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Abstract

Pulse tube refrigerators are increasingly become popular because of its higher reliability,
absence of any moving parts at its cold end, easy design and fabrication technique, less
maintenance, less wear and tear etc. However its design is quite complicated because of the
complex heat and mass transfer process occurring inside it, so it is a challenging problem to the
scientists and engineers pursuing this field to design pulse tube cryocoolers in order to achieve

the desired performance.

The work presented in this thesis is directed towards the detailed mathematical analysis
of regenerator, a critical component of not only pulse tube cryocoolers but also all other types
of regenerative cryocoolers. Based on the mathematical analysis, a software package has been
developed for simulation of regenerator and validated with the experimental results available
in the literature. Also, a parametric study has been performed to identify the effect of essential
parameters that affect the cooling performance of the regenerator for cryogenic based

applications.

Detailed mathematical analysis of pulse tube refrigerator has been carried out for both
Stirling and Gifford Mc-Mohan type pulse tube refrigerators of various geometrical
configurations including different losses in various components that affect its performance.
Based on the mathematical analysis, a general purpose simulation software package has been
developed to design pulse tube refrigerators and validated with the numerical results available

in previous results.

Also, CFD analysis of inertance type pulse tube refrigerator has been carried out not only
to visualise the inside fluid flow and heat transfer processes, but also to identify the essential
changes that happen due to increase in operating frequency. The effect of various losses, those
explained theoretically by various scientists, has been illustrated graphically in the present

work.

Keywords: Pulse tube cryocoolers, Software, CFD, Regenerator
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Chapter 1

Introduction

1.1 General

Pulse tube cryocoolers are considered to be efficient and reliable cryocoolers to achieve a
cryogenic temperature within a single stage or multi-stage operation using helium as working
fluid. The concept of pulse tube refrigerator was first given by Gifford and Longsworth [1] in
1963. They wanted to improve the performance of GM-cryocooler and observed that the cold
end of the tube becomes cold, thus, by further improvement invented the first pulse tube
refrigerator. Pulse tube refrigerator is named so due to the production of pulsatile pressure wave
inside a hollow stainless steel tube known as pulse tube. This configuration is known as basic
pulse tube refrigerator. The working mechanism of basic pulse tube refrigerator has been
explained elaborately with the aid of surface heat pumping mechanism in literature [2]. Pulse
tube refrigerator is one kind of regenerative cryocooler that provides a wide variety of technical
merits such as absence of any moving parts at its cold end besides smooth operation, better

reliability and less vibration as well.

One significant technical modification in the geometry to improve the performance of
basic pulse tube refrigerator was given by Mikulin et al. [3]. They proposed that the
performance of basic pulse tube refrigerator could be further improved by changing the phase
angle between pressure wave and volumetric flow rate at the cold end of pulse tube. They
achieved it by placing an orifice valve and a reservoir and, they were able to achieve 105 K
temperature using air as working fluid. This is considered to be the second generation of pulse
tube refrigerator, known as orifice pulse tube refrigerator. Later, Radebaugh et al. [4] were able
to achieve 60 K by changing the position of orifice valve and using helium as working fluid.

1
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The third generation pulse tube refrigerator is termed as double inlet pulse tube refrigerator
developed by Zhu et al. [5]. This technical configuration is quite similar to that of orifice type
pulse tube refrigerator except that another orifice valve is present between the hot end of
regenerator and hot end of pulse tube. As a result, the phase angle (between mass flow rate and
pressure wave) changes and lower temperature could be achieved as compared to orifice pulse
tube refrigerator. However, this configuration leads to one significant loss known as DC Loss
that reduces the cooling capacity [6]. The most successful generation of pulse tube refrigerator
is known as inertance pulse tube refrigerator. Here a long neck and small diameter tube, known
as inertance tube, is present in place of an orifice in an orifice pulse tube refrigerator [7]. This
tube is named as inertance tube due to the production of inertance effect inside it. However,
multivalve pulse tube refrigerators have been developed to improve the performance that will
be explained in subsequent chapters. Double inlet pulse tube refrigerator provides a trade-off
between refrigerating capacity and technical configuration, as in the case of GM-type pulse tube
refrigerator. Nevertheless, inertance tube configuration is mostly suited for Stirling type pulse

tube refrigertaor.

Pulse tube is closed at the top end where a substantial heat transfer area exists between
the working gas and the surrounding to dissipate heat. The bottom end is connected to the
pressure wave generator via regenerator. The working principle of a basic pulse tube
refrigerator will be explained in following pages. The gas parcels inside the pulse tube
refrigerator will undergo pressurization and depressurization processes alternatively to produce
a cooling effect. The working cycle is close to Stirling cycle [8] and GM cycle [9]. During
compression part of the cycle, each element of gas in pulse tube refrigerator moves towards the
closed end and at the same time experience a temperature rise due to adiabatic compression. At
this stage, the pressure is at its peak value. During platue in pressure wave, the gas is cooled
somewhat by transfer of heat to the tube wall. During expansion part of the cycle, the same
element of gas moves towards the open end of pulse tube and experience a cooling effect due
to adiabatic expansion. During expansion stage pressure is at its lowest value. During platue,
the gas is warmed through heat transfer from the tube wall. Due to the imperfect thermal contact
between the gas element and tube wall, compression and expansion process are between

isothermal and adiabatic. The overall effect of these entire mechanism is to generate
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refrigeration effect, and this mechanism is termed as the shuttle heat transfer mechanism (or,

surface heat pumping mechanism) [8]. This will be explained in detailed in subsequent pages.

1.2 Motivation

Pulse tube cryocoolerss are used in a wide variety of applications, e.g. cooling of space
satellites, cooling of military vehicles, cooling of IR sensors, storage of biological cells, MRI
scanners, etc. For better working of space satellites, MRI etc. proper design of pulse tube
cryocoolers is very much essential. So it is necessary to understand the cooling mechanism of
pulse tube cryocoolers to improve its performance further. Detailed understanding of physical
phenomena and mathematical principles is very much essential for the design of pulse tube
refrigerator to achieve necessary refrigeration temperature with desired refrigerating capacity.
The commercial software packages (e.g. SAGE, FZKPTR) developed by various organisations
are not in an open form besides it is hard to modify it according to one’s needs. Therefore, NIT
Rourkela has initiated an R&D programme to develop an indigenous software package to cater
the contemporary needs in research and development. Over 40 years of research and
development (in cryocooler technology division), it was noticed that regenerator is the heart of
not only pulse tube cryocooler but also of all other types of regenerative cryocoolers. Therefore,
particular attention has been concentrated on the detailed mathematical study of the regenerator
(a perticular chapter is dedicated towards regenerator mathematical analysis) and a software
named as CRESP-REGEN has been developed in this work. Another package CRESP-PTR is

also developed for simulation of pulse tube refrigerator.

1.3 Organization of the Thesis

Regenerator is a crucial component in many regenerative types of machines. The existing
REGEN series software is used for simulation of regenerator. It is a widely used popular
software and it is based on the assumption of sinusoidal variation of mass flow rate and pressure.
However, in GM-type cryocoolers and GM-type pulse tube cryocoolers, the variation is not
usually sinusoidal due to the presence of rotary valve. Also, it is only applicable for cryogenic
temperature range application. In the present work, a software is developed by using numerical
method presented by Ackerman et al. [10] and has been validated with the published

experimental results.
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Detailed mathematical modelling of pulse tube refrigerator such as isothermal model,
adiabatic model and numerical model are presented in the thesis including the effect of various
losses encountered in different components. CFD analysis of inertance type pulse tube
refrigerator is also performed by using the commercial software package FLUENT to visualise

the heat transfer and fluid flow phenomena and various losses.
The present dissertation has been organized into six chapters.

» The current chapter (first chapter) describes introduction on pulse tube cryocoolers,

motivation for the current work and organisation of the thesis.

» The second chapter provides a detailed understanding of basic concepts of the
regenerator and pulse tube refrigerator. Different types of pulse tube refrigerators and
their mechanism of the cold production are also well explained. The ideal refrigeration
capacity produced is different from actual refrigeration capacity due to various losses
encountered in the regenerator, heat exchangers, pulse tube and all other components.
The detailed analysis of different losses are presented in a summarised manner. A
comprehensive review of mathematical models of regenerator and pulse tube
cryocoolers of various configurations are also included. A detailed examination of
analytical models, numerical models and CFD models related to pulse tube refrigerator
technology is discussed. In addition, a list of commercially available software packages

for simulation of pulse tube refrigerator is also presented in tabular form.

» The third chapter explains the mathematical model of regenerator and description of
CRESP-REGEN software.Validation of CRESP-REGEN software with previously
published results are also presented. A parametric study is performed by using REGEN
3.3, and the effect of the various operating and geometrical parameters on cooling power

and coefficient of performance is explained with interactive charts.

» The fourth chapter describes the isothermal model, adiabatic model and numerical
model of a pulse tube refrigerator including various losses. In this chapter, the end-user
procedure to deal the CRESP-PTR software package has been elaborated and its

validation with published resulte are also explained.
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»  Fifth chapter presents CFD Simulation of IPTR using commercial software package

FLUENT. Various governing equations, modelling procedure from geometry creation

up to results has been explained in detail.

» Sixth chapter includes an end note remark and valuable suggestions have been

highlighted for future extension of the present work.



Chapter 2
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2.1 Basic Concepts of regenerator

Regenerator is of two types such as static regenerator and dynamic regenerator. In the case of
a static regenerator, matrix of the regenerator is stationary whereas in dynamic regenerator
matrix of regenerator is rotating. Rotary regenerators are further classified into two different
categories such as axial flow rotary regenerator and radial flow rotary regenerator, depending
upon the direction of flow. Regenerator is a critical component in all regenerative type of
machines including Stirling cryocoolers, GM-cryocoolers, pulse tube cryocoolers, VM-
cryocoolers and Stirling engines, etc. The performance of these regenerative machines is
strongly dependent upon the performance of the regenerator. Thus, it is essential to study the
physics involve in the working of the regenerator. Regenerator is a hollow tube filled with

meshes or lead balls and these meshes are known as matrix.

A typical woven mesh is shown in Fig. 2.1. When hot fluid passes through the matrix,
heat will be transferred into the matrix and the fluid gets cooled. This period is known as a
heating period. After the heating period, flow reversal takes place where the cold fluid passes
through it. The fluid absorbs heat from the matrix and gets heated, this period is known as
cooling period. The flow inside the regenerator is periodic (or, oscillating, alternating), hence

the design of a regenerator is a critical issue to the scientists and engineers pursuing in this field.
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Figure 2.1: Regenerator meshes.

The complete heat transfer and fluid flow phenomena inside the regenerators are

governed by a set of complex nonlinear, coupled and non-homogeneous differential equations.

The complete analytical solution of this may be impossible. These sets of equations, however,

can be solved using finite difference, finite volume or finite element methods by using high-

speed computers [10].

2.1.1 Important terminologies

2.1.1.1 Porosity

_ total volume of void space
total volume of the matrix

Porosity («)

2.1.1.2 Area Density

(2.1)

Area densi
ty (ﬂ) total volume of the matrix

2.1.1.3 Hydraulic Radius

a Fluid volume Area

= — = =
h £ Heattransferarea Wetted perimeter

2.1.1.4 Capacity Ratio

_total surface area of connected voids

(2.2)

(2.3)

It is defined as the ratio between the thermal capacities of the matrix to the thermal capacity of

fluid.
Cr _ (Mcp)m
Cmin (mcp)f 2—h

(2.4)
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If capacity ratio is large then temperature swing loss of regenerator matrix is smaller. Hence to
avoid temperature swing loss, capacity ratio must be large.
2.1.1.5 NTU (Number of Transfer Units)

It is a non-dimensional parameter related to the size of regenerator (heat exchangers). A lower

value of NTU signifies that the effectiveness is small.

NTU = hfb's (2.5)
2mcp

2.1.1.6 Stanton Number

h

St=— (2.6)

ch

2.1.1.7 Nusselt Number

It is defined as the ratio between convective heat transfers to conduction heat transfer.
hd

Nu=—" (2.7)
kf

If it is large, then convention heat transfer dominates over conduction heat transfer and vice-

versa.

2.1.1.8 Period

(2.8)

2.1.1.9 Reynolds Number

It is defined as the ratio between inertia force to viscous force. It is used to identify that whether

the flow is laminar or turbulent.

_Gd,
Y7
2.1.1.10 Prandtl Number

Re (2.9)

It is defined as the ratio between thermal boundary layer to momentum boundary layer.
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pr =% (2.10)
Ky

2.1.2 Desirable characteristics of an efficient regenerator

e Heat transfer area should be maximum.
e Pressure drop should be minimum.

e Finer mesh size.

e Heat capacity should be maximum.

e Small dead volume.

e Conduction loss should be minimum.

e Large capacity ratio (Minimum temperature swing l0ss).
2.2 Basic concepts of pulse tube refrigerator

2.2.1 Classification of pulse tube refrigerator
2.2.1.1 Based upon type of compression mechanism

Stirling-type pulse tube refrigerator

The operating principle of Stirling-type pulse tube refrigerator is mainly based on Stirling cycle.
It is also known as valve less pulse tube refrigerator (Fig. 2.2). The operating frequency of
Stirling pulse tube refrigerator is higher than GM-type pulse tube refrigerator, so
miniaturisation can be achieved. Due to miniaturisation and more sophisticated operation over
Stirling cryocoolers, it is suitable for space and defence applications. Its refrigeration capacity
is greater than GM-type pulse tube refrigerator. Special compressor known as pressure wave

generator is used in Stirling pulse tube refrigerator to generate the pressure wave.

GM-Type pulse tube refrigerator

GM-type pulse tube refrigerators are also referred as valved pulse tube refrigerator due to the

presence of a rotary valve in between compressor and regenerator. The working mechanism is

9
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based upon GM-cycle. Its operating frequency is low (1 Hz to 3 Hz) and refrigeration capacity
is less than Stirling-type pulse tube refrigerator. It is possible to achieve a temperature of less
than 4 K using 2-stage GM-pulse tube refrigerator. It is bulky and heavier over Stirling type
machines. It mostly uses normal compressor suitable for cooling of MRI and laboratory purpose

applications.

VM-Type pulse tube refrigerator

VM- type pulse tube refrigerator developed by Matsubara et al. [11] is different than another
type of pulse tube refrigerators (e.g. Stirling type and GM-type) in the sense that thermal
compressor is used in place of a mechanical compressor. Due to the temperature difference,
pressure wave will be generated in the thermal compressor. It consists of displacer, expander,
work transfer tube, regenerator, pulse tube and heat exchanger immersed in liquid nitrogen as
shown in Fig. 2.3. The primary phase shifter is expander placed at the hot end of pulse tube.
Three regenerators are present inside the VM-type pulse tube refrigerator. Displacer, work
transfer tube, and first regenerator work as a thermal compressor.

Qr Qe Q
A s A
TRANSFERUNE || REGENERATOR \ PULSE TUBE I ORIFICE
=35
Rt tetetetalated oleted .
c HOTEND [
COMPRESSOR AFTERCOOLER COLDEND : :
HEATEXCHANGER HEAY EXCHANGER RESERVOIR

Figure 2.2: Stirling pulse tube refrigerator.
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Figure 2.3: Schematic of VM Type pulse tube refrigerator [4].

2.2.1.2 Based upon configuration

Basic pulse tube refrigerator

The early generation of pulse tube refrigerator developed by Gifford and Longworth [1] in 1963
is termed as basic pulse tube refrigerator. It consists of a compressor, transfer line, aftercooler,
regenerator, cold heat exchanger, pulse tube and hot heat exchanger (Fig. 2.4). In GM type

pulse tube refrigerator, a rotary valve is present in between compressor and regenerator [12].

Orifice pulse tube refrigerator

Mikulin et al. [3] observed that performance of a basic pulse tube refrigerator could be further
improved by changing the phase angle between volume flow rate and pressure at the cold end
of the pulse tube refrigerator. He proved that by placing an orifice and reservoir before hot end

heat exchanger and allowing some gases pass through it. By doing so, the orifice acted as

11
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resisting device and observed a temperature of 105 K using air as working fluid (Fig. 2.5). This
second generation of pulse tube refrigerator is termed as orifice pulse tube refrigerator. After
one year Radebaugh et al. [4] placed the orifice after the hot heat exchanger and got a
temperature of 60 K using helium as working fluid.

Double inlet pulse tube refrigerator

Zhu et al. [5] placed another orifice valve between the hot end of the regenerator and hot end
of the hot heat exchanger; this valve is termed as a bypass valve (Fig. 2.6). Through bypass
valve, some fluid passes through it and further decreases the phase angle between pressure and
mass flow rate, so its performance is better than an orifice type pulse tube refrigerator. This
configuration is known as bypass pulse tube refrigerator, or double inlet pulse tube refrigerator

because of the presence of bypass valve.

Inertance pulse tube refrigerator

A most successful version of pulse tube refrigerator is inertance type pulse tube refrigerator [7],
in this type of pulse tube refrigerator, an inertance tube is present in place of the orifice valve
as in orifice pulse tube refrigerator (Fig 2.7). At high-frequency, inertance effect is generated
inside the inertance tube which is long and narrow hollow tube. Inertance effect that is produced
is equivalent to the inductance effect that is generated in the electric circuit. This inertance
effect is capable of producing a negative phase shift between pressure and mass flow rate, so
its performance is better than the earlier version of pulse tube refrigerator. High-frequency
miniature inertance pulse tube refrigerators are capable of producing higher refrigeration power
hence mostly used in space applications.

