - dm,, T,
dt dt dt dt dt

pd_V:R dﬂTC_dthh >
dt dt dt

o8V g, M o M, (3.8)
dt dt dt

From an adiabatic system
pV,” =constant

On differentiating the above equation with time gives

3.9
dt Vdt (3:9)

Substituting ddltt from equation (3.9) in equation (3.8) yields

dﬂ Vi dp Th dm,,

(3.10)
gt RTydt T, dt

Equation (3.10) may be written as
_ Vi dp +Th :
TRTydt T

c h

C

P L (3.11)
c h
"R, T

Hence equation (3.11) can be represented in terms of rate of change of the mass stored in

the pulse tube, m, as

c=mp+1—hmh (3.12)

C

m
Mass flow rate at the hot end is proportional to pressure change

m, « AP where AP = P, + P, cos(at) — P, = P, cos(at)

So hot end mass flow rate can be expressed as

m, = C,P, cos(at) (3.13)

Substituting in equation (3.11) and expressing in phasor quantities gives,
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m, = N, P, cos(at + 7 /2) + T—hcl P, cos wt (3.14)
RT.y T,
Phasor diagram for BPIR;

A vector representation of Equ. (3.12) is known as phasor diagram. The phasor
diagram for basic pulse tube refrigerator is shown in Fig.3.8. The figure shows both the mass
flow and the pressure phasors. For a BPTR there is no orifice valve and reservoir. The hot end

of the pulse tube is closed, so hot end mass flow rate is zero (m, =0) . The cold end mass flow
rate m,is at right angle to pressure vector. Since pressure in the pulse tube is 90° from the
mass flow there is no refrigeration (Ideally refrigerating effect for BPTR is zero). In practice,
heat transfer between the gas and the pulse tube wall due to surface heat pumping causes a

small phase shift. This is due to pressure drop for the associated gas flow which result small
refrigeration. Under such condition, the compressor work is compensated by the regenerator

loss.
Compressor =m,
fm o=m,
[ HHX
AFTC
PT 0—-do
REGN
] 9 Ppressure phasor Pressu_re»phasor
[T CHX -
(i) BPTR (ii) Ideal (iii) Actual

Fig. 3.8 Phaser representation of cold end mass flow rate and pressure for BPTR.

Phasor diagram for OPTR;

In the presence of mass flow rate at the hot end, the equation (3.14) can be applied.
There is a mass flow rate at the hot end in case of an orifice pulse tube refrigerator. Fig.3.9
shows a phase representation of cold end mass flow rate. This figure shows that cold end

mass flow rate makes an angle & with pressure vector. Since m, is no longer perpendicular
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to the pulse tube pressure, there is refrigeration. The refrigeration power is proportional

tom,P . Hot end mass flow rate m, is in phase with pressure vector.

Comp[LTssor Reservoir

Orifice
AFTC HHX
PT T
REGN :
_h m,
TC
CHX

Fig. 3.9 Phasor representation of cold end mass flow rate and pressure for OPTR.

Phasor Diagram of DIPTR;

Similarly the Fig.3.10 represents the phasor diagram for double inlet pulse tube

refrigerator (DIPTR). In this case the orifice mass flow rate is equal to the sum of hot end
mass flow rate, m, and double inlet mass flow rate, m, (m, = m, +m, ). The orifice mass flow
rate,m, is always in phase with pressure vector. Thus using equation (3.14), the phase
difference between m_ and pressure phasor can be drawn as shown in Fig.3.10. In the

absence of double inlet valve mass flow rate through orifice and hot end mass flow rate are
same. The anglef@ gets further reduced in compared to OPTR as shown in Fig.3.9. This

improves the refrigeration performance of DIPTR compared with OPTR.

Compressor .
P Reservoir

AFTC DIV [ HHX
PT
REGN
I CHX

Fig. 3.10 Phasor diagram for double inlet pulse tube refrigerator.
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Phasor Diagram for ITPIR,
The phasor diagram for ITPTR and also OPTR which is described earlier can be

explained better by electrical analogy [58]. The word inertance is derived from two words
Inertia and Inductance. In lumped electrical model oscillating pressure is considered as
voltage and mass flow rate is equivalent to current. The reservoir is considered as a capacitor,
the orifice (the flow resistance) is taken as a resister and inertance tube is considered as the

sum of a resistor and inductor in an equivalent electrical circuit.

A
COMP RESER

Pressure phasor

\:\:\)Q\\ m, oV, P
o | ®T,

T " \\\ oV 5
pt,w \\ RTC}/ 1

(@)

Fig. 3.11 Phasor representation of mass flow rate at the cold end for ITPTR.

. . \
Compliance of the reservoir, E=—'

m

Inductance of the Inertance tube/ = I

The Fig. 3.12 and Fig. 3.13 shows the impedance of OPTR and ITPTR respectively.

Vv }_‘ Im(Z)
g&) = < Re(Z)

Fig. 3.12 Impedance for OPTR.
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e eterdy, L

Re(Z)

&

Fig. 3.13 Impedance for ITPTR.

OPTR is equivalent to Q- ¢& circuit as shown in Fig.3.12. From equation (3.15) it is

clear that the impedanceZ is always negative for OPTR. In OPTR the impedance phasor lies
in the fourth quadrant, hence the mass flow rate (electrical current) leads pressure (electrical
voltage) as shown in Fig. 3.11(a). The wave form of the current and voltage is shown in
Fig.3.14.

2

Impedance =Z=0Q +_i= Q% + [ij (3.15)
Jog s

ITPTR is equivalent to Q— ¢ —¢& circuit as shown in figure 3.13. From equation (3.16) it

is clear that the impedanceZ could be, positive or negative. In case of ITPTR the impedance

may lie in first or fourth quadrant depending upon the value of ¢ and&. Those values depend

on the dimension of the inertance tube and the reservoir. Mass flow rate will lead pressure if
the impedance phase angle is negative and mass flow rate will lag if this phase angle is

positive.

2
impedance = 7-2¢ L) J[ o2 ] .16
& &

The phasor diagram for leading mass flow rate and phasor diagram for lagging mass

flow rate are shown in Fig.3.11 (a) and (b) respectively. Fig.3.14 shows the phase lag
representation of OPTR. This depicts that Voltage Y,, lags current I by & in phase.
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Fig.3.14 Phase lag representation of OPTR.

Resultant Phasor Diagram of OPTR;

The phasor quantities of OPTR consists of compressor, after cooler, regenerator, cold
end HX, pulse tube , hot end HX and orifice. The pulse tube is under adiabatic condition, the
compressor is under polytropic condition, and other units are under isothermal condition. In
case of regenerator, the average temperature of hot and cold end is taken as the isothermal
temperature. Thus the vector sum of all these quantities gives the resultant phasor as shown

in figure 3.15. The mass flow rate through the compressor can be estimated as

R _——» . _—>
; T oP, V,, P, V, P, V.,
(Mg )= |yt |+ [Zhome] & [ SRt | Sty (3.17)
Tc R Thx 7R Tc R Tcx .
S .y
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R Tep Compressor
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R T,
oR vaC I Aftercooler
R Vrg
" g Regenerator
e I Cold end Hx
CX
Vi
RTer Pulse Tube
Py Vi
R Ty M| Hot end HX
Orifice
Reservoir

Fig. 3.15 Phasor diagram of the total system for OPTR.

3.5 Second Order Analysis

3.5.1 Thermodynamic Non-Symmetry Effect

Important advances have been achieved during the last ten years or so in the art of
pulse tube refrigeration. In order to meet the requirements for further development and
practical applications, a systematic theoretical and experimental study on pulse tube
refrigeration has been needed. The thermodynamic nonsymmetry effect, which is responsible
for the production of refrigeration power is qualitatively described and demonstrated for the

idealized case.

Idealized pulse tube:

Liang [28] proposed the so-called thermodynamic nonsymmetry effect in the orifice
pulse tube. By tracing a thermodynamic cycle of the fluid parcel flowing from the cold end of
the regenerator to the pulse tube and then flowing back to the regenerator, he found that the
fluid gas parcel is undergoing a temperature decrease during this cycle, which he called the

thermodynamic nonsymmetry effect. Based on this model, Liang [29] extended the theory of
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surface heat pumping to all type of pulse tube refrigerators. He proposed that the surface

heat pump theory prevailed only in the thermal boundary layer.

In order to explain non symmetry effect, the regenerator and the cold and hot end
heat exchangers are assumed to be perfect. For simplicity, the working fluid is regarded as an
ideal gas, and gas flow in the pulse tube is assumed to be adiabatic inviscid flow, with no
length-wise mixing or heat conduction. The idealized working cycle is shown in Fig.3.16. The
hot end of the regenerator and the upper side of the double-inlet valve (V2) are alternately
connected to an infinitely large gas source at high pressure Py, in the first half-cycle and then
to an infinitely large gas volume at low pressure P, in the second half-cycle. Fig. 3.17 shows
the pressure variation with time over one cycle. Each cycle consists of four processes:

(i) 0-t,:pressurization of gas element (ii)t, —¢/ 2 :displacement of gas element

(iii)g /2 —t, :depressurization of gas element (iv)t, — ¢ :displacement of gas element

Since the flow capacity of the regenerator is constant, processes (i) and (iii) are

assumed to endure for the same time period, i.e. t, =t, —¢/2.

The expression for mass flow rate at the cold end of pulse tube is as follows:

\
=] 2t Yo AP (3.18)
JRT, RT, )dt

From this, one can see that the same mass of m, is leaving and entering the pulse tube at the

cold end section.

(Rate of pressurization during 0 to t;)= (Rate of depressurization during ¢/2to t;). Thus

(%j :_(d_P) (3.19)
dt Jou dt cl2-t2

Pressure changes in these two processes are assumed to be linear for an idealized situation.
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Fig.3.17 Pressure versus time: (a) Pressure in pulse tube;

Fig.3.16. Schematic diagram of the idealized working processes of pulse tube

(b)

Fig. 3.18 Temperature versus position of a gas element in the basic pulse
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Case I: Basic Pulse Tube Refrigeration:

For a basic type pulse tube refrigerator [1], the orifice V1 and V2 are closed as shown

in Fig.3.16. The gas element which enters the pulse tube at time t (0 <t <tl) undergoes a

compression process from pressure P, to P,. From 0 to t;, the gas element is adiabatically
compressed from P, to P, and simultaneously moved to x1. It stays there during process 2, in
case of adiabatic hot end heat exchanger as shown in Fig3.18 (a). The gas element leaves the
pulse tube at the same pressure as it enters in the third process. Consequently, the
temperatures are also equal. In this case, the gas element is termed thermodynamically
symmetric during the cycle and no refrigeration effect is obtained. For a non-adiabatic case
i.e. with thermal contact, the gas element moves from x1 to x2 due to heat transfer of gas
element with the wall. This is known as surface heat pumping. The gas element following in
the process 3 and 4 is shown in Fig3.18 (b). Due to surface heat pumping for a non-adiabatic
hot end, a small refrigeration effect is obtained by the decrease in temperature at the end of
the process. The dotted path in Fig.3.18 (b) is same as the path in Fig.3.18 (a)

Case I1: Orifice Pulse Tube Refrigeration:

In the case of the orifice pulse tube, the gas element will not be stationary during
process 2, as shown in Fig.3.19. Instead, it moves toward the hot end due to the mass flow
into the gas reservoir via the orifice. In process 3, it follows a path parallel to that of process 1
on the T-x diagram. Due to the increased displacement in process 2, it can be expanded more
before it leaves the cold end of the pulse tube than it is compressed in the pulse tube during
process 1. Therefore, it leaves the cold end of the pulse tube at a temperature lower than the
temperature at which it enters the pulse tube. In this way, a refrigeration effect is produced

and this effect is known as the thermodynamic nonsymmetry effect.

: Vv,
V1 is il V

1

S04

x'
_|

B

: TC "
X1 X2 X X1 X5 X
Fig. 3.19 Temperature versus position of a Fig. 3.20 Temperature versus position of gas
gas element in the OPTR. elements in the DIPTR.
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Case I11I: Double Inlet Pulse Tube Refrigeration:

The double-inlet method enhances the nonsymmetry effect in the orifice pulse tube.
Since gas enters and leaves the pulse tube in two directions, the gas elements that enter the
pulse tube at the cold end are compressed to P, within a shorter range of displacement due to
the additional pressure through double inlet valve. It means a greater temperature increase
per unit length of displacement. For the same reason, temperature decrease of gas elements
per unit length of displacement in process 3 is also greater. Displacements of gas elements in
processes 2 and 4 are not affected by the double inlet. All these effects permit the gas
elements to expand to a greater extent, and more of them to expand to P, before leaving the
pulse tube. As a result, more refrigeration power is produced. Fig.3.20 schematically shows
the temperature of a gas element as a function of its position in a double-inlet pulse tube. The

mechanism of the double inlet can be understood by comparing Fig.3.19 with Fig.3.20.

3.5.2 Approximate PIR Models: Adiabatic and Isothermal:

The working process of the pulse tube refrigeration system is very complex due to the
unsteady, oscillating compressible gas flow, the porous media in regenerator, the presence of
the orifice-reservoir, the double inlet valve etc. The cooling effect at cold end of the pulse tube
occurs due to compression and expansion of the gas column lies somewhere between the
adiabatic and isothermal processes, and may be assumed to be a polytropic process. To
understand the basic phenomenon responsible for the production of cold effect at the pulse
tube section, two limiting cases adiabatic and isothermal processes involving ideal gas have
been considered. Both these models are approximate models which are dealt separately.

Liang et al. [43] tried to solve the working mechanism of the three common types of pulse
tube refrigerator by analyzing the thermodynamic behavior of gas elements as adiabatic
process in the pulse tube. They assumed the pressure variation inside pulse tube to be
symmetric at the time of compression and expansion. For simplicity of calculation they took it
as trapezoidal variation with time. In this model it has been assumed that the pressure
variation is sinusoidal. Fig.3.21 shows the different components of DIPTR for adiabatic model.
The following assumption has been made with adiabatic behavior of the gas.

e The regenerator, the cold end and hot end heat exchangers have been assumed to be

perfect. That means that the regenerator will always maintain a constant temperature

gradient between its hot and cold ends at steady operation. And heat addition at cold
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end heat exchanger and heat rejection at hot end heat exchanger of pulse tube occur
at constant temperature at steady conditions.

e The working fluid has been regarded as an ideal gas.

e The gas flow in pulse tube has been assumed to be adiabatic inviscid flow with no

length-wise mixing or heat conduction.

Wep Pr, Vr, Th
\F;gp, ° 1=Compressor
P,
Tep I > = Aftercooler
2 ||||ﬁ T I m 3=Regenerator
Qcp‘/ i 7 X ° 4=Cold end HX
m 5=Pulse tube
i I M Qh 6=Hot end HX
" = 7=Orifice
Pt, Vhx, Th 8=DI valve
9=Reservoir
Trg= E%
(Tc+Th)/2 5 Pt, Vt
T, P ver e
| ™~ Qc

Fig.3.21 Schematic diagram of the physical model for DIPTR.

Governing Equations:

The governing equations consist of continuity equation and energy equation.
The mass conservation on a control volume gives,
op , 9(pv)

ot OX

o, o), dp)_y (3.20)

ot OX OX
The energy conservation equation from the first law of thermodynamics gives,
du = dg — dw (3.21)
In an adiabatic casedq =0, leads to
du = —dw=—pdo (3.22)

For an ideal gas,
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__ R4 _pv :(p/P) (3.23)
yr=1  y-1 y-1

u=c,T

From equation (3.22) and (3.23)
—Ld(p/ p)+ pdv =0 (3.24)
y—

For a moving system, the time derivative is to be represented by substantial (or total)
derivative as

1 D(p/p)+pDu:0 (3.25)
y—1 Dt Dt

Substituting v 1 in equ. (3.25) gives
Y2,

12, %)
! P +p P =0
y—1 Dt Dt

oo L))

— === =0
(y—l)th+p ot | P o >

Dp_mbp_,
Dt p Dt

6—p+v@—a2(a—p+va—pj=0 j (3.26)
ot OX ot OX

Where a? :%O , v = the velocity of the gas along the tube.
Adiabatic compressor modeling:

In the Stirling type pulse tube refrigerator, the pressure wave in the pulse tube is
provided with a compressor directly coupled to the hot end of the regenerator. This design is
more compact and more efficient than the valved compressor with gas distributor design. The
compressor cylinder has been assumed to be adiabatic in the analysis, since each of the

compression and expansion processes occurs in such a short period of time that little heat
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exchange between the gas and the cylinder wall can be affected. The gas adiabatically
compressed in the cylinder is assumed to be cooled to room temperature by the adjacent
after-cooler. The after-cooler has been assumed to be perfect, so that the temperature of the
gas leaving it is always equal to its wall temperature.

