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a b s t r a c t

The development of a two-stage Pulse Tube Cryocooler (PTC) which produces a no-load temperature of
�3 K and delivers a refrigeration power of �250 mW at 5 K is reported in this work. The system uses
stainless steel meshes along with lead (Pb) granules and combinations of Pb, Er3Ni and HoCu2 in layered
structures as the first and second stage regenerator materials respectively. With Helium as a working
fluid, the pressure oscillations are generated using a 6 kW water-cooled Helium compressor along with
an indigenous rotary valve. Different configurations of pulse tube systems have been experimentally
studied, by both varying the dimensions of pulse tubes and regenerators as well as the second stage
regenerator material composition. The pulse tube Cryocooler has been numerically analyzed by using
both the isothermal model and the model based on solving the energy equations. The predicted refriger-
ation powers as well as the temperature profiles have been compared with the experimental results for
specific pulse tube configurations.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In the recent years, for several applications such as cooling of
sensors, superconducting magnets, cryopumping etc, there are
worldwide efforts to replace cooling with liquid helium by cooling
with closed cycle cryocoolers. This is because of both the shortage
of liquid helium supply and the availability of efficient, highly reli-
able cryocoolers as on date, and due to the significant develop-
ments in cryocoolers such as Gifford McMahon (GM), Stirling and
Pulse tube, etc. over the last few decades. Of these, Pulse tube Cryo-
coolers (PTC) offer specific advantages such as lower vibration lev-
els, higher reliability for long term performance by the absence of
moving parts at cryogenic temperatures.

Since the discovery of basic PTC by Gifford and Longsworth [1],
essential improvements of this cooler have been achieved by the
addition of a buffer volume and an orifice to produce the phase
shift between mass flow rate and pressure of the working fluid
(known as orifice PTC) [2,3]. A further significant improvement re-
sulted by the addition of a second orifice in between the Pulse tube
warm end and the main gas inlet [4] (called double inlet PTC). This
second inlet reduces the mass flow through the regenerator and
acts as an additional phase shifter resulting in the lowest no load
temperature of single stage system near 30 K [5].
ll rights reserved.
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Achieving temperatures in the liquid helium range called for a
staging design. Further, rare earth compounds such as Er3Ni,
HoCu2, which exhibit increased specific heats (due to magnetic
phase transitions) at temperatures around 10 K are used as regen-
erator materials in the second stage, to match the specific heat of
helium gas at these temperatures [6]. The volumetric specific heats
of some of the commonly used regenerator materials along with
that of helium are given in reference [7]. A temperature of 3.6 K
was obtained by Matsubara and Gao [8] with a three-stage system,
while with a liquid nitrogen pre-cooled two-stage system, a tem-
perature of 2.07 K was obtained by Thummes et al [9]. Wang
et al [10] could achieve a lowest temperature of 2.23 K in a two
stage PTC along with a refrigeration power of �370 mW at 4.2 K
using a three layer regenerator filled with ErNi.9Co.1, ErNi and Pb.

Since then, research has been continued in this field [11–14]
and with the developments over the years, now commercial PTCs
are available [15,16] for various applications. In spite of this, the
research works in this field are quite active to understand the
fundamental cooling mechanisms in PTCs to achieve further
technological breakthroughs.

This paper discusses the design and development of a two stage
pulse tube Cryocooler, which produces a no-load temperature of
� 3 K and provides a refrigeration power of 250 mW at 5 K.
Experimental studies of different pulse tube configurations have
been conducted by varying the dimensions of the pulse tubes
and regenerators to arrive at the best one, which leads to the
lowest temperature. Using this configuration, experimental studies
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Nomenclature

A area (m2)
A0 area of orifice (m2)
Aouter

CX2 outer surface area of second stage cold end (m2)
Am cross section area of the medium (m2)
Aflow area of flow (m2)
AHT heat transfer area (m2)
Cp specific heat of gas at constant pressure (J/(kg K))
Cr heat capacity ratio (dimensionless)
Cw volumetric specific heat of regenerator materials (J/(m3

K))
dRG diameter of the regenerator (m)
dh equivalent or hydraulic diameter (m)
ds average diameter of spherical particle in matrix (m)
dT/dx temperature gradient along the length dx (K/m)
ec emissivity of the cold surface (dimensionless)
eh emissivity of the hot surface (dimensionless)
es emissivity of the radiation shields (dimensionless)
f friction factor (dimensionless)
F view factor (dimensionless)
G mass flow rate per unit area (kg/(s m2))
h specific enthalpy (J/kg)
_hRG enthalpy flow rate through regenerator (W)
_hPT enthalpy flow rate through pulse tube (W)
IRG regenerator ineffectiveness (dimensionless)
eRG regenerator effectiveness (dimensionless)
k thermal conductivity of gas (W/(m K))
km thermal conductivity of the medium (W/(m K))
lRG length of the regenerator (m)
M, m mass (kg)
mw mass of regenerator materials (kg)
_m mass flow rate (kg/s)
_mc mass flow rate at the cold end (kg/s)
_mRG mass flow rate through the regenerator (kg/s)
_mo mass flow rate through the orifice or double inlet valve