COMPRESSOR AFTERCOOLER REGENERATOR CHX PULSE TUBE HHX

TRANSFERLINE

Figure 2.4: Basic pulse tube refrigerator.
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Figure 2.5: Orifice pulse tube refrigerator.
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Figure 2.6: Double inlet pulse tube refrigerator.
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Figure 2.7: Inertance type pulse tube refrigerator.
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Four valve pulse tube refrigerator

This is a particular type of pulse tube refrigerator in which reservoir is absent; the outlet from
the hot end of pulse tube refrigerator is directly connected to the high-pressure and low-pressure
ports of the compressor as shown in Fig. 2.8. Suitable valve timing mechanism has been
provided to open and close the valves to improve its performance. DC flow loss is a major
problem in this type of pulse tube refrigerator.

Five valve pulse tube refrigerator

Five valve pulse tube refrigerator is an improvement in four valve pulse tube refrigerator but a
reservoir is placed at the hot end of pulse tube, and it is connected to the compressor by an
orifice valve as shown in the Fig. 2.9. This additional mechanical arrangement not only
reduces the DC flow loss but also improve the refrigerating capacity with the same size of a

four valve pulse tube refrigerator [13].

Active buffer pulse tube refrigerator

Active buffer pulse tube refrigerator contains more than one reservoir or buffer in hot side pulse
tube as shown in the Fig. 2.10. Due to this arrangement, its pressure inside the pulse tube is
nearly equal to high pressure before the high-pressure valve is opened. After high-pressure
valve closes gas in the pulse tube expands adiabatically near to low pressure, then the low-
pressure valve will open as a result of which irreversibility losses inside the pulse tube will
decrease and its performance improves. The principal components of a typical active buffer
pulse tube refrigerator are compressor, regenerator, high-pressure valve, low-pressure valve,

on-off valve and buffers [14].

Multiple inlet pulse tube refrigerator

Multiple inlet pulse tube refrigerator is a promising refrigerator in which a connecting tube and
orifice valve is present between the middle of regenerator and intermediate of pulse tube as in
Fig. 2.11. The orifice controls mass flow from or to the pulse tube by matching the resistance
of the device, resulting in pressure drop in the regenerator. Due to similar temperature and

pressure variation in the regenerator and pulse tube, its performance is slightly increased.
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Figure 2.8: Four valve pulse tube refrigerator.
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Figure 2.9: Five valve pulse tube refrigerator [13].
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Figure 2.10: Active buffer pulse tube refrigerator [14].

Compressor

’ Regenerator

Figure 2.11: Multiple inlet pulse tube refrigerator.

DIPTR with Diaphragm configuration

DC flow loss is a significant loss in the double inlet pulse tube refrigerator that decreases its
performance, to avoid this loss a diaphragm shape composed of two flanges with cone shaped
hollow and circular tube made up of polyethene film is used (Fig. 2.12). The overall size of the
diaphragm controls the gas flow that suppresses the DC flow loss and able to improve its

cooling performance [15].

High-speed e v . "
video camera @ :_||'_*—:—Dlaphragm e

Pressure .
transducer Bypass tube -+—Bypass valve
Pressurized Thermocouple Smoke-wire
air supply 5
> ch
Rota
vaer . ' 1

e

Inlet Regenerator Cold Pulse tube
end

Figure 2.12: Double inlet pulse tube refrigerator with diaphragm configuration [15].
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2.2.1.3 Based upon Geometry

Inline pulse tube refrigerator

In inline type pulse tube refrigerator, all components of pulse tube refrigerator starting from the
compressor to the reservoir are placed in one straight line, so no loss due to U-bend (Figs 2.4-
2.7). However, due to this configuration, the cold end heat exchanger is positioned in the middle
becomes difficult and the best way is to put the hot heat exchanger outside the vacuum chamber
[16].

U-bend pulse tube refrigerator

In U-bend pulse tube refrigerator, a U-shaped connecting tube is placed between the cold end
of the regenerator and cold end of pulse tube, so it is easy to put it inside a vacuum chamber
(Fig. 2.13). However, due to U-bending, its performance is lower than that of inline pulse tube

refrigerator [16].

Coaxial pulse tube refrigerator

Coaxial pulse tube refrigerators are compact sized pulse tube refrigerators in which regenerator
are ring-shaped surrounding the pulse tube (Fig. 2.14). As the pulse tube is placed inside the
regenerator, its performance is deteriorated due to heat transfer between the regenerator and
pulse tube wall. To overcome this difficulty a thin layer of insulation has been given between

the regenerator and pulse tube wall [16].

Annular pulse tube refrigerator

Its technical constructions are nearly similar to that of coaxial pulse tube refrigerator except
that, here regenerator is placed inside the pulse tube, rather pulse tube inside regenerator unlike
a coaxial configuration. A thin layer of insulation is provided in the walls of pulse tube to

improve its performance [16].
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L-Shape pulse tube refrigerator

In L-shaped pulse tube refrigerator, pulse tube is English alphabet L-shape (Fig. 2.15) so that it
can simplify the structure of pulse tube at cold end structure. However due to the large thickness

of pulse tube at the cold end, it decreases the performance of the system.

W oo
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Volume Compressor
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Figure 2.13: U-tube double inlet pulse tube refrigerator.
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Figure 2.14: Coaxial, inline-tube pulse tube refrigerator [16].
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Figure 2.15: Pulse tube refrigerator with L-shaped pulse tube [10].

2.2.1.4 Based upon staging

It is impossible to achieve liquid helium temperature by using a single-stage pulse tube
refrigerator. So it is necessary to improve the number of stages of pulse tube refrigerator. The
advantage of this is, the gas in the second stage will be precooled by the first stage of pulse tube
refrigerator. The cold end heat exchanger of fist stage is connected to cold end of first stage
pulse tube and the hot end of second stage regenerator as shown in Fig. 2.16. As a result of this

cooling temperature decreases and refrigeration capacity improves [17-19].
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Figure 2.16: 2-Stage, 3-Stage pulse tube refrigerator [17-19].

The connection between one stage to another is carried out by thermal coupling and
fluid coupling. In thermal coupling, the two stages concurrently exist, and a unique thermal bus
connection is made between the cold heat exchanger of the first stage and the aftercooler of the
second stage. The second stage has a pre-cooling regenerator between the compressor end and
the aftercooler of the second stage. This regenerator produces heat that must be absorbed by the
first stage. Hence, the first stage has a heat capacity larger than that the amount that must be
absorbed from the precooling regenerator. This coupling scheme allows for the second stage
warm temperature to be that of the first stage cold temperature. In fluid coupling, the flow of
working fluid splits, for example, flow between the cold heat exchanger and corresponding
pulse tube gets broken where a portion of the mass flow travels to the pulse tube, and the

remaining mass flow visits another regenerator, which is the entrance to the second stage [16].
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2.2.2 Components of pulse tube refrigerator

2.2.2.1 Compressor

Compressor or pressure wave generator is used to generate the pulsating pressure waves. In
Stirling-type pulse tube refrigerator, particular types of the compressor are used, whereas in
GM-type pulse tube refrigerator reciprocating compressors are used. Many investigators used

different type of compressors and modified it to helium compressor to increase its performance.

2.2.2.2 Transfer line

A transfer line is simply a connecting tube that connects compressor and aftercooler.

2.2.2.3 Regenerator

Regenerator is the critical component of regenerative type cryocoolers. It consists of a hollow
tube filled with porous matrix, wrapped meshes, parallel plates, parallel tubes or lead balls.
When hot gas passes through it, heat will be transfer into it, and fluid gets cooled. After that
flow reversal takes place and cold gas passes through it, and it absorbs heat flow from the matrix

becomes heated. Hence, the flow here is alternating.

2.2.2.4 Heat exchangers

Three heat exchangers are presents in a typical single-stage pulse tube refrigerator; aftercooler
is present after compressor to remove the heat of compression, so the performance of
regenerator will improve. The second heat exchanger is present at the cold end of the
regenerator and cold end of pulse tube, known as a cold heat exchanger; here refrigeration load
is applied. The third one is present at the hot end of pulse tube to remove the heat after expansion

and referred as a hot heat exchanger.

2.2.2.5 Pulse tube

This is a hollow thin stainless steel tube inside which pulsatile pressure wave is generated. Due
to the presence of pulse tube, it is named as pulse tube refrigerator. Inside the pulse tube, the
gas undergoes compression and expansion process. Near about more than 80% of gas never

leaves the pulse tube and acts as a gas displacer.
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2.2.2.6 Orifice Valve, Double inlet valve

These are valves present in pulse tube refrigerator to adjust the phase difference between
pressure wave and mass flow rate to improve the performance of system.

2.2.2.7 Inertance tube

It is a long neck small diameter hollow tube inside which inertance effect is generated due to
the gas flow. Inertance effect produced is equivalent to the inductance in electric circuits.
2.2.2.8 Reservoir

Reservoir or buffer is simply a storage cylinder present right side of inertance tube or orifice.
The pressure in the buffer is nearly equal to the atmospheric pressure.

2.2.2.9 Rotary Valve, Solenoid valve

Rotary valves or solenoid valves are integral parts of GM-type pulse tube refrigerators present
between the compressor and hot end of the regenerator (Fig. 2.17). Its design and construction
are typically complicated tasks for the designers. Rotary valve will work as a phase shifter
present on the hot side of the regenerator. Isenthalpic compression and isenthalpic expansion

process occur here.

Top flange

Bottom flange

Figure 2.17: Rotary valve.
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2.2.3 Basic theories of pulse tube refrigerator
After the development of basic pulse tube refrigerator several theories and mathematical models
have been proposed by various scientists and researchers to explain its basic mechanism of cold

production. Some of the relevant principles will be described in the following section.

2.2.3.1 Surface heat pumping theory

After the development of basic pulse tube refrigerator, Gifford and Longsworth [2] proposed
surface heat pumping theory to explain its working principle. As mentioned above the working
consists of four steps. Figure 2.18 shows the pulse tube connected to the compressor via
regenerator in its cold end and attached to a hot heat exchanger in its hot end. In the first step,
the gas parcel undergoes adiabatic compression (1-2 as shown in the Fig. 2.18), so its
temperature is higher than wall temperature as a result of this heat transfer from gas parcel to
the wall. In the next step after transfer of heat from gas parcel to wall, gas undergoes from step
2 to 3. Then gas parcels undergoes adiabatic expansion process (3-4 in the Fig 2.18), its
temperature is lower than the temperature of the wall as a result of which heat transfer takes

place from wall to gas parcels, and this process repeats.

2.2.3.2 Enthalpy flow theory

The cyclic average enthalpy flow in various components of pulse tube refrigerator is calculated
by an integration of the governing equations. Time-averaged enthalpy flow in different
components of pulse tube refrigerator are calculated. This helps to calculate losses in different
components of pulse tube along with the net refrigeration power produced. By using enthalpy
flow theory and phasor analysis Radebaugh et al. [4] compared the performance of various

types of pulse tube refrigerator.

2.2.3.3 Thermoacoustic theory

Thermoacoustic devices are either of heat engines and prime mover type or refrigerator type.
In prime movers heat flow is converted into workflow on the other hand in refrigerator type
workflow is converted into heat flow. Thermoacoustic is a product of two words thermo means
heat and acoustic means oscillating wave. All thermoacoustic devices consist of two media such
as solid medium and fluid medium. Solid medium consists of walls of tubes, matrix or plates

of regenerator whereas fluid medium are the working fluid which is oscillating in nature.
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According to thermoacoustic theory when a large temperature gradient developed inside a tube
which is closed at one end, the gas parcels starts oscillating. The reverse of this statement is
also true that is a gas parcel starts oscillating inside a tube that is closed at one end, a temperature
gradient develops at both ends. In pulse tube refrigerator, pressure wave generator is to generate
the oscillating pressure wave when it passes through the pulse tube closed at one end there is a
time average enthalpy flow across the tube and temperature gradient develops across both ends
of pulse tube. The amount of work transferred from the pulse tube the same amount of heat
transfer from cold end to hot end of the regenerator. This is the required thermoacoustic theory
to explain cold production mechanism in pulse tube refrigerators and also in all thermoacoustic
devices [20].
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Figure 2.18: Surface heat pumping theory [2].
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2.2.4 Pulse tube refrigerator loss mechanism

In pulse tube refrigerator acoustic power generated by the pressure wave generator is converted
to the thermal energy which is responsible for the cooling effect. However, performances of
real pulse tube machines are different from the ideal one due to the loss of exergy in each and
every component due to the production of entropy. So to design a mathematical model to get
reasonable accurate results, it is essential to account the effect of various loss mechanisms. The
multiple losses occur in pulse tube refrigerator decreases the performance of pulse tube
refrigerator, which include boundary phenomena, convection loss and boundary loss and

turbulence loss [21].

2.2.4.1 Boundary loss

These losses occur within the boundary layer of the pulse tube and responsible for degradation

of its performance. It includes
e Surface heat pumping or shuttle heat transfer
e Acoustic streaming (Rayleigh streaming)

e DC Streaming (Gedeon Streaming)

Surface heat pumping

Surface heat pumping phenomena as discussed above is responsible for the formation of
refrigeration in basic pulse tube refrigerator. On the other hand, in other types of pulse tube
refrigerator (e.g. OPTR, DIPTR, IPTR) surface heat pumping occurs in the reverse direction
due to stepper temperature gradient. As a result of this, there is a net loss of acoustic power

which degrades its performance (Fig. 2.19). This effect is termed as surface heat pumping loss.

Acoustic streaming

Rayleigh streaming or acoustic streaming is a loss mechanism that is responsible for
degradation of refrigeration power of pulse tube refrigerator which occurs within the boundary
layer of the pulse tube. Inside the boundary layer of the tube, due to viscosity effect, gas in the
adjacent wall lags behind the velocity at the centre of the tube. The gas parcels inside the pulse

tube undergo compression and expansion, so there is a change in temperature. As viscosity is a
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function of temperature it induces a different level of shear stress within the tube that decreases
its performance. This effect is termed as Rayleigh streaming (Fig. 2.20). This loss can be

reduced by designing an appropriately tapered pulse tube as explained by Swift et al. [22].

DC streaming

DC streaming or Gedeon streaming is another loss phenomenon that occurs inside the pulse
tube refrigerator for inviscid fluid. DC streaming is a function of phase difference between the
acoustic velocity and pressure perturbation.

2.2.4.2 Convection Loss

The convection losses are classified as follows [21]:
e Jet driven streaming
e Turbulent mixing

e Free convection

Jet driven streaming

This loss occurs at the junction of two components due to sudden change in the area. When the
fluid flows from the inertance tube to buffer, there is a sudden change in the area, also the high-
velocity fluid is not diffused properly in pulse tube. As a result of this the acoustic power is not
converted into thermal energy correctly and decreases performance. This loss can be reduced

to some extent by using flow straightener.

Turbulent Mixing

The flow inside the compliance tube is laminar in nature, however if the design of pulse tube is
wrong, so turbulence will be induced inside the pulse tube. This will cause parasitic energy

transport and the concept of gas piston no longer holds good.

Free convection

This loss takes place due to the orientation of buffer tube, if the gravity vector is not aligned
correctly with pulse tube axis (Fig 2.21). The analytical modeling of this has been considered

by Swift et al. [23] by comparing this loss analogous to an inverted pendulum.
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2.2.4.3 DC flow loss

The performance of an orifice pulse tube refrigerator increases by connecting a double inlet
valve between the hot end of pulse tube and hot end of the regenerator. As a result of this, phase
difference between pressure wave and mass flow rate decreases further, thereby cooling
capacity also increases. On the other hand, some gasses passing through the bypass valve enters
into the pulse tube hot end and passes through the regenerator, which will create a circulating
gas flow in a closed loop and decreases the performance of pulse tube refrigerator. The DC flow
is negative if the gas flows from hot end of the regenerator to hot end of pulse tube through the
double inlet valve and positive if gas flows from hot end of pulse tube to hot end of regenerator
via the double inlet valve. This loss can be reduced by providing multi-bypass method [24].

2.2.4.4 Hotend Loss

This loss is due to the presence of hot end heat exchanger at the hot end of the pulse tube. As
the gas flows alternatively (periodically) it again passes through the hot heat exchanger. As a
result of this hot heat exchanger acts not only as a recuperative heat exchanger but also as a
regenerative heat exchanger; this regenerative effect serves as the loss in pulse tube refrigerator
and termed as hot end loss of pulse tube refrigerator. This has been described by enthalpy flow
model. As there is no hot heat exchanger in four valve pulse tube refrigerator its performance
is slightly better [25].