Change in compressor Volume:

Sinusoidal variation has been taken for the compressor cylinder volume variation.
V,, (t) =V, +V75[1+ sin(27 f 1)] (3.27)

Where V, = clearance volume
Vs = stroke volume and f = frequency

dQ : mcp
: '
‘ 1
PdVv hdm
«——1 |P.V «— 1
m, T
Ta ,Vaft

Fig. 3.22 Schematic diagram of energy balance for compressor.

Applying the first law of thermodynamics to the control volume drawn around the volume

swept by the piston in the cylinder as shown in Fig.(3.22) gives

du _dw _ d(mh) (3.28)
dt dt dt
—d(mCVT) :_pd_v+cpTd_m

dt dt dt
C, md—T+Td—m =—pd—v+c Td—m

dt dt dt P dt

mc, ar _ —pd—V+ RT dm (3.29)

dt dt dt

1-y

In side a closed system Tp7 =C, taking log on both sides yields
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InT+1=7n p=InC
Y

On differentiating

T y P
ar 1-ypdp oo 9T _r-1T dp (3.30)
dt y dt dt y pdt
Multiplying both sides by mc, and using ideal gas equation PV=mRT
me, I _ e, 7=1T 40 _RmT dp _V dp (3.31)
dt y pdt ¥y p dt oy dt
Substituting Equ.(3.31) in Equ.(3.29) yields
Vap 0V gpdm (3.32)
y dt dt dt
Compressor pressure variation is expressed as
dpCp 7 dVCp
—= -m RT, — P, —— 3.33
dt Vv 0" lop ™ Pop dt (3.33)

cp
Pressure variation at the pulse tube:

Pulse tube pressure variation is a function of compressor pressure variation. So the pressure
variation in the pulse tube can be derived in terms of compressor pressure variation along
with various mass flow rate involved in the system. The cold end mass flow rate equation

(3.11) derived earlier is

,RT, = m,RT, + 2 9P
y dt
o= dn Ve 0P (3.34)
T, ORT, dt

Where T. and T, are the temperatures at cold end and hot end respectively and R is a gas
constant.

In case of double inlet pulse tube refrigerator, the mass flow rate through the double
inlet valve (DI) is due to the pressure difference between compressor and pulse tubes. If DI

valve mass flow rate is m; and V,,,is the void volume of the hot end heat exchanger, then

the cold end mass flow rate is given as
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m, =, —my ):Ir__:+(v7t+vdthRiTC% (3.35)

Gas flow in the regenerator of a pulse tube refrigerator is accompanied by significant
pressure change. The pressurization and depressurization of the regenerator void volume,
which is usually comparable with the pulse tube volume, consume a considerable part of the

mass flow. This means that the mass flow rate is not the same along the length of

regenerator at each point. The mass flow rate at the hot end of regenerator, m,,, may be
calculated by the relation.

\Y,
=, + e 9P Varg 0P (3.36)

"¢ TRT, dt  RT, dt

Substituting Equ. (3.35) in Equ. (3.36) gives

\Y,
g =y — g )1+ [ 21 4V, | 2 Pry T OB oo e (3.37)
RT, dt RT, dt RT, dt

¢
Where V4« is the dead volume of cold end heat exchanger and connecting tube and Vg is
the void volume of the regenerator.

Temperature distribution along the regenerator of a pulse tube refrigerator is usually found to
be approximately linear. Therefore, the mean temperature of the regenerator is given as,

_Th +T,

Ty 5

(3.38)

Assuming that the temperature of the gas after the after cooler to be same as that in the hot
end of the regenerator and pressure variation is similar to that of the compressor pressure,

compressor out let mass flow rate is given as:

. Vg dpg,
m,, =m, + Mg +—25—— 3.39
cp rg + di + RTh dt ( )
Substituting equation (3.37) in equation (3.39) gives
, . T Vv 1 dp
Mg, = (o — g, )% + (j +thij_TCd_tt +
(3.40)

c

\/di_k\/di ldﬁ'ﬁ'mdi +\/didp_(:p
T. T, R dt RT, dt

Rearranging equation (3.40) one can get pressure variation equation for pulse tube as
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d
q R(mcp — Mg )_ R(mo — Mg, ):] - \{;.mz:p

ap. _ ¢ h (3.41)
dt Vas Voo, Ve, Vaw

Trg Tc Y Tc Tc

Pressure variation at the reservoir:

Pressure variation at the reservoir is due to the mass flow through the orifice and it is given

as.

dp 1 .

—L =~ (-m,RT 3.42
qt v ( My h) ( )

Mass flow through regenerator:

Mass flow in the regenerator has been evaluated through Ergun’s equation,

d_6 (1‘¢){150(1_¢)”+17.5G} (3.43)
dx  pd, ¢° dy

Where G =m,, / A, = mass flow rate per unit area

For laminar flow

d_p: Mrg (1_¢) 150(1_¢),U (3.44)
dx Argpdh ¢3 dh .

where ¢ is the porosity of the porous medium, p is the density of the fluid, d, the hydraulic

diameter, u is the dynamic viscosity of the fluid and Ay is the cross section area of the
regenerator.

Assuming dx= L. (length of regenerator) and dp =Ap =(P,, - P,)

The regenerator mass flow rate is expressed as

. pﬂ'dzrgdzh ¢3
_ P _p 3.45
mrg 600Lrg,u (1_¢)( cp t) ( )

It may be noted that for wire mesh regenerator, the equation for pressure drop is different

which has been derived in chapter (IV).

Mass flow through orifice:

Mass flow through the orifice has been assumed as a nozzle flow, calculated from well-known

formula for a nozzle with a correction factor.
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2 41

My =Cy A, oV BB [P Where PP, (3.46)
y=lov|(R P
2 ri
iy =—Cy Ay |27 | [ B [ B} | Where p<P, (3.47)
y—=1ov|\P P

Substituting v = RT / p for ideal gas

7+1
, 2 pas!
My =Cy4 A 21 S ) I Where P:>P, (3.48)
y—1RT, [\ R P
) 2 ril
My = —Cy A o 7 BT IPV [P | where P.<P, (3.49)
y—1RT, [| P, P,

Mass flow rate through double inlet valve:

Mass flow rate through double inlet valve has also been assumed as nozzle flow similar
to that in the orifice. Here the mass flow occurs due to pressure differences between

compressor and the pulse tube. Therefore, mass flow rate has been calculated as

7+1

. Y Pcpz P ’ P 2
My =Cy Ay |2—2— A Where P,>P; (3.50)
y=1RT, | P, P
) 2 74
P P
iy =—Cy A, 22— [T 7 [ Te | 7| \where P <Py (3.51)
y—=1RT, || R, P,

Analysis of Isothermal PTR Model:

In this model, the compression and expansion processes are considered as isothermal.
It shows higher efficiency than the adiabatic or any other model of the pulse tube. For the
purpose of analysis, a pulse tube refrigerator system is divided into a few subsystems, which

are coupled to each other. Different researchers have used different schemes for dividing the
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full pulse tube refrigerator into subsystems. Zhu et al. [18], and Yuan and Pfotenhauer [46]
have proposed to divide the pulse tube section into three subsystems; the middle section of
the tube is separating the cold and hot volumes. In their approach, the reversibility condition
supposes that no heat exchange occurs in the middle-section, and that pressure variation
induces temperature swing in the gas. In reality, wall and the gas can not be at the same
temperature, heat transfer would generate entropy with consequent reduction in efficiency.
Neveu and Babo [66] developed their isothermal model dividing the pulse tube section into
two distinct volumes i.e. cold and hot volumes. They assumed that each volume is subjected
to several complex processes. These are mainly heat exchange in the associated heat
exchanger, surface heat pumping in the tube and the mixing of gas. They expressed this
entire phenomenon through lumped parameters, considering isothermal heat exchange. They
developed the model only for Stirling type orifice pulse tube refrigerator. In the present study,
the isothermal model has been extended to double inlet pulse tube refrigerator. Its pressure,
mass flow behavior and the cooling effect have been determined and compared with those of
the earlier OPTR model.

The pulse tube device has been divided into six open subsystems. Three of them
exchange work, heat and mass with the surroundings (compressor, cold and hot volumes),
while the others exchange mass only (regenerator, double inlet valve and orifice-reservoir). It
has been assumed that all heat exchanges are at constant temperature and that temperature
of all subsystems exchanging heat is equal to those of the heat reservoirs. Another condition
is that mechanical equilibrium is realized in each part of the device. These conditions lead to
the model presented in Figure 3.23. The system described in the figure consists of six opened
subsystems as,

) Isothermal compressor at Te,, exchanging mechanical work W, and heat qc, with
the surroundings at temperature Tp and mass, mq (= Mg + Mg ); Mass,myg with
the regenerator and mass,mg; with the double inlet valve.

(i) Regenerator exchanging mass myq at T, with the compressor and m. and at T, with
the pulse tube.

(iii)  Cold volume in the pulse tube at T, exchanging heat Q. with the surrounding at
temperature T., mass m. with the regenerator, and mechanical work w, with the

hot volume.
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(iv)  Hot volume in the pulse tube at T, , exchanging mechanical work w, with the cold
volume , heat g, with the surrounding at temperature Tcp and mass my = ( my —
mqi ) with the reservoir via orifice and with the DI valve.

(v) Adiabatic orifice and reservoir exchanging mass m, with hot volume.

(vi)  Double inlet valve exchanging mass mg with compressor and hot volume.

Wep
Pcp, Vep, (LTI 8 Pr, Vr, Th
Tcp 1

2 [, . 1=Compressor
Qcp‘/mCp I M 7§§I Mo 2=Aftercooler
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Fig. 3.23 Schematic diagram of the physical model for the DIPTR.

Each subsystem consists of two phases, gas and wall. Conservation of mass and energy
have been applied to the six subsystems with the following assumptions:

e Ideal gas.

e Uniform temperature in each subsystem.

e Mechanical equilibrium in compressor and pulse tube, and ideal regenerator, i.e. front

wave moving back and forth during a cycle.
e Piston flow in the pulse tube.
¢ Negligible gas volume in the regenerator compared to compressor, tube and reservoir.

e Negligible pressure losses due to pipe and bends.
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This modeling consists of the application conservation of mass momentum and energy for
these six subsystems. These have been illustrated separately as follows.
Governing Equations:

Figure 3.24 shows a control volume which represents an isothermal variable volume:

Q
A
PV, T m
] —_—
.—Et
w

Fig. 3.24 Control volume for isothermal model.

From mass and energy conservation

dm

= em 3.52
& (3.52)
du .

—=W +Q+mh

dt Q
Assuming gas in the pulse tube as an ideal gas

PV =mRT (3.53)
Equation (3.53) can be written as

dm = m(d—P+d—V—d—Tj (3.54)

P VvV T

Change of the internal energy of the gas in side the system volume can be written as

dU =mc,dT +udm (3.55)
As the temperature has been assumed constant, dT=0, so the equations (3.54) and (3.55)
can be simplified as, N

dm = m(d—P+d—Vj=i(VdP+ PdV ) (3.56)

P V RT
>
and
dU =udm )

Substituting equations (3.52) in equation (3.56), and assuming mechanical equilibrium in the

system,
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\
aw_ i(mm _ pd_V)

dt Vv dt
- dv

P _i(pv)=pP L _RT
Q=P ~MPY=P g - >

. dv
Where, W= _PE

For isothermal compressor:

Applying the above sets of equations to the compressor, equation (3.57) becomes

N
dP, dv
o _ 1 -m,RT, —P, —=
dt dt
av,, .

Q, =P, T" +MRT,, >

. av,

J

For pulse tube:

(3.57)

(3.58)

Similarly to that in compressor, the pulse tube flow has been assumed to be a piston like flow.

In other words, the displacer of the Stirling or the GM cryocooler has been converted into a

gas piston. The pulse tube has been divided into two distinct volumes, one for cold volume V.,

and the other for the hot volume V,, at uniform temperature to ensure the reversibility of the

model.
For cold volume:
N
di:i m,RT, _pt%
dt v, dt
. av, >
=P —C%—mRT
QC t dt C C
W, =P, e
dt Y,
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For hot volume:

\

di:i —m,RT, — t%

dt Vv, dt

Cadvy

Qy =P~ +MyRT, > (3.60)
/

Mechanical equilibrium in the pulse tube states that when compression in the hot volume
takes place the cold volume undergoes expansion and vice versa. Thus
W, +W, =0 (3.61)
Combining equations (3.59) to (3.60) leads to the following set of equations, for describing
the pulse tube. The pressure variation in the pulse tube is the addition of two pressure
variations in cold and hot volume.
OLI—P;:Vi(mCRTc —m,RT,)

A (3.62)
The fractional volume variation X; = (V¢/V:) can be expressed by equating first set equation in
both the sets i.e., equ. (3.59) and equ. (3.60) as

dX, 1
dt PV,

(M RT (1= X )+ My RT, X, )

Qc = PtVt % - mc RTC
dt (3.63)

. dX
Qn =-RV, d_tt+ m,RT,

Orifice and reservoir: Y,

For the reservoir, equations (3.57) become,

P, 1, )
= —(~r,RT,)

V. (3.64)

Q, = M,RT, >

W =0
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Regenerator, orifice and double inlet mass flow rate:

Mass flow rate through regenerator, orifice and double inlet valve depends on the
pressure gradient. It has been assumed that gas volume in the regenerator is negligible. Thus
equation (3.45) is used as the mass flow rate through the regenerator. The equations (3.46)
to (3.51) are used to estimate the mass flow rate through orifice and double inlet valve. For
isothermal model the change in compressor cylinder volume is assumed sinusoidal similar to
adiabatic model as given earlier in Equ.(3.27).

Solution Methodology

The derivations of governing equations for adiabatic and isothermal models have been

described earlier. The consolidated list of equations for the adiabatic model is:

P

C|

g 7d,? g°
il T N )( . —P,) When Pg,>P,

™o = so0L (1
rg/u _¢

B pﬂdrgzd o g®

My = P, — P, ) When Pc,<P; (A1)
? " 600L,,u (1—¢)(t ) ®
P2 (P , P 5 A
Y

My =CyA, [2-L— L || 2" | Z0 17 | Where PP,

y—1RT, || R, P,

y P2 — PY (P 771

M, = -Cy A, [2—L— (_‘j —(—tj Where P;<P, (A2)

y-1RT, || P, P,

J

s

2
P’ 7 y
y—LRT,

7+l >

2
21(P, Y (P
y=1RT, I\ R R
J
V, .
Vo, (t)=V, + 7[1+ sin(27z f 1)] (A4)

From equation (A4) we can get compressor volume, V, at t=0
\Y,

V,,(0)=V, +7S (Ada)
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v
P —V f cos(2z f t)

dt
d dv
Pep _ Y |_ mcp RTcp ~ Pep _°%
dt Vep dt
T. V. dp,
R(m_ —m, J]— R(m, —m ) — -2~
dﬁ_ ( cp dl) ( 0 d|)_|_C Th dt

dt Vdfg +Vdcx " Vt +VdJ
Trg T, 7T, T

c

dp, _ 1. .
Ty (- meRT,)

r

Similarly the consolidated list of equations for the Isothermal model is:

o Py
Y 600L u (1-¢

)(Pcp - H) When Pc,>P:

7Zd 2d 2 3
My = Py Uy @ (Pt _ Pcp) When Pe,<P,
600L, 0 (1-¢)

2 7+l

v Y Pt2 | P )7

My =CyA 2————|| 5| ~| 5 Where P>P;
y=1RT, || P, .

7+l

2
) 2
My =—Cy4 A ZLL (in _(%J ! Where P<P,

r

4t

2
P,° (P ) P |7
Mg = Coi Aui |2 L [—t] _(Pt J Where P¢p,>P;

v —1RT,

7+

P
—[ﬂ] " | Where Pe,<P,

= IN

R’ |(P
Mg =—Cygi Agi ZL; (ﬂJ
y —1RT, P,

Voo (t) =V, +V?5[1+ sin(27 f 1))
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From equation (B4) we can get compressor volume, V, at t=0

V,,(0)=V, +V7S (B4a)
d:j/;p =V, f cos(2z f t) (B4b)
dz:p =th (mcp RT,, — Py d;’;pJ (B5)
ij—Ptt:%(mcRTc —(my —my RT,) (B6)
d;(tt :Pi/t (m.RT. (- X, )+ (hy —mgy RT, X, ) (B7)
ddF;f = Vi(— m,RT,) (B8)

The energy exchange, equations (B9) for the case of isothermal model is calculated after
solving equations (B1) to (B8).