(kg/s)
NTU number of heat transfer units
Ns number of radiation shields (dimensionless)
P pressure (Pa)
Pavg average pressure (Pa)
Pl pressure at the left end (Pa)
Pr pressure at the right end (Pa)
DP pressure drop (Pa)
Pr Prandtl Number (dimensionless)
PR pressure ratio (dimensionless)
Qa actual theoretical refrigeration power (W)
Qexp experimentally measured refrigeration power (W)
Qi ideal theoretical refrigeration power (W)
QAC refrigeration loss due to axial conduction (W)
Qloss refrigeration loss due to a given mechanism (W)
QRG refrigeration loss due to regenerator ineffectiveness (W)
Qpd refrigeration loss due to pressure drop in regenerator

(W)

Qrad refrigeration loss due to radiation from ambient (W)
R gas constant per unit mass (kJ/kg K)
Re Reynolds Number (dimensionless)
T temperature (K)
T0 ambient temperature (K)
Th, Tc hot and cold boundary temperatures (K)
TR1 average temperature of 1st stage regenerator (K)
TR2 average temperature of 2nd stage regenerator (K)
TCX1 cold end temperature of 1st stage (K)
TCX2 cold end temperature of 2nd stage (K)
Ti temperature of the ith element (K)
Twi temperature of the wall at ith element (K)
t time (s)
Dt time interval (s)
u specific internal energy (J/kg)
v flow velocity (m/s)
V volume (m3)
VI1,VI2 volumes of section I of the 1st, 2nd stage Pulse tubes (m3)
VII1,VII2 volumes of section II of the 1st, 2nd stage Pulse tubes

(m3)
VIII1,VIII2 volumes of section III of the 1st, 2nd stage Pulse tubes

(m3)
VCX1 volume of the first stage cold end heat exchanger (m3)
VCX2 volume of the second stage cold end heat exchanger

(m3)
VCR volume of Compressor cylinder (m3)
VPT volume of the pulse tube (m3)
VRX volume of the ambient heat exchanger above 1st stage

Regenerator (m3)
VR1 volume of the first stage regenerator (m3)
VR2 volume of the second stage regenerator (m3)

Greek letters
a heat transfer coefficient (W/(m2 K))
r Stefan–Boltzmann constant (r = 5.67 � 10�8 W/

(m2 K4))
m specific volume (m3/kg)
c ratio of specific heats (c = Cp/Cv) (dimensionless)
g viscosity (Pa s)
s time period of pressure oscillation (s)
u porosity (dimensionless)
C, C* temperature Distributions

Subscripts
h hot end
c cold end
a ambient
RG regenerator
PT pulse tube
i, j, n space element, space element boundary, and time ele-

ment indices
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have also been conducted by varying the composition of the
second stage regenerator materials. Although the current refriger-
ation powers of the developed pulse tube cryocooler is lower than
that of commercial pulse tube cryocoolers, the detailed experimen-
tal studies on different configurations on two stage PTCs will pro-
vide valuable technical information towards their design.

Theoretical understanding of the fundamental cooling mecha-
nisms in PTCs has been attempted by several authors by using differ-
ent models [17–23]. Of these, we have adopted two models for our
analysis. The first is the isothermal model developed by Zhu and
Chen [19], which assumes the working fluid to be an ideal gas. The
second model is that developed by Wang [20,22] which solves the
energy equation of the working fluid (Helium) in the pulse tube /
regenerator system after taking into account its real gas properties.
The theoretical predictions of these numerical models are compared
with the experimental results for specific pulse tube configurations.
2. Experimental setup and details

Fig. 1 shows the schematic of the two-stage PTC. In this config-
uration, the cold end of the first stage regenerator forms the warm
end of the second stage regenerator. The pulse tubes of both the
stages are mounted separately at their warm ends on the base



Fig. 1. Schematic of the two stage Pulse tube Cryocooler, HX – Heat exchanger at
the Pulse tube hot end, CX – Heat exchanger at the Pulse tube cold end, RX – Heat
exchanger at the regenerator hot end, DI – Double-inlet valve, OR – Orifice valve,
RV – Rotary valve, B – Buffer volume, CR – Compressor, PP – Evacuation port, VJ –
Vacuum jacket, PT – Pulse tube, R – Regenerator. Numbers ‘1’ and ‘2’ in the
schematic correspond to the respective components at 1st stage and the 2nd stage
in the system.

Fig. 2. Photograph of the two-stage Pulse tube system.
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stainless steel flange. The pulse tube and regenerator housings are
made of thin walled stainless steel tubes (wall thickness �0.5 mm)
and end in flanged construction. Different configurations of the
PTCs have been built by varying dimensions of pulse tubes and
the regenerators and these details are presented in the later part
of this paper.

The first stage regenerator is fabricated in most cases with
stainless steel meshes (mesh size = 200) along with Pb (average
grain size �250 lm) to about 15% by volume towards the cold
end. However, for some specific experiments, this regenerator is
fabricated entirely with stainless steel meshes. On the other hand,
combinations of Pb, Er3Ni and HoCu2 (average grain size �250 lm)
from warm end to cold end in layered structures with different vol-
ume percentage ratios have been used as the second stage regen-
erator materials. The system uses buffer volumes of 1 litre and
0.5 litre for the first and second stages respectively. These are con-
nected to the hot ends of pulse tubes of corresponding stages
through the respective orifice valves as shown in Fig. 1. Needle
valves (Swagelok, M-series) are used as orifice (OR) and anti-
parallelly arranged double inlet (DI) valves to create the necessary
phase shifts. All the room temperature seals are made with neo-
prene o-rings, while the low temperature seals are made with
indium.