2.2.45 Double inlet work loss

This loss is also associated with the double inlet valve. The mass flow through the bypass valve
have two components: first, in phase with pressure wave (called as standing wave) and other,
is out of phase with the pressure wave (called as a progressive wave). The component of mass
flow rate in phase with the pressure wave is responsible for work loss, on the other hand part
of mass flow rate out of phase with pressure wave is capable of adjusting the phase angle to

improve refrigeration power [26].
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2.2.5 Modeling of pulse tube refrigerator

Mathematical modelling of a pulse tube refrigerator helps the users and designers to understand
the physical processes occurring inside the pulse tube refrigerator. A properly tested
mathematical model not only helps the designer to predict the performance of pulse tube
refrigerator but also to design a pulse tube refrigerator. A mathematical model is a mathematical
representation of the complex physical phenomena occurring inside the pulse tube refrigerator.
A set of governing differential equations are used to represent the complete physical processes
(heat transfer and fluid flow) that occur inside the pulse tube refrigerator. Since the entire
physical processes inside the pulse tube refrigerators are complex due to oscillating nature of
working gas, transient nature of flow in pulse tube, regenerator and valves, there are different
types of mathematical models available for pulse tube refrigerator. These models are
categorised into three main different types such as:

> First order model
> Seconder order model

> Third order model

2.2.5.1 First order models

First order analysis is the simplest mathematical model that does not consider the effect of any
losses inside pulse tube refrigerator. Fist order model takes a very small computational time to
predict the performance of pulse tube refrigerator, which is considered as the biggest advantage
of this model over other models (second order models and third order models). However, the
accuracy of first order model is far away from the experimental results. Assumptions taken for
analysis in first order model are: ideal working gas, perfect regenerator and heat exchangers,
no pressure drop in the regenerator, isothermal compression and expansion process etc.

Enthalpy flow model is a first order model developed by Radebaugh et al. [4].

2.2.5.2 Second order models

Second order analysis considers the effect of losses in the regenerator, heat exchangers, pulse

tube, etc. Complete sets of differential equations are used to represent the physical processes
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inside the pulse tube refrigerator. Its complexity is more as compared to the first-order model

whereas its accuracy is better than first order models. Various second order models are
» Isothermal model
» Adiabatic model

» Phasor analysis

2.2.5.3 Third order models

Third order model gives an accurate prediction of performance of pulse tube refrigerator, but it

needs high-speed computers and long computational time. Third order models are:
» Numerical model

» CFD Model

2.3 Review of mathematical models of regenerator

Mathematical modelling of regenerator covers the detailed mathematical representation of
physical phenomena of the regenerator considering variation of matrix and fluid temperature as
a function of spatial and temporal coordinates. The complex heat transfer, fluid flow
phenomena inside the regenerator is governed by a set of differential equations for which there
are no closed form solutions. Many researchers performed the mathematical modelling by
reducing the equations by making some assumptions. Nusselt [10] did the mathematical
analysis of regenerator assuming infinite matrix heat capacity. Hausen[10] published an article
making a fundamental comparison of heat transfer processes of regenerator with recuperator.
Later several reports had been produced assuming the behaviours of regenerator is ideal. Iliffe
[10] improved the Nusselt model by considering 1-D longitudinal heat flow, no thermal
conduction and infinite azimuthal and radial thermal conductions in a matrix. By using above
assumptions, he solved the equations by “reduced length reduced period” (RLRP) method [10].
Anzelius and Nusselt [10] developed the first closed form solution of governing equations of
regenerator by using RLRP method as developed by Hausen. The effect of longitudinal heat
conductions on the performance of regenerator has been studied by Bahnke and Howard [10]
by using heat conduction equation of matrix. They have introduced a term known as
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dimensionless heat conduction parameters that take the effect of conduction into accounts. Kays
and London [27] did a number of experimental analysis to understand the effect of various
parameters on regenerator performance. His study covers the effect of NTU, variable specific
heat capacity of the matrix, longitudinal conduction on regenerator. Rios and Smith studied the
effect of variable specific heat mathematically by using specific heats variation with
temperature by using Debye equation. Wilmott et al. [28-38] performed the numerical analysis
of regenerator to understand the effect of various parameters on performance of regenerator.
Sarangi et al. [39-42] solved the mathematical model developed by Wilmott and studied the
effect of variable specific heat, variable mass flow rate and longitudinal heat conduction
numerically. Radebaugh et al. [43-46] developed a simplified mathematical model for the
design of regenerator for cryogenics applications. Daney and Radebaugh [45] studied the effect
of a mixture of fluid on the rate of cold production. Daney and Radebaugh examined the effect
of void volume of regenerator. Gary et al. developed a software package for the design of
regenerator REGEN. An improved version of REGEN developed by NIST group named as
REGEN 3.2 and 3.3 for the design and simulation of the regenerator. Many researchers [19, 47-
50] used REGEN to investigate the effect of various operating and geometrical parameters on

regenerator performance.
2.4 Review of mathematical model of pulse tube refrigerator

2.4.1 Basic pulse tube refrigerator

The credit of development of pulse tube refrigerator technology goes to Gifford and
Longsworth [1]. At Syracuse University, Gifford and Longsworth planned to improve the
performance of GM-type cryocoolers. They reported that the cold end of the tube becomes cold
which by further improvement they produced the first pulse tube refrigerator in 1963. This
initial generation of pulse tube refrigerator is term as basic pulse tube refrigerator (BPTR). The

cold production mechanism is based on surface heat pumping [2].

2.4.2 Orifice pulse tube refrigerator

Mikulin et al. [3] proposed that the performance of a pulse tube refrigerator can be improved
by changing the phase angle between pressure and volume flow rate at the hot end of pulse tube
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refrigerator. They have added an orifice valve and a reservoir after hot end heat exchanger and
able to achieve 105 K by using air as working fluid. Radebaugh et al. [4] able to reach 60 K by
changing the position of the orifice valve. This configuration is termed as orifice pulse tube
refrigerator (OPTR). Radebaugh and Stroch [51] proposed phasor analysis to explain the
working principle of OPTR. The phasor is a vectorial representation of pressure wave, mass
flow rate and temperature. They observed that the refrigeration power is proportional to

frequency, average pressure, square of the dynamic pressure ratio and mass flow rate.

The isothermal model proposed by Zhu et al. [52] is an improvement of phasor analysis
to compute the performance of OPTR. In this model, the pulse tube is divided into three parts:
left and right portions are isothermal whereas middle portion is adiabatic. The isothermal
analysis is simpler, robust and consumes less computational time. Neglecting the effect of
pressure drop in regenerator, Wu et al. [53] presented the numerical analysis of an orifice pulse
tube refrigerator. Nodal analysis of regenerator and the effect of residual gas velocity on pulse
tube refrigerator was considered by Lee et al. [54]. The importance of regenerator on the
performance of pulse tube refrigerator has been reviewed by de Bore et al. [55]. He presented
the effect of expansion ratio and compression ratio on refrigeration capacity and COP.
Richardson et al. [56] proposed that transient behaviour of radial heat transfer is a significant
effect on cold production. He observed that for a particular value of pulse rate the rate of cold
production could be optimum. Regenerator and pulse tube are the two principal source of loss
of refrigeration power due to entropy generation and irreversibility. Razani et al. [57] proposed
a number of mathematical models based on exergy analysis to understand the effect of
irreversibility and its impact on performance of pulse tube refrigerator.

Zhang et al. [58] reported that, if the ratio of reservoir volume to pulse tube volume is
less than five, the entropy generation increases which reduce the cooling power of OPTR. The
effect of time averaged entropy flow and hydrodynamic workflow upon the performance of
OPTR have been investigated by Rawlins et al. [59] . The detailed mathematical modelling of
OPTR is also found in some open literature [60-68]. CFD analysis on pulse tube refrigerators
has been performed by using commercially available CFD packages to understood the fluid

flow, heat transfer processes [69].
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2.4.3 Double inlet pulse tube refrigerator

One significant improvement in the geometry of orifice pulse tube refrigerator achieved by
addition of another orifice valve between hot end of the regenerator and hot end of pulse tube.
By the addition of another orifice, the mass flow rate through the orifice or double inlet valve
leads to pressure wave at the cold end of regenerator. This will create a negative phase shift
between mass flow rate and pressure, thus cooling capacity increases and refrigeration
temperature decreases [5]. The mass flow rate through the double inlet valve have two
components: one is along the pressure wave and other leads pressure wave by 90 degrees. The
sine component of mass flow rate is responsible for adjusting the phase shift to improve the
cooling capacity and cosine component causes double inlet work loss. Another important loss
in DIPTR is DC flow loss. In DIPTR, a certain quantity of mass flow occurs through the bypass

valve, thus refrigeration power per unit mass flow rate decreases [70].

The performance of a double inlet pulse tube refrigerator can be further increased in
putting a tapered regenerator as suggested by Ying-wen et al. [71]. They have used enthalpy
flow model, and results have been validated by using experimental data. Convergent type
regenerator geometry with a particular taper angle increases the performance but if the angle
exceeds from optimum value, its performance however decreases. If a regenerator is either of
convergent type or convergent-divergent type, its performance decreases. Ju et al. [70] studied
the heat transfer and fluid mechanics process inside the pulse tube refrigerator by solving the
complex sets of coupled nonlinear equations. Wang et al. [72] studied the effect of amplitude
and phase of dependent quantities on the performance of pulse tube refrigerator. They suggested
that the cooling power in a DIPTR will be more than that of conventional OPTR consuming
less acoustic power. Mirels et al. [73] developed an analytical model to study the performance

of a double inlet pulse tube refrigerator by using a stepped piston compressor.

Zhu et al. [26] presented an analytical expression to compute the double inlet work loss
in a double inlet pulse tube refrigerator. They proposed that the double inlet work loss can be
decreased by increasing void volume ratio of regenerator over buffer, increase in temperature
ratio of ambient temperature over refrigeration temperature and increase in double inlet factor.
Nika et al. [74, 75] suggested two methods to simulate a miniature DIPTR: first, the

thermodynamic analysis and second, the electrical analogy method. In the thermodynamic
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analysis, they have derived a complex set of governing equations by using fundamental
principles of thermodynamics, fluid mechanics and heat transfer. Solutions of these equations
have been carried out by using numerical methods to investigate the performance of DIPTR.
They found that the performance of pulse tube refrigerator decreases due to axial conduction
along the pulse tube wall. In their second part, they have studied the effect of pressure drop in
the regenerator, temperature discontinuities due to internal flows. They have validated their

both models by using experimental results.

Xiao et al. [76] studied the performance of double inlet pulse tube refrigerator by using
thermoacoustic theory. By using the thermoacoustic theory, Hoffman [77] developed FZKPTR
software package for design and simulation of pulse tube refrigerators to obtain desired
refrigerating capacity based on given refrigeration temperature. Exergy method has been used
by them to study the performance of pulse tube refrigerator. They found that most exergy loss
occurs at the regenerator and orifice valve [78]. De Bore [79] developed a linearized 1-D model
to study the performance of pulse tube refrigerator where the effect of void volume upon the
performance was considered. The results show that, there is a substantial improvement in the
performance of DIPTR as compared to OPTR. They derived the cooling power as a function of
regenerator void volume and frequency. Chokhawala et al. [80] developed a phasor analysis to
compare the performance of double inlet pulse tube refrigerator with orifice pulse tube
refrigerator. The effect of geometrical parameters (e.g. length and diameter) and operating
parameters (e.g. operating frequency, pressure difference between various components,
coefficient of discharge of orifice valve and double inlet valve) of pulse tube refrigerator on
cold production was considered.

Banjare et al. [81, 82] studied the performance of a DIPTR of GM-type geometry by
using commercial software FLUENT. To explore the multi-dimensional effects, they performed
CFD modelling of a 3D geometry. They reported that the performance of DIPTR is optimum
when the double inlet valve is 30% opened and orifice valve is 60% opened [82]. Ju et al. [83]
developed an excellent numerical model by using continuity equation, N.S. equation and energy
equation. In this model, they have considered two energy equations for regenerator, one for
fluid and the other for regenerator matrix. Also the effects of viscous loss, inertial loss and

pressure loss was considered by them. Dash et al. [84] developed an improved numerical model
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by combining phasor analysis with exergy analysis and reported that, below a particular
frequency value the performance of a DIPTR decreases. When DIPTR operates below critical
frequency, there is no cold production and its performance is a function of average system
pressure only. Wang et al. [85] investigated the accuracy of local energy loss correlations in
sudden expansion or contraction of joints under oscillating flow conditions of pulse tube
cryocoolers using a 1-D model and also FLUENT software. The results were compared to 2-D
model and reported that steady friction factors do not possess sufficiently accurate predictions
of losses under oscillating flow conditions. In addition to the numerical analysis, much
experimental analysis have been investigated by a number of researchers to understood the

basic losses and its effects on cold production [86-91].

2.4.4 Inertance pulse tube refrigerator

The new generation of pulse tube cryocooler technology is an inertance type pulse tube
refrigerator. The term inertance is equivalent to inductance in electrical circuits. Inertance effect
is an acoustic effect generated in pulse tube refrigerator due to the inertia of moving gas. The
inertance effect is more significant in higher operating frequency [7]. De Boer et al. [92] stated
that the rate of refrigeration produced in inertance pulse tube depends on some particular
relevant parameters. In the simplified case of an infinite volume of the reservoir and zero dead
volume of the regenerator, these parameters are the dimensions of the inertance tube, the
volume of the pulse tube, the conductance of the regenerator, charging pressure and operating
frequency. A simple turbulent flow model was introduced to calculate the effective conductance
of the inertance tube and reported that the performance of the ITPTR is higher to that of the
OPTR over a limited range of frequencies. The improvement is explained regarding the pressure
amplitude in the pulse tube, the flow rate between the regenerator and the pulse tube and the
phase angle between these parameters. This analysis was extended to the case of finite reservoir

and regenerator volumes [92].

To design inertance tube, various models have been proposed by various eminent
persons. Radebaugh et al. [93] developed a transmission line model to design inertance tube.
Roach et al. [94] developed lumped parameter model. Distributed component model proposed
by Schunk et al. [95] predicts better performance as compared to above two models, since in

this model, the inertance tube is divided into a number of divisions. In this model, the resistance,
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capacitance and inductance has been determined in each division. INERTANCE software
developed by Radebaugh et al. is based on transmission line model. This software along with
ISOHX and REGEN is used by various research centres to design the miniature pulse tube
cryocoolers for academic and industrial applications. Zhu et al. [96] developed a control volume
method based on conservation of mass, momentum and energy to design and simulate inertance
pulse tube refrigerator. In this model, an implicit method is used for time derivatives and
first/second order upwind method is used for convection term to improve the speed of
calculation. To improve the speed of calculation, they combined the continuity and the

momentum equation to a single algebraic equation by using the ideal gas equation.

Cha et al. [97] used commercial CFD package FLUENT to study the multidimensional
effects in pulse tube refrigerator. Luo et al. [98] considered the effect of turbulent flow and heat
transfer inside the inertance tube. They have used acoustic turbulent flow model to solve the
governing equations. Their numerical results gave very good agreement with experimental
results. They also used CFD model and suggested that results of CFD model are more accurate
than their model but computational time is more in CFD as it takes 2D effects. Dei et al. [99]
proposed an inertance pulse tube refrigerator without reservoir which is driven by the
thermoacoustic prime mover. After conducting an experimental investigation, they found that
its performance is better than orifice pulse tube refrigerator with the reservoir. As the reservoir
is absent is this type pulse tube refrigerator it is more reliable and compact as compared to
conventional IPTR [99]. A lot of experimental studies have been performed on inertance pulse
tube refrigerator [100-103]. Ashwin et al. [104] studied the performance of IPTR by using
commercial code FLUENT by applying the thermal non-equilibrium model. In thermal non-
equilibrium model FLUENT solves two energy equations, one for fluid and the other for matrix
of porous media, yielding more accurate results. A parametric study of pulse tube refrigerators
of various types of pulse tube refrigerators (e.g. IPTR, OPTR, DIPTR) was carried out by his

team.

Pulse tube cryocoolers are of different kinds based on the formation of pressure waves.
A detailed analysis of the design of a compressor/pressure wave generator is a challenging
problem to the engineers and researchers in the field of cryogenics. The design and fabrication

of pressure wave generators are available in open literature [105-108]. On the other hand, GM-
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type pulse tube refrigerators use a GM- compressor. Its operating frequency is only few Hz (1-
5 Hz). A rotary valve (sometimes solenoid valve) is present between compressor and PTR
system. As its operating frequency is low, normal household compressor may be used for this
purpose [109]. Some numerical and experimental analysis on the coaxial type pulse tube
refrigerator is found in the open literature [103, 110-114].

2.4.5 Other multistage pulse tube refrigerator

Two, three and four stage pulse tube refrigerators are developed to achieve liquid helium
temperature. This low refrigeration temperature is very much helpful for cooling of
superconducting magnets. Tanka et al. [115] first developed a 2-stage pulse tube refrigerator
and changed regenerator’s dimensions to visualise the lowest refrigeration temperature. They
found a no-load temperature of 20 K. Matsubara et al. [116, 117] developed a three stage GM-
type pulse tube refrigerator operating at 2 Hz, 15 bar pressure and was able to achieve a
refrigeration temperature of 3.6 K at 3rd stage cold end heat exchanger. Several experimental
results published by them are available in the open literature. Different losses that affect the
refrigeration power of a pulse tube refrigerator is explained by Gawali et al. [118]. Wang et al.
[119] performed experimental studies on a two-stage pulse tube refrigerator. Wang et al. [120,
121] performed a numerical and experimental investigation and achieved a no-load temperature
of the 2.23 K at the cold end. Wang et al. [122, 123] developed a numerical model taking the
actual properties of gas, magnetic properties of material into account. Their results is very much
close to the experimental value [122, 123] . The mathematical model presented by Ju et al.

[124] uses mixed Eulerian-Langarian method.