: dX, 2
Qc = PtVt d_tt —me RTc

. dX ;
Qn =-RV, d_tt+ m, RT,

av, >

w

°TTe gt (B9)
Y
=R
J

The input parameters for both the models are shown in a tabular form in Table3.1.
The numerical simulation is described in the flow chart as given in Fig.3.25. Initially, in the
first cycle, the pressure is assumed to be constant. Using the initial value of V., the pressure
is recalculated using the mass flow rate in the different components. This pressure variation
acts as a gauss value for the next cycle. This process is repeated over every cycle till the
convergence criteria are satisfied. The convergence criteria during the iterative process, is that
the difference between two consecutive iterations of all quantities such as temperatures,
pressures, velocities, densities etc. at all discretized point must be less than 1e-5. The set of

differential equations is converged when the system reaches the cyclic steady state.

76



Table 3 Design data for adiabatic and isothermal models

Components Parameters
Compressor Dead volume = Vo= 0.13 x 10° m?
Swept volume = Ve= 0.5 x 103 m?
Regenerator Length = Ly = 0.21m
Diameter = dg = 0.02m
Porosity = 0.7
Hydraulic diameter = d;, = 0.04mm
Pulse tube Length = L; = 0.25m

Diameter= d; = 0.015m

Cold end block

Dead volume = Vq = 0.00002m>

Hot end block

Dead volume = Vg = 0.00002m?

Orifice Diameter = 1mm
DI valve Diameter = 1mm
Reservoir Volume = 0.5litre
Average pressure 16bar

Frequency 2Hz

Cold end temperature 100K

Hot end temperature 300K

Helium gas
At 16bar and 300K

temperature

Dynamic viscosity = pu= 15.21 x 10 Ns/m?
p = 2.389 kg/m?

¢, = 5193.0]/kg K

R = 2074.6)/kg-K

v=1.67
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Start

Input Constant
[Table 3]

y

Set the Initial value of the
Compressor volume

I

v
Assume the pressure is uniformly
16 bar over the cycle

<
<«

Compute the value of variables at each time step

over the cycle for the next iteration

A 4

Find the difference between
computed value and gauss value

Update guess value from last
calculated value

Check for
Convergence

No

IF converged

Stop

\ 4

Fig.3.25 Flow chart of the computer program for numerical simulation.
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Chapter IV

Theory of Heat and Fluid Flow in Pulse Tube

Refrigerator

4.1 Introduction

The pulse tube refrigerators are a class of rugged and high-endurance refrigeration
systems that operate without a moving part at their low temperature end. Due to absence of
moving component at low temperature end PTR has high reliability, low vibration, long life
time, small size and weight. In general the pulse tube refrigerator consists of a pressure wave
generator (compressor), an after cooler, a regenerator, a pulse tube, cold and hot heat
exchangers, an inertance tube (or orifice valve or orifice valve and bypass valve), reservoir or
buffer, vacuum chamber and coupling etc. The thermo-fluid processes in PTR are complicated,
and the details of the mechanism underlying their performance are not well understood. Some
components of PTRs like regenerator are presented as a porous medium, which consists of
stainless steel woven wire mesh arranged in a proper way. Regenerator is very critical
component of a pulse tube refrigerator. The performance of any cryocooler depends on the
proper design of regenerator and selection of proper regenerator material for the given
temperature range. Modeling the regenerator as a porous media requires some input
parameters like porosity, inertial resistance and viscous resistance factors. Hence it is very

essential to understand the thermodynamics of porous media.

This chapter is devoted to the derivation of heat and fluid flow through the porous

media used for pulse tube refrigerator for the CFD analysis. Different analysis requires
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different types of regenerator parameters. In this analysis the parameters used for CFD
(particularly Fluent software) are derived from the basic principles. This caters the basic

parameters of regenerator for the CFD simulation.

4.2 Porous Media

In recent years heat transfer in porous media has been attracting the attention of an
increasingly large number of investigators. The need for fundamental studies in porous media
heat transfer stems from the fact that a better understanding of convective transport
mechanism is required owing to the development of geothermal systems, thermal insulation,
grain storage, solid matrix heat exchangers, oil extraction, cooling of nuclear fuel and many
other areas. The accumulated impact of porous media studies is two folds: first to improve the
performance of existing porous-media-related thermal systems and second to generate new
ideas and explore new awareness with respect to the use of porous media in heat and fluid
flow applications.

Porous media is defined as a material consisting of a solid matrix with interconnected
voids (pores). The interconnected channels allow passage of one or more fluids. Examples of
fluid flow and heat transfer in a porous media are: Underground water movement in soils,
filtration and transport of gaseous reactance in a catalyst pore, cryocooler regenerators etc.

In a natural porous media, the distribution of pores with respect to shape and size is
random and irregular. On microscopic scale, the transport process is also irregular if one tries
to trace the path of a fluid element at a given location as it passes through the porous media.
In practice, investigators are interested in properties/ quantities that are measured on a
macroscopic scale by averaging over a representative elementary length/areas/volume
containing large number of pores. This then provides the basis for deriving the transport laws
governing the macroscopically averaged variables and thus removing the random components

associated with the microscopic scale.

4.3 Volume Averaging Technique

The volume averaging technique is an analytical tool for describing the flow and heat
transfer in a porous media. The fluid in the porous media only occupies part of the whole

space and is separated by a highly irregular solid surface. The hydrodynamic and
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thermodynamic quantities for fluid are continuous locally but discontinues over the entire
domain. However when it is averaged over a representative volume at a certain scale level the
quantity associated with the fluid could be a spatially continuous function. Thus by using the
volume averaging technique local conservation equations for a general fluid flow can be
transformed into a set of global conservation equations.

The concept of continuum and field theory can be extended to a porous media. The
procedure of analysis of transport phenomenon in a porous media is to obtain the macroscopic
model from the microscopic one (continuum) by averaging over a representative elementary
volume (r.e.v.) denoted as V.. The selection, size and shape of a r.e.v. are arbitrary. They
depend on the model objectives, resolutions requirements and the measurable characteristics
of the porous media taken by the available instruments. It is assumed that the averaging
results remain unaltered and are independent of the selection and the size of an r.e.v. Figure
4.1 illustrates a typical representative elementary volume (r.e.v.) in a flow domain, which
requires that the characteristic length of an r.e.v. is much larger than the pore scale but
considerably smaller than the scale of the phenomenon being studied. In this respect, an
r.e.v. assumes the role of a point in a continuum. The macroscopic properties/quantities
averaged over an r.e.v. are continuous over the porous domain and are differentiable
functions of space coordinates. Based on the r.e.v. concept the governing equations for fluid
flow and heat transfer through a regenerator in a PTR are presented in the forth coming

sections.

Solid

Representative
elementary volu

(r.e.v.) \

Liquid

Fig.4.1 The representative elementary volume to show the intermediate
size relative to the sizes of the flow domain and the pores.
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4.4 Regenerator Materials

The regenerator is the most important component in pulse tube refrigerator. Its
function is to absorb heat from the incoming gas during the forward stroke of the compressor,
and deliver that heat back to the gas during the return stroke. Ideally, regenerator with no
pressure drop and a heat exchanger effectiveness of unity are desirable, in order to achieve
the maximum enthalpy flow in the pulse tube. The performances of real regenerators are of
course far from the ideal. The regenerator materials and geometries generally fall into three
groups, based on the temperature range over which they are most commonly used. The first
groups are the oven screen materials-such as stainless steel, bronze, and copper which are
easy to weave into the screen geometry. These materials are used over the temperature
range from 30K to 300K, where they provide the following advantages:

e Low pressure drop
e High heat transfer area
e Low axial conductivity

e High heat capacity

At temperature below 30K screens lose their advantages and exhibit the following
disadvantages:
e High void volume

e Low heat capacity

In the range between 10K and 30K lead and lead antimony spheres are used because of
their higher heat capacity than any of the screen materials. In addition to the higher specific
heat, spheres provide two advantages in this temperature range:

e Low void volume related to low porosity

e Low pressure drop reflecting the decrease in the fluid viscosity
A representation of regenerator materialals used at different temperature range [161] are

shown in Fig.4.2.
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Fig.4.2 Temperature range for commonly used regenerator materials in
cryogenic refrigerators.

4.5 Porous Media Parameters for Regenerator Matrix

The regenerator of a pulse tube refrigerator is a very critical component. The
performance of any cryocooler greatly depends on regenerator material and its proper design.
The regenerator is modeled as a porous media, for which some basic parameters like porosity,
viscous resistance factor and inertial resistance factor are required as input parameters for
CFD analysis. This section deals with the estimation of these basic parameters for regenerator
porous matrix. The coefficients of porous media can be extracted from the experimental data
in the form of pressure drop against velocity through the component. The oven wire mesh
screen (Fig.4.3) is the most commonly used regenerator material. Its advantages are that it
provides a high heat transfer area with minimum pressure drop and it is readily available in
mesh sizes from 50mesh (50x50 opening per square inch) to over 250mesh. It is also available in
many different materials. Woven bronze screen regenerators are widely used in the first stage

of all commercial regenerative cryogenic refrigerators to provide cooling down to 30K. Below
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30K, the loss in specific heat of the commercially available materials, such as bronze and

stainless steel, limits the effectiveness of screen packing.

S | |
I :IT
— Ly
i Ve

A

Fig.4.3 Woven wire mesh screens.

The geometrical parameters used in the description of screen regenerators are the
porosity and area density. The porosity is defined as the ratio of the volume occupied by the
fluid to the total volume. It could also be defined as the ratio of void volume to the total
volume. It is expressed as

total volume of connected void space

total volume of the matrix
The area density is defined as the ratio of void surface area to the total volume of the matrix.
It is expressed as

Porosity = ¢ = 4.1)

. total surface area of connected voids
Area density = o = : (4.2)
total volume of the matrix

From the porosity and area density, the important relationship for the hydraulic radius for a

screen packing is given by

. _ ¢ Fluid volume Area
" & Heattransferarea Wetted perimeter

(4.3)

Experimentally, the porosity and area density can be found from the dimensions and
weight of the screens. The porosity is found by weighing the packed regenerator and

subtracting their tare weight of the regenerator canister.
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W
p=1-—2" (4.4)

PV,

Where W, is the weight of the packed matrix material, p, is the density of the packing

(matrix), and V; is the regenerator volume. The area density for one screen as shown in
Fig.4.4 is computed by calculating the circumferential heat transfer area of the wires and the

total volume encompassed in one segment of screen mesh:

i _ 1/2(wire wetted perimeter)(length of the opening)(4sides)

V, (volume encompassing the wires)
1(7r d,)@/m)4)
2 _2md, (4.5)
1/ m)?t, t

Where d,, is the wire diameter, t; is the screen thickness, and m is the mesh size.

ﬂts% <— 1/m
b

. O T
ii )

L]

<« | — »

Fig.4.4 Geometry of woven screen.

From the area density, the total regenerator heat transfer area is given by

S

2
A= o xTotal volume of regenerator = [ ”tmdw J(% d? j(tsn) (4.6)

A= dw(%d ZOJ(nm) (4.7)
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Where d, is the outer diameter of the screens and n is the total number of screens used to

pack the regenerator.

Analytically the porosity and area density are calculated by considering a small segment
of screen with a transverse pitch, x;(designating the transverse spacing/ factor between wires)
and a lateral pitch,x,(designating the longitudinal spacing/ factor between wires). Referring to
Fig.4.4 the pitches are related to the mesh size and screen thickness by
=s=xd

s =2Xd, (4.8)

1
m w

The Fig.4.4 is based on a perfect stacking of square mesh screens in which the weaving

causes no inclination of the wires and the screen layers are not separated. These idealization

lead to a matrix packing where the screen thickness, £, is equal to2d,,, and the porosity is

given by

Vm
¢ =1—V— (4.9)

r

Where V,, is volume occupied by the screen material. Thus,

2
¢:1_2[(7z/4)dzwkxtdw):1_L (4.10)
(Xtdw) (2dw) 4Xt
where
0.0254
t = am (4.11)

w

where m is mesh per inch; d,, is wire diameter of screen.

For a woven screen regenerator it is necessary to specify an additional analytical parameter,
to define the ratio of the minimum free flow area to the frontal area. From the description of

the screen geometry, shown in Fig.4.4

_openarea  (xd,-d, ) (x-1)° _(|T (4.12)
~ totalarea  (x,d,)? = (x ) |
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The area density is given by

(4.13)

From the porosity expression, equation (4.10) and area density equation (4.13), the hydraulic

radius expression given by equation (4.3) can be expressed as

ALV (4.14)
4.0(L-¢)

For a woven screen regenerator if the wire diameter and mesh per inch is given, porosity,

area density and hydraulic radius can be analytically obtained from Eq. (4.10), Eq. (4.13) and

Eq. (4.14) respectively.

4.6 Permeability and Inertial Resistance Factors for Porous Media

The porous media model can be used for a wide variety of problems, including flows
through packed beds, filter papers, perforated plates, flow distributors, and tube banks. Heat
transfer through these medium can be represented subject to the assumption of thermal
equilibrium between the medium and the fluid flow. The porous media model incorporates an
empirically determined flow resistance in a region of the model defined as " “porous". In
essence, the porous media model is nothing more than an added momentum source in the

governing momentum equations of the Navier-stoke equation.

The source term is composed of two parts [175]: a viscous loss term (Darcy, the first
term on the right-hand side of Eq. (4.15), and an inertial term (the second term on the right-
hand side of Eq. (4.15)

3 3 1
S, =—(2Dijyvj JFZ:CU-E,ovmgvj (4.15)
-1

j=L

For a simple homogeneous porous media, the source term is

S, = —(ﬁ\ﬂ cl, |\7|\7J (4.16)
a 2
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Where @ and C are the permeability and the inertial resistance factors, respectively.

Thus, the mass, momentum and energy equations for the porous media can be expressed

including porosity¢ of the porous media and the above source term. The source term is an
additional pressure drop term due to porous matrix.

The following one-dimensional empirical equations are considered for the pressure gradient

in the porous media

»__ 2oV

= 4.17
e (4.17)

The Fanning friction factor 7-in Eq. (4.17) is determined from the steady flow experiment and

its definition is as follows:

I (4.18)
2pV°L,
where v=—""_and d, = A, (4.19)
P, 1-¢

Where the free flow cross sectional area A, and regenerator cross sectional area A, is related
through porosity as A; = ¢A, .

The pressure drop in the matrix is caused by two physical factors: form drag and skin friction.
Therefore their effect on the resulting equations for pressure drop and friction factor can be
written as,

Csf

C.=C,, +
F CI

(4.20)

el

Where
AP ol
05ovin % pAu

c.

In the above equation, the pressure drop is proportional to number of flow resisters, n of the
matrix. In case of wire mesh screen, n=//2d,. These equations related to pressure drop is
generally applicable to pressure drop data of regenerator matrices regardless of whether wire

screens or metal felts are used.
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In case of wire screen the two correlation constants for different investigators [152]
are given in tabular form in Table4.1.

Table 4.1 Friction factor correlations

Investigators[152] Cs Gy

Gedeon/Wood 68.556 0.5274
Tong/London 44,710 0.3243
Blass 47.245 0.4892
Miyabe 33.603 0.3370
Tanaka 40.7413 | 0.5315

Following Miyabe correlation

C, - 33.6

+0.337 (4.21)

el

The pressure drop can be calculated as

2
AP = 33.6 pvin+ 0.337pv°n (4.22)
2R, 2
Substituting Eq. (4.22) in Eqg. (4.18) yields
(- 33.6nd, 0.337nd, (4.23)
4L, R, 41,
The two Reynolds number are expressed as
R, =M and g, =M (4.24)
PA 1 Aqu
From above equation, eliminating mass flow rate gives
Rl
R, = —2- 4.25
°d, ﬂ¢ (4.25)
Substituting Eqg. (4.25) in Eq. (4.23),
2 2
__Ngd%h 386 ) ga, N0 (4.26)
4|ﬂ Reh I-r 4ﬁ2 Lr

If n" is number of packed screens per length (n"=n/L,), then the equation (4.26) can be
expressed as

¢ _Mgd* 336

F=

' 42
+0337" 70 4.27)
4B Ry 45
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Substituting Eqg. (4.27) in Eq. (4.17) the pressure drop term can be modified as

op_ 336n'gvu 0337n'¢*p,v’ (4.28)
X 213 2% '

Where | is the mesh distance, S is the opening area ratio of screen, d, is the hydraulic
diameter of screen, n’ is the number of packed screens per unit length, 4 is the viscosity.

Comparing Eq. (4.16) with Eq. (4.28) leads to permeability and inertial resistance factors as
1 336n'¢

r g2
and G- 0.337? y
a 21p B

So for a given screen wire mesh the value of permeability and inertial resistance factors can

(4.29)

be obtained analytically using equation (4.29). Table4.2 lists the important operational
parameters of the porous media for the CFD simulation.

