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Abstract 

This master thesis deals with various aspects of pulse-tube refrigerators, experimen
tally as well as theoretically. The set-up was used in the final phase of a project called 
'Industriële toepassing pulsbuiskoeltechnologie', in English: 'Industrial applications 
pulse-tube refrigerator technology'. This project was a collaboration between several 
industries and institutions in the Netherlands subsidized by the Ministry of Economie 
Affairs. The goal of the project was to reach 20 W cooling power at 40 K. This has 
been achieved. 

After reaching the goal the system is used to investigate several aspects of pulse
tube refrigerators, such as 

• the cold-end heat exchangers. The heat-transfer coefficient of the heat exchanger 
is an important parameter. It determines the performance of the cold-end heat 
exchanger. 

• the orifices. Investigations of the flow characteristics of the valves help in deter
mining the optimum settings. 

• the geometry of the matrix material in the regenerator. The performance of 
the system with a first-stage regenerator filled with stainless steel screens is 
compared to the performance with a first-stage regenerator filled with stainless 
steel spherical grains. 

• the so-called channeling effect. There are many examples in fiuid dynamics 
where a homogeneous system becomes unstable when triggered by small changes 
or imperfections. Preliminary experiments regarding the channeling effect in the 
regenerator have been performed to see whether the system becomes unstable 
introducing an imperfection in the first-stage regenerator. 

The so-called four-valve method has been investigated. Using the four-valve method 
decreases the dissipation in the regenerator. so it increases the efficiency and cooling 
power of the pulse-tube refrigerator. The theoretica! background of the method is 
given as well as the results of a special four-valve simulation program. 



Rectification 

Unfortunatly an error occured in one of the figures in this report. Figure 4.11 on page 

26 should be replaced by the figure given here. There is no pressure drop in the tube 

as suggested in figure 4.11. 

20 40 60 80 100 120 140 

x(t)(mm) 

Figure 1.1: Calculated p V-diagram for a system with DC-ftow. The DC-ftow results 
in open loops at the cold (x=O) and hot (x=120 mm) end of the tube. The direction of 
the DC-ftow is indicated. 
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Chapter 1 

N omenclature 

lower case 

a parameter depending on the orifice setting [m/s] 

Cp heat capacity at constant pressure [J/kgK] 

d diameter [m] 

f frequency [Hz] 
length [m] 

m mass [kg] 
* mass flow [kg/s] m 

n nurnber of moles 
* rnolar flow [rnol/s] n 

p pressure [bar] 

p pressure sensor 

q heat flux [W/m2] 

t time [s] 

t tube 

v velo city [m/s] 

x position in x-direction [m] 

XL excursion length of the gas [m] 

Zr characteristic flow impedance [m-2] 

1 



1. N omenclat ure 2 

upper case 

A cross-sectional area [rn2] 

AC compressor after cooler 

B buffer 

C1 flow conductance orifice [m3/Pas] 

Cp molar specific heat at constant pressure [J/molK] 

Cr flow resistance regenerator [m3 /Pas] 

Cv molar specific heat at constant volume [J/molK] 

CdAo effective cross-sectional area [m2] 

CHX cold-end heat exchanger 

cv valve setting in four-valve method [mol/Pas] 

CVs flow conductance in four-valve method [mol/Pas] 

D double-inlet orifice 

F filter 

H heater 

HHX hot-end heat exchanger 

Ie thermal inefficiency 

L length [m] 

M minor orifice 

M molar mass [kg/mol] 

Nu N usselt number 

0 orifice 
p power [W] 

QL cooling power [W] 
* 
Q heat flow [W] 

R universa! gas constant [J/molK] 

R regenerator 

Rr flow resistance [m-2s-l] 

Re Reynolds number 

si entropy production rate [W/K] 

ss stainless steel 

T temperature [KJ 
u energy [J] 
v volume [m3] 
* v volume flow [m3/s] 

Zr flow impedance [m-3] 
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Greek 

O'. alfa pa.ra.meter 

O'.H heat-transfer coefficient [W/Km2
] 

{3 heat-exchange coefficient [W/Km3] 

Î heat capa.city ratio 

b cha.ra.cteristic length [m] 

'f/ viscosity [Pas] 