Some existing software developed by various scientists and research institutes to design PTRS

are presented in Table 2.1:
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Table 2.1 : Commercially available software packages for simulation.
Year Software Author Institute/Organization Reference
Developed
2014 | StirlinGUIDE Atrey et al. [ITBombay, INDIA [125]
2013 | Sharif PTR | Jahanbakhshi et al. Sharif University of [126]
Technology, Iran
2010 SAGE Gedeon D. Gedeon Associates, Athens, [127]
OH, USA
. Los Alamos National Lab, Los
2006 DELTAEC Ward, Clark, Swift Alamos, USA [128]
Forschungszentrum Karlsruhe,
2005 FZKPTR Hofmann Institute fur Technische [77]
Physik, D-76021 Karlsruhe,
Mitchell and Berkely, California, USA
2002 MSx2 Bauwens University of Calgary, Calgary, [129]
Alberta, Canada
1996 | ARCOPTR | Roachand Kashani | VASA Ames Research Centre, | rqg
Atlas Scientific, Cl, USA
REGENS3.3,IS | Radebaugh et al. NIST, Boulder,
) OHX,INERTA )
NCE Colorodo, USA

2.5 Regenerative cryocooler research in India

In India mainly four centres are working for the development of regenerative cryocoolers. Apart

from NIT Rourkela, namely IIT Bombay, 11Sc Bangalore, NIT Surat and recently NIT Calicut

also started working in cryocoolers. Also ISRO is doing research on Stirling and pulse tube

cryocoolers for space-based applications. The cyclic simulation of Stirling cryocooler has been

performed by Atrey et al. [130]. A lot of experimental models and test prototypes of Stirling

cryocoolers and pulse tube cryocoolers of Stirling type geometries are developed by their team.

II'T Bombay is considered to be the pioneer of cryocoolers in India. Atrey et al. [131] developed

a second order isothermal model for pulse tube refrigerator considering the effect of various

losses encountered in the regenerator, pulse tube and heat exchangers. IIT Bombay and SVNIT
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Surat are working collaboratively to develop mathematical modelling and prototype testing of
GM type pulse tube refrigerators. StirlinGUIDE developed by Atrey et al. [125] is a simplified
mathematical tool for the design and education of Stirling type machines (Stirling cryocoolers
and Pulse Tube cryocoolers). In 1S Bangalore, Prof. Kasthurirengan et al. [17, 18] developed
a two-stage GM cryocooler and achieved a cold end temperature of 2.5 K, which is the lowest
temperature achieved by anyone in India. Indigenous pressure wave generators are also
developed by Prof. Jacob et al. [132] for Stirling-type pulse tube cryocoolers and Stirling
cryocoolers. Isothermal model of pulse tube refrigerator (proposed by Zhu et al. for the single-
stage pulse tube refrigerator) has been developed for two stage pulse tube refrigerator by
Kasthurirengan et al. [17]. Indigenous pressure wave generators are developed by Prof. Jacob
et al. [132] at 11Sc Bangalore in collaboration with ISRO for space based application purposes.
DRDO is also developing Stirling cryocoolers for cooling of IR Sensors. IUAC and BARC also

evolve GM-cryocoolers for their indigenous applications.
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Mathematical Analysis and Design of
Software for Regenerator

3.1 Mathematical modeling

In the present chapter, the detailed mathematical modelling of regenerator is presented. The
mathematical model is classified under three sections. The first section describes an ideal
regenerator, the second section considers regenerator including the effect of longitudinal
conduction and the third describes the effect of both longitudinal as well as wall conduction
[10]. In this chapter, a first order model is assumed, where the mass flow rate through the

regenerator is constant during hot and cold periods and does not change with time. The fluid
temperature during both heating and cooling period is constant and equal to T, during the

heating period, and equal to T, during the cooling period. The void volume within the

regenerator is assumed to be zero.

3.1.1 ldeal model

Energy equation for the matrix of regenerator is

Gl
m = hSA(T -T,

Energy equation for the fluid is

(pc,oV),
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Gl
(pc, V)W, —=hsA(T, -T) (3.2)
oz
TC T\\'
(7o N, | | €= Fluid Flow Heating Periode— | 3 | 2 | 1 (T =T
N; i uid Flow Heating Perio : 2
N; 1 .
Matrix (Tm)
1 2 3 i N:
(TF) =T. . - | T ap.

1 2 3 |== Fluid Flow Cooling Period =——»| i N: :

Figure 3.1: Temporal and spatial node distribution [10].

where, i is number of spatial nodes and j is number of time step (in Fig. 3.1) given as
follows:

where, N, is total number of spatial nodes and N, is the total number of the time step. By using

the procedure given in [10], the Egs. (3.1) and (3.2) will be converted into following two
algebraic equations:

Fluid temperature at outlet is

(M, =(M) - Kl[(T)i _(Tm)i] (3.3)

Matrix temperature at outlet is
(Tm)o :(Tm)i +K2 [(T)| _(Tm)i] (34)
In Egs. (3.3) and (3.4), K, and K, are constants calculated as follows:

1 (hA%)Az (me)f At

K, = 1- e gy~ Rl (3.5)

o ool e
I:(Mcp)m]Az
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1 Cexo| AL |, (Mey) At i6
e {1[““] }{1 ex"{ <mcp>f}[“[<Mcp>m]J} 39

(mc, ) At

Non-ideal effect of regenerator has been considered including the effect of longitudinal

conduction.

3.1.2 Longitudinal conduction effect

By considering longitudinal effects, matrix thermal equation becomes

0 ol ot
—k —" [0V _+ho -T.)= oV - :
az( m 82 j m+ A&(T m) (pcp )m at (3 7)
Fluid thermal equation becomes

oT
(pcpév)fwzgﬂéwm—ﬂ (3.8)

For a finite regenerator element of width Az, the matrix volume is equal to matrix area normal

to flow and width. Hence,
N, =A A (3.9)

Matrix conductivity km is defined by interfacial conductance between matrix elements which

will be defined for a screen mesh as follows:

K = Kmo( In ) (3.10)
300
ok, ak,
¥y (3.11)
o T

Matrix thermal equation then becomes

— m 3.12
T oz oz’ ot (312
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Fluid thermal equation becomes

(mcp)f aa_-lz- = _(hAS)Az (T _Tm) (313)

By using the procedure given in [10], Egs. (3.12) and (3.13) results into the following algebraic

equations:

Fluid temperature at outlet is given by
(T), =(T), ~ K[ (T),=(T,),] (3.14)

Matrix temperature at outlet is calculated as

(T.),=(T.), + K[ (T)=(T.), ]+ ks {4(% ) U (Tn:)i} (3.15)

where K, and K, are constants calculated from Egs. (3.5) and (3.6). K; will be computed as

« __ KAt

’ [(Mcp )m ]AZ AZ

3.1.3 Longitudinal conduction and wall effect

(3.16)

Energy equation for regenerator matrix is

or, |ak,(oT, Y , o7, B
[(Mc,),]. p" {Tm [az ) +kK, pot }%AH(M)AZU T.) (3.17)

Energy equation for regenerator wall is

oT.

[(Me, )l ==

bk,, ( oT,
T 0z

wi

'j kK, %} AjAz+(PA, ), (T -T,) (3.18)

Energy equation of fluid is

(), S+ (0A), (T=T,)+ (1A, ), (T=T,) =0 @19)
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where, K, is a constant given as

T b
K, =14.80(ﬁ) (3.20)

Following the procedure [10], Egs. (3.17), (3.18) and (3.19) results in following algebraic

equations:

Fluid thermal equation becomes

(T)y =(T) =K (T),~(T.), ] K[ (T),=(T.), @2y

Matrix thermal equation becomes

(1), =(T.) + K| (T),=(T,), ]+ K L(TL) (rn:)-.-2+(Tn;')i} (3.22)

m /i

Wall equation becomes

wl

(T,),=(T, ), +Ks| (M) =(T,), [+ K {4(%) (T2 + crv;'.)i} (3.23)

where, constants K;, K, and K;are given in Egs. (3.5), (3.6) and (3.16) respectively.

etmba] -
[(Mcp)wI R
— 1 —ex _(hANI)AZ 4 (mcp)fAt
{Mﬁ { (7c,) } [(ve,), ], ﬂ -
(mcp)fAt
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K — kWI ANl At

° [(Mcp )WI L AZ

3.1.4 Boundary conditions and solution procedure

(3.26)

The above equations (Egs (3.3-3.4), Egs (3.14-3.15) and Eqgs (3.21-23)) give outlet matrix

temperature and fluid temperature regarding inlet matrix temperature and fluid temperature. In

all following equations, notations "and " represent heating and cooling periods respectively.

Linear variation of temperature is assumed along the regenerator length.

[T, =T 2, - (3:27)

initial

According to present assumptions, inlet fluid boundary temperature is equal to hot end

temperature. So mathematically

(TWY 7D .T(ND)

.
=T (3.28)
T, =T.(,.s) By using above boundary conditions, outlet temperatures [T'(l,l]0 and
[Tm'(l,l)]oare calculated. After completing calculations for heating period, flow reversal

conditions occurred, so the final matrix temperature and fluid temperature is used as initial
condition for cooling period, where¢ =[N, —(i—1)]. Outlet temperatures are computed by

setting the first nodes of inlet fluid temperature equal to heating period boundary temperature.

(T'@D) T'Q2D... T(N,1) =T, (3.29)

46



Chapter 3 Math. Analysis and Design of Software for Regenerator

Enter operating and geometrical
parameters, properties of fluid and
solid, model of simulation

Calculate initial temperature distribution in
matrix by using Eq. (3.27)

——

Yes Ideal_
analysis

Calculate temperature
distribution in fluid
and matrix by using
Egs. (3.3) and (3.4)
respectively

¢
™

No

Longitudinal
conduction
effect
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Calculate  temperature
distribution in fluid and
matrix by using EQgs.
(3.14) and (3.15)

Calculate temperature distribution in fluid, i/

matrix and wall temperature by using Egs.
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All time
steps
completed

[

Reverse the direction
of flow and use the
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last time step as initial
temperature

Cyclic
steady state
achieved

No

Display results

Figure 3.2: Flow chart of CRESP-REGEN package.

3.2 CRESP-REGEN software overview

This section explains the design of software interfaces in detail. A software package has been
developed by using the above mathematical model which can be used to predict the
performance of a regenerator by the end-user. The main input screen of CRESP-REGEN

software is shown in Fig. 3.3. The main screen accepts various input geometrical and operating
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parameters. Also, it allows the user to choose the solid and fluid materials from list box. After
providing the parameters, the user can choose the desired model: the ideal, the model including
longitudinal conduction effect or both longitudinal and wall conduction effects. Then by
clicking “run”, CRESP-REGEN will solve the equations and produce results, which will be

displayed after user clicks “results”.

File  Run Result Help About

SHEFE@R A
INPUT PARAMETERS Choose Solid Material ~ Choose Waorking Fluid
Regenerator Screen Diameter mm mphruusﬂrunz& " i"m ~
Regenerator Wall Thickness mm ﬁ;ﬂ?ggen
Wire diameter mm
Mumber Of Screen v "
Mesh Size
Frequency Hz
Haot End Temperature K [ ChooseType
Cold End Temperature K O Ideal case

MNumber Of Spatial Modes o ]
() Longitudinal Conduction
Mumber Of Time Intervals

) i (@) Wall Effect
Maximum Period

Flow rate mi/sec

Status:

Figure 3.3: Input screen of CRESP-REGEN software.

The descriptions of various menu and toolbar icons are explained in Figs 3.4 and 3.5.

49



Chapter 3 Math. Analysis and Design of Software for Regenerator

File. Run Result Help About

7&][}@ T

Regenerator Contains detailed analysis
about regenerator and availabe methods

Pdf Help Contains Pdf manual
Web Help Directs to the cryogenic home page of NITRourkela

Run to run model

Save To save results
Open file to open results of previous run

Figure 3.4: Toolbar icons of CRESP-REGEN package.

File  Run Result Help About

Jabena L—/
About the software its capability and limitation

User manual with example

Result will be displyed ands stored

To solve equations

(B SARANGI

File Run Result
Ney et TO OpEN NeEW file
Save u:tr|+c-T—'—'"'T9 save input parameters and results

.

Clear ———p C|ear input parameters for next use
Eiit  e————T0 close software

Figure 3.5: Menu items of CRESP-REGEN package.
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3.3 Validation of CRESP-REGEN software

3.3.1 Input parameters

Screen diameter = 19.05 mm

Regenerator thickness = 0.152 mm
Mesh size = #150 phosphorous bronze

Cold end temperature = 80 K
Frequency =50 Hz

Wire diameter = 0.069 mm

Number of screens = 640, 480, 320, 220
Flow rate = 0.00661 m?/s

Hot end temperature = 300 K

3.3.2 Output parameters for various mesh sizes

Table 3.1: Comparison of CRESP-REGEN software with published results (640 mesh number)

Parameter Ackermanetal. | Present result | Relative error (%)
Length(cm) 10.16 10.14 -0.19
Heat transfer area(m?) 0.44 0.48 8.33
Reynolds number 53 53.77 1.43
NTU 192 210 8.57
Stanton number - 0.16 -
Mass of regenerator 0.1 0.14 28.5
o | Ideal (%) 0.62 0.68 8.82
§ Longitudinal conduction 71 0.79 10.12
5 | effect (%)

% Longitudinal conduction 0.99 1.02 2.94
= | + wall effect (%)

Table 3.2: Comparison of CRESP-REGEN software with published results (480 mesh number).

Parameter Ackerman et al. Present Relative error (%)
Length(cm) 7.62 7.60 -0.263
Heat transfer area(m?) 0.33 0.36 8.33
Reynolds number 53 53.78 1.45
NTU 144 158 8.86
Stanton number - 0.16 -
Mass of regenerator - 0.54 -

@ Ideal (%) - 1.20 -

§ Longitudinal conduction - 1.48 -

7 | effect (%)

% Longitudinal conduction - 2.50 -

= | + wall effect (%)
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Table 3.3: Comparison of CRESP-REGEN software with published results (320 mesh number).

Parameter Ackerman et al. Present Relative error (%)
Length(cm) 5.08 5.07 -0.197
Heat transfer area(m?) 0.22 0.24 8.33
Reynolds number - 53.78 -
NTU 96 105.50 9
Stanton number - 0.16 -
Mass of regenerator - 0.03 -
o | Ideal (%) 1.58 1.69 6.50
§ Longitudinal conduction 1.76 2.01 12.4
5 | effect (%)
% Longitudinal conduction 3.08 3.19 3.44
= | + wall effect (%)

Table 3.4: Comparison of CRESP-REGEN software with published results (220 mesh number).

Parameter Ackerman et al. Present Relative error (%)
Length(cm) 3.4 3.45 1.44
Heat transfer area(m?) 0.15 0.17 11.76
Reynolds number 47.80 53.70 10.98
NTU 65 72.57 10.43
Stanton number - 0.16 -
Mass of regenerator - 0.02 -

@ Ideal (%) - 1.79 -

§ Longitudinal conduction - 2.01 -
7 | effect (%)

% Longitudinal conduction - 3.31 -
= | + wall effect (%)

3.4 Parametric studies

A parametric study has been undertaken to investigate the performance of regenerator
(refrigeration power, ineffectiveness, regenerator loss, exergy efficiency, COP etc.) as a
function of various input parameters (geometrical and operating parameters) for cryocooler
based applications. Here NIST software REGEN 3.3 is used to conduct the parametric studies.

The performance of thermal regenerator is obtained in the form of most critical parameters such
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as gross refrigeration power, adjusted gross refrigeration power, net cooling power, losses of
acoustic power at cold end and hot end of the regenerator. To achieve a steady state, the value
of enthalpy flux at the cold end to remain constant and thereby calculation requires a long time
in the computational process. A). In order to get a cyclic steady state in the solution procedure,
the value of solution depends on upon several user-specified parameters such as number of
cycles, number of mesh points along the axial direction and number of time steps used in each

cycle.[49]. These parameters have been taken in the present simulation from [49].
NUM_POINTS_X=42, NUM_STEPS_CYC=82, FINAL_CYCLE=5200

Several crucial parameters have been taken into consideration in the present study such as
charging pressure, pressure ratio at cold end, area to mass flow ratio, operating frequency,
length of the regenerator, phase angle at the cold end of regenerator, porosity of regenerator
matrix, temperature at hot end of regenerator and temperature at cold end of regenerator.
Temperature-dependent properties of solid and fluid, which is an essential feature of
REGENS3.3*, is not available in any other software. The optimum goal of the end user is to
change the operating and geometrical parameters in such a manner that losses would be
minimum and also the refrigeration power would be maximum. An important parameter is
COP, which signifies that minimization of necessary work supply at the hot end of the
regenerator to achieve the desired refrigeration power at the hot end.
NTCOP=NTCADJ/PVWOKOT.

The acoustic power at the cold end of the regenerator is determined from the integral of
the product of dynamic pressure and volumetric flow rate at the cold end of the regenerator in
one cycle. The cold end acoustic power is obtained after the subtraction of loss terms ENTFLX
(regenerator ineffectiveness loss) and HTFLUX (conduction loss of matrix) from the gross
refrigeration power. Some acoustic power loss occurs due to compression and expansion

process inside the pulse tube.

“Gary, J., O’Gallagher, A., 2006. REGEN 3.3: User Manual. National Institute of
Standards and Technology,
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Hence in present study, it is assumed that 20% of acoustic power loss occurs due to
pressurization in pulse tube. By multiplying this parameter with gross refrigeration power, net
refrigeration power has been calculated. PROSS accounts the non-ideal dependence of enthalpy

on pressure.