Table 4.2 Operational parameters of the porous media.

S No. Materiall Material2 Material3
Material 304 SS 304SS Copper
n 250 200 100
n' (m?) 1.2x10* 9.5x10° 1x10*
d(m) 4x107° 5.2x10 1x10™
i(m) 6.3x107 7.5x10” 1.6x10™
Y] 0.373 0.349 0.377
P 0.694 0.679 0.697
D 5.95x10° 4.15x10° 1.94x10°
C 1.299x10* 1.214x10* 1.15x10*

4.7 Governing Equations for Pulse Tube Refrigerator

The pulse tube refrigerator system for the present analysis consists of a dual opposed
piston compressor, a transfer line, an after cooler, regenerator, cold end heat exchanger
(CHX), pulse tube, hot end heat exchanger (HHX), inertance tube/orifice and a reservoir.

Continuum-based conservation equations can be applied everywhere in the system. This is
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appropriate since the mean free path of gas molecule is typically much smaller than the
characteristic dimension of the system components. The regenerator and heat exchanger can
in some circumstances be exceptions to the aforementioned statement. However, when the
characteristic dimensions of their micro porous structure are comparable, or even smaller than
the gas mean free path. For this reason, these components are modeled using porous media
method as described later. Thus, continuum based conservation of mass, momentum, energy
equations along with the equation of state of the working fluid are used for all components,
except the regenerator and heat exchangers. The general governing equations used by the
Fluent code [175] are as follows.

Conservation of mass equation :

L v (i) =, (4.30)
Where

V = Gradient operator

p = Density of the gas

v = Velocity in vector form

Sm = Source term

t = Time

(Sm = 0 for this case)

Conservation of momentum:

%(,ﬁ)w.(pvw — Vp+Vi(r)+ p+F (4.31)

Where:
p = Static pressure

T = Stress Tensors
g = Gravity acceleration

F = External body forces or source terms e.g. terms associated with porous media.
Assuming that the working fluid is Newtonian, the constitutive relation for shear- stress strain

rate is:
r= /{(VV +WVP) - %V.\?I } (4.32)

Where:
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4 = Fluid molecular viscosity
I = Unit (Identity) tensor
TP = Transpose

Conservation of energy:

d _ N _
a(pE) +V.(V(PE + p)) = V.(k 4 VT — z hw;+(@9)+S (4.33)
J
Where
2
E=h-P2¥ (4.34)
p 2
.
h= j CpdT (4.35)
Tl
Ky =k +k, (4.36)
Where

k = Gas thermal conductivity

ki = Turbulence thermal conductivity
Cp = Specific heat of gas

h = Local enthalpy

T = Temperature of the gas

v = Local velocity

v, - Diffusion flux of species

S = Source term which can be caused by chemical reactions or volumetric heat generation.

The diffusion flux is only important in multi component flows. Evidently v, = 0 for this

case.
Equation of state assuming ideal gas behavior,

P=pRT (4.37)
where R = Gas constant

The above equations can be simplified. First, given the axis-symmetric configuration of the
modeled system and assuming a negligible asymmetry caused by gravity, the aforementioned
equation can be cast in 2- dimensional cylindrical polar coordinate systems as:
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Continuity Equation:

op 10 0
2 (rov Y+ —(ov.)=0 4.38
ot +r6 (r r)+6x( ) ( )

Where
r = Radial coordinate
X = Axial coordinate
= Velocity in radial coordinate
vy = Velocity in axial coordinate

Momentum Equations in axial and radial directions:

0 10 0

L)+ 2 ) + 1 () = - F

ot r ox OX (4.39)

+li r 28\/X —E(VV) +li r oV +8Vr |
rox| \Tax 3 ) Trar| “ar T ax

0 10 0

8—(PVr)+——(rpVer)+ (rer r) p
t ro or 4.40)

+li r Zav V) 1 9 r Ny +% _ou Y +——(Vv) “
ror a or r ox a oX or ﬂr

Where v,and v, are the radial and axial components of the velocity vector respectively.

Where,

vz Do, N Ve (4.41)

OX or r

Also note the body forces (gravity forces) and any other external forces have been neglected
in the above equations.

Energy Equation :
%(pE) +V.(V(0E + p) = VK VT +(z9)) (4.42)

Equations (4.38) to Eq. (4.42) are to be numerically solved for the compressor, transfer line,
pulse tube, inertance tube and the surge volume.
Porous media equations for PIR :

The regenerator, after cooler, cold end heat exchanger and hot end exchanger can be
modeled using porous — media methods. The porous —media is modeled using the volume-
averaged conservation equations for mass and momentum. The volume-averaged mass

conservation equation is:
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£ (4p)+ V.o =0 (4.43)

where ¢ is the porosity of the porous medium.

The momentum equation for porous media are modeled by introducing two new terms
to the volume —averaged momentum equation : the Darcy term ,which represents a pressure
drops term directly proportional to the velocity , and an inertial term which is proportional to
the velocity square. Assuming a homogeneous and isotropic solid matrix, the following force

terms are included in the x and r volume — averaged momentum equations [175].

1 _
I:porousx = _[ﬁvx +_Cp|V|VxJ (444)
a 2
1 _
I:porousr = _(ﬁvr +—C,D|V|Vrj (445)
a 2
Where

u = Fluid molecular viscosity

a = Permeability
C = Inertial resistance factor
v = Velocity

In the aforementioned equations, the first term represents the Darcy term. The second
term is often referred to as the Forchheimer term and represents the fluid inertia. Fluent
requires a user input inertial resistance factor C and the permeability parameter & for the
porous medium. The inertial resistance factor and the permeability must be specified on
relevant correlations or experimental data. These factors for wire screen have been derived in
equation (4.29). In summary, the porous —medium momentum equation, in generic vectorial

form, can be represented as:
0,, - __ 7 R
a(;épv) + V.(#pWV) = —gVp + V.(47) + —(;v + ECp|v|vj (4.46)
Where V is the physical velocity and is related to superficial velocity \Z according to
V=N (4.47)

The axial and radial components of the above equation are:
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Porous —medium momentum equation in axial direction:

§(¢WX)+££(¢ r'DVXVX)—i_Ei(¢ rpvrvx) 2_6(¢Xp) +
?&{ru( ax (V (W))H ér{ ﬂ( p» ™ H ( V, + = Cp|v|v j (4.48)

Porous —medium momentum equation in radial direction:

o)+ oy r)+——(¢rp«rvr)=—%+%§{ru[ o) 2(V(¢v)ﬂ

(4.49)
+1g[rﬂ(avr avxﬂ_z,l_z 3ﬂ(w)+( v + 1 cp|v|vj
r

r ox OX or

The porous medium energy equation must account for the fluid — porous structure
interactions. When thermodynamic non-equilibrium between the fluid and the porous structure
is accounted, separate energy conservation equation must be solved for the fluid and solid
phases. The aforementioned thermodynamic non equilibrium is usually small. However and
often a single energy equation representing both the solid and gas phase is used. Accordingly,

in this study, local thermal equilibrium assumption is applied. The single energy equation is

used as,
§(¢pf Ei +A-9)psE) +V.(V(pEf +P)) =V.(keg VT +7.V) (4.50)
Where kg =gk + (1)K, (4.51)

@ = porosity of medium

ks = Solid medium thermal conductivity
ks =Fluid thermal conductivity

Es = Total fluid energy

E; = Total solid energy
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4.8 Computational Fluid Dynamics (CFD) Simulation Procedures

The technology of computer CPU is growing in extremely fast rate. Consequently,
standard computer processing time has decreased by many orders of magnitude compared to
one at a decade ago, and high performance computers are now available. Engineers today
have better tools for solving complex engineering problem in short time. The availability of
fast computers equipped with very large memories also allow for remarkably precise numerical
simulations. As a result computational fluid dynamics (CFD) tools, both for commercial and
research purposes are now available. One of the most highly respected CFD code is Fluent
[175]. Fluent is a state-of-the-art computer program for modeling fluid flow and heat transfer
process in complex engineering problems. Fluent offers the flexibility of meshing any complex
geometry and solving complicated 2-dimensional and 3-dimensional problems. Transient flow
and transport phenomena in porous media, two phase flow, and volumetrically generating
sources can all be modeled by Fluent. Fluent numerically solves the entire continuum fluid and

energy balance equations with no arbitrary assumptions.

e  Finite Volume Formulation

The Finite Volume Method (FVM) is one of the most versatile discrimination techniques
used for solving governing equations for fluid flow and heat and mass transfer problems. The
most compelling features of the FVM are that the resulting solution satisfies the conservation
of quantities such as mass, momentum, energy and species. This is exactly satisfied for any
control volume as well as for the whole computation domain. Even a coarse grid solution
exhibits exact integral balances. Apart from this, it can be applied to any type of grids
(structured or unstructured, Cartesian or body fitted), and especially complex geometries.
Hence, it is the platform for most of the commercial packages like Fluent, Star-CD, and CFX
etc. which are used to solve fluid flow and heat and mass transfer problems. In the finite
volume method, the solution domain is subdivided into continuous cells or control volumes
where the variable of interests is located at the centroid of the control volume forming a grid.
The next step is to integrate the differential form of the governing equations over each control
volume. Interpolation profiles are then assumed in order to describe the variation of the
concerned variables between cell centroids. There are several schemes that can be used for
interpolation, e.g. central differencing, upwind differencing, power-law differencing and

quadratic upwind differencing schemes. The resulting equation is called the discretized or
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discretization equation. In this manner the discretization equation expresses the conservation
principle for the variable inside the control volume. These variables form a set of algebraic

equations which are solved simultaneously using special algorithm.

* CFD Modeling Procedure

The computer simulation is performed using the CFD software package, Fluent
(Version6.1) to model the heat and mass transfer in pulse tube refrigeration systems. Details
about the software can be found in the user’s documentation for Fluent 6.1[175]. Fluent is
based on a finite volume computational scheme. The code solves the following general

differential equations:

%Jrv-(pv(p):v-(rv@jusi (4.52)

where the terms on the left represent accumulation rate and convection, while those on the

right represent diffusion and creation / destruction of the generic variable ¢, that represent

the variable solved (i.e. v, Vv, p;,p,), T is the exchange coefficient. S;represents the source

term  The solution method involves integration of the governing differential equations over

finite control volume and transforming them into a general algebraic form:

3,0, =D @ +2,0°p +b (4.53)
Where a, is a coefficient due to transient advection, a, represents the combined advection and
diffusion coefficients and b is a component of the linearized source term.

In general the following steps are to be followed for CFD modeling of any system using

Fluent software.

(i) Geometry Creation

To model heat and fluid flow in pulse tube refrigeration system using Fluent6.1, first, a
proper geometry is to be created using a separate model/ mesh generation package, or pre-
processor. For the present study, Gambit [176] is used as a preprocessor for modeling the
geometry and generating meshes. Once the dimensions of all components of pulse tube
refrigerator are known, the geometry is entered into Gambit to create the faces or volumes of
different components depending on the 2-D or 3-D simulations. For OPTR and ITPTR the 2-D
model is used for face creation and for DIPTR, 2-D model is used for face creation and 3-D

model is used for volume creation. Then all faces/volumes are united and then splited zone
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wise to enable to set boundary conditions at different zones. Since computational domain is
axisymmetric for OPTR and ITPTR in the present case and hence only half of the domain is
considered for analysis. For DIPTR the computational domain is not axi-symmetric, so
complete geometry is drawn in 2-D and as well as 3-D. Once these faces/volumes are created,

actual meshing process can be initiated.

(i)Mesh Generation

The reason for creating a mesh is that a partial differential equation generates an
infinite dimensional problem and the solution must in general be sought in a finite dimensional
space. By restricting the problem to a finite set of points or cells in which a finite dimensional
representation of the solution is chosen, the problem becomes manageable for computer
simulations. To mesh the given 2-D planar geometry or 3-D geometry the first step is to
create nodes (points where the grid lines of the mesh connect) on the edges. This can be
done either by specifying equidistance spacing between the nodes, which provides a uniform
mesh, or a gradually increasing /decreasing spacing (boundary layer mesh), which provides a
non uniform mesh with a finer resolution across a certain region in the domain, such as along
the bottom and sides walls of the present geometry, to estimate the velocity and temperature
gradients accurately near the walls. Once the nodes are created, one can then generate the
actual mesh along the faces. Different options for mesh generation are available in Gambit
[176]; to list a few are triangular elements, hexahedral elements and quadrihedral elements.
If the computational domain under consideration does not contain any complex surface the

structured quad element could be used for meshing.

(i) Zone/Boundary setting

After meshing, boundary zones are created on the geometry. These zones are used
later by Fluent to specify the boundary conditions. In the present case, for OPTR and ITPTR
all the top lines and side lines of the system are specified as “walls”. A “wall” is defined as a
surface that is assumed to be solid such that no fluid can flow through it. The bottom line is
specified as centre line to enable it to be axis-symmetric geometry. The left wall of the system
is specified as wall and linked with UDF (user defined functions) for piston head motion.
Dynamic mesh option is used to model piston cylinder function. The list of details of boundary
conditions specified at different zones for the complete system is shown in next chapter. In

fluent, numbers of options are there for specifying boundary conditions at inlet, outlet and
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walls etc. For example pressure inlet boundary conditions could be used when the inlet
pressure is known but the flow rate and/or velocity is unknown. Inlet condition could also be
specified by user defined function. It can be noted that zone types (wall, pressure inlet, etc.)
can be changed with in fluent as well, as long as zones are defined. Once the mesh and zones
are created, the mesh is then imported into Fluent. Gambit is the preprocessor and Fluent is

known as solver.

(iv) Fluent Setup

The first step taken after importing the mesh geometry into Fluent involves checking
the mesh/grid for errors. Checking the grid assures that all zones are present and all
dimensions are correct. It is also important to check the volume and make sure that it is not
negative. If the volume is shown as negative, there is a problem with the grid, since volume
can never be negative. The grid can also be displayed to ensure that the mesh generation is
qualitatively reasonable. When the grid is checked completely and free of errors, a scale and
units can be assigned. Since gambit inputs the coordinates as non dimensional numbers, the
grid can be scaled however if one chooses. For this study, the grid was created in mm, and
then scaled to meter. The maximum and minimum values for the x and y directions in 2-D are
given in the scaling window and in 3-D the minimum and maximum values are given for all
the three coordinates. Since the left bottom corner of the system is set as the origin (0, 0)
when drawn in Gambit, the minimum x value is 0 m and maximum 1.076m while for y
minimum value is 0 m and the maximum value is 13mm respectively for ITPTR. Similarly one
can specify the coordinates for OPTR and DIPTR.

(v) Defining the Model

The model properties are required to be specified. These properties include the type of
Fluent solver, the species/material fluid and thermal properties apart from model operating
conditions and grid boundary conditions. The following settings are used to create the model

in Fluent.

(a)Solver

Fluent 6.1 have three different solver formulations, i.e. segregated, coupled implicit,
and coupled explicit. The coupled and the segregated solvers differ in their approach to

solving the equations governing the fluid flow and heat transfer. In the segregated solver
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approach, the governing equations are solved sequentially (i.e. an equation for a certain
variable is solved for all cells, and then the equation for the next variable is solved for all
cells). The segregated solution method is the default method in most commercial finite volume
codes. It is best suited for incompressible flows or compressible flows at low Mach number.
The coupled solver solves the governing equations simultaneously (i.e. for a given cell
equations for all variables are solved, and the process is repeated for all cells). This is a
“modern” solver but consumes more memory. Compressible flows at high Mach number,
especially when they involve shock waves, are best solved with the coupled solver. While
implicit and explicit scheme define the way in which these coupled equations are linearized. In
the present study segregated solver with implicit formulation has been used. The segregated
solver is recommended for turbulent flow. For this study, the options chosen for Stirling type
OPTR/ITPTR are as follows:

e Flow Model:2D Axisymmetric, Unsteady, turbulent flow

e Solver: Segregated , Double Precision

e Unsteady Formulation: Second order Implicit

e Porous Formulation: Physical velocity
For G-M type DIPTR the options chosen are

e Flow Model:2D and 3D, Unsteady, turbulent flow

e Solver: Segregated , Double Precision

e Unsteady Formulation: Second order Implicit

e Porous Formulation: Physical velocity

(b) Energy
It enable energy equation in the solver for solving heat transfer problem. Accordingly,

energy option is enabled.