K, therma.l conductivity [W/Km] 

p density [kg/m3] 

(]' Stefan-Boltzma.n constant [W/K4m2
] 

<.p phase shift between gas flow to the tube and regenerator [degrees] 

w a.ngula.r frequency [ra.d/s] 

subscripts 

0 a.vera.ge 

1 amplitude 

1 first sta.ge 

1 first situa.tion 

2 second sta.ge 

2 second situa.tion 

B buffer 

BA buffer amplitude 

g gas 

h high-pressure side 

H high-tempera.ture side 

m entra.nce cooling part 

low-pressure side 

L low-tempera.ture side 

m mola.r 

p constant pressure 

r regenerator 

r matrix ma.teria.l 

R room tempera.ture 

t tube 

v constant volume 



Chapter 2 

Introduction 

The pulse-tube refrigerator (PTR) is a closed-cycle mechanica! cooler. Advantages of 

PTRs over conventional cooling techniques are that they have no moving parts in the 

low-temperature region of the system, they are more reliable and have a longer lifetime. 

In addition they have a very low vibration rate, mechanically as well as magnetically. 

There are a lot of applications for PTRs. Generally speaking PTRs can be used in 

all situations where liquid-helium baths keep the temperature around 4 K. For instance 

MRI systems use a superconducting magnet, surrounded by liquid-helium. Pulse-tube 

coolers can cool the heat shields used to reduce helium boil-off. PTRs can also be used 

as cryocoolers, which is expected to be the main application. Other applications are 

to cool IR detectors or (high temperature) superconducting devices like SQUIDs, or 

satellite communication equipment. 

The main goal of this report is to get a better understanding in the performance 

of the two-stage PTR. The PTR described in this work has been used in the final 

phase of a collaboration between several industries and institutions in the Netherlands 

subsidized by the Ministry of Economie Affairs. The PTR has been built with the aim 

of 20 W cooling power at 40 K. The components and characteristics of the final PTR 

achieving this goal are discussed. 

The cold-end heat exchangers are investigated. The heat-transfer coefficient deter

rnining the performance of the heat exchanger is calculated. The effects of the orifices 

are studied. The mass flow through an orifice for different orifice settings and pressure 

differences over the orifice is derived. The conductance of the orifices is calculated. 

The performance of the PTR is analyzed for two types of geometry of the ma

trix materials in the first-stage regenerator: stainless steel screens and stainless steel 

spherical grains. The type of screens normally used do not seem to give the best 

performance. 

In nature it often happens that a homogeneous system becornes suddenly unstable, 

4 
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especially with large systems. Nowadays higher cooling powers are required at low 

temperatures. The size of the systems is increased in scale to reach this. In order to see 

whether such unstahle behavior is present in the PTR some preliminary experiments 

regarding the so-called channeling effect in the first-stage regenerator are performed. 

The cooling power of the system is lessened by dissipation. In order to decrease 

dissipation and increase the efficiency, the four-valve method can be used. The theory 

behind the method, possibilities to implement it and results of a special four-valve 

simulation program are given. 



Chapter 3 

Theory of the pulse-tube 

refrigerator 

The pulse-tube refrigerator is a closed-cycle mechanica! cooler. The PTR was invented 

by Mikulin et al [15] in 1984. This type of PTR is called single-orifice PTR. Almost 

all modifications from then on aim to decrease regenerator losses. The multistage 

PTR is introduced to reach temperatures below 20 K [14]. A brief description of the 

single-orifice PTR, the modifications and the cooling principle is given. Finally the 

basic PTR is introduced. The cooling mechanism of this cooler differs fundamentally 

from the other types of PTRs. 

3.1 Single-orifice pulse-tube refrigerator 

The single-orifice PTR was invented by Mikulin et al [15] in 1984. A schematic repre

sentation of a single-orifice PTR is given in figure 3.1. The system is filled with helium. 