The heat exchangers at the warm and cold ends are fabricated
from electrolytic grade copper. Both slit type and hole type heat
exchangers have been experimented in our studies and it is ob-
served that the former types performed better than the latter. Heat
dissipation at the warm end heat exchangers to ambient is accom-
plished by convective cooling by the finned structures at their out-
er surfaces. The temperatures of the first stage cold end and at
different locations on the pulse tubes and regenerators are mea-
sured using platinum resistance thermometers (PT500). The tem-
perature of the second stage cold end is measured by pre-
calibrated silicon diode sensors (Lakeshore, model DT470 and Sci-
entific Instruments, model SI410).

Fig. 2 shows the photograph of instrumented cold end of the
two-stage PTC. The second stage cold end is initially wrapped with
a few layers of superinsulation (Aluminized Mylar+Nylon net spac-
ers) and enclosed within the radiation shield (made of Aluminum)
clamped to the first stage. Subsequently, this radiation shield, the
first stage pulse tube and the regenerator are insulated with �10
layers of superinsulation and mounted within a stainless steel
jacket and evacuated by a vacuum pumping system to pressures
<10�3 mbar, before the start of cooldown.

A 6kW water-cooled helium compressor (Leybold, model Cool-
pak 6000) serves as the pressure source. This is used with an indig-
enous rotary valve to generate the pressure oscillations. The
frequency of the pressure waveform can be varied by using an in-
verter drive (Integrated systems, model INVAC). The pressure
waveform at the inlet of the first stage regenerator and the warm
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ends of the first and second stage pulse tubes are monitored by
pressure transducers (Siemens, model KPY47). Data acquisition of
the various parameters such as temperatures and pressures are
carried out using a LabVIEW based program along with IEEE inter-
face and a system controller.

3. Experimental results

3.1. Pressure waveforms

The typical pressure waveforms at the inlet of the first stage
regenerator and at the warm ends of the first and second stage
Pulse tubes at the operating frequency of 1.6 Hz are shown in
Fig. 3. The shape of these waveforms lies in between sinusoidal
and trapezoidal forms. This experimentally measured pressure
waveforms are used as the input data in the theoretical analysis
of numerical models to be discussed later.

3.2. Cool down behavior

Table 1 shows the details of the several pulse tube configura-
tions experimentally studied along with the lowest temperature
achieved in their first and second stages. The cool down behaviour
of the first and second stage cold ends of PTC for the best configu-
ration (i.e. the one with the lowest temperature and No.7 in Table
1) is shown in Fig. 4. Typically, �180 min is required for the second
stage cold end to reach below 4 K.

3.3. Refrigeration power characteristics

The refrigeration power characteristics of pulse tube cryocool-
ers are measured by applying electrical power to a Manganin hea-
ter (of resistance �30 ohms) wound on the cold end heat
exchanger and measuring the steady temperatures reached. The
refrigeration power characteristics of the second stage of the PTC
configurations 1 to 7 are shown in Fig. 5. The configuration 7 which
has the lowest no-load temperature of �3 K gives a refrigeration
power of �250 mW at 5 K. However, the performance of this con-
figuration is poor at heat loads greater than 2 W, when compared
to those of 2, 3 and 4. The latter configurations provide a refriger-
ation power of nearly 5 W around 27 K.
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Fig. 3. Pressure waveforms at the inlet of the first stage regenerator and warm ends
of the first and second stage pulse tubes.
The measured refrigeration powers of our pulse tube systems
are quite comparable with those reported in the literature on
nearly similar pulse tube configurations, with lead as the second
stage regenerator material. Such a comparison is also shown in
Fig. 5. Wang et al [24] report a minimum temperature of 11.5 K
and a refrigeration power of �1.3 W at 20 K. On the other hand,
Wild et al [25] report a minimum temperature of 11 K and a refrig-
eration power of �2 W at 18 K.

3.4. Effect of dimensions of pulse tube and regenerators on the cold end
temperatures

In our experimental studies, the materials and the methods
used for the fabrication of pulse tubes and regenerators of dif-
ferent dimensions are kept same. Since the design of the cold
end and warm end heat exchangers for different configurations
and other components which are mounted at ambient are
identical, this enables the comparison of different PTC configu-
rations to obtain qualitative understanding of the effect of
dimensional changes on the cold end temperatures. The follow-
ing are some of the observations from our experimental
studies.

(a) First stage pulse tube. The effect of first stage pulse tube
length on its cold end temperature appears to be signifi-
cant. This can be seen by comparing the configurations 4
and 5. Increasing the pulse tube length by 70 mm leads
to a decrease in the first stage temperature from 73.8 K to
59.9 K. Comparison of the configurations 1 and 2 shows
that the diameter of the first stage pulse tube also has a sig-
nificant effect on its cold end temperature. A change in the
pulse tube diameter from 14 mm to 19 mm has led to the
decrease of first stage cold end temperature from 118.4 K
to 86.3 K.