(vi) Defining the Material Properties

This section of the input contains the option for the materials chosen as the working
fluid. For this case, the working fluid is the helium and the solid is copper and steel. Properties
that can be specified in this section are density, specific heat, thermal conductivity, viscosity
and diffusivity.
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(vii) Defining the Operating Conditions

The operating condition panel includes gravity and pressure. In horizontal axis-
symmetric problem, the effect of gravity is not of much importance and hence it is neglected.
In 2-D and 3-D models the effect of gravity is considered. Operating pressure is set to its
default value of 1atm in this section to get the solution in terms of absolute value.
(viiifDefining the boundary conditions

Proper specification of the boundary condition is an essential step to accurately
capture the physics of physical model. In Fluent, boundary conditions must be specified at
each surface defined in the mesh generation process as described in earlier section.
Specifically, information about the pressure, temperature and density must be specified at
each surface. For surfaces that have been defined as “walls”, properties can be set to include
density along a wall, as well as the thermal conditions by specifying temperature, heat flux,
radiation or convection, or a combination. For left wall which is defined as piston input
specification include velocity UDF for piston head motion for Stirling type PTR model and for
DIPTR model pressure UDF is specified at inlet. For the modeling performed in this study, the
boundary conditions are summarized in chapter 5 and chapter 6. Once all the models,
operating conditions and boundary conditions are specified, the Fluent code can be executed.
(ix) Defining the Porous Zone

The regenerator, after cooler, cold end heat exchanger and hot end exchanger of a
pulse tube refrigerator is to be modeled using porous-media methods. A porous zone is
modeled as a special type of fluid zone. To indicate that the fluid zone is a porous region,
porous zone option in the fluid panel is enabled. The panel expands to show the porous media
inputs. The user inputs for porous media model are:

¢ Define the porous zone.

¢ Identify the fluid material flowing through the porous media.

e Select the solid material contained in the porous media.

e Specify the porosity of the porous media.

e Set the viscous resistance coefficients and inertial resistance coefficients, and
define the direction vectors for which they apply.

(x) Executing the Fluent CFD code
The conservations equations given by Egs. (4.38-4.43) and Eqgs.(4.48-4.50) assuming

two-dimensional axis-symmetric turbulent flow in cylindrical coordinates along with the

101



boundary conditions represent a set of non-linear , coupled differential equations, which are
solved iteratively using the finite volume method. The combined convection diffusion
coefficients are evaluated using (Patankar, 1980) upwind scheme. The PRESTO (Pressured
Staggering Option) is used for obtaining the pressure values and PISO (Pressure Implicit with
Splitting of Operators) is used to couple the interaction between pressure and velocity. A line-
by line solver based on the TDMA (Tri-diagonal matrix algorithm) is used to iteratively solve
the algebraic equations obtained after discretization. Details of the numerical method and
solution procedures may be found in the work of (Versteeg and Malalasekera, 1995) and
(Patankar, 1980). Proper under relaxation factors are used for the solution of the pressure
correction equation, the two momentum equations and the energy equation respectively.

(xi)Solution Initialization

Each case must be initialized before the fluent code begins iterating towards a
converged solution. Initializing the case essentially provides an initial guess for the first
iteration of the solution. In the initialization process, the user must specify which zone is be
provided with initial condition. Different model properties viz. continuity, x-velocity, y-velocity,
energy, kK and &were monitored by Fluent’s solver and checked for convergence. This
criterion requires that the scaled residuals decrease to 107 for all equations except the energy
equation, where the criterion is 10®. At the end of each solver iteration, the residual sum for
each of the conserved variables is computed and stored. Thus it records the convergence
history. Table4.3 shows the ist of variables at their respective convergence criteria used in the
present model.

Table4.3 Variables and respective convergence Criteria used in the simulation

Variable Convergence Criterion
Continuity 0.001
X-velocity 0.001
Y-velocity 0.001
Z-velocity 0.001
Energy 1e-06
k 0.001
£ 0.001
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Once all the above mentioned steps are over, iteration can be initiated with the time
step of 0.001 second with total number of iterations equal to 500000 and number of iterations
per time step to be 20. The typical CPU time taken for running a model in Pentium 4 processor
machine with 1 GB RAMS is nearly two weeks for 2-D simulations and two months for 3-D

simulations.

(X#ifPost- processing

The results obtained from the above steps are then checked to see if the solution is
physically reasonable. Also, information about the parameters is obtained and presented in a
visual forms i.e., graph, contours, XY plots etc. This step is also referred to as post —
processing stage of the CFD analysis. These are the basic steps to be followed for the
simulation of different pulse tube refrigerator such as OPTR, ITPTR and DIPTR which are

discussed in chapter -V.

(ii)Simulation in Fluent and Grid Independent Test
After setting all the required parameters in Stirling type and G-M type DIPTR models

such as boundary conditions, material properties, viscous model, convergence tolerance,
descrtitization scheme, under relaxation factors UDFs etc. one writes case and data file by
giving suitable file name. This becomes the original file ready for simulation. Now the last step
is to start the simulation. For this, one clicks Solve — Iterate...then the iterate panel opens.
In this penal one needs to give time step size, number of iterations and maximum iterations
per time step then clicking iterate will start the simulation. The simulation will continue till the
desired level of convergence is achieved or the number of iterations given is completed,
whichever is achieved earlier. This is unsteady state (transient) problem and generally the
time step size is in the range of milli second. So to get cyclic steady state solution, it usually
takes a week or a month depending on the problem and type of simulation (2 or 3-
dimensional). Periodic steady conditions are assumed when all system parameters are
repeated from one cycle to the next with an acceptable predefined tolerance. After getting
periodic steady conditions the final “case and data” file could be written. This file is used for
post processing purpose. The details of post processing results will be presented in the next

chapter.
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e (Convergence and Grid Independence:

The periodic nature of the flow and boundary conditions in the aforementioned
simulations renders the issue of convergence and the conditions necessary to reach steady-
periodic conditions. There are many way to verify the convergence of the entire system. one
way is when the system reaches a cyclic steady state , cycle averaged parameter(such as fluid
and solid temperature , pressures, velocities, densities)would not change any more with time.
Hence the difference between two consecutive iterations of cyclic averaged quantity is less
than pre-specified tolerance valve, to reach a cyclic steady state condition. For grid
independence solution one should start with coarse grid than refine the grid to get grid

independent solution.
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Chapter V

CFD Analysis of Stirling Type Pulse Tube
Refrigerators

5.1 Introduction

Computational fluid dynamics or CFD is the analysis of systems involving fluid flow,
heat transfer and associated phenomenon such as chemical reactions by means of numerical
simulations. The technique is very powerful and spans a wide range of industrial and non
industrial application areas. The availability of fast computers equipped with very large
memories allow for remarkably precise numerical simulations. The main CFD tools are
PHONICS, FLUENT, FLOW3D and STAR-CD etc. The fluent is one of the most highly respected
CFD codes [175]. Fluent is a state-of-the-art computer program for modeling fluid flow and
heat transfer process in complex engineering problems. With the help of this one can generate
code and set boundary condition by User Defined Functions (UDF). Fluent has also a dynamic
meshing function. This function allows the user to create deforming mesh volumes such that
applications involving volume compression and expansion can be modeled. Thus in view of
Fluent’s versality, its capability for solving the compression and expansion volume, allowing
UDF boundary conditions and modeling capability for porous media, it is selected for the
simulation of the Stirling type OPTR and ITPTR.

This chapter presents the details of geometry and boundary conditions for CFD
simulations of Stirling type OPTR and ITPTR by using commercial software, Fluent6.1. For CFD
simulation of any model the basic required parameters are their dimensions and boundary
conditions. Therefore the geometrical dimensions of each component of pulse tube
refrigerator model is created in gambit software and complete meshing of the geometry and

also the boundary conditions for each model are presented in this chapter. As first part of the
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investigation Stirling type ITPTR simulation is performed then the same process of simulation

is extended for OPTR and performance comparisons is done for both models.

5.2 Inertance Tube Pulse Tube Refrigerator

The pressure waves in a Stirling-type pulse tube refrigerator are generated directly by
a valve less compressor. Thus, a Stirling-type pulse tube refrigerator usually works at high
frequencies (10Hz-50Hz). The dimensions of the Stirling type inertance tube pulse tube
refrigerator (ITPTR) are taken from literature [137], except the compressor is replaced by a
dual opposed piston model in the present simulation. Figure5.1 shows the three-dimensional
view of the inertance tube pulse tube refrigerator systems of interest in the present
simulations. Similarly Fig.5.2 illustrates the 2-dimensional physical geometry of the ITPTR.
Figure5.1 shows that every component of the ITPTR system is in fact cylindrical in shape and
all the components are aligned in series to form an axis-symmetric system. The ITPTC is
therefore modeled in a 2-dimensional axis-symmetric co-ordinate system. Figure5.3 shows the
geometry of ITPTR created in gambit software. First, an actual physical drawing of the system
is created in the 2-dimensional axis-symmetric co-ordinate system using gambit software.
Initially the whole geometry is created as single components then it is splited in different
zones. The function of splitting is to divide the geometry as different components so as to
enable to set different boundary conditions at different zones as needed. The figure 5.4 shows
the enlarged view of the axis-symmetric geometry of the different components of the ITPTR
with complete meshing. It can be seen from above figures that the regions deemed more
sensitive, such as the vicinity of component to component junctions are presented by finer
mesh than others. Once the model are created and exported to fluent, the model boundaries
have to be defined.

Transfer line

- l Regenerator WHX

@

Dual opposed piston
compressor

Reservoir

Inertance tube

Fig.5.1 Three-dimensional view of the inertance pulse tube refrigerator.
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Fig. 5.4 Two-dimensional axis-symmetric mesh of ITPTR.
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Table 5.1 Component dimensions of ITPTR
SNo. | Components Radius (m) Length (m)

1 Compressor 9.54E-03 7.50E-03

2 Transfer line 1.55E-03 1.01E-01

3 After cooler 4.00E-03 2.00E-02

4 Regenerator 4.00E-03 5.8E-02

5 Cold heat exchanger | 3.00E-03 5.7E-03

6 Pulse tube 2.5E-03 6.0E-02

7 Hot heat exchanger 4.00E-03 1.0E-02

8 Inertance tube 4.25E-04 6.84E-01

9 Surge volume 1.30E-02 1.3E-01

Table 5.2 Boundary and initial conditions for ITPTR
Study Case Case 1 Case 2 Case 3
Compressor wall Adiabatic | Adiabatic Adiabatic
Transfer line wall Adiabatic | Adiabatic Adiabatic
After cooler wall 293K 293K 293K
Regenerator wall Adiabatic | Adiabatic Adiabatic
Cold end wall Adiabatic | Heat flux 5W 150K
Pulse tube wall Adiabatic | Adiabatic Adiabatic
Hot end wall 293K 293K 293K
Inertance tube wall Adiabatic | Adiabatic Adiabatic
Surge volume wall Adiabatic | Adiabatic Adiabatic
Viscous-resistance (m?) | 9.44e+9 | 9.44e+9 9.44e+9
Inertial-resistance(m™) 76090 76090 76090
Initial conditions 300K 300K 300K
Cold end load 0 5w 5.23wW*
Cold end temp 87.4K* 147.5K* 150

*Qutput result obtained from Fluent Analysis

109




5.3 Orifice Pulse Tube Refrigerator

The geometry of orifice pulse tube refrigerator (OPTR) is same as ITPTR except the
long narrow tube of ITPTR is replaced by a short tube with orifice valve. The three-
dimensional view of the OPTR system is shown in Fig.5.5. The system consists of a
compressor (dual opposed piston model), a transfer line, an after cooler, a regenerator, cold
end heat exchanger, pulse tube, hot end heat exchanger, connecting tube, a needle valve and
a reservoir. Figure5.6 illustrates the two-dimensional physical geometry of the OPTR. Figure
5.5 shows that every component of the OPTR system is in fact cylindrical in shape and all the
components are aligned in series and form an axis-symmetric system. The OPTR is therefore
modeled in a 2-dimensional axis-symmetric co-ordinate system similar to ITPTR. The potential
asymmetry caused by gravity is thus neglected. This gravity term however will be important if
the order of magnitude of the acceleration become comparable with the other terms (such as
temporal acceleration, convective acceleration etc.) in the momentum equation. Figure5.7
shows the two-dimensional geometry of the OPTR which is created in Gambit software. The

face mode option of gambit is used to create the geometry.

Transfer line
Regenerator WHX

AFTC< .( Pulse tube .(010-

CHX

Reservoir
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compressor

Fig.5.5 Three-dimensional view of the Stirling type OPTR.
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Table 5.3

Component dimensions of OPTR

SNo. | Components Radius (m) | Length (m)

1 Compressor 9.54E-03 7.50E-03

2 Transfer line 1.55E-03 1.01E-01

3 After cooler 4.00E-03 2.00E-02

4 Regenerator 4.00E-03 5.8E-02

5 Cold end heat exchanger 3.00E-03 5.7E-03

6 Pulse tube 2.5E-03 6.0E-02

7 Hot end heat exchanger 4.00E-03 1.0E-02

8 Orifice tube 1.00E-03 1.2E-01

9 Surge volume 1.30E-02 1.3E-01

Table 5.4 Boundary and initial conditions for OPTR

Study Case Case 1 Case 2 Case 3
Compressor wall Adiabatic Adiabatic Adiabatic
Transfer line wall Adiabatic Adiabatic Adiabatic
Aftercooler wall 293K 293K 293K
Regenerator wall Adiabatic Adiabatic Adiabatic
Cold end wall Adiabatic Heat flux 5W 150K
Pulse tube wall Adiabatic Adiabatic Adiabatic
Hot end wall 293K 293K 293K
Surge volume wall Adiabatic Adiabatic Adiabatic
Viscous-resistance(m™) | 9.44e+9 9.44e+9 9.44e+9
Inertial-resistance(m™) | 76090 76090 76090
Initial conditions 300K 300K 300K
Cold end load 0 5w 3.72%
Cold end temp 109.7K* 181* 150

*Qutput result obtained from Fluent analysis
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5.4 Dynamic Meshing Function

Fluent 6.1 has a dynamic meshing function. The dynamic mesh model in Fluent can be
used to model flows where the shape of the domain is changing with time due to motion on
the domain boundaries like in reciprocating compressor when piston moves the domain of
fluid will changes with time in case of compression and expansion of fluid. This type of model
could be handled in fluent by using dynamic meshing function. The motion can be a
prescribed motion or an un prescribed motion where the subsequent motion is determined
based on the solution at the current time. The update of the volume mesh is handled
automatically by fluent at each time step based on the new positions of the boundaries. To
use the dynamic mesh model, it is needed to provide a starting volume mesh and the
description of the motion of any moving zones in the model. Fluent allows describing the
motion using either boundary profiles or user-defined functions (UDFs) [177]. Thus in view of
Fluent's versatility, its capability for solving the compression and expansion of volumes,
compressor has been modeled using dynamic meshing in Stirling type pulse tube refrigerators.
In Fluent different method are available for mesh update like smoothing, layering and
remeshing for dynamic meshing. The compressor is modeled as a solid wall (piston) that
sinusoidal oscillates in and out along a fixed stroke length. The piston and cylinder walls are
nominally specified as adiabatic boundaries. Work input at the piston in cylinder of a
compressor provides the oscillating pressure that drives the cycle.

In order to model the piston and cylinder, Fluent dynamic meshing function must be
used. A user defined function (UDF) is developed in C programming language to simulate the
piston cylinder effect [177]. The compressor used in this simulation is a reciprocating dual
opposed-piston design. The piston head motion is accordingly found from the following
equations

Piston displacement is expressed as

X = X o X SiN(at) (5.1)
Differentiating equation (5.1) with respect to time gives the piston head velocity as
Vv =(jj—)t(=a)>< X amp X COS(at) (5.2)
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Where o =27 f [rad/s], X, is amplitude of piston[m] and t is time. The value of t varies

mp
from zero to time period of the cycle. The time increment of 0.7milli second is assumed for the
piston movement. For all the case the operating pressure is 35bar and frequency is 20Hz.

The working fluid is research grade helium, modeled as an ideal gas and having
constant viscosity, heat capacitance and thermal conductivity. Nodalization of pulse tube
refrigerator is done by the Gambit software. First, an actual physical drawing of the problem is
created in the 2-dimensional axis-symmetric co-ordinate system using gambit software. Table
5.3 shows the model boundary conditions. In porous regions the momentum transport
equations include a source term with inertial and viscous resistance coefficient which has been
specified. After the boundaries are defined, the solver and flow characteristics are detailed in
Fluent. A segregated solver is used for all models. This solver solves the flow and energy

equation separately and implicitly.