Hot end temperature=300 K Cold end temperature=80 K
Working fluid Helium 4 Diameter of regenerator=15 mm
Length of regenerator=variable Mesh size=#653

Frequency =40 Hz

3.4.1 Effect of mean pressure

With the increase in charging pressure, the relative heat loss at the cold end starts rising. The
rate of heat loss increases consistently, as a result of this refrigeration power increases up to
some extent and then it starts decreasing. The magnitude of charging pressure is a function of
impedance magnitude on a molar basis which remains constant. However at the same time
density may decrease, so impedance magnitude in volumetric flow basis decreases [19]. Hence,
there is a degradation in acoustic power due to the increase in friction loss, so the acoustic
power ratio decreases, as result COP increases (Fig. 3.7). With increase in mean pressure,
refrigeration power increases up to some point, then it starts decreasing and ineffectiveness
increases consistently (Fig 3.6). The COP and second law efficiency starts increasing and
become maximum at pressure 5 MPa, then it starts decreasing (Fig. 3.7).

3.4.2 Effect of pressure ratio

The effect of pressure ratio at the cold end of regenerator is also having a strong effect on the
performance of typical regenerator [133]. From Figs. 3.8 and 3.9, it is evident that with increase
in pressure ratio, COP, exergy efficiency and net refrigeration all starts increasing but it is
impossible to get a pressure ratio greater than 1.35 at the cold end due to limitations in the
pressure wave generator. With increase in pressure ratio, the amplitude of pressure oscillation
starts increasing, as a result of this net refrigeration power starts increasing. As COP and exergy

efficiency both are directly proportional to net refrigeration power, both starts rising.
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Figure 3.7: Effect of mean pressure on exergy efficiency and COP.
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Figure 3.8: Effect of pressure ratio on exergy efficiency and inefficiency.
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Figure 3.9: Effect of pressure ratio on COP and refrigeration power.
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3.4.3 Effect of area to mass flow ratio

With the increase in area to mass flow ratio at cold end of regenerator, COP and exergy
efficiency starts increasing up to some extent, then it becomes steady and then starts decreasing
in accordance with observations made by [134]. The trend of gross refrigeration power, adjusted
gross refrigeration power and net refrigeration power all starts decreasing due to decline in
inefficiency loss. The heat loss starts decreasing as a result of decrease in friction loss and
refrigeration power [134]. The mass flow rate at the cold end of regenerator has two
components: one along the pressure wave known as standing wave, and the other perpendicular
to the pressure wave known as a progressive wave. An increase in mass flow rate increases the
progressive wave, so refrigerating power decreases, also COP and exergy efficiency related to

refrigerating power decreases (Fig. 3.10-3.12).
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Figure 3.10: Effect of area to mass flow ratio on exergy efficiency and COP.
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Figure 3.11: Effect of area to mass flow ratio on net refrigeration power and ineffectiveness.
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Figure 3.12: Effect of area to mass flow ratio on net refrigeration power and ineffectiveness.

3.4.4 Effect of length of regenerator

With the increase in the length of regenerator, COP starts increasing up to a certain length, after
that it starts decreasing (Fig. 3.13) due to increase in viscous losses. So the trend of the curve
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is an increasing-decreasing manner. The refrigeration power starts increasing, then after a
particular length it becomes steady and then starts decreasing (Fig. 3.14) due to increase in heat
loss after a particular length [134]. After a particular length, the heat loss increases due to axial
conduction loss thus deteriorates the performance of cryocoolers. There is a generation of
entropy inside the matrix, which decreases the exergy flow and reduces the inefficiency of the

regenerator in accordance with the observations made by John et al. [134].
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Figure 3.13: Effect of length of regenerator on COP and exergy efficiency.
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Figure 3.14: Effect of length of regenerator on net refrigeration power.
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3.4.5 Effect of operating frequency

The refrigerating power of cryocooler is an active function of the inertance effect, which is
generated by the inertance tube, is a function of operating frequency. The rate of heat transfer
in regenerator and phase shift both are a strong function of operating frequency. The increase
in operating frequency enhances the impedance of phase shifter but decreases its compliance.
Also, the rate of heat loss increases in the regenerator. So there must be an optimal balance
between them to get an optimum operating frequency. With the increase in operating frequency
refrigeration power increases (Fig. 3.15), however, COP and second law efficiency increases
up to some point and then starts decreasing (Figs. 3.15-3.16). As the rate of heat loss starts

decreasing, inefficiency decreases as shown in Fig. 3.16 in accordance with [19].
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Figure 3.15: Effect of frequency on exergy efficiency and refrigeration power.
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Figure 3.16: Effect of frequency on inefficiency and COP.

3.4.6 Effect of phase angle at cold end of regenerator

The phase angle at the cold end of regenerator is having a significant effect on the performance
of cryocoolers. The phase angle is related to the calculation of standing wave and a progressive
wave of mass flow rate. Standing wave is the sine angle of the mass flow rate at the cold end,
whereas the progressive wave is cosine angle of the mass flow rate. With decrease in phase
angle at cold end, cosine angle decreases and progressive wave decreases, thus the inertance
effect becomes stronger and its performance is optimum. In standing wave however sine angle
is used, which increases with decrease in phase angle and hence its performance increases. The
coefficient of performance is maximum at -30 degrees (Fig. 3.18) [133]. COP and exergy
efficiency is maximum at this temperature (Fig. 3.17). COP is the ratio between net refrigeration
capacities to acoustic power at the warm end of the regenerator. Exergy efficiency is related to
COP with the product of hot end temperature to cold end temperature. The isothermal
refrigeration power decreases from gross refrigeration power after removing the loss
encountered in pulse tube or displacer due to pressurisation in pulse tube (Fig. 3.18). The
ineffectiveness is maximum when the phase angle is zero, then it starts decreasing (Fig. 3.19).

Figure 3.20 shows the variation of regenerator loss with phase angle.
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Figure 3.20: Effect of phase angle on regenerator loss.

3.4.7 Effect of hot end temperature of regenerator

With the increase in temperature at the hot end of regenerator, the axial conduction loss
increases as a result of this net refrigeration power. As a result, the coefficient of performance
and exergy efficiency starts decreasing (Figs. 3.21-23). Thus, an aftercooler may be very much
essential to remove the heat of compression, which is placed after pressure wave generator to

get better performance.
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Figure 3.21: Effect of hot end temperature on exergy efficiency and COP.
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Figure 3.23: Effect of hot end temperature on ineffectiveness

3.4.8 Effect of cold end temperature of regenerator

With the increase in refrigeration temperature/cooling temperature/temperature at the cold end
of regenerator, exergy efficiency, COP and net refrigeration capacity starts growing (Figs. 3.24-
3.26). The isothermal cooling power is lower than the value of adjusted refrigeration power
after removing the loss due to the pressurisation of gases (loss of acoustic power) in pulse tube
and displacer. The ineffectiveness of regenerator and regenerator loss start decreasing with
increase in refrigerating capacity.
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Figure 3.26: Effect of refrigeration temperature on ineffectiveness and regenerator loss.

3.4.9 Effect of thickness of regenerator wall

With an increase in thickness of regenerator net refrigeration power, COP and exergy efficiency

of regenerator starts decreasing (Figs. 3.27-3.28) due to increasing in heat loss due to wall

conduction.
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Figure 3.27: Effect of thickness of regenerator wall on exergy efficiency and COP.
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Figure 3.28: Effect of thickness of regenerator wall on net refrigeration power.

3.4.10 Effect of porosity of regenerator

Porosity of regenerator must be an order of thermal penetration depth of fluid intending to
achieve better heat transfer between fluid and matrix. With increase in porosity, exergy
efficiency and COP starts increasing and become optimum at 0.7, then starts decreasing. Net

refrigeration power is also maximum when porosity is 0.7 (Figs. 3.29-31).
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Figure 3.29: Effect of porosity of regenerator on COP and exergy efficiency.
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Figure 3.30: Effect of porosity on net refrigeration power and ineffectiveness.
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Figure 3.31: Effect of porosity on regenerator loss.

3.5 Summary

In this chapter, detailed mathematical analysis is performed and, by using the mathematical
model, a general purpose simulation software is developed to predict the performance of a
regenerator for typical cryogenic applications. The software is validated with previously
published results. In addition, parametric study is also performed using the NIST software
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package REGEN 3.3 to identify the effect of various operating and geometrical parameters and

its effect on performance. The main criteria chosen for performance are net refrigeration power,
COP and exergy efficiency.
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Software for Pulse Tube Refrigerator

4.1 Isothermal model

Isothermal model is a second order mathematical model developed by Zhu et al. [52] and further
improved by Atrey et al. [52, 131]. It is the simplest analytical model used to predict cooling
power and refrigeration temperature of a pulse tube refrigerator. Isothermal model is based on

following assumptions:
a. Working fluid behaves as an ideal gas.
b. Pressure variation is a trapezoidal function of time in pulse tube (Fig. 4.2).

c. Unlike previous works, a small pressure drop inside the cold and hot end heat exchangers is
taken into account. Pressure variation within the system is constant with respect to time. It is

further assumed that the pressure drops in the heat exchangers are proportional to flow rates.
d. Flow is fully developed within the pulse tube.

Based upon above assumptions, the pulse tube refrigerator is divided in to number of control

volume as shown in Fig. 4.1.
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Figure 4.2: Variation of pressure in pulse tube.

v

Figure 4.3: Variation of pressure in rotary valve.

4.1.1 Governing equations for isothermal model
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Pressure variation within the rotary valve

.- P, [O<ts%}
P{%<t£r]

Pressure variation within the pulse tube

pL+[(PH;PL)jxt[O<tsel]

91
P,[6, <t<86,]

P, —[%jx(t—@)[@ <t<a,]

P[0, <t<6,]

P () =

Mass flow rate through the orifice valve

0.5

2%y PR Y (Pu)
Cy A Y o Tet [ Fres | | Fres
P (y-1)RT, | P P

pt pt

res

2 E2
C 2x /4 Pres2 PP'( A Ppt
oA | e -
y—1) RT, || P P

Mass flow rate through the bypass valve

Pressure variation within the reservoir

db,, mRT,

dt V,

res
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(4.1)

4.2)
Ppt > Pres

(4.3)
Ppt < Pres
Ppt > P,

4.4
ot < P,

(4.5)
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Mass flow rate at section 1 of hot heat exchanger

. . . Vi, AR
m., =m, +m, + ——— 4.6
hhx 0 di RTh dt ( )

Mass of gas in section |
t

m, =m, +j(—mhhx )t 4.7)

0

where, M is a constant determined by applying boundary condition (m, ) =0

min

Volume of gas in section | of pulse tube is

V, =11 (4.8)

Volume of gas in section Il of pulse tube is

o (%) (4.9)

1O " pt

V, =C
Volume of gas in section Il of pulse tube is

V||| :Vz _VI _Vu (4.10)

where, C, is a constant which can be determined by using boundary condition (VIII )

min =
Mass flow rate at section 2 of pulse tube

My = My 22 Vi Py (4.11)
P X

+ —_—
T yRT, dt
Mass flow rate at section cold heat exchanger

S S

- 4.12
o UPURT dt (4.12)
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Mass flow rate of gas at section regenerator

VvV, dP
rhr = Ifhchx +L_Pt (413)
’ RT,, dt
where, _ T, -T, (4.14)
mrg _T
in(%1,)
Ideal refrigeration power
Q= fSﬁPpt Vi (4.15)

4.2 Adiabatic Model

Neveu et al. [135] proposed an adiabatic model to obtain the cooling capacity of pulse tube
refrigerator, which was further extended to two-stage pulse tube refrigerator by Kasthurirengan.
The capability of this model is that real gas properties can be used in this model. So results will
be more accurate and realistic as compared to other models. Liang et al. [136, 137] tried to
simulate the working mechanism of the single stage PTR based on the thermodynamic behavior
of gas elements as an adiabatic process in the pulse tube. In the present model the effect of

losses related to regenerator, heat exchanger and pulse tube are taken into consideration.

The assumptions employed to simplify the analysis are listed as follows:
1. Axial heat conduction is neglected.
2. The regenerative material is incompressible and of uniform porosity.
3. The regenerator, heat exchangers at cold end and hot end are assumed to be perfect.
4. There is no heat transfer between elements of gas in the tube or between the gas and
the tube wall (gas flow is adiabatic).

o

Linear variation of pressure and temperature in the regenerator and pulse tube.
6. Constant temperature in heat exchangers and aftercooler.
Like isothermal model, in this case the entire pulse tube refrigerator is subdivided into

small number of control volumes (Fig. 4.4).
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1-Compressor
2-Aftercooler
3-Rotaryvalve
4-Regenerator
5 U-tube
6-Cold heat
exchanger
7-Pulse tube
8-Hot heat
exchanger
9-Doubleinlet
valve
10-Orifice valve
11-Reservoir

Figure 4.4: Schematic diagram of pulse tube refrigerator with control volume representation.

4.2.1 Governing equations of adiabatic model

Each component is assumed to be a control volume and by applying conservation of energy and

mass
From first law of thermodynamics,

dg= dW +du-+hdm (4.16)
Since the process is adiabatic,

dq=0 (4.17)
Assuming ideal gas yields:

dn_dv dp_dr (4.1

m V P T

here S - R AP 419
where — oo P (4.19)

Combining Egs. (4.16), (4.17), (4.18) and (4.19),
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PaV + dP=RTdm
y

(4.20)

From Eq. (4.18), the variation of mass, pressure, temperature and volume with time can be

derived as:

dm 1 {dvp Vd_P}

- =— | —P+—
dt RT| dt  ydt
P 7 grp
dt v dt |

dT _ﬁ[l dP MR

dt P|Tdt V

v _ oV dP

—=m
dt yP dt

4.2.1.1 Compressor

Volume variation of compressor is
V, .
V, () =V, + ?(1+ sin(2r ft))

Variation of pressure of compressor with respect to time is

dP dv
* = 2 _mc RTc - Pc -
dt Vv PRt

cp
Mass flow rate of compressor is

oV, dRy
My, =My, + My + 25—
RT, dt

In the present work, temperature of compressor is assumed to be constant.
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4.2.1.2 Aftercooler

In the case of aftercooler, temperature is assumed to be constant and equal to atmospheric
temperature. Variation of pressure with respect to time is equal to pressure variation of the
compressor. Mass flow rate at the right side of aftercooler is equal to the algebraic sum of mass
flow rate of regenerator and mass flow rate through the double inlet valve. Mass flow rate at

the left-hand side is equal to mass flow rate of the compressor, as presented in Eq. (4.27).

4.2.1.3 Regenerator

Variation of temperature is logarithmic mean temperature difference. Linear variation of

pressure, gas temperature, and matrix temperature on spatial coordinates:

Variation of temperature on space is

T, -T
Torg =% (4.28)
In|
TC
Mass flow rate at the inlet to the regenerator is
] pﬂ'd d2 a’
m P,—-P 4.29
" 600L,, i 1- a( P "‘) (4.29)

Mass flow rate at the outlet of the regenerator is equal to mass flow rate of the cold heat

exchanger. Pressure drop across regenerator is

P, ()= =Pl e 430)

g
Variation of matrix temperature is

T (X’t) = Tc _Th Xrg +Th (4.31)

9
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Variation of gas temperature on spatial and temporal direction along length is given as

T, (xt)= gTCL_T“ X +€T,+T,(1-¢) (4.32)

g

4.2.1.4 Cold heat exchanger

The temperature of the cold heat exchanger is assumed to be refrigeration temperature and a
constant. Pressure drop is neglected in the cold heat exchanger. Mass flow rate along cold heat
exchanger is given by

v, dP,

m, =m_ +—

- 4.33
o UPURT dt (433)

Mass flow rate in the right-hand side of the cold heat exchanger is equal to mass flow rate
along pulse tube.

4215 Pulse tube

Variation of pressure of pulse tube with time is given by

o T, v _dP
aP. R(mcp—mdi)—R(mO—mdi)_l_—h—_l_—d—;p
o . SRS (4.34)
dt Vig Vo Ve Vi
Tmrg Tc 7Tc Tc

Variation of pressure on spatial coordinate has been neglected. Mass flow rate of pulse tube is

given by
. T Vv, dP
mpt = mhhx — + . . (435)
T. yRT, dt

Variation of temperature with respect to temporal step is given by

dT, _T, dP, RT;
dt P, dt PV,

(mpt _ mhhx) (4.36)

Variation of temperature along with space coordinate is assumed to be linear.
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4.2.1.6 Hot heat exchanger

Mass flow rate through the hot heat exchanger is

thx %
RT, dt

mhhx (m mdl ) (437)

Temperature of hot heat exchanger is assumed to be constant. Mass flow rate at the right-hand

side of the hot heat exchanger is algebraic sum of mass flow rate of the orifice and double inlet
valve.

4.2.1.7 Orifice valve

Mass flow rate through the orifice valve is calculated by

P2 % v
Y
M, =Cy A, |[-2L || B |7 [P |7 p o (4.38)
—1 RT, [| P, P P
7+l
__C A 7 P i%_& N (4.39)
0 do _1 RT Pres Pres pt res '

4.2.1.8 Double inlet valve

Mass flow rate through the double inlet valve is calculated by using

: % =
PZI(P P. )"
mdl = Cdlp\i 27/ —= {i] _(_pt} Ppt < Pcp (440)
y=1RT, | R, P
2 r+l
2y Pi|(P (P
M = _C Zo | e | | Do P >P 4.41
di dlAd 7/_1 RT P P pt cp ( )

pt pt

4219 Reservoir

Pressure variation of reservoir is given by
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dP

res __

m,RT,
dt V

res

The temperature of the reservoir is assumed to be equal to the temperature of the atmosphere.