(b) First stage regenerator. The effect of the first stage regenera-
tor length on its cold end temperature appears to be less.
This can be seen by comparing the configurations 11 and
12. Although the length of the regenerator is increased by
37 mm the first stage cold end temperature drops only by
4.4 K. Comparison of configurations 12 and 15 shows that
the effect of diameter of the first stage regenerator is less
on its cold end temperature. A change in the regenerator
diameter from 25 mm to 19 mm leads to an increase of
the first stage temperature by 4 K.

(c) Second stage pulse tube. The effect of second stage pulse tube
length on its cold end temperature is significant, which can
be seen by comparing the configurations 11 and 13.
Decrease in the pulse tube length from 390 mm to 350
mm leads to a decrease in the second stage cold end temper-
ature from 6.5 K to 4.5 K. Similarly, the comparison of the
configurations 9 and 10 shows that the diameter of the sec-
ond stage pulse tube has a significant effect on its cold end
temperature. Decrease of the second stage pulse tube diam-
eter from 14 mm to 10 mm causes an increase in the second
stage cold end temperature from 24.4 K to 59.5 K.

(d) Second stage regenerator. The effect of second stage regener-
ator length on its cold end temperature appears to be less. A
comparison of the configurations 12 and 14 shows that
increasing the regenerator length by 40 mm leads to a mar-
ginal increase of the cold end temperature from 4.5 K to 4.7
K. Similarly a comparison of the configurations 1 and 8
shows that the diameter of the second stage regenerator
has less effect on its cold end temperature. A change in the
regenerator diameter from 19 mm to 25 mm leads to an
increase in the second stage cold end temperature from
13.5 K to 14 K.



Table 1
Details of experimental pulse tube configurations

Sl No 1st stage 2nd stage Regenerator materials No load temperature (K)

PT Reg PT Reg

D L D L D L D L 1st stage 2nd stage 1st stage 2nd stage

1 14 200 25 163 14 350 19 190 SS + Lead (85% + 15%) Lead + SS (85% + 15%) 118.4 13.5
2 19 200 25 163 14 350 19 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31% + 57% + 12%) 86.3 7.8
3 19 200 38 140 14 350 19 190 SS (100%) Er3Ni + Lead + SS (31% + 57% + 12%) 80.0 7.2
4 19 200 25 200 14 390 19 190 SS + Lead (85% + 15%) Er3Ni + SS (85% + 15%) 73.8 5.1
5 19 270 25 200 14 390 19 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31.5% + 57% + 11.5%) 59.9 3.5
6 19 270 25 200 14 390 19 190 SS + Lead (85% + 15%) HoCu2 + Lead + SS (30% + 40% + 30%) 65.0 3.3
7 19 270 25 200 14 390 19 190 SS + Lead (85% + 15%) HoCu2 + Er3Ni + Lead + SS (27% + 27% + 27% + 19%) 66.7 3.0
8 14 200 25 163 14 350 25 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (37% + 27% + 36%) 118.7 14.0
9 25 150 38 140 14 350 19 190 SS (100%) Er3Ni + Lead + SS (31% + 57% + 12%) 176.5 24.4
10 25 150 38 140 10 350 19 190 SS (100%) Er3Ni + Lead + SS (31% + 57% + 12%) 188.9 59.5
11 19 270 25 163 14 390 19 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31% + 57% + 12%) 76.4 6.5
12 19 270 25 200 14 390 19 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31% + 57% + 12%) 72.0 4.5
13 19 270 25 163 14 350 19 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31% + 57% + 12%) 77.0 4.5
14 19 270 25 200 14 390 19 230 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31% + 57% + 12%) 70.0 4.7
15 19 270 19 200 14 390 19 190 SS + Lead (85% + 15%) Er3Ni + Lead + SS (31% + 57% + 12%) 76.0 4.6

PT – Pulse tube, Reg – Regenerator, D – Diameter, L – Length, SS – Stainless Steel meshes (size 200). All dimensions are in mm.
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From the above observations it can be inferred that the changes
in dimensions of the pulse tubes have significant effect on their
cold end temperatures compared to the changes in those of the
regenerators.

3.5. Effect of regenerator materials on the second stage cold end
temperature

Experimental studies clearly indicate the need for magnetic
materials such as Er3Ni, HoCu2 for second stage regenerator to
achieve temperatures below 10 K. As can be seen from Table 1,
the temperature of � 3 K is obtained for configuration 7 with
regenerator materials Er3Ni, HoCu2, Pb and Stainless steel meshes
in the volume percentage ratio 27:27:27:19. Also detailed experi-
ments were conducted by varying the volume percentage ratios
of Er3Ni to Pb and HoCu2 to Pb, while keeping the dimensions of
the PTC system same as that of configuration 7.

Fig. 6 plots the second stage cold end temperature as a function
of the percentage ratio of HoCu2 to Pb for different refrigeration
powers. It is obvious that even using 20% HoCu2 vs Pb leads to sig-
nificant lowering of cold end temperature. For lower refrigeration
powers, increasing the percentage of HoCu2 vs Pb does not signif-
icantly decrease cold end temperature further. But for higher
refrigeration powers, the cold end temperature oscillates with
increasing percentage of HoCu2 vs Pb. Experiments indicate that
the optimum ratio of HoCu2 to Pb should be of the order of 2:3.