The average pressure is typically 20 bar. The rotating valve periodically connects the 

high and low-pressure sides of the compressor to the system. This generates a pressure 

oscillation in the system. When the high-pressure side is connected to the system, gas 

fiows through the rotating valve to the regenerator. If the low-pressure side is con

nected, gas fiows back from the regenerator to the compressor. Three heat exchangers 

are used: the compressor after cooler (AC), the cold-end heat exchanger (CHX), and 

the hot-end heat exchanger (HHX). In the after cooler the cornpression heat is released 

to room temperature. From the cold-end heat exchanger heat is extracted and rejected 

to the hot-end heat exchanger. The cold-end heat exchanger is the cold est spot of the 

PTR. The function of the regenerator is to cool the gas before it enters the tube. In 

addition it must warm up the gas when it returns to the compressor. The regenerator 

has to cool the gas fiowing from room temperature to the lowest temperature. To 

6 



3. Theory of the pulse-tube refrigerator 7 

AC buffer -----------------------------
' 1 

1 TH 

buffer 

, regenerator CHX tube : HHX 
1 J 1 

l-------------i--------------1 

vacuum chamber 

Figure 3.1: Schematic representation of a single-orifice pulse-tube refrigerator. A pres
sure oscillation is generated in the system with the compressor and rotating valve. 
This causes heat transport from the cold-end heat exchanger (CHX) to the hot-end 
heat exchanger (HHX). A Cis the compressor after cooler where the compression heat 
is released. The orifice is a flow resistance. The regenerator heats and cools the gas 
fiowing through it when the gas is going to the compressor or to the tube respectively. 
The temperatures at three positions in the system are also indicated. 

achieve this the regenerator is filled with porous material with large heat capacity, the 

so-called matrix. The tube is empty. Gas is moving in the tube due to the pressure 

oscillations. The flow in the tube is influenced by an orifice and buffer volume. The 

orifice is an adjustable flow resistance. The buffer has a large volume in comparison 

with the system. It has a constant pressure. 

The name pulse-tube refrigerator is confusing. The words pulse tube can be used 

to indicate two different things: the whole PTR system or the tube in the PTR. 

During this report the whole PTR system is called pulse tube or PTR. Tube is used 

for the tube-part of the PTR as far as possible. The first part of the name pulse-tube 

refrigerator is also deceiving. There are no tra.velling pressure waves or fast pressure 

changes (pulses) in the system. Looking at the pressure-time diagram fora fixed point 

in the system, a wave can be seen, but this is no tra.velling wave. It does not tra.vel 

in position but in time. The pressure-time diagram is called the pressure profile or 

pressure oscillation for a certain point. 

3 .1.1 Basic cooling concept 

The cooling principle of PTRs is explained following small gas parcels as they move 

through the pulse tube [17]. To simplify the explanation, a number of assumptions 

are made. The heat exchangers are assumed ideal, resulting in constant temperature 
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and perfect heat exchange. A one-dimensional flow without mixing or turbulence is 

a.ssumed in the system. The process in the tube is assumed adiabatic, so there is no 

heat exchange from the gas to the wall and no heat conduct.ion. The pressure profile in 

the pulse tube is considered cyclic with a shape according to figure 3.2. The pressure 

Ph .. """" .... " ... ·-----·-""["." .. " .. " .. "." .. "" ... [""".,... __ 
: : 

p 

Pi +-_ ... a", ..... l ......................... ; .... _____ .., 

.. 

II IV : 1 

t 

Figure 3.2: The pressure oscillation in the pulse tube is divided in Jour steps. The 
pressure increases from PI to Ph in step I. It remains constant at Ph in step ll. In step 
JIJ the pressure decreases again from Ph to PI where it remains constant during step 
IV. The cycle starts in point a. In point b the considered gas parcel enters the tube 
from the CHX (also see figure 3.3). 

oscillation is divided in four steps. Step I is the compression. The pressure increases 

from PI to Ph· During step II the pressure remains constant at Ph· Step III is the 

expansion. The pressure decreases from Ph to PI. In step IV the pressure remains 

constant at PI· After step IV the cycle starts again. 