Math. Analysis and Design Software for Pulse Tube Refrigerator

(4.42)

Cooling power is estimated by using the following relation given by Nika et al. [74, 75]:

Y T, |dP ,
Qc __Chx|:l_7/_gj|d_tpt+cp(-rrgo _Tc)mchx

T

c

_7_1

Work supplied by the compressor is

W=-P

cp

The actual refrigeration power differs from ideal refrigeration power due to losses in various

chp ,
T +RT, m,

(4.43)

(4.44)

components in the pulse tube refrigerator. These losses are discussed in detail as below.

Solution procedure

Table 4.1: Components and parameters declarations.

Component Variables Geometrical Constants
parameters
Compressor vV, (1), P, (1), VoV, V.V,
mCP (t)
Aftercooler i, (t) Dimensions( VY, ) Dimensions(V,, )
Regenerator s (t) P, (x,t) , ¢,Dimensions Dimensions
T, (1), T, (X 1)
Cold heat exchanger My, (t) P (t) Dimensions Dimensions
Pulse tube m, (t) P, (t) T, (t) Dimensions Dimensions
Hot heat exchanger Dimensions Dimensions
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Orifice valve m (t) Dimensions Dimensions
0

Double inlet valve M, (t) Dimensions Dimensions
I

Reservoir P (t) Dimensions Dimensions
res

In the above, there are 21 numbers of equations.

Operating parameters: VoV, ¢ T, TG4, C,

Geometrical parameters: Vie, Voo Vi s Vies A Ay Vg O 6, @

Constants: WR T

Variables: ch(t) ) Pcp (t) ' Pt (t)’ I:)r (t)’ Prg (X’t) ’ me (t) ' mrg (t) ' mc (t)’

(t), My (8) T (%), T (x:1)
All the coupled nonlinear differential equations (Eqgs. (4.21)-4(.24)) are solved by using
numerical methods. In the present case, Runge-Kutta method of order four has been
implemented to solve above set of equations. The details of the solution procedure is presented
in the Appendix-1. Table4.1 shows different components, variables with associated parameters

in tabular form.

4.3 Loss analysis

The actual refrigeration power produced in a pulse tube refrigerator differs from this gross
refrigeration power due to loss in the regenerator, heat exchangers, pulse tube and valves. These

losses are responsible for reducing the cooling power [130].
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4.3.1 Regenerator ineffectiveness loss

The fractional period is the total period of total cycle time during which the steady flow gas
enters into the regenerator. If the effect of pressure changes during gas flow through the

regenerator taken into consideration then

0, = ( My, Cyg (T, T, )j 2 (4.45)
: NSTEP 2+ NTU

This loss is calculated on a cyclic basis, and the total refrigeration power loss due to

ineffectiveness is obtained by adding individual losses.

4.3.2 Temperature swing loss

This loss is due to variation of matrix temperature with respect to time. It will be calculated as

follows:

; C
DELTX =| —8 _|(T, -T.)——% (4.46)
NSTEP oM, (C,)

This loss is calculated during the pressurization process of the cycle

My, DELTX
= C 4.47
Qs (NSTEPJ w2 (4.47)

4.3.3 Conduction loss

Conduction loss in pulse tube wall is

T,-T,
QC,, =k, A, [hL—J (4.48)

pt

Conduction loss in regenerator wall is

QCrg _ krg A‘rg [ThL_ch (449)

rg
Conduction loss in regenerator matrix is
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QC,, =k, A, (T“ _T°] (4.50)
L
Ky —(1-a)
=k =X = =/ 451
"R +(-a) (4.51)
krg
“( kgj (4.52)
Ky =——2—=
(k)
Total conduction loss is equal to
QCtotaI = QCpt +QCrg +QCm (4.53)

4.3.4 Void volume at cold end

If there is any connecting pipe between the cold regenerator end and cold end heat exchanger
some amount of gas remains inside this pipe and does not contribute to the cooling effect. This

is termed as void volume loss and given by
Qu=(Ry =PV (4.54)

4.3.5 Loss due to pressure drop in regenerator

The loss due to pressure drop in regenerator has been calculated following [138].

PR+1
The pressure drop along the regenerator can be computed by using the following formula
adopted from [139].

L > G2
Ap= frL,” G

- = 4,56
e (4.56)

84



Chapter 4 Math. Analysis and Design Software for Pulse Tube Refrigerator

4.3.6 Loss due to radiation

Radiation loss takes place due to heat exchange between vacuum chamber and cold heat
exchanger of the pulse tube refrigerator, which can be minimized by multi-layered insulation
[140].

oFA (T -T.") (4.57)

Qrd -
i+i—1+(NI —1)(2—1j+1+1—1
e e e, e

C S

S S

Net refrigeration power is

Qnet = Qideal _(Qil + Qts +QCtotaI +QW +de + Qrd ) (458)

4.4 Numerical Model

Numerical model followed is a third-order model, that predicts much accurate result in
agreement with experimental values but the computational time is little bit longer. The
governing equations are continuity, momentum, energy equations of fluid and energy equation

of wall as given in [141-144]. It is based on following assumptions:

e Working fluid is ideal.

e Gas is incompressible in regenerator and heat exchangers, whereas compressible in
other parts.

e Constant temperature is considered to be isothermal in cold heat exchanger, hot heat

exchanger and after coolers.

4.4.1 Governing equations

Continuity equation is

% o |i
ot

Momentum equation is given by

(4.59)

i+1

cov,i C
g(mu)”+[mu]w:i_1+A(Pi—Pil)—(ﬂau+ f'Oozzu|u|] ASE —m, ,gcosf=0 (4.60)
y

N

Energy equation of fluid is
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i
%(m%+ mc,T j +hA (T -T))-PR % - [m§+mcpT —kA‘z—U - (4.61)
Energy equation of solid wall is

ﬁ(mscs ) _+h'.AL.(T'.—T.')+(§k'A;aTSj” =qV, ., (4.62)
ot b R X ),
Ideal gas equations

PV, =mRT, (4.63)

The finite volume discretized mesh is shown in Fig. 4.12. Pressure, temperature, density, mass
are calculated at the centre of control volume (red line in Fig. 4.12) whereas mass flow rate,
velocity and enthalpy are calculated at faces of control volume (black line in Fig. 4.12). The
continuity and momentum equations are converted into single algebraic equation by using ideal

gas equation to improve speed of calculation [141].
Z1,im:72 + Zz,im:—l + Zs,imiI + Z4,im:+1 + ZS,im:+2 =B, (4.64)
The coefficients for second order time step are

Zy; =y, Max (UI O) (4.65)

cv,i-17

RT!
=~y max(u,;,0) ., max (uy, 4, 0) - Ady —=- (4.66)

ZZ cv,i?
’ 15V,

2 I I
Z3i :1555' +y; maX(UlVi,O)—l//si{L min(utl:vifl’o)‘l'pﬁé‘?] R (T—‘+-|-i—1]+
| on - : , , — MES

15\ V. V.,
falsfi
[Fl,i Ry \u!\]é&
fii
Z,; =y min(uy,;,0)+y,,, min(u',, 1,0)—A§77R—T‘| (4.68)
) W Ccv,1 W= CV,I—. 1_5\/|
Z,; =y, min(uy,;,0) (4.69)

86



Chapter 4 Math. Analysis and Design Software for Pulse Tube Refrigerator

1-1 1-2 I 1-1 -2 1
Bi:%(zm;-l—o.sm;-z)—/\ 2%—0.53,72 LI 2%—0.5% To gy
5n T, T )15 T T2 )15

(4.70)

I:>f,i
{RTf'Yi ]Aﬁég cos@

By the similar procedure, the energy equation of fluid is converted into following algebraic
equation[141]:
zZ, T ,+Z, T +Z, T +Z, T

+ZS,iTIi+2 = Bi (4.71)

i+1

In second order time steps, the coefficients are

Z,; =y,; max(mic, ; ;,0) (4.72)
ki,
Zyi =Weiu max(milJrlCIp,f,iJrl’O)_l//S,i max(milclp,f,i'o)_ fé.éA (4.73)
PV, \Cu, o AR
Zy, :1.5[R_Tilj 5n TWsin max(mi+1cp,f,i+1’o)_l//7,i min (micp,f,i7o)+
| | (4.74)
kf,iA + kf,i+1A+l + hiIALi
5§i 5§i+l '
: | | H ol Al I(If,i+1'%+1
Z4,i =V¥7ina mm(mi+1cp,f ,i+1’0)7L Vsi mm(mi Cp,f i ’0)_Tm (475)
Zy; =Yg, Min (mil+1clp, i1 O) (4.76)
1-1.1-1 1-2 .1-2 V I Al |
Bi =(2Pi C.i _0'5Pi Ci )_I+hiALiTsi_
’ ) R577 y )
R o) R R v ]
05[15——L 2 2 05— iy (Ul ) - (u])
T T T Ron
Energy equation of solid [141]:
| | |
Zl,iTs,i—l +Zz,iTs,i + ZS,iTs,i+1 =B, (4.78)
In second order time step, coefficients are
k' A
:_é/ S,I&,I (479)

1i 55'
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SI 5| Al |+1 5|+1A§|+1
Z,.=15 +h'A . 4.80
M o &; E o
|
Zgi - _ §i+lks,i+lp%,i+l (481)
' 6§i+1
2m5|cl |1Ts||l_0 5m5|cl |2Ts||2 | I
Bi 5 hi AL,iTi (482)
n

The pressure and temperature at the interface of the control volume are estimated as [141]

| |
pl SR TAGR, (4.83)
‘ Ag +AG
T v, T, m >0
Tf|i: WSI |I l//6| Il |I (484)
l//7 |T l//8 |T|+l mi < O
The various geometrical parameters are explained as follows: [141]
Geometrical parameters are
A& +2AE A&
l//l,i — él fl—l !//z,i — gl
2Agi—l 2Aé:i—l
A& +28, Ag
Wi = : Wyi = : (4.85)
’ 2A§i+1 ) 2§i+l
A& | +206 A¢,
Vsi = 5215 = Wei = Six
Sia 208,
206, +Ag; A
Vai= T Vi :E
i+1 i+1

4.4.2 Initial conditions and boundary conditions

Since it is a transient problem, initial conditions are essential to solve the equations [141].

m(x,0)=0 (4.86)
P(X,0) = Pyaging (4.87)
T(x,0)=T,(x,0)=given by user (4.88)

Boundary conditions are
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dViI m<l:om RTlI
P' T vp.' [ V.7 f cos(at)] (4.89)

No slip conditions are given as velocity boundary conditions at the walls, mass flow rate is zero
at the wall and temperature as surface temperature.

The friction factor terms are [141]:

6‘,‘ Re}, <2x10°
Ref i '
fry, = 124’ (4.90)
—+0.0143  2x10° <Re}; <5x10°
Re;
| 0.316Re®® 3500 < Re < 2x10*
r f,i = 0.2 4 (4'91)
0.184Re™ Re > 2x10
where, Reynolds Number become
| | |
Re}, =2 |f" s _ Ui (4.92)
Mg Vit
Hydraulic diameter related to wire diameter is
a
dh,i = dw,i (4.93)

1-a

Nusselt number for transfer of heat between regenerator, aftercooler and heat exchanger [145]
Nu! = [1+ 0.99(Re! Pr )0'66}053-79 (4.94)

Nusselt number for transfer of pipe sections is [146]

d 0.332 114
Nu' =1.86 (Rei' Pr i} [LJ (4.95)
i :us,w
et
Pr' = Ik'm (4.96)

For turbulent flow inside the pipe, the following correlations are used:
Nu! =0.023(Re! )"’ (Pr )" (4.97)
The solution procedure is explained in detailed in the Appendix-I1I.
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4.5 CRESP-PTR software descriptions

This section describes the detailed interface design of CRESP-PTR software. It consists of a

main interface that accepts input information’s from the user. A plot screen displays interactive

plots and graphs. An output screen displays results. Figure 4.5 shows the input interface that

accepts geometrical parameters related to various components of pulse tube refrigerator and

operating parameters. Toolbar and menu icons are also included in the software to improve its

reliability. The user has the freedom to choose the material of solid from drop down list. Then

after clicking “enter” button or hitting “run” icon in toolbar, it will solve the equations described

above. After the solution converges, results will be displayed in the output screen and may be

stored for future references. Plot screen shown in Fig. 4.6 will appear once the user will call it.

Interactive plots will be generated after user chooses it from dropdown popup list.

File Edit Run Help About

OEdd» 2 B'N\® O

Length Of Regenerator

Diameter Of Regenerator

Porosity of Regenerator

Hydrulic Diameter

Volume of Pulse tube

Dead Volume Of Cold Heat Exchanger

Dead Volume Of Hot Heat Exchanger

Volume Of Reservoir

EXIT

mm

mm

mm

mm*3

mm*3

mm*3

mm"3

Diameter of Orifice Valve |

Diameter of Double Inlet Valve

Dead Volume Of Compressor
Swept Volume Of Compressor

Frequency

Refrigeration Temperature

Solid material
Cupper
Bronze
W
ENTER BACK

Figure 4.5: Input screen for CRESP-PTR pulse tube model.
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The various kinds of plots presented in the popup menu are described in Fig. 4.7. The variation
of various important variables such as pressure, temperature, density, mass flow rate at each
and every locations at the inlet and outlet of components can be plotted both in spatial and
temporal directions. Figure 4.8 shows the detail descriptions of various menu items of the

software.

File  Tool Help  About
D HdE S RS ?20ANS
SELECT PLOT TYPE
Pulse tube pressure Ws. Time -~

Pulse tube presure vs Time
T T T T T T T

Pulse tube Pressure

6—5 C 1 1 1 1 1 1 .|
0.1 0.2 0.3 0.4 0.5 0.6 07
Time in second

Figure 4.6: Plot screen for CRESP-PTR pulse tube model.

File Tool Help About
DEAdHS RN 2 0AND
SELECT PLOT TYPE

Pulze tube pressure Ws. Time ~

Pulze tube preszsure Ws. Time

Regenerator Pressure Vs, Time

Reservoir pressure Vs, Time
Compressure mass flow rate Ws. Time
10 Regenerater Mass flow rate Vs. Time -
Aftercooler mass flow rate Ws. Time

Cold end Heat Exchanger mass flow rate Vs Time
35 Pulze Tube Mass flow rate Vs, Time N
Hot Heat Exchanger Mass flow rate Ws. Time
Orifice mass flow rate Ws. Time

Double inlet valve mass flow rate \V's. Time

Are

Figure 4.7: Various plot options in CRESP-PTR pulse tube model plot screen.
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File Edit Run Help About

NS dE» 2 BN

About the software

File Edit FRun Help About

DS DA™ WebHep [

Pdf Help

To run the model

File T Edift W Fun Help About

hﬂ ] Input pararneter !\@

Clear

|4

File Edit FRun Help About

New  Ctri+N * T !\@ﬂ

Open  Ctrl+0
Save Ctrl+5
Save As

Close Ctrl+E R€Qenerator

Figure 4.8: Various menu items in CRESP-PTR pulse tube model input screen.
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File Edit Run Help About

NS dd™ 2 RN T

About Pulse tube refrigerators and available
computational methods

Web linked to NITR Cryogenic home page

Warning messages

Pdf User Manual

Help options

Run

Save As

Save

Open save folder data files for plot

New screen

Figure 4.9: Various toolbar items in CRESP-PTR pulse tube model input screen.

Various menu items of input screens are described in Fig. 4.8. The detailed descriptions of
toolbar icons of input screen are shown in Fig. 4.9. The menu items plot screens are explained
in Fig. 4.10.
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File  Tool Help About

NEdHdS2RAS ?2ORN

About SPCCR-Pulse tube model

Nad| rare OBNG

Web Help

File  Tool Help About

Qg Zgom In SN Ef!\@

Zoom out

Pan
Rotate tube pressure Ve, Time

File Tool Help About

Save :I ;aL! '+:-.- '_:x- ? ‘Eﬁ? '@f!\@

Cut

Paste

Figure 4.10: Various menu items in CRESP-PTR pulse tube model plot screen.
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Different toolbar icons of plot screens are well explained in Fig. 4.11.

File Tool Help About

G EEER LT

Web link linked to NITR
Cryogenic home Page

Warning Messages in Plot Screens

Pdf User Manual

Pan

Help

Zoom Out

Zoom In

Print figure

Save As Figure

Save Figure

Open data’s for plot

New data’s for plot

Figure 4.11: Various toolbar items in CRESP-PTR pulse tube model plot screen.
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R i—1 ! i+1 7
1 2 i—1 ! it v n+1
Ag
N
—> X
Figure 4.12: Discretization of control volume.
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Figure 4.13: Input interface of CRESP-SPTR BPTR module.
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Figure 4.14: Input interface of CRESP-SPTR OPTR module.
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Figure 4.15: Input interface of CRESP-SPTR IPTR module.
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4.6 Validation of CRESP-SPTR software

The developed program is first validated with previously published results to ensure the
accuracy of the model. Figs. 4.16 and 4.17 present the validations for IPTR and OPTR
respectively. Fig. 4.16 shows the relations of COP with different lengths of inertance tube
(Validated with the results of Zhu et al. [96], Boroujerdi et al.[141], Arablu et al.[142]),

whereas Fig. 4.17 shows the variations of orifice opening with COP (Boroujerdi et al. [141]).