Similar results are shown in Fig. 6 for the combination of Er3Ni
and Pb. It is seen that the use of Er3Ni along with Pb leads to a de-
crease in the cold end temperature. However, this effect is not so
significant as in the case of HoCu2 with Pb. The optimum ratio of
Er3Ni to Pb should be of the order of 3:2. Further increase in this
ratio leads to only poor performance at all refrigeration powers.

4. Modeling of the pulse tube system

The theoretical analysis of the pulse tube system has been car-
ried out using two independent models. The first one is the isother-
mal model in one dimension, which assumes ideal gas properties
of the working fluid. This model originally developed by Zhu
et al. [19] for a single stage PTC, has been extended to two-stage
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PTCs. The second is the model developed by Wang [20,22], which is
also in one dimension, solves the energy equation by finite differ-
ence techniques, but takes care of the real gas properties of the
working fluid. They are briefly described below.

4.1. The isothermal model

In this model developed by Zhu et al [19] for single stage PTCs,
the gas in the pulse tube is divided into three parts as shown in
Fig. 1. It is assumed that the gas in Sections 1 and 3 undergo iso-
thermal processes, while that in Section 2 undergoes an adiabatic
process during the application of the pressure waveform. By
extending the equations developed by Zhu et al for the two-stage
PTC, the total mass M from the compressor upto volume III in both
the stages is given by the following equation.

P
VCR

RTo
þ VRX

RTo
þ VR1

RTR1
þ VCX1

RTCX1
þ V III1

RTCX1
þ VR2

RTR2
þ VCX2

RTCX2
þ V III2

RTCX2

� �
¼ M ð1Þ
In our analysis, the volume variation of VCR is obtained by matching
the experimentally measured pressure waveform at the inlet of the
first stage regenerator. The average temperatures of the regenera-
tors TR1 and TR2 are chosen as the logarithmic mean values of their
end temperatures due to the nonlinear temperature profiles across
them. An iterative procedure is used to obtain consistent values for
the total mass M, for given values of VIII1 and VIII2.

Since both the stages are similar, the equations relating to the
mass flow rates through their orifice and double inlet valves are
also similar. Hence in the following equations, the subscripts 1
and 2 which refer to the respective stages have been omitted.
The mass flow rate through the orifice or the double inlet valve
is given by,

_mo ¼Ao

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2c
ðc� 1Þ

Pl

v
Pr

Pl

� �2
c

� Pr

Pl

� �cþ1
c

 ! !vuut when Pl > Pr ð2aÞ

_mo ¼� Ao

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2c
ðc� 1Þ

Pr

v
Pl

Pr

� �2
c

� Pl

Pr

� �cþ1
c

 ! !vuut when Pl < Pr ð2bÞ

Here, Pl and Pr represent the pressure on the left and right ends of
the valve. If the mass flow rate from left to right is taken as positive,
the mass flow rate from right to left will be negative and hence the
negative sign in the Eq. (2b). In general, it is assumed that the mass
flow rate is positive when the gas flows from the compressor into
the pulse tube through the regenerator. The gas flow through the
double inlet valve is caused by the pressure drop across the regen-
erators and hence the experimentally measured pressure wave-
forms at the inlet of the first stage regenerator and the outlet of
the first and second stage pulse tubes are used as input data in
the calculations.

The orifice area Ao is determined using the data sheets from the
manufacturer on the valve dimensions and the relation between
the flow coefficient and the number of turns of orifice opening.
For the Swagelok M series type metering valves used in our exper-
imental setup, the orifice area is 1.58 mm2 when the valve is fully
open.

Following the procedures outlined by Zhu et al [19], with the
boundary condition that VPT = VI + VII + VIII, convergent values of
VI, VII and VIII for the respective stages are obtained. The gas in
the volume VIII2 moves in and out of the cold end heat exchanger
of the second stage of the Pulse tube and hence the refrigeration
power of this stage is given by,

Qi ¼
1
s

Z s

0
PdV III ð3Þ

Since the variations of both P and VIII2 with time are known, Qi can
be calculated. This corresponds to the ideal refrigeration power
without any losses. When the losses of refrigeration power by var-
ious mechanisms are subtracted from Qi, one obtains Qa, which re-
fers to the actual refrigeration power, estimated theoretically. A
comparison of Qa with the experimentally measured refrigeration
power Qexp is presented in a later section.

4.2. The energy equation model

This one dimensional numerical model is that developed by
Wang [20], and assumes (a) real gas properties of the working
fluid, helium, (b) constant temperatures of cold and warm end heat
exchangers, (c) no axial conduction. The governing equations along
with the solving methodology are described in reference [22].
However, for the sake of continuity in reading, they are briefly de-
scribed below.