5.5 User Defined Function (UDF)

The dynamic mesh options of the fluent are used to model the compressor of Stirling
type ITPTR and OPTR. For this the velocity user defined function (UDF) could be written in C
programming language with the help of Fluent UDF manual [177]. This UDF is saved by giving
suitable name like “velocity.c”. This is stored in the same folder where mesh files are saved.
In Fluent this UDF needs to be compiled and then linked with piston which makes the
reciprocating motion possible on the piston. Using Fluents user defined function manual [177]

the velocity UDF for piston head motion is as follows

#include "udf.h"

DEFINE_CG_MOTION (vel_comp, dt, vel, omega, time, dtime)
{

real freq = 20.0;

real w = 2.0 * M_PI * freq;

real Xcomp = 0.004511;

NV_S(vel, =,0.0);

NV_S(omega, = ,0.0);

vel[1] = w * Xcomp * cos (w * time);

}
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5.5.1 Compiling User Defined Function (UDF)

For compiling UDF in fluent the first step is to click Define— User-Defined
— Functions — Compile....... By this command the compiled UDFs panel will open. In this
window one select proper path and select the source code “velocity.c”, and click ‘ok’. By
clicking load will load the UDF library just compiled. The second step is to activate dynamic
mesh motion by clicking the option Define— Dynamic Mesh — Parameters...Under this
smoothing and layering option is chosen. The third step is Define— Dynamic mesh — Zones.
In this option one specifies the piston as rigid body and side walls as deforming body. Then
clicking create will link the UDF with piston. One can see the piston head motion by mesh

motion preview option as discussed below before starting the simulation.

5.5.2 Mesh Motion Preview

After compiling UDF and defining dynamic mesh zones it is necessary to check the
motion of mesh whether it is moving properly or not. For mesh motion preview one select only
the compressor portion of the geometry. Mesh motion preview of Stirling type pulse tube
refrigerator after compiling user defined function (UDF) is shown in figure 5.9(a) and (b). At
initial condition, piston is at rest. When the piston moves, the compression and expansion of

the gas system inside the cylinder takes place.

The mesh motion preview gives an information regarding motion of the mesh in either
direction from its initial position with respect to time. This shows the compression and
expansion process of compressor. From initial condition mesh moves in upward direction
reaches TDC and then returns down till BDC. First set of Figure5.9 (a) shows the axis-
symmetric geometry and the second set (b) shows the mirror view of the axis-symmetry
geometry. If there is not proper matching between grid size spacing and time increment the
mesh won't move. In this case fluent will show an error message for negative volume. So
before starting the simulation it is necessary to check the motion of the mesh for the selected
grid size. If it shows error then the grid size for compressor or time step size is changed and

the process is repeated.
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Fig. 5.9 Mesh motion preview of dynamic meshing model (ITPTR/OPTR).

5.6 Results of CFD Simulations of ITPIR,

Computational fluid dynamic simulations are performed for single stage Stirling type
inertance tube pulse tube refrigerator (ITPTR) and orifice pulse tube refrigerator (OPTR) by
using a commercial CFD software Fluent6.1 as first part of the investigation. On the basic of
CFD simulations the performance of these two models are compared. Mainly in each model
three different boundary conditions at cold end heat exchanger are used: adiabatic, known
heat load and isothermal. The other boundary conditions for different components do not
change for different pulse tube. For ITPTR the dimension of component and its different
boundary conditions are given in Table 5.1 and 5.2 respectively. For inertance tube pulse tube
refrigerator steady periodic CFD simulation results will be discussed in this section for different

boundary conditions at cold end heat exchanger.

5.6.1 Case 1: Adiabatic Boundary Condition

This corresponds to an adiabatic wall boundary condition at the cold end which is
equivalent to no refrigeration load applied to the overall system. This analysis leads to the
minimum temperature achievable in pulse tube refrigeration. The simulation is started from an
assumed initial temperature of 300K and continued until steady periodic conditions are

reached.
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Fig.5.10 Pressure variations in compressor, pulse tube and reservoir for ITPTR.

Pressure variation in compressor, pulse tube as well as reservoir has been depicted in
Fig. 5.10. From the above figure it is obvious that the reservoir pressure is almost constant.
This is required for the best performance of the system. Fig.5.11 shows the variation of the
cold tip temperature as a function of time at the begining of simulation. It shows that the cold
end heat exchanger wall temperature gradually decreases with time till cyclic steady state
condition is reached. The Fig.5.12 shows the gradual decrease of the cyclic steady state cool
down behaviour for casel and case2. The ultimate cold end temperature of 87.4 K is obtained
after a simulation of 150 seconds for casel. In the depicted simulation, to verify that the
system has reached steady periodic simulation, Fluent examines the cold end to see if the
temperature of the cold end is identically repeated from one cycle to the next cycle which is
shown in Fig.5.13 and confirms the cyclic steady sate condition. However, it should be
emphasized that in the actual systems the cooling time will be higher than what is predicted in

the result since the thermal mass has not been implemented in the system.
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Fig.5.11 Cooling behaviour at the begining of simulation.
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Fig.5.12 Cooling behaviour till cyclic steady state condition.
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Fig.5.13 CHX wall temperature variation after cyclic steady state condition (casel)

Figures 5.14 and 5.15 display the temperature and density distributions respectively,
along the length of entire simulated system. The cyclic average temperature and density
profiles depict a local instantaneous snapshot of the system. The density distribution trends
are consistent with the ideal gas equation of state. Figures 5.16 and 5.17 depicts the
temperature and density contours respectively under steady periodic conditions. The contours
are of course consistent with Figures 5.14 and 5.15. The Fig. 5.18 shows the velocity vector in

the pulse tube, which depicts the smooth flow without swirl in the pulse tube section.
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Fig.5.14 Temperature distributions along axial direction for casel.
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Fig.5.15 Density distributions along axial direction for casel.
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Fig.5.18 Velocity vector in the pulse tube for casel.
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5.6.2 (Case 2: Known Heat Load Boundary Condition

This case represents the simulation of inertance type pulse tube with constant heat
load of 5W at cold end heat exchanger. This is equivalent to the system undergoing a
refrigeration load of 5W. The simulation is started from an assumed initial temperature of
300K and continued until steady periodic conditions are reached. Figure 5.12 displays the
variation of temperature of the cold end surface with respect to time. As noted from the
graph, the simulation predicts a cold end temperature of 147.5K which is also shown in

Fig.5.19 and confirms the cyclic steady state condition.
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Fig.5.19 CHX wall temperature variation at cyclic steady state condition (case2).
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Fig.5.20 Temperature distribution along axial direction for case2
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Fig.5.21 Density distributions along axial direction for case2
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Fig.5.23 Density contour along axial direction for case2

In comparison with casel, which represents the same physical system and boundary
conditions but with zero cooling load, the cold end stabilizes at a significantly higher
temperature. This is of course expected because when a heat load is applied to the system,
the operating cold tip temperature should increase. Figure5.20 and 5.21 display the
temperature and density distributions along the entire simulated system, respectively. The
contours of temperature and density are shown in Fig.5.22 and Fig.5.23 respectively. These

contours are qualitatively similar to the contours depicted in Figures 5.16 and 5.17.
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5.6.3 Case 3: Isothermal Boundary Condition

In this case also the physical system and boundary conditions are same as casel and
case2, with exception of the boundary condition at cold end heat exchanger. For the
isothermal boundary condition, a constant surface temperature of 150K has been imposed at
the cold end heat exchanger. At this imposed cold end isothermal wall boundary condition, the
heat load rate coming into the cold end is calculated. Accordingly steady- periodic condition
should in principle be assumed when the cold end wall heat flux is identically repeated from
one cycle to the next. For this simulation quasi steady periodic condition implies time-invariant
properties when these properties are averaged over several cycles. According to the
simulation results, steady periodic state has reached with a cooling load of 5.35W. This heat
load over a period is calculated from the summation of heat fluxes over a small time interval
from the Fluent Software under the name wall heat flux. That means the system is disposing
5.35W of refrigeration load at an operating cold end temperature of 150K. Figures 5.24 and
5.25 show the temperature and density distribution along axial direction. Similarly Figures 5.26
and 5.27 show the contour of temperature and density respectively. These contours are

qualitatively similar to the contours depicted in Figures 5.16 and 5.17.
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Fig.5.24 Temperature distribution along axial direction for case 3
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5.7 Results of CFD Simulations of OPIR,

The OPTR is simulated with the same boundary condition as the ITPTR. For OPTR the
dimension of component and its different boundary conditions are given in Table 5.3 and 5.4
respectively. For orifice pulse tube refrigerator steady periodic CFD simulation results will be

discussed in this section for different boundary conditions at cold end heat exchanger.

5.7.1 Case 1: Adiabatic Boundary Condition

This case corresponds to adiabatic boundary condition at cold end heat exchanger. The
cooling behavior of the cold end exchanger for casel and case2 are shown in the Fig.5.28.
The figure shows that the cold end temperature decreases with simulation time till cyclic
steady state condition is reached.

The system reaches a steady periodic condition and the cold end heat exchanger reaches
a minimum temperature of 109.6K for casel as shown in Fig. 5.29. Figures 5.30 and 5.31
shows the temperature and density distribution respectively along the axial position after the
system reaches a steady periodic condition. Fig.5.32 and Fig.5.33 show the snapshot of
temperature and density contours respectively. Fig.5.34 shows the velocity vector in the pulse
tube. These graphs are having similar trends as discussed earlier for ITPTR.
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Fig.5.28 Cooling behavior for orifice pulse tube refrigerator (Casel and 2)
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Fig.5.29 CHX wall temperature variation at cyclic steady state condition (casel).
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5.7.2 Case 2: Known Heat Load Boundary Condition

In this case a 5W constant heat load is applied at the cold heat exchanger side wall
and the hot end heat exchanger side wall is held isothermal at 293K. A quasi-steady state has
been reached with the cold end heat exchanger approaching a cycle average temperature of
181K as shown in Fig.5.35. Fig. 5.36 and Fig.5.37 show the variation of temperature and
density respectively along the length of entire simulated system. Fig.5.38 and 5.39 depict the
contour of temperature and density respectively. These graphs are having similar trends as

discussed earlier for ITPTR.
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Fig.5.35 CHX wall temperature variation at cyclic steady state condition (case2).
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Fig. 5.36 Temperature distribution along axial direction for case2.
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5.7.3 Case 3: Isothermal Boundary Condition

In this case, a constant surface temperature of 150K is imposed and the heat rate
coming into the cold end is calculated. The steady- periodic condition should in principle be
assumed when the cold end wall heat flux is identically repeated from one cycle to the next.
According to the simulation results, steady periodic state has been reached with a cooling load
of 3.72W. This means that the system is disposing 3.72W of refrigeration load at an operating
cold temperature of 150K. Figures 5.40 and 5.41 depict the temperature and density
distributions respectively along the length of the tube. Figures 5.42 and 5.43 depict the

temperature and density contours for the system respectively.
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Fig.5.40 Temperature distribution along axial direction (case3).
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5.8 Performance Comparisons between I'TPIR and OPIR,

In order to study the refrigeration performance, some of the important results of steady
periodic CFD simulation with adiabatic boundary condition are presented for ITPTR and OPTR.
The Table5.5 gives the results obtained for different boundary conditions. First of all frequency
optimization for ITPTR has been performed. From the simulation, ITPTR provides minimum
cold end temperature at 20 Hz. The optimum valve opening in order to achieve minimum
temperature at a frequency shows that minimum temperature is achieved at 20Hz frequency.
For performance comparisons, 20Hz is taken as optimum frequency for both the PTR systems.
Fig. 5.44 shows the variation of cold heat exchanger temperature with frequency for ITPTR

and OPTR. It depicts that at 20Hz the minimum temperature is achieved for both the models.
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Fig. 5.44 Variation of cold wall temperature with frequency for ITPTR and OPTR.

Figures 5.45 and 5.46 show the phase relation between mass flow rate and pressure at
cold end section of the pulse tube for ITPTR and OPTR respectively. Comparing the Figures
5.45 and 5.46, it can be seen that the phase lag for ITPTR is 40° and for OPTR, it is 56°.
Hence ITPTR provides better phase relations between oscillating pressure and oscillating mass
flow rate at the cold end. Thus, ITPTR provides more cooling effect as compared with OPTR

for the same regenerator and pulse tube parameters.

For the given specific dimensions of ITPTR and OPTR, Figure5.47 shows mass flow
rates inside the pulse tube section for both the models. It is obvious from the graph that the
oscillating mass flow rate amplitude is more in case of ITPTR in comparison to OPTR. So more
refrigerating effect is produced in case of ITPTR, which is shown in Fig.5.48. However if one
increases the diameter of orifice valve to increase the mass flow rate, it will lead to poor phase
relation between mass flow rate and pressure. An orifice that is wide open to the reservoir will
cause very small pressure oscillations in the pulse tube. Such small oscillations cannot carry
the heat away from the cold heat exchanger.

From the above discussions it is clear that the performance of the ITPTR is found
superior to that of OPTR. It is due to two reasons. First reason is that there is proper phase
relation between mass flow rate and pressure and second reason is that the amplitude of

mass flow rate in the pulse tube section of ITPTR is large.
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Fig.5.46 Phase relation between mass flow and pressure at CHX for OPTR.
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5.9 Discussions

The simulation results show that in case of adiabatic (casel) cold-end heat exchanger
(CHX) the temperature achieved at cold end is 87.4K in case of ITPTR and 109.6K in case of
OPTR. When a constant heat load of 5W is imposed at CHX, the temperature achieved at cold
end is 147K in case of ITPTR and 181K in case of OPTR. The refrigerating load obtained at
CHX is 5.35W in case of ITPTR and 3.72W in case of OPTR when CHX ends for both the

systems are maintained at 150K.The following table shows the result obtained in different

case.
Table 5.5 Simulation Result of ITPTR and OPTR
Adiabatic Case Constant Heat Flux(5W) | Constant Temp(150K)
(Achieved Temp.) | (Achieved Temp.) (Achieved load)
ITPTR 87.4K 147.5K 5.35W
OPTR 109.6K 181K 3.72W

From the above table it is clear that the performance of the ITPTR is found superior to
that of OPTR. The reasons are phase difference and amplitude. Thus due to better phase
difference and larger amplitude enthalpy flow from cold end towards hot end, ITPTR is better

than OPTR.

136




Chapter VI

CFD Analysis of G-M Type Pulse Tube Refrigerators

6.1 Introduction

The working principle of Gifford—-McMahon (G-M) type pulse tube refrigerator (PTR) is
different from Stirling type PTR model in view of pressure distribution. In G-M type PTR
pressure distribution system limits its working frequency. Generally rotary valve is used as
pressure distribution system. Therefore, a G—-M-type pulse tube refrigerator usually works at
low frequencies (1Hz-5Hz) with large oscillating amplitudes to yield lower temperature
compared to Stirling model. Because of this the heat transfer characteristics are different than
Stirling type PTR.

This chapter presents the details of geometry and boundary conditions for the CFD
simulation of GM type DIPTR by using commercial software, Fluent6.1. The dimensions of
each component of pulse tube refrigerator, its geometry created in gambit software and
complete meshing of the geometry and also the boundary conditions for each model are
presented in this chapter. In the first part of study, analysis has been performed considering
2-dimensional geometry of DIPTR. In the second part of study, 3-dimensional geometry is
considered for the CFD simulations and its results are compared with available experimental
data.

6.2 2-D Geometry of Double inlet Pulse Tube Refrigerator

A two-dimensional, schematic of the DIPTR system is shown in Fig.6.1. Fig.6.2 shows
the complete meshing of the 2-D geometry of the simulated system. The system consists of a
compressor, a rotary valve, a transfer line, an after cooler, a regenerator, cold end heat

exchanger, pulse tube, hot end heat exchanger, connecting tube, an orifice valve, a double
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inlet bypass valve and a reservoir. The configuration parameter is identical to the experimental
apparatus given in [128]. The dimensions and boundary conditions of the DIPTR are tabulated
in Tables 6.1 and 6.2 respectively.

In order to supply gas pressurization and depressurization in the closed chamber, a
user defined function (UDF) is developed in C programming language[177]. A harmonic

pressure wave described in Eg. (6.1) is used for the user defined function (UDF) in Fluent.