0.17

el Zhu etal.

- - - Arablu etal.
Boroujerdi etal. i
Present result T Smimaied

0.16| "~~~

P ey ™
o VOO
0.15 - o i
g alie e

P NNy
0.14 - SN L
. ey .

COP

0.13 - = : £
0.12- L

0.11 + L

o0 . . .. .
28 30 32 34 36 38 40 42 44

Inertance Tube Lenath(m)

Figure 4.16: Validation of CRESP-SPTR with published results.
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Figure 4.17: Validation of CRESP-SPTR with published results.
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4.7 Results and Discussion

The dimensions of important componenets of pulse tube cryocooler used for simulation in
CRESP-PTR are presented in Table 4.2.

Table 4.2 : Dimensions of different component’s used for simulation in CRESP-SPTR.

Componenet Diameter (mm)  Length (mm)
Regenerator 20 50
Pulse tube 16 48
Aftercooler 20 12
CHX 16 8
HHX 16 10
Inertance tube 1 1200

Table 4.3 : Colour code of CRESP-SPTR software.

Colour Component name (from left hand side)
Red Compressor
Black Transfer line
Blue Aftercooler
Magenta Regenerator
Green CHX
Red Pulse tube
Green HHX
Blue Inertance tube
Cyan Buffer
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—4— AFTERCOOLER OUTLET

—— COLD HEAT EXCHANGER QUTLET N
HOT HEAT EXCHANGER OUTLET

— — — PULSE TUBE OUTLET

—— REGENERATOR QUTLET
RESERVOIR OUTLET

Mass flow rate(kg/sec)

0 0.005 0.01 0015
Time (sec)

Figure 4.18: Variation of mass flow rate with respect to time.

Figure 4.18 shows that there is a decrease in amplitude of mass flow rate when it passes
gradually from compressor to the buffer. Due to viscous resistance and inertial resistance, there
is a gradual drop in pressure amplitude in the porous media (e.g. regenerator, aftercooler, cold
heat exchanger, hot heat exchanger) as shown in Figs. 4.19, 4.20 and Fig. 4.21. Fig. 4.22 shows
that drop of pressure amplitude is more in regenerator. From Fig. 4.22, it is revealed that
principal source of pressure drop is regenerator due to viscous and inertial resistance. In Fig.
4.21 top line represents maximum pressure, middle line represents mean pressure and bottom

line represents minimum pressure.

PULSE TUBE CUTLET

= = = COLD HEAT EXCHANGER OUTLET
HOT HEAT EXCHANGER OUTLET

—=— RESERVOIR OUTLET

29—

28

25

24

23
il 0.005 0.01 0015

Time (sec)

Figure 4.19: Variations of pressure of pulse tube, CHX, HHX, buffer with time.
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Figure 4.20: Variations of pressure in aftercooler, regenerator, pulse tube, reservoir.
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Figure 4.21: Variations of pressure along axial direction. (Colours are in Table 4.3)
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Pressure ratio
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Figure 4.22: Variation of pressure ratio along regenerator.

Figure 4.22 shows that the variations of pressure ratio along axial direction. It is concluded that

pressure ratio decreases in regenerator and increases in pulse tube.
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Figure 4.23: Variations of temperature with time.
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Figure 4.24: Variations of solid temperature and fluid temperature with time.

Figure 4.23 shows the variations of temperature with respect to time. It is observed that the
amplitude of temperature oscillation is more in pulse tube and hot heat exchanger as compared
to aftercooler and buffer. Figure 4.24 signifies that amplitude of fluid temperature oscillation is
more in regenerator outlet with respect to solid temperature, the difference is nearly about 2 K.
In Fig. 4.25 top line represents maximum temperature, middle line represents mean temperature

and bottom line represents minimum temperature.
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Figure 4.25: Variations of temperature along axial direction. (Colours are in Table 4.3)

103



Chapter 4 Math. Analysis and Design Software for Pulse Tube Refrigerator

350

300

250

ha
3
!

Temperature (K)

€a 3 3 B
W

200

150

120

100
60

40
1] 0 Time (sec)
Distance along axial direction (mm})

Figure 4.26: Variations of temperature with space and time.
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Figure 4.27: Variations of solid temperature with respect to both space and time.
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Figure 4.28: Variation of exergy along axial direction. (Colours are in Table 4.3)

Figure 4.28 shows that maximum amount of exergy drop occurs at regenerator due to
irreversibility and generation of entropy, whereas considerable of exergy drop occurs at
aftercooler, cold heat exchanger and inertance tube. As shown in Fig. 4.28, there is no drop of
exergy in pulse tube and reservoir. Variation of energy along axial direction is presented in Fig.
4.29. As compressor is the main source of energy production, its value is maximum in pressure

wave generator, however it decreases gradually as it flows towards buffer.
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Figure 4.29: Variation of energy along axial direction. (Colours are in Table 4.3)
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4.8 Summary

In this chapter detailed mathematical modeling of pulse tube refrigerator is presented. By using
isothermal model, adiabatic model and numerical model, the software package CRESP-PTR
has been developed and validated with existing results. Detailed description of various interface
is also explained in detail. A typical example of an IPTR is presented. From the simulation
results of inertance type pulse tube refrigerator, it is obvious that regenerator is the main source
of loss of acoustic power due to pressure drop. Also, main source of exergy destruction is
regenerator due to entropy generation. Pressure ratio decreases mainly within the regenerator
hence, in order to increase performance of cryocoolers, it may be necessary to decrease the

pressure ratio.

106



Chapter 5

CFD Analysis of Pulse Tube Refrigerator

CFD techniques are widely used for analysis of systems involving fluid flow, heat transfer
and associated phenomena involving chemical reaction and multiphase flow by using numerical
simulation. So it is mostly used by various industries and research centres as well as institutes
for defining the problem and solving it to get reasonable accurate results. There are many
commercial packages available for CFD analysis such as CFX, FLUENT, ICEM CFD, CFD-
STAR+ etc. Computational fluid dynamics is a very useful and valuable technique to predict
the mechanism of cold production in pulse tube refrigerators. Many investigators have used it
to understand the mechanism of fluid flow and heat transfer. Here, an attempt has been made
to conduct the CFD analysis by using the commercial software FLUENT because of its
capability to solve complex heat and fluid flow situations in complex geometries. The FLUENT
software provides the capability of modelling the compressor by using dynamic meshing with
proper “user defined functions”, modelling of regenerator and heat exchangers involving porous

media.

The analysis of the complete system includes geometry creation, mesh generation, and
setup the problem with proper boundary conditions and user defined functions. To study the
effect of heat transfer and cold production, energy equation has been checked in, also to
consider the effect of turbulence kinetic energy, standard k —& turbulence model has been

checked in.
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5.1 Governing equations of ANSYS FLUENT

Main governing equations used are continuity equation, momentum equations, energy equation
and turbulence equation. These equations must be satisfied when the fluid is flowing from one

component to another component in the pulse tube refrigerator [147].

5.1.1 Equation of conservation of mass or continuity equation

2—'?+V.(pl7) 5 (5.1)

The first term in left-hand side is the unsteady term; the second term is a change of mass along

space coordinate and the term in right-hand side represent the source term.

5.1.2 Conservation of momentum equation

%(pﬁ)+v.(pl7l7) =-Vp+V.(T)+pg+F (5.2)
Stress tensors can be defined as:

T =,u|:(V|7+Vl7T)—§V.|7[} (5.3)

The first term on the left-hand side of Eq. (5.2) represents the unsteady term while the second
term is the inertia term. In right-hand side, the first term represents the pressure gradient, the
second term represents the viscous term; the third term represents the body force, and the fourth

term represents external body force.

5.1.3 Conservation of Energy

% (PE) +V.(V(pE + D)) = V.(k VT =S h T, +(F0 7))+ S, (5.4)
J

E=h-—+—

P
Jo,
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.
h= | C.ar

7

ref

Ker = K + K,
5.1.4 Turbulent kinetic energy equations

Turbulence kinetic energy (k) and its rate of dissipation (&) have been calculated from the

following equations:

3 8 o[ ok

i i L k j
- | G -7l o & 5.6
8t(,05)+8Xi (pgui)—axj _(,u+o_€}axj:|+clgk(Gk+C3£Gb) C,, " +S, (5.6)

In the present case, an inertance type pulse tube refrigerator has been modeled by using
FLUENT. To save computational time, axisymmetric modeling has been carried out in the
present analysis. So the governing equations for 2D axisymmetric geometry have been

governed by the following sets of the equations.

5.1.5 Continuity equation

p 0 10
.Y - =S 5.7
8t+ax pVX)+r6r(rer) " S

The first term in left-hand side represents the unsteady term; the second term accounts for a
change in mass along the axial direction, the third term represent a shift in mass along the radial

direction. The term on the right-hand side represents the source term.
5.1.6 Momentum equation in axial direction

0 10 10 op
(v )+=—(rpv .v.)+=—(rpvy. ) =—--2
at(p ) rax(pxx) rar(p’x) oX

+li ru Zav’( —E(V.V) +li ru v,y +6V’ +5,
r oxX ox 3 ror or oX
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5.1.7 Momentum equation in radial direction

v+ li(rpvxv,) L2 (rpry) =L

D

or
+1i r 8V _}_li r 6V’+% 59
r or H a r ox H ox or (5:9)

2

—2,u—+——(Vv)+p—+5
rr 3r

Gradient of velocity is represented as

vV OV Ve (5.10)
oX or r

<

where, Sx and Sy are represents two source terms in the axial and radial directions respectively,
whose values are equal to zero for the nonporous zone. For the porous zone, the momentum
equation can be defined by adding two extra terms to the volume averaged momentum equation:
the Darcy term and the Forchheimer term, which are responsible for flow resistance through
the porous media. The Darcy term is liable for the pressure drop, directly proportional to flow
velocity whereas the Forchheimer term, is responsible the pressure drop, commensurate with
the square of the flow velocity. Assuming the solid matrix homogeneous and isotropic, the

following momentum source terms are included in the x and r volume averaged momentum

equations:

S, = —[ﬁ v, + le|I7|VXj (5.11)
K 2

S = {EV’ +lcp||7| v,j (5.12)
K 2

The first term in the above equation represents the Darcy term and Forchheimer term. Both
these terms represent the flow inside porous zone due to pressure drop. In the present studies,
thermal equilibrium model has been assumed for porous zones, since FLUENT V15 thermal
non-equilibrium model may not work properly [147, 148]. In the porous zone, there are two
different models in FLUENT such as thermal equilibrium model and thermal non-equilibrium

model. In thermal equilibrium model, FLUENT assumes single equation for gas, on the other
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hand, in thermal non-equilibrium model fluent solves two different equations for gas and
matrix. The energy equation assuming thermal equilibrium model in porous zone is given

below.

5.1.8 Energy Equation

a_at (ap,E, +(L— ) p,E.) +V.(F(p,E, + P)) = V(K VT +.7) (5.13)

where, k =ak; +(1-a)k,
E,=h-p/p, +V*/2
ks = Solid medium thermal conductivity

ke =Fluid thermal conductivity
5.1.9 Heat transfer coefficient between solid regenerator matrix and
working fluid

Tanaka et al. [87] introduced a correlation to calculate the heat transfer coefficient
for oscillating gas flow in a regenerator.

0.67

h= 0.33§[%J (5.14)
n\ HAC

where, ks is the thermal conductivity of working fluid,

d, is the equivalent hydraulic diameter,

Vs is the piston swept volume,

As is the total surface area.

5.1.10 Thermal conductivity of porous matrix

Koh and Fortini formula is used for the calculation of thermal conductivity of regenerator solid
matrix

1—
S = é/ k
1+117
where k is thermal conductivity of solid matrix used in porous zone.

(5.15)

ks is defined as the effective thermal conductivity of the solid matrix while considering the

porosity C.
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5.1.11Compressor input power

Input power supplied by the pressure wave generator is calculated by using

av
I/I/comp = f ¢ PVavg dt (5.16)

where, Pvayg iS, the volume averaged pressure inside the swept volume of the compressor.
Some other variables used for analysis are computed by the following [147]:

e The Area of a surface is calculated by adding the areas of the faces that define the

surface. Faces on a surface are either triangular or quadrilateral in shape.

A:jdAZ|A| (5.17)

In the above expression the index ‘i’ denotes a face and the summation extends over all the

‘n’ faces.

e The integral on a surface is computed by summing the product of the facet area and the
selected field variable. If the face is on a boundary surface, an interpolated face value is
used for the integration instead of the cell value. This is done to improve the accuracy
of the calculation and to ensure that the result matches the boundary conditions specified

on the boundary and the fluxes prescribed on the boundary.
gilz_[gdA:zgi|A| (5.18)
i=1

The Area-Weighted Average of a quantity is computed by dividing the summation of the
product of the selected field variable and face area by the total area of the surface:

1 1
= — dA:— - .
Saw Ajg n§i:1,§.|A| (5.19)

e The Flow Rate of a quantity through a surface is computed by summing the product of

density and the selected field variable with the dot product of the face area vector and
the face velocity vector.
A

— n -
5 = [pVdA=Y c,p, (5.20)
/=1
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e The Mass Flow Rate through a surface is computed by summing the product of density

with the dot product of the face area vector and the face velocity vector.

Cop = _[ VA =Zn: pV,.|dA
i

(5.21)

e The Mass-Weighted Average of a quantity is computed by dividing the summation of
the product of the selected field variable and the absolute value of the dot product of the
facet area and momentum vectors by the summation of the absolute value of the dot

product of the facet area and momentum vectors.

S | gp\Vdf'?\ P v, (5.22)
VdA 5 > I
| plvdA| WAL

The sum of a specified field variable on a surface is computed by summing the value of the

selected variable at each facet

Som = D50 (5.23)

The Facet Average of a specified field variable on a surface is calculated by dividing the
summation of the facet values of the chosen variable by the total number of faces.

n

2.5

/=1

o =" (5.24)

*

%+ The Volume Flow Rate through a surface is computed by summing the dot product of the

face area vector and the face velocity vector

S = v.dA = ZV,O’ZI, (5.25)
P

R/

%+ The Facet Minimum of a specified field variable on a surface is the minimum facet value
of the selected variable on the surface.

% The Facet Maximum of a specified field variable on a surface is the maximum facet value

of the selected variable on the surface.
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5.2 Details of geometry creation and meshing

Table 5.1 : Dimensions of geometry and boundary conditions.

Diameter (m) Length (m) Boundary
Components Chaetal. | Present | Chaetal. | Present condition
model model

Compressor 0.02 0.02 0.0075 0.008 Adiabatic
Transfer line 0.0031 0.0033 0.101 0.1 Adiabatic
After cooler 0.008 0.008 0.02 0.02 298 K

Regenerator 0.008 0.008 0.058 0.06 Adiabatic
Cold heat exchanger 0.008 0.008 0.0057 0.006 Adiabatic
Pulse tube 0.005 0.005 0.06 .01 Adiabatic
Hot heat exchanger 0.008 0.008 0.012 0.012 298 K

Inertance tube 0.00085 0.0009 0.684 0.7 Adiabatic
Reservoir 0.026 0.025 0.13 0.12 Adiabatic

By using the above dimensions, geometry has been created in the ANSYS. Dual opposed
configuration of the pressure wave generator has been modelled by using dynamic meshing
function assuming sinusoidal motion of the piston. Regenerator, aftercooler, cold heat
exchanger and hot heat exchanger are modelled by using porous zone. Value of porosity, inertial
resistance and viscous resistance have been calculated by using formulae from relevant

literature [97]. The UDF for dynamic meshing function is
#include "udf.h"

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

real freq = 40.0;

real w=2.0* M_PI * freq;

real Xcomp = 0.004511;

NV_S(vel, =,0.0);
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NV_S(omega, =,0.0);
vel[0] = w * Xcomp * cos (w * time);
}
Variation of density is calculated by ideal gas assumption. Temperature dependent properties
of viscosity and thermal conductivity have been modelled from NIST data base. Suitable UDF
have been written and attached in the FLUENT compiler [149].
#include "udf.h"
DEFINE_PROPERTY/(cell_viscosity, c, t)
{
real mu_lam;
real temp = C_T(c, t);
if (temp < 300.)
mu_lam = (29.0*pow(temp,-1.27)+0.52*pow(temp,0.64))*1.e-6;
else
mu_lam = ((-5.7e-6*pow(temp,2.))+(4.4393e-2*temp)+7.5665)*1.e-6;
return mu_lam;

}
DEFINE_PROPERTY (knew,c,t)

{
real ktc;
real temp = C_T(c,t);
if (temp < 300.)
ktc = (0.0038*pow(temp,0.65))+(0.0172*exp(-0.025*pow((temp-6),2)));
else
ktc = (-4.74e-5*pow(temp,2))+(0.35044*temp)+(60.848)*1e-3;
return Ktc;

¥
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The axisymmetric geometry generated is shown in the following figure:

Figure 5.1: Mesh of transfer line and regenerator.

Figure 5.2: Mesh of cold heat exchanger and pulse tube.

Figure 5.3: Mesh of pulse tube, hot heat exchanger, and inertance tube.

Figure 5.4: Mesh of inertance tube.

Figure 5.5: Mesh of reservoir

Dynamic meshing parameters are presented here.
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Table 5.2: Dynamic meshing parameters.