Since our focus is on the second stage pulse tube and its regen-
erator, only these components are chosen for our analysis as
shown in Fig. 7. Thus, the left boundary is the first stage cold



Fig. 7. Discretization of Pulse tube / regenerator for energy equation model. Here
‘HX’ represents heat exchanger, ‘OR’ represents the orifice and ‘DI’ represents
Double Inlet, ‘i’ represents the elemental control volume, and ‘j’ represents its left
boundary.
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end, while the right boundary is the warm end of the second stage
pulse tube. The pulse tube and the regenerator are divided into a
number of discrete volume elements as shown in the Fig. 7. Here,
i represents the element and j represents its left boundary. The dis-
cretized form of energy equation for the pulse tube / regenerator is
given by,

ðmh� PVÞi � ðmh� PVÞn�1
i

Dt
þ ð _mhÞjþ1 � ð _mhÞj þ aAiðTi � TwiÞ

þ P
Vi � Vn�1

i

Dt
¼ 0

The discretized form of energy equation for regenerator materials is
given by,

mwi
ðCwiTwi � Cn�1

wi Tn�1
wi Þ

Dt
¼ aAiðTi � TwiÞ ð5Þ

Similarly, the discretized form of continuity equation is given by,

mi �mn�1
i

Dt
¼ _mjþ1 � _mj ð6Þ

The superscript (n � 1) refers to the variables at the (n � 1)th time
interval and those without the superscript refer to those at nth time
interval. The mass flow rates of the elements are obtained by using
the continuity equation. The mass flow rate through the right
boundary of the total system is that through the orifice and double
inlet valves and is given by Eqs. (2a) and (2b). The real gas proper-
ties such as h and u are obtained using NIST12 helium database.

The second order upwind difference method is applied to the
convection terms in Eq. (4). The above equations are solved by
using Tri-Diagonal Matrix Algorithm (TDMA) method, with the
assumption of an initial temperature distribution C in the pulse
tube and the regenerator system along with end boundary condi-
tions. The actual pressure waveform serves as an input in the cal-
culations. A new temperature profile C* (i.e. temperatures at all
nodal points) is obtained as a solution of the above equations. This
serves as the initial temperature distribution C for the next itera-
tion. These iterations are performed until the difference between
C and C* becomes negligible.

The temperature Tn
i for the element i at the time step n is ob-

tained from that at time (n � 1), using the relation
Tn
i ¼ Tn�1

i ðPn=Pn�1Þðc�1Þ=c ð7Þ

Subsequently, the above calculations are continued for the next
time step. The procedure is continued till the cycle is completed
and convergence is obtained.

The refrigeration power of the pulse tube Cryocooler is the dif-
ference between the enthalpy flow rate through the pulse tube and
that through the regenerator. For a perfect regenerator, this enthal-
py flow rate is zero. Hence, this model already accounts for the
losses through the regenerator in the calculation of the refrigera-
tion power. The calculated refrigeration powers using the above
equation are compared with the actual experimental data in a later
section.

4.3. Refrigeration power losses

The losses of refrigeration power [26–29] result by several
mechanisms such as (a) Axial conduction, (b) Regenerator ineffec-
tiveness, (c) Pressure drop in the regenerator, (d) Radiation to Pulse
tube Cold end from ambient, (e) Gas conduction in the vacuum
jacket etc. Of these, the loss due to gas conduction is quite small,
because of cryopumping effects at very low temperatures and
can be neglected. Hence, in our analysis, only the other losses have
been evaluated and taken into account. They are described briefly
below.

4.3.1. Axial conduction
The heat transfer by axial conduction is an important mecha-

nism for the loss of refrigeration power. In a pulse tube, the axial
heat conduction takes place through its walls and helium gas,
while in a regenerator, this occurs through the wall, helium gas
in the void volume and the matrix material filled within. Ju [27]
has shown that the sinusoidal oscillations of gas flow at high pres-
sure in the pulse tube and regenerator lead to enhanced heat con-
duction at a rate an order of magnitude greater than the pure gas
conduction. Thus the effective heat conduction losses due to
helium gas, solid wall and regenerator matrix may be of the same
order of magnitude.

The conduction heat flow QAC across a small section of length dx
in a medium is given by

QAC ¼ kmAmðdT=dxÞ ð8Þ

Here, km refers to the thermal conductivity of specific medium, Am

is the cross section area of the medium and dT/dx is the temperature
gradient across the length, dx. Knowing the experimental parame-
ters of a given medium, the above equation is integrated to obtain
the total axial conduction heat flow through the medium, incorpo-
rating the thermal conductivity integrals over the appropriate tem-
perature range.

4.3.2. Regenerator ineffectiveness
The function of a regenerator is to cool the incoming gas to the

refrigeration temperature by periodically transferring heat from
the incoming gas to the exhausting gas through an intermediate
heat exchange with the regenerator matrix. Due to the non-ideal
nature, in reality, the regenerator is not 100% efficient and so, the
incoming gas is not cooled to the refrigeration temperature but
to a temperature slightly above it and thus a loss is introduced.
The loss due to ineffectiveness of the regenerator is given as [29],

QRG ¼ _mRGCPIRGðTh � TcÞ ð9Þ

In the above equation, Th and Tc are the temperatures of the hot and
cold boundaries of the regenerator. Here IRG refers to the regenera-
tor inefficiency. The NTU method has been applied to evaluate the
regenerator efficiencies down to 20 K, when the heat capacity ratio
Cr ¼ ðmwCw=ð _mCpsÞÞ is greater than 100 (i.e. the matrix tempera-