The cooling principle of the PTR can be explained looking at small gas parcels 

moving from the regenerator to the tube and back. The orifice is considered closed 

during step I and III, and open during step II and IV. Using the cycle as given in figure 

3.2, the orifice does not have to be closed. Step I and III are short, so the flow through 

the orifice can be neglected, but in the explanation it is used. The temperatures and 

positions of the gas parcel during the cycle are given in figure 3.3. The cycle starts 

in point a. The gas parcel is then in the cold-end heat exchanger. The cycle starts 

with the compression (step I). The gas is moved to the tube. The temperature of 

the gas parcel remains constant as long as it is in the regenerator and cold-end heat 

exchanger. When the gas parcel comes into the tube the compression is adiabatic. In 

step II the orifice is open. The pressure in the buffer is lower than in the tube, so gas 

moves to the buffer. In order to keep the pressure constant at Ph gas fiows in to the 
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II 

CHX 
1 

T 
I 

III 

1 

a b 

IV 

regenerator : tube 

0 x 

Figure 3.3: Temperatures of a gas parcel as function of the positions. For positive 
positions ( x> 0) the pa reel is in the tube. For negative positions ( x< 0) it is in the 
regenerator. Step I is the compression, and step JIJ the expansion. Step Il and IV are 
caused by flow through the orifice. In a the cycle starts. In point b the gas parcel is on 
the edge of the tube and the CHX. 

tube from the regenerator. In step III the orifice is closed again. The gas is expanded 

adiabatically. It moves back to the regenerator. In step IV the orifice is open again. 

The pressure in the buffer is higher than in the tube, so the gas continues to move 

to the regenerator. The gas parcel comes back at the cold-end heat exchanger with a 

lower temperature. It absorbs heat from the heat exchanger and the regenerator, and 

cooling takes place. The actual cause of the temperature difference is the fact that the 

pressure is higher when the gas parcel leaves the cold-end heat exchanger than when 

it returns. The heat the gas is taking from the heat exchanger is the cooling power. 

3.1.2 Harmonie approximation 

To explain the phenomena in the PTR in equations a harmonie approximation is often 

used [22, 24]. In the harmonie approximation the time dependence of each varia.ble is 

harmonie, with usually a small amplitude compared to the average value. Only the 

temperatures near the hot and cold end of the tube are not considered harmonie. In 

this approximation the pressure in the tube can be written as 
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Pt =Po+ Pl cos(wt) for Pl «PO· (3.1) 

The pressure in the buffer is po. The pressure drop over the orifice is p1 cos(wt). As 

result the velocity of the gas at the hot end of the tube is proportional to cos(wt). 

VH = acos(wt) (3.2) 

The velocity of the gas at the cold end of the tube is determined by a combination of 

the velocity at the hot end and the elasticity of the gas column in the tube. The last 

one is proportional to the rate of change of the pressure in the tube ( dPt/ dt). The 

velocity of the gas at the cold end of the tube can be written as 

v1 = acos(wt) - aasin(wt). (3.3) 

The alfa parameter is an important system quantity. It is related to the conductance 

of an orifice like 

Cv Vt.w 
a=---. 

Cp C1po 
(3.4) 

The alfa parameter can be expressed in measurable quantities [24]. Compression and 

expansion in the buffer are considered adiabatic because of the large angular frequency. 

The molar flow ra.te through the orifice can then be given as 

* Cv VB dpB 
n=-----

Cp RTtt dt . 
(3.5) 

If the pressure amplitude in the buffer is much smaller than in the tube, equation 3.5 

can be written as 

* Po 
n = RTtt C1p1 cos(wt). 

The pressure in the buffer can be written as 

with 

Cp C1p1 . 
PB =Po+ Po-C îT sm(wt) 

V WVB 

(3.6) 

(3.7) 

(3.8) 

Eliminating C1 , using equation 3.4, gives the alfa parameter in measurable quantities. 

(3.9) 
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3.2 Double-inlet pulse-tube refrigerator 

Irreversible processes in the regenerator cause losses. This decreases the performance 

of the PTR. To decrease regenerator losses another type of pulse-tube coolers, called 

double-inlet PTRs, was introduced by Zhu et al in 1990 [16]. A schematic presentation 

of this type of PTR with an extra bypass orifice is given in figure 3.4. Gas can enter 

orifice D 
AC buffer ,- - - - - - - - - - - - - - - - - - - - - - - - - - - - -

: rH 

1 

buffer 

: regenerator CHX tube : HHX 
1 1 1 1 _____________ 1 ______________ J 

vacuum chamber 

Figure 3.4: Schematic representation of the double-inlet pulse-tube refrigerator. It 
consists of the single-orifice PTR with an extra flow resistance, the double-inlet orifice 
D. This orifice is placed between the hot end of the regenerator and the tube. 