Smoothing Yes
Layering Yes
Remeshing Yes

Under “Smoothing” various parameters are assigned.

Table 5.3: Smoothing parameters.

Method Spring/Laplace/Boundary layer
Spring constant factor 1

Convergence Tolerance 0.001

Number of iteration 20

Elements Tri in Tri Zones

Laplace node Relaxation 1

For “Layering”, the following values are assigned.

Table 5.4: Layering parameters.

Split factor 0.4
Collapse factor 0.2

For “Remeshing”, the following values are assigned.

Table 5.5: Remeshing parameters.

Minimum Length Scale 0
Maximum length scale 1000
Size Remeshing Interval 5
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5.3 Setup declaration

5.3.1 Initial condition

As the present case involves an unsteady state, so initial conditions must be provided to start
the simulation. The initial pressure is assumed as mean pressure, and the temperature is assumed
as the ambient temperature in the present simulation purpose and various boundary conditions

are given in the above tables (Table 5.1).

5.3.2 Solution algorithm

After defining initial conditions and boundary conditions, proper solution algorithm and
convergence tolerance must be provided for solution purposes. Axisymmetric, unsteady, cell-
based second order implicit time, physical velocity with segregated solver is considered for the
present analysis. For solving the discretized governing equations, unsteady pressure based
segregated solver with implicit formulation is used. Due to dynamic meshing, first order method
is used. Various dynamic meshing parameters are explained in Table 5.2 to Table 5.5. The
governing equations are formulated assuming two-dimensional, axis-symmetric, turbulent flow
in cylindrical coordinates along with boundary conditions representing a set of non-linear,
coupled differential equations, which are solved iteratively using the finite volume method. The
PRESTO scheme uses the discrete continuity balance for a "staggered" control volume about
the face to compute the "staggered" (i.e., face) pressure (Table 5.6). This procedure is similar
in spirit to the staggered meshes; comparable accuracy is obtained using a similar algorithm.
For unsteady problems, it is an efficient method to solve the momentum equations. Suitable
under-relaxation factors (Table 5.8) for momentum, pressure, and energy have been used to
improve the rate of convergence. Quadrilateral as well as triangular cells are utilized for the
computational domain. For all equations, convergence of the discretized equations have been
achieved when the whole field residual is kept at 107° (Table 5.7). A line-by-line solver based
on TDMA (Tridiagonal matrix algorithm) is used to solve iteratively the algebraic equations
obtained after discretization. Details of the numerical method and solution procedures may be

found in the work of Versteeg and Malalasekera [150] and Patankar [151]. Proper under
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relaxation factors are used for the settlement of the pressure correction equation, momentum

equations and the energy equation.

5.3.3 Spatial discretization

CFD Analysis of Pulse Tube Refrigerator

Table 5.6: Spatial discretization schemes.

Gradient
Pressure
Density
Momentum

Turbulent Kinetic Energy
Turbulent formulation
Transient formulation

Least square Cell Based
Second order, PRESTO
Second order upwind
Second order upwind
First order upwind

First order implicit
First order implicit

5.3.4 Convergence criteria

Table 5.7:

To improve the speed of calculation several under-relaxation factors have been choosen.

Convergence criteria used in simulation.

Energy
k
epsilon

Continuity
X-Velocity
Y-Velocity

le—6
le—6
le—6
le—7
0.001
0.001

Table 5.8: Under relaxation factors.

Pressure
Density
Body Force

Momentum

Turbulent kinetic energy 0.8

0.3
1
1
0.7
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5.4 Mesh independence test

In CFD analysis, the geometry is divided into a number of control volumes. The governing
equations need to be solved in each control volumes. If the number of grids within the solution
domain increases, the accuracy of the results will be more, on the other hand, computational
time will also increases. So it is important to make a comfortable balance between the number
of grids and results. In the solution domain, number of mesh sizes has been varied, and
corresponding results are noted. Finally after a certain number of meshes, there is little change
in output is observed and this mesh size has been selected. Figure 5.6 shows the variation of
cold end temperature with mesh number. The following figure (Fig. 5.6) shows the variation of
cold end temperature with mesh number. Finally, a mesh size of 4950 is found to be good
enough for the present simulation purpose, as there is no change in results. Hence, a grid size

of 4950 has been used in all cases.

Mesh Indepandency Test

90
< 89
® 88
2 87
EEE N.__'_‘
£ 85
= 5a
- ——=Seriesl
£ 83
= 82
35

80

2500 3500 4500 5500 6500
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Figure 5.6: Mesh independence test.

5.5 Validation of present results

To ensure the accuracy of the solution, the present model has been validated with previously
published results. Figure 5.7 shows the comparison of the present results with those of Cha [97]

result.
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Cycle Average Temperature (K)
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Figure 5.7: Validation of present result with published data.

5.6 Results and Discussion

After validating the present results with previously published results, the effect of operating
frequency on the mechanism of cold production has been investigated. It is observed that, with

an increase in frequency, cold end temperature decreases and the rate of cooling is faster (Fig.

5.8).
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Figure 5.8: Effect of operating frequency.
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The plots of various contours obtained from FLUENT are shown in following pages. Since it
is a transient problem, the various parameters such as temperature, pressure, density, etc. at any
location changes with time. Here, all contours are shown at a particular time (Figs. 5.12-5.15).
Temperature near the cold end of the pulse tube is nearer to cold end temperature and near to
the hot end of the pulse tube is hot end temperature. The variation of temperature along the
regenerator and pulse tube is nearly linear due to a temperature gradient (Fig. 5.16). The change
of temperature in pulse tube is the point of interest, as temperature variation is almost like three
segments as in isothermal model by Zhu et al. [52] Since ideal gas equation has been used, it is

important to study the effect of density. The density contour has been shown in the Fig. 5.13.

The variation of density shows nearly a linear trend near the cold heat exchanger. It is
observed that density increses along the axial direction upto a certain value, then it starts
decreasing and approaches to a lower value near the hot heat exchanger (Fig. 5.17). The phase
angle between mass flow rate and pressure is a very critical parameter to improve the
performance of pulse tube refrigerator (Fig. 5.9). In both aftercooler and hot end heat exchanger,
the temperature is assumed to be isothermal, so the temperature variation is nearly linear. On
the other hand, an excellent temperature gradient has been established along the regenerator
and the pulse tube.

In the present analysis, the effect of turbulence has been considered by using turbulent
kinetic energy dissipation equation. It is evident that there is no turbulence in aftercooler,
regenerator, pulse tube, cold heat exchanger and hot heat exchanger. However, turbulence
dissipation rate is more in transfer line and inertance tube. Velocity is nearly zero in pulse tube,
so there is no development in any boundary layer (Fig. 5.14 and Fig. 5.15). The variation of
skin friction coefficient is also presented in Fig. 5.18. The jet effect is shown in the Fig. 5.15
and the effect of variation of pressure with respect to time is illustrated in Fig. 5.10 and 5.11

during the beginning and after steady state achieved respectivly.
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Figure 5.9: Effect of frequency on refrigeration temperature.
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Figure 5.10: Pressure variation in pulse tube at the beginning of simulation.
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Figure 5.11: Pressure variation in pulse tube after quasi steady state.
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Figure 5.12: Static temperature contour in pulse tube.
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Figure 5.13: Density contour for pulse tube.

Figure 5.14: Velocity contour for pulse tube.
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Figure 5.15: Velocity contour for inertance tube.
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Figure 5.16: Static temperature variation along axial direction.
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Figure 5.18: Skin friction coefficient variation along axial direction.
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Conclusions and Suggestion for Future
Work

6.1 Conclusions

In the present work detailed mathematical study of regenerator and pulse tube
refrigerator has been performed. Based on the mathematical models, two software packages
have been developed, namely CRESP-REGEN and CRESP-PTR for regenerator and pulse tube
refrigerator respectively. A detailed parametric study is performed to identify the effect of
various geometrical and operating parameters on cold production. General conclusions that
stemmed from this analysis are presented here, together with a brief recapitulation of some of

the important remarks made earlier. From the parametric investigation, it is conccluded that:

e With increase in pressure ratio at cold end of the regenerator, it is possible to increase
the refrigeration capcity but it is impossible to get a pressure ratio above a particular

value in practical applications due to the limitations in the pressure wave generator.

e With increase in operating frequency, refrigeration power increases due to the
production of inertance effect in the inertance tube.

e With increase in charging pressure, net refrigeration power increases and becomes

maximum at an optimum point, thereafter it starts decreasing.
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e Ineffectiveness of regenerator increases monotonously with increase in charging

pressure.

e Both COP and exergy efficiency increase with increase in charging pressure till the

optimum value, then start decreasing.

e With increase in pressure ratio at the cold end of the regenerator, second law efficiency,
COP, isothermal refrigeration power, gross refrigeration power, net refrigeration power

and inefficiency of regenerator increase.

e With increase in area to mass flow rate ratio at cold end of regenerator, COP and exergy

efficiency increase up to a maximum point and then decrese.

e Refrigeration power and ineffctiveness decrease with increase in area to mass flow rate

ratio at cold end of regenerator.

e With increase in length of regenerator, COP and exergy increase and become maximum

at optimum point, then starts decreasing due to increase in viscous loss.

e With increase in operating frequency, exergy efficiency and COP start increasing and
become maximum at the optimum point and thereafter start to decrease due to the

increase in heat loss.

e Increase in operating frequency increases net refrigeration power due to increase in

inertance effect in the ineratnce tube.

e Optimum phase angle at cold end of regenerator is found to be about —30°. Further

increase in this value decreases COP and second law efficiency.

e With increase in hot end temperature of regenerator, COP, net refrigeration power,

ineffectiveness and exergy efficiency decrease due to increase in regenerator loss.

e With increase in refrigeration temperature, ineffectiveness and regenerator loss starts
decreasing, whereas, net refrigeration power, COP and second law efficiency starts

increasing.
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Second law efficiency of regenerator, COP and net refrigeration power decrease with

increase in thickness of regenerator due to increase in wall conduction.

Both exergy efficiency and COP of regenerator is maximum for a particular range of

values of porosity, it decreses further beyond this range.

Variation of pressure with respect to time is mostly siusoidal in almost all componenets
of pulse tube refrigerator except in the reservoir (here, it is nearly constant and equal to

charging pressure).

With increase in length of ineratnce tube, COP starts growing, and become maximum

at the optimum point, then it starts decreasing.

Amplitude of dynamic pressure decreses mostly in regenerator as compared to other

components.

Pressure ratio decreases consistently along the regenerator and incresaes along pulse
tube.

Amplitude of temperature oscillation is more at the end of pulse tube and hot heat
exchanger, whereas its value is comparatively less in the aftercooler and nearly constant
in buffer.

Variations of solid temperature and fluid temperature at cold end of regenerator is nearly

sinusoidal and amplitude of fluid temperature is greater than solid temperature.

Most of the exergy destruction takes place in the regenerator due to irreversibility and
generation of entropy, whereas, considerable amount of exergy drop occurs along cold

heat exchanger, hot heat exchanger and cold end of pulse tube.

From CFD analysis of inertance type pulse tube refrigerator, it is concluded that with
increase in operating frequency, the cooldown time starts to decrease, also the cooling

temperature is less.

Flow is turbulent inside the transfer line and inertance tube whereas, in all other

componenets the flow is laminar.
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6.2 Suggestion for future work

The proposed formulation to develop the software packaages is capable of simulating a
class of regenerative and recuperative cryocoolers. The suggested procedure may be beneficial
to further develop the software package to include other types of cryocoolers as given below:

e CRESP-REGEN software can be extended by adding temperature dependent properties
of both fluid and solid materials to improve its accuracy compatible with experimental
results. Also, sinusoidal and trapezoidal variations of mass flow rate and pressure

variations can be included for simulations of Stirling-type and GM-type cryocoolers.

e CRESP-PTR software has been validated with a few available computational results.
So there is a need to perform experiments on various types of pulse tube cryocoolers

which may be beneficial to validate the present simulation results.

e The present software can be extended to simulate other types of regenerative and
recuperative cryocoolers (Stirling, GM-type and VM-type etc.) including temperature
dependent thermo-physical properties. The software can also be extended to multistage

pulse tube refrigerator.

e CFD analysis can be performed for other types of pulse tube refrigerators to investigate

the multi-dimensional effects and results may be corroborated with CRESP-PTR.
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APPENDIX-1: Solution Method for Adiabatic Model of Pulse
Tube Refrigerator

All the governing equations are coupled equations of differential equations, linear equations,
and conditional equations. The integral equations have been solved by Numerical integration
methods. Here four™ order RK method has been implemented to solve these equations. The
mass flow rate through the orifice valve, double inlet valve and regenerator are conditional
equations because these equations will be solved based on the values of pressure. Suitable initial
conditions must be assumed to get converged solutions within a small period. In the present
work, the initial pressure is assumed to be mean pressure everywhere. Changes of the pressure
of the compressor, reservoir, pulse tube, change of temperature of pulse tube are functions of

temporal and spatial coordinates. Hence, fourth order Runge-Kutta method has been

R, B, gp_ dT

_pt

dt " dt ' dr ' dt

finish. After completion of one cycle convergence criteria has been checked, if the convergence

implemented to calculate — . This procedure will repeat until one cycle will

criteria satisfied then, iteration terminated else it will again repeat. The detailed has been
explained in the flow chart.

Derivatives
dR,
" f(PyPys Pess Tyt )
dP,
= T (Py P P T )
dPres
e f(Py:Pos Pes: Tt ) (A1)
dT,
dtp = f(Py. Py Peer Ty )
Runge-Kutta first orders coefficients
h.f Py Py Pes Tt )
K pt_ (Pcp'Ppt’Pres’Tt)
: (A2)
K/ =h, f(Pcp,Ppt,Pres,Tt)
K™ =h.f (P, Py P Ty )
Runge-Kutta second order coefficients
Py K, ® K, ™ K= K, ™
K,* =h.f Pcp+?,Ppt+?,Pres+ 12 yTo + ;
Pep Pot Pres Tot
Ky =hf|P, +%, P, +%, P, + K12 T+ Ké (A3)

PCP PP( Pres TPl
K,;= =h.f [Pcp +%, P +%, Pes + K12 T+ K; ]
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2’res 2’pt

K," =h.f (Pcp +—K; P +—2— P,

T t
N Klpres T N K]_ p
2

Runge-Kutta third order coefficients

P

. K™ K™

K,* =h.f| P, +—— ,Ppt+—§ s Pres + P

cp 2

K Pres K Tpt
2

RZD PPl Pres TPI
Ko =hf|P, LS P, NI YL T+ K, (A4)
2 2 2 2
PCP PP‘ Pres Tpl
K= =h.f| P, A P K P+ K, T+ K,
2 2 2
PCP PP‘ Pres TD(
K" =h.f| P, +K—2,Pt+K—2,Pres+ K, T+ K,
P2 2 2 "2
Runge-Kutta fourth order coefficients
Ky =h.f (P + K, Py + KPR + K= T+ K )
Ky =h.f (B, + K, Py + KM B+ KI= T, + K™ )
K= =hf (P, + K, Py + K B + K= T, + K" ) (A.5)
Ky =h.f (P + K, Py + K B + K= T+ K™ )
Numerical integration
PC PC PC PC
KR — K ® +2K,* +2K,* + K,?
6
K™+ 2K + 2K + K,?
Kpp[ — 1 2 6 3 4 (A6)
PI'ES PTES PTES Pres
KPe — K™ +2K;= +2K;™= + K,
6
T T T T
KTn — K™ +2K," +2K," + K"
6
Integrated new values
t" =t'+h
1+1 I R
Pyt =Py +K™
Pit =Pl + K™ A7
pt "~ " opt (A7)

P|+1 — Pl + K Pres

res res

.
T =T, +K™
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Appendix-1

Enter Input variables, Constants, geometrical
parameters, operating parameters, Constants, Solid
properties, Fluid properties

7\

Set Initial compressor volume and initial pressure, initial
temperature in all components

Q

v
t=0
}?)r >E‘es
Y
N
m, from Eq. (4.38) i, from Eq. (4.39)
z!
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m, from Eq. (4.40)

m,, from

Eq. (4.41)

mpp, from Eq.( 4.37)

mhy,, from Eq.( 4.35)

mep,from Eq. (4.33)

m.,.4 from Eq.(4.29)

|

m, from Eq. (4.27)

P, from Eq.(4.26)

P, from Eq. (4.34)

P..s from Eq. (4.42)

(&
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y
T,; from Eq. (4.36)

Period

t=t+h

complete

Q
T

Steady

Update guess values

number

state
achieved

Compute Ideal refrigeration power

Loss analysis and compute net refrigeration
power

Display results

Figure A-1.1: Flow diagram for adiabatic model.
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Enter input parameters (choose from
component library, operating parameters
and mathematical parameters)

v

Discretization and Initialization

Appendix-11

APPENDIX-I1: Flow Chart of Numerical Model of Pulse
Tube Refrigerator

[\ 4

Solve momentum equation to determine
mass flow rate (PDMA)

N2
v

Calculate pressure explicitly from mass
flow rate

\Z

Solve Energy equation of Fluid to
determine Fluid Temperature (PDMA)

\

Solve Energy equation of Solid to
determine Solid Temperature (TDMA)

Solution

converged

Cyclic steady

state
achieved

Print outpvut Results
and Display Graphs

Stop

Figure A-11.1: Flow chart of numerical model.
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