Table 2
Refrigeration losses by different mechanisms

Sl. No Loss due to QLoss(W)

Configuration 7 Configuration 1

1. Axial heat conduction total 0.2263 0.6727
(a) by working fluid, Helium gas 0.096 0.107
(b) by walls of Pulse tube and Regenerator (2nd Stage) 0.082 0.1492
(c) by regenerator Matrix Materials (2nd Stage) 0.0483 0.4165

2. 2nd Stage regenerator Inefficiency 6.293 7.023
3. Pressure drop in 2nd stage regenerator

(a) Theoretical 1.026 (DPth = 0.82 � 105Pa) 1.105 (DPth = 0.75 � 105Pa)
(b) Experimental 0.6009a (DPexp = 0.48 � 105Pa) 0.6777a (D Pexp = 0.46 � 105Pa)

4. Radiation to 2nd stage cold end from ambient 0.0548 0.042
Total loss of refrigeration power 7.175a 8.415a

a Refrigeration loss calculated with the experimental pressure drop.
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ture swing is very small) [29]. Although, this method may not di-
rectly be applicable to a 4 K regenerator, still it may be able to pro-
vide a reasonable estimate of the regenerator inefficiency and hence
we have applied this for further calculation.

An expression for the regenerator efficiency based on NTU
method is given by Kush et al [29] and is given below. The regen-
erator effectiveness, eRG = NTU/(NTU + 1), and eRG = (1 � IRG). NTU is
given by NTU ¼ ðaAHT= _mRGCpÞ, where a refers to the heat transfer
coefficient, AHT is the heat transfer area, _mRG is the mass flow rate
through the regenerator and Cp is the specific heat of the gas. The
heat transfer coefficient a may be given by several expressions
[29], of which we have chosen the one used by Wang [22] and Ju
et al. [30]. Thus, a can be written as,

a ¼ 0:023ðk=dhÞRe0:8Pr0:4 ð10Þ

In the above equation, the Reynolds number Re = (qvdh/g) and the
Prandtl number Pr = (Cpg/k). The hydraulic diameter dh is given as
dh = (4lRGAflow/AHT). The flow area Aflow ¼ uðpd2

RG=4Þ and the heat
transfer area AHT = 6(1 � u)VRG/dRG and u is the porosity [29]. The
mass flow rate in the expression for NTU was chosen as the cold
end mass flow rate _mc through the regenerator.

4.3.3. Pressure drop in regenerator
One of the important refrigeration loss mechanisms in a cryoco-

oler is that due to the pressure drop across the regenerators. The
refrigeration loss Qpd due to pressure drop is given by Thiru-
maleshwar et al. [28] as,

Q pd ¼ ðDP=PavgÞ½ðPRþ 1Þ=ðPR� 1Þ�Q i ð11Þ

Here, DP is the average pressure drop across the regenerator and
Pavg is the average pressure in the system, PR is the pressure ratio.
For a randomly stacked spherical particle matrix, the friction factor
f and DP are given by [29],

f ¼ ½ð1�uÞ=u�½570ð1�u2Þ=ðuReÞ þ 3:5� ð12Þ

and

DP ¼ f ðlRG=dsÞðG2=2qÞ ð13Þ

Here, ds represents the average diameter of the spherical particle in
the regenerator matrix and G is the mass flow rate per unit area
and is given by G ¼ ð _mc=AflowÞ. Thus one can obtain DP and hence
Qpd.

Alternately, if one assumes that there is no pressure drop
across the pulse tube, then the pressure drop across the regener-
ator can be calculated from the pressure waveforms monitored at
the warm end of the first stage regenerator and the warm ends of
the first and second stage pulse tubes. Both the methods have
been adapted to obtain the refrigeration losses due to pressure
drop.
4.3.4. Radiation heat transfer
The refrigeration loss due to radiation occurs because of the

heat exchange between the walls of the vacuum enclosure at ambi-
ent and the cold end of the PTC. This radiation heat transfer is given
by,

Qrad ¼
rFAouter

CX2 ðT
4
o � T4

CX2Þ
ð1=ec þ 1=eh þ 2=es � 2Þ þ ðNS � 1Þð2=esÞ

ð14Þ

Here r refers to the Stefan - Boltzmann constant, NS represents the
number of insulation layers, es, ec and eh denote the emissivities of
the superinsulation, cold and hot surfaces respectively. Aouter

CX2 is the
outer surface area of the second stage cold end heat exchanger.
The view factor F is 1, when the cold surface is fully surrounded
by the warm surface. In general, the refrigeration loss due to radia-
tion is much smaller compared to the other losses.