P =P, + P, sin(wt) (6.1)

In Eq. (6.1), P, =0.5MPa is the oscillating pressure amplitude, o =2*7* f is the

angular velocity and the operating frequency is f =2Hz. The mean pressure of oscillation
(Py=1.6MPa) is used as the operating pressure in Fluent. Detailed nodalization of all
components is performed, whereby regions deemed more sensitive, such as the vicinity of
component-to-component junctions, are represented by finer mesh than others. Once the
model is created in Gambit software (pre-processor) and exported to Fluent (solver), the
model boundaries have to be defined. In porous regions the momentum transport equation
includes a source term which is used to specify inertial and viscous resistance factors as input
for these zones. After the boundaries are defined, the solver and flow characteristics are
activated in Fluent. A segregated solver is used for all models. This solver solves the flow and
energy equations separately and implicitly. Since the flow inside of a pulse tube is a turbulent
flow, the “k —&"” turbulent model is applied for the simulation. In order to observe the
difference of refrigeration performance among different cases, same pressure UDF is applied
for the simulation. The phase relation between pressure and mass flow rate at pulse tube
section for different values of valve opening conditions are compared to find out the best
performance of the system. In this simulation a cycle is divided into 50 time steps. For the
above cases the after cooler wall and hot end heat exchanger are maintained at 293K
(Isothermal condition).The regenerator and pulse tube of the system are insulated and rest of

the components are at atmospheric temperature of 300K.
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Fig.6.1 Schematics of the physical model of GM type DIPTR.
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Fig.6.2 Two-dimensional geometry with complete mesh for DIPTR.
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Table 6.1

Dimensions of DIPTR for 2-D simulations

Components Diameter (m) Length (m)
Transfer line 5.30E-03 11.50E-02
After cooler 22.00E-03 20.00E-03
Regenerator 20.00E-03 21.00E-02
Cold end exchanger 15.0E-03 20.0E-03
Pulse tube 15.00E-03 25.0E-02
Hot end exchanger 22.00E-03 20.0E-03
Surge volume 10.00E-02 30.00E-02

Table 6.2 Boundary and initial conditions of DIPTR for 2D simulations

Study Case Case 1 Case 2 Case3
(a) (b) (c)

Inlet UDF UDF UDF UDF UDF
Transfer line wall | 300K 300K 300K 300K 300K
After cooler wall 293K 293K 293K 293K 293K
Regenerator wall | Adiabatic | Adiabatic | Adiabatic Adiabatic Adiabatic
Cold end wall Adiabatic | Adiabatic | Adiabatic Heat flux 1IW | 150K
Pulse tube wall Adiabatic | Adiabatic | Adiabatic Adiabatic Adiabatic
Hot end wall 293K 293K 293K 293K 293K
Orifice tube wall 300K 300K 300K 300K 300K
Reservoir wall 300K 300K 300K 300K 300K
Viscous -resistance
(m?) 4.15e+09 | 4.15e+09 | 4.15e+09 | 4.15e+09 4.15e+09
Inertial - 12140 12140 12140 12140 12140
resistance (m™)
Initial conditions 300K 300K 300K 300K 300K
Cold end load 0 0 0 1w 3.68W*
Cold end temp 123K* 140K* 163K* 130K* 150K

*Results obtained by simulation
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Table 6.3 Percentage of valve opening
Casel(a) | Casel(b) | Casel(c) | Case2 Case3
Double inlet valve | 20% 30% 40% 20% 20%
opening
Orifice valve 40% 40% 40% 40% 40%
opening
Cold end load ow ow ow 1W 150K

e @Pressure UDF

Similar to velocity user defined functions for Stirling type PTR as discussed earlier, the
pressure UDF could also be written for G-M type pulse tube refrigerator using Fluent UDF
manual. This UDF is saved by giving suitable name like “press.c”. In Fluent this source code
will be given as input to the G-M type DIPTR system. This ensures the sinusoidal pressure

inlet in the G-M type DIPTR system. Using Fluents user defined function manual [177] the

pressure UDF as an input to G-M type double inlet pulse tube system is as follows.

#include "udf.h"
DEFINE_PROFILE (unsteady_pressure, thread, position)

{

Face_tf;

real t = CURRENT_TIME;
begin_f_loop (f, thread)

{

F_PROFILE (f, thread, position) = 101325.0%(16.0 + 5.0 * sin(12.56 * t));

}

end_f_loop (f, thread)

by

o (Compiling pressure UDF

For compiling UDF in fluent the first step is to click Define— User-Defined
— Functions — Interpreted... By this command the interpreted UDFs panel will open. In this
window one select proper path and select the source code “press.c”, then click interprets

then close the interpreted UDFs panel. By this command the UDF is ready to be used by
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solver. The second step is to set unsteady boundary condition at inlet. For this one clicks
define boundary conditions and then select inlet boundary condition as
udf _unsteady_pressure. This command will provide oscillating pressure input to one end of

the system.

6.3 Results of 2-D Simulations

The single stage GM type double inlet pulse tube (DIPTR) system model is simulated
with various boundary conditions to optimize the openings of orifice valve and double inlet
valve to achieve the lowest temperature at the cold end. The 2D simulation means that the
geometry is created by giving unit thickness in the z-coordinate. Steady periodic CFD
simulation results are discussed in this section. Case configuration is summarized in Table6.1
and results are given in Table 6.4. There are 5 simulation cases out of which cases 1(a), (b)
and (c) corresponds to adiabatic boundary conditions for different valve openings of DIPTR.
Out of these three simulations, the optimum valve opening for the best refrigeration
performance is selected. With this optimum valve opening, the known heat load and
isothermal boundary conditions are applied as describe in case2 and case3 respectively. In
order to observe the difference of refrigeration performance among different cases, same
pressure UDF (user defined function) has been applied at inlet to regenerator in liue of a
compressor. The phase relation between pressure and mass flow rate at pulse tube section for
different cases is compared to find out the refrigeration performance. The results of CFD

simulation are compared with available experimental data.

6.3.1 Casel: Adiabatic Boundary Condition

Three simulations are analyzed under this adiabatic boundary condition. The orifice
valve opening of 40% corresponding to 20%, 30% and 40% of double inlet valve opening are
analysed in this section. The optimum pair of valve opening is utilized in the subsequent
analysis for known heat load and isothermal boundary conditions.

(a) Double inlet valve opening of 20% and orifice valve opening of 40%

This utilizes an adiabatic wall boundary condition at the cold end which is equivalent to

no refrigeration load applied to the overall system. The simulation started with an initial
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temperature of 300K. Figure6.3 shows the variation of the cold tip temperature as a function
of time for case 1(a), (b) and(c) with different valve opening. For casel(a) the ultimate cold
end temperature of 123K is obtained after a simulation for 160 seconds. For casel(b) and
casel(c) the minimum cold end temperatures achieved are 140K and 163K respectively. From
the Figure6.3, it is clear that casel(a) provides minimum cold end temperature. However, it
should be emphasized that in the actual systems the cooling time will be higher than what is

predicted in the result since the thermal mass has not been implemented in the system.
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Fig.6.3 Cooling behavior of cold end temperature for DIPTR.
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Fig.6.4 Phase relation between pressure and mass flow rate for casel (a).
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Fig.6.5 Temperature distribution along axial direction of pulse tube for casel(a).
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Fig.6.7 Density contour for casel(a).
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Figure 6.4 shows the phase difference between mass flow rate and pressure at cold
end section of the pulse tube. It depicts that phase difference is small compared to other
cases, and hence providing better cooling effect. Fig.6.5 depicts the temperature variation
along the length of pulse tube for casel (a). This shows that minimum temperature is reached
near the cold end of pulse tube. The temperature and density contours are presented in
Fig.6.6 and Fig.6.7 respectively. In this simulation, the entire system is initially at 300K. Once
steady periodic state is achieved, the cold end is stabilized at 123K. In the depicted
simulation, to verify that the system has reached steady periodic simulation, Fluent examines
the cold end to see if the temperature of the cold end is identically repeated from one cycle to
the next. However, the temperature and density profile depicts a local instantaneous snapshot
of the system.

(b) Double inlet valve opening of 30% and orifice valve opening of 40%

This case represents the simulation of 30-40 models (30% opening of DI valve and
40% opening of orifice valve) with adiabatic cold end heat exchanger. The simulation is
started from an assumed temperature of 300K and continued until steady periodic conditions
are reached. As noted from the graph shown in Fig.6.3, the simulation predicts a cold end
temperature of 140K. Fig.6.8 shows the phase relation between pressure and mass flow rate

where as Fig.6.9 and Fig.6.10 show the temperature and density contours for this case.
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Fig.6.8 Phase relation between pressure and mass flow casel(b).

145



3044032

. 2.95e+03
250402

2.05ee02
2.69e+03 1
2.60e+032 I
2.51e02
2.42e+02
2.5de+032
2.25:+02
216402
- 2.07e+03
19&5:+02
159402
1.50e+03
19202
1.65e+02
154403
145002
156002
1.2%:+02

Fig.6.9 Temperature contour for casel(b).

B.58e+00

. B 15e+00
5.9%e+00

5.7 7e+00 —
5.56c+00
5.56e+00

5.15e+00
4.95:+00
4. Me+00
4. 5de+00
4. 55e+00
- 4.12c+00
F.92e+00
3. Me+00
5.5 w00
F.50e+00
FA0e+00
2.59e+00
2.69e+00
d.48e+00
2.25e+00

Fig.6.10 Density contour for casel(b).

(c) Double inlet valve opening of 40% and orifice valve opening of 40%

In this case also the physical system and boundary conditions are same as case 1(a)
and case 1(b), with exception of valve openings. In this case, 40% DI valve opining and 40%
orifice valve opening are imposed. The simulation is started from an assumed temperature of
293K and continued until steady periodic conditions are reached. As discussed earlier, Fig.6.3
displays the variation of temperature of the cold end. As noted from the graph, the simulation
predicts a cold end temperature of 163K. Fig.6.11 shows the phase relation between pressure
and mass flow rate at pulse tube section. Fig.6.12 and Fig.6.13 shows the temperature and

density contours respectively for this case.

146



0.08

0.06

0.04

0.02

Pressure(bar)

-0.02

Mass flow rate(kg/s)

-0.04

-0.06

-0.08

Time Steps
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o (Comparisons among casel (a), casel (b) and casel(c):

Figure 6.14 depicts the cyclic mass flow rate variations with time for casel (a), casel
(b) and casel (c). From the figure it is clear that in casel (a) the amplitude of mass flow rate
is more as compared with casel (b) and casel (c). This high mass flow rate amplitude causes
more enthalpy flow from cold end to hot end in casel (a) and thus provides minimum cold
end temperature in casel (a) as shown in Fig6.3. From phase relation graphs in casel (a) the
phase lag between pressure and mass flow rate is minimum compared with casel (b) and

casel (c). Because of above two reasons casel (a) provides better performance.
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Fig.6.14 Mass flow rates through pulse tube cross section.

6.3.2 Case2: Known Heat Load Boundary Condition

This case represents the optimized valve opening of casel (a) pulse tube model with
constant heat load of 1W at cold end heat exchanger. This is equivalent to the system
undergoing a refrigeration load of 1W. The simulation is started from an assumed temperature
of 300K and continued until steady periodic conditions are reached. Fig.6.15 displays the
variation of temperature of the cold end. As noted from the graph, the simulation predicts a
cold end temperature of 130K. Figure 6.16 shows the phase relation between mass flow rate
and pressure at the clod end. Figures 6.17 and 6.18 show the temperature contour and

density contour respectively. The trends of graphs are similar as depicted earlier.
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Fig. 6.16 Phase relation between mass flow rate and pressure (case2).
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6.3.3 Case3: Isothermal Boundary Condition

In this case, a constant surface temperature of 150K is imposed at the cold heat
exchanger in the optimized model of casel (a). In this case, because of the imposed cold end
isothermal wall boundary condition, the heat rate coming into the cold end is calculated.
Accordingly, steady- periodic condition should in principle be assumed when the cold end wall
heat flux is identically repeated from one cycle to the next. The simulation results reach the
steady periodic state with a cooling load of 3.68W. Fig.6.19 shows the total heat transfer rate
over a cycle. It depicts that the cycle averaged heat transfer is a positive value. Figures6.20
and 6.21 show the temperature contour and density contour respectively for isothermal

boundary conditions.
2000
1500 /
1000 /
500

O TTTTTTTTTTTITITTITTTT TTTTTTITTTTTTTITITTT T I TITIOINT TTTT

n 6 11 19/21 26 31 36 41 4\6\

-500

-1000 /

-1500

HT Rate (W/SqM)

Time

Fig. 6.19 Heat transfer rate over a cycle at CHX for case3.
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Fig. 6.21 Density contour for case3.

6.3.4 Comparison with Experimental Data

The 2D simulation is an approximate geometrical model having unit thickness in the z-
direction. For the validation of the CFD simulation results, the experimental data given in
[128] is chosen. Some of the important parameters like pressure wave at inlet to regenerator
cool down behaviour and refrigeration load are compared and presented in this section.
Fig.6.22 depicts the comparison of experimental and CFD simulation for pressure wave form at
the inlet of regenerator of the GM type DIPTR. It can be seen that the experimental wave
form is in between the rectangular and sinusoidal shapes with the same amplitude. But the
CFD simulation pressure wave form is sinusoidal. The Figure6.23 depicts the comparisons of
cool down behaviour of CFD simulation results and experimental cool down behaviour for

DIPTR model. The figure shows that there is a good agreement between CFD results and
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experimental results. The comparison of cooling power between the experimental results and
CFD simulation results are presented in Fig.6.24. This figure depicts a good agreement
between experimental and numerical results. Figure 6.25 depicts the comparisons of
experimental and CFD simulation temperature distribution along the pulse tube length. There

is a quite similarity between experimental and CFD simulation results.
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Fig. 6.22 Comparison of pressure wave at the inlet of regenerator.
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FIG. 6.23 Comparison of cool down behaviour.
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6.3.5 Discussions

The simulation results show that in case of adiabatic cold-end heat exchanger (CHX)
for casel (a), (b) and (c) the temperature achieved at cold end is 123 K, 140K, and 163K
respectively. It seems that the minimum optimum cold end temperature is 123K. Thus casel
(a) provide the optimum valve opening which corresponds to 20% DIV and 40% ORV. This
optimum valve opening is used for known heat load (case2) and isothermal (case3) boundary
conditions. For this valve opening when a constant heat of 1W is imposed at CHX (case2), the
temperature achieved at cold end is 130K. Similarly for this valve opening, the refrigeration
load obtained at CHX is 3.68W, when isothermal boundary condition (case3) of 150K is

maintained. Table6.4 shows the summery of results obtained for different boundary

conditions.
Table 6.4 Summery of result of 2-D simulation of DIPTR
Adiabatic Constant Heat Flux(1W) | Constant Temp.(150K)
(Achieved Temp.) | (Achieved Temp.) (Achieved load)
DIPTR 123K 130K 3.68W

From the above results it is clear that the performance in casel (a) with adiabatic
boundary condition for the optimum valve opening is superior to other two cases. the
discrepancy between the experimental and CFD simulation may be attributed due to

unaccounted inefficiency losses in the system and use of a 2-D simulation for analysis.

6.4 3-D Geometry of Double Inlet Pulse Tube Refrigerator

The geometry of single stage G-M type DIPTR is taken from [125]. Figure 6.26 shows
different components of a single stage GM type DIPTR for the 3-D simulations. Fig.6.27 shows
the 3-D Gambit geometry of the system. The system consists of a compressor, a rotary valve,
a transfer line, an after cooler, a regenerator, cold end heat exchanger, pulse tube, hot end
heat exchanger, connecting tube, an orifice valve, a DI valve and a reservoir. The
complete meshing of the system is shown in Fig.6.28. The initial and boundary conditions are
similar to 2-D simulations as discussed earlier. The same pressure user defined function (UDF)
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as described earlier for 2-D simulation is given as input which provides sinusoidal oscillating
pressure input to the system. The Tables 6.5, 6.6 and 6.7 give the detailed dimensions, valve
opening positions and boundary conditions of the DIPTR system respectively for the 3-D

simulation.