The refrigeration power losses due to the different mechanisms
discussed above have been presented in Table 2 for two specific
configurations 7 and 1 under no-load conditions (i.e. the second
stage cold end is at the lowest temperature). The regenerator inef-
fectiveness accounts for more than 80% of the total loss of refriger-
ation power. The axial conduction and the pressure drop contribute
to the refrigeration losses, but to a smaller extent. The pressure
drops in the pulse tube coolers are arrived at, both from the exper-
imental pressure wave forms as well as by using the Eqs. (12) and
(13). It is observed that they are of the same order of magnitude.
The refrigeration loss due to radiation heat transfer is found to be
the least. The above refrigeration loss data is used in the following
section to compare the experimentally measured refrigeration
powers with the theoretical predictions of the models.
5. Comparison of experimental results with theoretical models

5.1. Refrigeration power

Similar to the observations of Zhu et al. [19] and Wang [22],
both the models predict higher mass flow rates at the cold end
than those at the warm end. The theoretical predictions of the
refrigeration powers by both the models have been attempted
for two specific configurations of PTCs, namely 7 and 1 (in Table
1). Figs. 8(a) and (b) compare the theoretical values of refrigeration
powers using the isothermal model with the experimental values
for the second stage for Pulse tube coolers of configurations 7
and 1 respectively. It is observed that the theoretical values (with
the losses subtracted) are quite high and at least an order of mag-
nitude higher than the experimental data. This is understandable,
since isothermal model does not take into account of the real gas
effects of the working fluid close to its liquefaction temperature.

Fig. 9(a) compares the experimental refrigeration powers of
PTC, configuration 7, with those predicted by the energy equation
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Fig. 8. (a) Comparison of the measured 2nd Stage refrigeration powers with
isothermal model for PTC, configuration 7. (b) Comparison of the measured 2nd
Stage refrigeration powers with isothermal model for PTC, configuration 1.
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Fig. 9. (a) Comparison of the measured 2nd Stage refrigeration powers with energy
equation model for PTC, configuration 7. (b) Comparison of the measured 2nd Stage
refrigeration powers with energy equation model for PTC, configuration 1.
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model. The above model predicts an enthalpy flow rate through the
regenerator, _hRG � 6:55 W at 4 K, which is quite comparable with
the refrigeration loss by regenerator inefficiency, namely 6.293
W (in Table 2). Since the enthalpy flow rate through pulse tube
is predicted as _hPT � 6:705 W at 4 K, a refrigeration power of
� 0.155 W is expected at this temperature. It is seen from the
figure that the experimental refrigeration powers are somewhat
lower than the theoretical predictions. Fig. 9(b) presents similar
results for the PTC, configuration 1. In this case, the model predicts
_hRG to be �7.73 W. This value also matches fairly well with the
regenerator inefficiency loss given in Table 2, namely 7.023 W.
Similar to configuration 7, the theoretical refrigeration powers
are higher than the experimental values and the deviation
becomes larger at higher temperatures. From the above, it is clear
that the energy equation model leads to a better prediction of
refrigeration powers than the isothermal model.

5.2. Pulse tube wall temperature profiles

In the isothermal model, the pulse tube is divided into only
three control volumes. Hence, the prediction of the pulse tube wall
temperature profiles by this model is difficult, and hence this
model has not been used for this purpose. On the other hand, the
energy equation model discretizes the pulse tube / regenerator
system into a large number of elements (control volumes) and
leads to the prediction of pulse tube wall temperature profile.
Fig. 10 compares the theoretically predicted temperature profiles
with that of the experimental data for configurations 7 and 1, along
with the experimental data from [22]. It can be seen that there is a
good agreement between the experimental data and the
theoretical temperature profiles.

6. Conclusion

In this work, several configurations of two stage pulse tube
Cryocoolers have been experimentally studied, by varying the
dimensions of pulse tubes and regenerators (of both stages) as well
as by modifications of regenerator materials for the second stage to
arrive at the best configuration (the one with the lowest second
stage cold end temperature). The PTC, configuration 7 produces a
no-load temperature of �3 K and gives a refrigeration power of
�250 mW at 5 K. This system uses meshes of stainless steel along
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with Pb for the first stage regenerator and HoCu2, Er3Ni, Pb, and SS
meshes in the volume percentage ratio 27:27:27:19 for the second
stage regenerator. Experimental results show that the configura-
tion, which leads to the lowest temperature, is not necessarily
the one which gives the highest refrigeration power at a given
temperature.

The studies indicate the need for magnetic materials such as
Er3Ni, HoCu2 along with Pb for the second stage regenerator to
achieve temperatures below 10 K. Detailed experimental studies
have been conducted by varying the volume percentage ratios of
Er3Ni to Pb and HoCu2 to Pb in PTC, configuration 7. The systems
with HoCu2 performed better than those with Er3Ni. The results
show that for the best performance of PTCs, the optimum volume
percentage ratios should be 40:60 in the case of HoCu2 to Pb. The
same ratio should be 60:40 for the case of Er3Ni to Pb.

The theoretical analysis of PTC has been carried out by using
both the isothermal model as well as the energy equation model.
The predicted refrigeration powers (after taking into account of
the important loss mechanisms) have been compared with the
experimental results for two specific pulse tube configurations 7
and 1. The predicted refrigeration powers by the isothermal model
after the important loss mechanisms are considered are quite devi-
ated from the experimental values. On the other hand, the refriger-
ation powers predicted by the energy equation model are quite
comparable with the experimental values. However, in all cases,
the experimentally measured refrigeration powers are always low-
er than the theoretical predictions. It is also observed that the pulse
tube temperature profiles predicted by the energy equation model
compare quite well with the experimentally measured values.
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