~ Rotary Valve

Regenerator

Pulse Tube CHX

Fig.6.26 Schematic diagram of single stage GM type double inlet
pulse tube refrigerator (DIPTR)

1= Inlet
2=Regenerator hot end
3=Regenerator

4=Cold heat exchanger
5=Pulse tube

6=Hot heat exchanger
7=O0rifice valve

8= Double inlet valve
9= Reservoir

Fig.6.27 Three-dimensional mesh for GM type DIPTR.
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Table 6.5 Dimensions of DIPTR for 3-D simulations [125]
Components Inner Diameter (m) | Outer Diameter (m) Length (m)
Transfer line 5.30E-03 6.0E-03 115.0E-03
After cooler 18.35E-03 19.0E-03 30.0E-03
Regenerator 18.35E-03 19.05E-03 210.0E-03
Cold end exchanger 14.0E-03 20.0E-03 22.0E-03
Pulse tube 13.3E-03 14.0E-03 250.0E-03
Hot end exchanger 18.35E-03 20.00E-03 30.0E-03
Surge volume 60.00E-03 64.00E-03 180.0E-03

Table 6.6 Percentage of valve opening
Casel(a) | Casel(b) | Casel(c) | Case2 Case3

Double inlet valve | 40% 60% 80% 40% 40%

opening

Orifice valve 60% 60% 60% 60% 60%

opening

Cold end load ow ow ow 5w 100K

Table 6.7 Boundary and initial conditions of DIPTR for 3D simulations
Study Case Case 1 Case 2 Case3

(a) (b) (c)

Inlet UDF UDF UDF UDF UDF
Transfer line wall | 300K 300K 300K 300K 300K
After cooler wall 293K 293K 293K 293K 293K
Regenerator wall | Adiabatic | Adiabatic | Adiabatic Adiabatic Adiabatic
Cold end wall Adiabatic | Adiabatic | Adiabatic Heat flux 5W | 100K
Pulse tube wall Adiabatic | Adiabatic | Adiabatic Adiabatic Adiabatic
Hot end wall 293K 293K 293K 293K 293K
Orifice tube wall 300K 300K 300K 300K 300K
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Reservoir wall 300K 300K 300K 300K 300K
Viscous -resistance

(m?) 4.15e+09 | 4.15e+09 | 4.15e+09 | 4.15e+09 4.15e+09
Inertial - 12140 12140 12140 12140 12140
resistance (m™)

Initial conditions 300K 300K 300K 300K 300K
Cold end load 0 0 0 5W 8.3wW*
Cold end temp 33K* 84K* 233K* 61K* 100K

*Results obtained by simulation

6.5 Results of 3-D Simulations

The 3-D simulation refers to actual geometry where geometry can not be treated as an
axis-symmetric one. For the DIPTR with actual geometry, the simulation becomes 3-D
simulation rather than 2-D axis-symmetric simulation as in the case of ITPTR. The single stage
GM type double inlet pulse tube refrigerator (DIPTR) is simulated with various boundary
conditions considering 3-D geometry of the system. The openings of orifice valve and double
inlet valves are optimized for its best performance. Some of the important results of steady
periodic CFD simulation are discussed in this section. Case configurations are summarized in
Tables 6.5 and results are summarized in Tables 6.8. There are 5 simulation cases out of
which cases 1(a), (b) and (c) corresponds to adiabatic boundary conditions for different valve
openings of DIPTR. Out of these three simulations, the optimum valve opening for the best
refrigeration performance is selected. With this optimum valve opening, the known heat load
and isothermal boundary conditions are applied as described in case2 and case3 respectively.
In order to observe the difference of refrigeration performance among different cases, a same
pressure UDF (user defined function) is applied for the simulation at inlet to regenerator
instead of a compressor. The general results such as cool down behaviour, phase difference
between mass flow rate and pressure at cold end, the temperature profiles along the wall as
well as the temperature oscillations at cold end for different boundary conditions are
presented in this section. The phase relation between pressure and mass flow rate at pulse
tube section for different cases is compared to find out the refrigeration performance. The
simulation results are compared with available experimental results [125]. There is an
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excellent agreement of simulation result with the experimental data. This conclusion leads that
numerical simulation by Fluent is capable of predicting the performance and optimum design
of PTR.

6.5.1 Casel: Adiabatic Boundary Condition

Three simulations are analyzed under this adiabatic boundary condition. The orifice
valve opening of 60% corresponding to 40% , 60% and 80% of double inlet valve opening
are taken into consideration. The optimum pair of valve opening is utilized in the subsequent

analysis for known heat load and isothermal boundary conditions.

(a) Double inlet valve opening of 40% and orifice valve opening of 60%

This utilizes an adiabatic wall boundary condition at the cold end which is equivalent to
no refrigeration load applied to the overall system. The simulation started with an initial
temperature of 300K. Figure 6.28 shows the wall temperature variation of the cold end heat
exchanger just after the simulation has started. This shows that the wall temperature
decreases with simulation time. Figure 6.29 shows the cyclic average cold tip temperature
variation as a function of time for case 1(a) till cyclic steady state is reached. The ultimate
cold end temperature of 33K is obtained after a simulation of 500 seconds. However, it should
be emphasized that in the actual systems the cooling time will be higher than what is
predicted in the result since the thermal mass has not been implemented in the system.

Figure 6.30 shows the cold end wall temperature cyclic variation for casel(a) and
depicts that the cyclic steady state condition has reached. For casel(a) the minimum cold end
temperature achieved is 33K. Figure 6.31 shows the temperature variations along the axial
direction of pulse tube. This figure depicts that the minimum temperature is achieved near the
cold end of pulse tube. Figure 6.32 shows the phase relation between mass flow rate and
pressure at the cold end section of the DIPTR for casel(a). It depicts that both are in phase
and hence providing cooling effect. The phase difference between cold end mass flow rate
and pressure is 52°. Figures 6.33 and 6.34 show the snapshots of the temperature and
density contours respectively for the system for casel(a). The trends of the figures are similar
as reported in various published literatures. The Figure 6.35 depicts the velocity vector for the
system. Similarly Figure 6.36 shows the enlarged view of velocity vector near cold end.

Smooth flow without swirl is observed from this figure.
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(6) Double inlet valve opening of 60% and orifice valve opening of 60%

This case represents the simulation of 60-60 models (60% opening of DI valve and
60% opening of ORV) with adiabatic cold end heat exchanger. The simulation is started from
an assumed temperature of 300K and continued until steady periodic conditions are reached.
As noted from the graph shown in Fig 6.37, the simulation predicts a cyclic steady state cold
end temperature of 84K. Fig.6.38 shows the phase relation between pressure and mass flow
rate for this casel (b). Fig.6.39 and Fig.6.40 show the temperature and density contours

respectively for this case. The trends are similar as discussed for casel (a).
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Fig.6.37 Wall temperature variation of the cold heat exchanger casel(b).
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(c) Double inlet valve opening of 80% and orifice valve opening of 40%

In this case also the physical system and boundary conditions are same as case 1(a)
and case 1(b), with exception of the percentage of valve openings. The simulation is initiated
from an assumed temperature of 300K and continued until steady periodic conditions are
reached. Fig.6.41 displays the variation of temperature of the cold end. As noted from the
graph, the simulation predicts a cold end temperature of 235K. Fig.6.42 shows the phase
relation between pressure and mass flow rate at pulse tube section. Fig 6.43 and Fig.6.44

show the temperature and density contours for this case.
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Fig.6.42 Phase relation between mass flow and pressure for casel(c).
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6.5.2 Case2: Known Heat Load Boundary Condition

This case represents the simulation of pulse tube model with constant heat load of 5W at
cold end heat exchanger with the optimized valve opening. This is equivalent to the system
undergoing a refrigeration load of 5W. The simulation is started from an assumed temperature
of 300K and continued until steady periodic conditions are reached. Fig.6.45 displays the
variation of temperature of the cold end. As noted from the graph, the simulation predicts a
cold end temperature of 61K. Fig.6.46 and Fig.6.47 show the temperature contour and density

contour respectively. The trends are similar as discussed earlier.
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Fig.6.45 Wall temperature variation of cold heat exchanger for case2.
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Fig.6.47 Density contour for case2

6.5.3 Case3: Isothermal Boundary Condition

In this case, a constant surface temperature of 100K is imposed at the cold heat
exchanger for the optimized valve opening as described earlier. Because of the imposed cold
end isothermal wall boundary condition, the heat rate coming into the cold end is calculated.
Accordingly steady- periodic condition should in principle be assumed when the cold end wall
heat flux is identically repeated from one cycle to the next. The simulation results reach
periodic state with a cooling load of 8.2W. Fig.6.48 shows the total heat transfer rate over a
cycle. It depicts that the cyclic averaged heat transfer is positive value. Figure 6.49 shows the
wall temperature variation for this case. Figures 6.50 and 6.51 show the temperature and

density contour respectively for isothermal boundary condition model.
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e (Comparisons among casel (a), casel (b) and casel(c):

Figure 6.52 depicts the mass flow rate variations with time over a cycle for casel (a),
casel (b) and casel(c). From the figure it is clear that in casel (a) the amplitude of mass flow
rate is more as compared with casel (b) and casel(c). This high mass flow rate amplitude
causes more enthalpy flow from cold end to hot end in casel (a). This provides minimum cold
end temperature in casel (a). From phase relation graphs in casel (a) the phase lag between
pressure and mass flow rate is minimum compared with casel (b) and casel(c). Because of
above two reasons casel (a) provides better performance.
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Fig.6.52 Mass flow rates through pulse tube cross section.
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6.5.4 Comparison with Experimental Data

This part of the investigation is devoted to comparison of CFD simulation results with
available experimental results. The DIPTR system consists of a rotary valve , an inlet pipe, an
after cooler, regenerator, cold end heat exchanger , pulse tube , hot end heat exchanger ,
orifice valve, double inlet valve and reservoir. The dimensions of the DIPTR system are taken
from [124]. The 3-dimensional geometry of the entire DIPTR is created in Gambit software
(preprocessor of Fluent software). After meshing the geometry and defining various zones and
continuum the gambit geometry is imported in Fluent (the solver). In Fluent the material
properties and boundary conditions are specified as given in Table6.5.

The regenerator, after cooler, cold and hot heat exchangers are modeled as porous
media. For modeling porous media in Fluent the important input parameters are porosity,
viscous resistance and inertial resistance of the porous matrix. These parameters are
calculated by using the Equ.(4.29) as discussed in chapter4. The Operational parameters of
the porous media are given in Table4.1. For 200 mesh 304SS woven wire mesh the wire
diameter is 52e-6m , porosity is 0.679, pitch is 127e-6m, mesh distance is 75e-6m , opening
area ratio is 0.349[155] . With these data using Equ. (4.29) the viscous resistance and inertial
resistance factor are calculated and its values are 4.15e+9(m™) and 1.214e+4(m?)
respectively. Similarly for after cooler, CHX and HHX copper wire of 100 mesh size is assumed
in place of copper blocks with multiple holes, for which the wire diameter is 10e-3m, pitch is
63.5e-6m, porosity is 0.697 and the viscous and inertial resistance are 1.085e+9(m™) and
5.75e+3(m?) respectively. The procedure for numerical experimentation in Fluent is similar
like real experimental procedure. First of all the orifice valve is optimized keeping double inlet
valve closed. Now keeping orifice valve opening constant, the double inlet valve is adjusted for
the best performance of the system. This is done by creating the geometry in Gambit and
using boundary conditions. The particular combination of both valve opening provides
minimum cold end temperature.

Some of the important results like pressure wave at inlet to regenerator, cool down
behaviour, axial temperature distribution along pulse tube length and refrigeration load are
compared and presented. Figure 6.53 depicts the comparison of experimental [123] and CFD
simulation pressure wave at the inlet of regenerator of the GM type DIPTR. It can be seen

that the experimental wave is in between the rectangular and sinusoidal shapes. However the
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CFD simulation pressure wave is sinusoidal and the amplitude of both the pressure waves are
same. The Figure 6.54 depicts the comparisons of cool down behaviour of CFD simulation and
experimental results. The figure shows that there is a good agreement between CFD results
and experimental result. The comparison of cooling power between the experimental and CFD
simulation results are presented in Figure 6.55. This figure depicts that CFD results are in
agreement with the experimental results. Figure 6.56 depicts comparisons of experimental and
CFD simulation temperature distribution along the pulse tube length. The nature of both the
curves is almost same. The discrepancy between the theoretical and experimental results is
due to the unaccounted inefficiency losses in the system such as thermal mass effect, heat

conduction through the wall, etc.
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Fig.6.53 Comparison of pressure wave at the inlet of regenerator.
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Fig.6.56 Comparison of temperature variation along the pulse tube length.

6.5.5 Discussion

The simulation results show that in case of adiabatic cold-end heat exchanger (CHX)
for casel the temperature achieved at cold end is 33 K for 40% DI valve and 60% orifice
valve opening. When a constant heat load of 5W is imposed at CHX, the temperature achieved
at cold end is 61K. The refrigerating load obtained at CHX is 8.2W, when it is maintained at
100K. Table 6.8 shows the summery of results obtained for different boundary conditions.

Table 6.8 Summery of result of 3-D simulation of DIPTR

Adiabatic Const Heat Flux Const Temp
(Achieved Temp) (Achieved Temp) (Achieved load)

DIPTR 33K 61K 8.2W

The comparison of CFD results with experimental data reveals that both the results are
in excellent agreement. The little discrepancy between these two may be due to the finite wall
thickness of the pulse tube components, unaccounted inefficiency of the system and

experimental uncertainty.
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Chapter VII

Conclusions

7.1 Highlights of Stirling type PTR Models

In this study, the commercial computational fluid dynamic (CFD) package, Fluent is
utilized for modeling the pulse tube system. In the first part of study, single stage Stirling type
ITPTR and OPTR systems that includes a compressor, an after cooler, a regenerator, a pulse
tube, cold and warm heat exchangers, an inertance tube/orifice valve and a reservoir are
taken. The simulations represent a fully-coupled system operating in steady periodic mode,
without any arbitrary assumptions other than ideal gas and no gravity effect. The sole external
boundary conditions imposed on the model are a sinusoidal oscillating piston face velocity
along with one of the thermal boundary conditions, adiabatic, isothermal or known heat flux at
the cold end heat exchanger. The objective is to compare the performance of ITPTR and
OPTR. In order to observe the difference of refrigeration performance between inertance type
pulse tube and orifice type pulse tube refrigerators, pressure wave of same amplitude and
frequency are applied. The physical dimensions of other components are kept same except
that inertance tube is replaced by an orifice valve.

For each system three separate simulations are analyzed. One simulation assumes an
adiabatic cold-end heat exchanger (CHX); another assumes a known cooling heat load, and
the last assumes a pre-specified CHX temperature. Each simulation started with an assumed
uniform system temperature, and continued until steady periodic conditions are achieved. The
transient CFD model successfully predicts pulse tube refrigerator performance through solving
the Navier-Stokes Equations for fluid momentum and heat transfer, along with an ideal gas
equation. The result shows that the performance of the ITPTR is superior to that of OPTR.
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The use of the ITPTR configuration offers a better potential for higher performance and
efficiency. The improvement can be explained in terms of mass flow rate inside the pulse tube
and the favourable phase relation between the mass flow rate and pressure at the cold end

section of the pulse tube.

7.2 Highlights of G-M type Double Inlet Pulse Tube Refrigerators

7.2.1 Highlights of DIPTR 2D Simulations

This is the second part of the study where G-M type double inlet PTR is considered
Similar to Stirling type model, in this study, the commercial computational fluid dynamic (CFD)
package, Fluent is utilized for modeling the G-M type DIPTR system. The simulation represents
an integrated system operating in steady periodic mode, without any arbitrary assumptions.
Initially the valve openings (orifice and double inlet valve) are optimized to achieve minimum
temperature at the adiabatic condition of cold end heat exchanger. This optimized valve
openings are used for other boundary conditions i.e., known heat load and isothermal
conditions. In this simulation the physical dimensions of all the components are kept constant
and pressure input is generated from the same UDF (User Defined Function).

In the DIPTR system, five separate simulations are analyzed. For adiabatic cold end
boundary conditions three cases are simulated to optimize the valve openings. Based on this
optimized valve opening, simulations are performed on other boundary conditions. Each
simulation started with an assumed uniform system temperature, and continued until steady
periodic conditions are achieved.

The results showed that CFD simulations are capable of elucidating the complex
periodic processes in DIPTR very well. This simulation is compared with the available
experimental data. The result shows that the comparison is satisfactory under the limitation of

2D numerical model.

7.2.2 Highlights of DIPIR 3D Simulations

The CFD simulation is extended to 3D simulations of DIPTR. For 3D simulations of
DIPTR system three separate simulations are analyzed. First simulation assumed an adiabatic

cold heat exchanger, second assumed a known heat load, and the third simulation assumed a
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pre-specified cold heat exchanger temperature. In the first simulation with adiabatic boundary
condition, the optimized valve openings are evaluated in order to achieve the lowest
temperature. This optimized valve openings are retained for the other boundary conditions.
The simulation results are compared with the available experimental results. There is
an excellent agreement of simulation result with the experimental data. These conclusions
lead that numerical simulation by Fluent is capable of designing and optimizing the pulse tube

refrigerator.

7.3 Scope of Future Work,

The Fluent simulation results presented and discussed in this dissertation provide
reasonable predictions that have expected trends everywhere. Such CFD simulations provide
very valuable details about local and instantaneous thermo-fluid process. However some of
the important suggestions for the extensive CFD simulations for future work are as follows:

) In the Fluent simulation the wall thickness of the components are neglected.
However there is always some conductance loss. Extensive studies are needed to
account these effects.

(i) The Fluent simulation of rotary valve to generate pressure wave in a GM type PTR
is complex. It becomes more complex when this rotary valve is integrated with the
pulse tube system. An extensive study is needed to simulate the entire GM type
pulse tube system.

(iii) At present, multistage pulse tube are commonly used for different application. So

numerical simulations need its extension for analysis of these equipment.
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