the tube either via the regenerator or the double-inlet orifice. The reason why this 

system has a bet.ter performance than a single-orifice PTR is not trivial. Due to the 

double inlet the flow rate through the regenerator is smaller. This is effecting the 

cooling power negatively. The dissipation in the extra orifice (D) also has a negative 

infiuence on the cooling power. On the other hand the dissipation in the regenerator 

is decreased. It depends on the difference in reduction of cooling power and loss terms 

whether the net cooling power increases or decreases opening the bypass orifice. By 

changing the resistance of the bypass orifice the different contributions change and an 

optimum setting can be found. 

3.3 Double-inlet minor-orifice pulse-tube refrigerator 

In a double-inlet PTR a closed circuit is formed by the regenerator, the tube and 

the orifice D. The net gas flow through the regenerator and tube does not have to be 

zero. A net mass flow is called DC-fiow. DC-fiow decreases the performance of the 

PTR since it partly short-circuits the cold and hot end of the system. It is caused by 
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asymmetrie flow resistances: the double-inlet valve versus the regenerator and tube 

[9]. Such asymmetry can be caused or become worse by oil or <lust in the system. Oil 

or <lust in an orifice partly blocks it during half of the cycle ( when the gas is pressing 

the particle up against the gap). During the other half of the cycle gas is blowing the 

<lust or oil away and the orifice has its normal setting. This results in an uncontrolled 

change in the flow resistance of the valve during a cycle. 

A positive or negative DC-flow can exist. In the first case, gas flows from the 

regenerator via the cold-end heat exchanger to the tube. In the second case gas flows 

in the reversed direction. The most efficient way to reduce DC-flow, is to inject an 

opposite DC-flow [9]. This can be clone using minor orifices. Minor orifices were first 

introduced by Wang et al [27] in 1998. Extra orifices are placed in the system. A 

schematic representation of a PTR with minor orifice is given in figure 3.5. Positive 

AC buffer 
orifice D 

ï---------------------------~ 

1 TH 

compressor ' regenerator CHX tube : HHX 

~-------------1-------------j 
E, vacuum chamber 

minor orifice M 

Figure 3.5: Schematic representation of a double-in/et minor-orifice pulse-tube refrig
erator. Valve Eh is used to reduce a positive DC-fiow. A negative DC-fiow can be 
reduced using valve E1. Orifice Mis used as flow resistance. 

DC-flow can (partly) be compensated opening Eh· The pressure in the buffer slightly 

increases, and a net mass flow from the buffer to the tube arises. Negative DC-flow 

can be compensated using E1, resulting in a net mass flow from the tube to the buffer. 

Orifice M is used as flow resistance. 
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3.4 Multistage pulse-tube refrigerator 

Temperatures below 20 K can be reached using multistage PTRs. An example of a 

two-stage PTR is given in figure 3.6. The system consists of two regenerators placed 

- - -
1 

vacuum chamber 

Figure 3.6: Schematic representation of a two-stage pulse-tube refrigerator. Each tube 
has its own heat exchangers, orifices, double inlets, minor orifices and buffers. 

behind each other. They are filled with different matrix materials to get an optimal 

performance. To the end of each regenerator the corresponding tube is connected. 

The tubes have their own heat exchangers, orifices, double inlets, minor orifices, and 

buffers. The first-stage regenerator and tube create cooling power to precool the gas 

entering the second-stage regenerator. The cooling power of the second stage is at a 

lower temperature. The lowest temperature reached ever with a PTR is 1. 78 K with 

a three-stage PTR using 3He as operating gas [28]. 
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3.5 Basic pulse-tube refrigerator 

There is another mode in which the PTR can operate. The basic pulse-tube refrigerator 

is formed when all orifices are closed. It was invented by Gifford and Longsworth [5] 

in 1963. A schematic representation of the basic PTR is given in figure 3. 7. The 

AC buffer 

1 

buffer 
1 regenerator CHX tube 1 HHX 

~-----------}-----------: 
vacuum chamber 

Figure 3. 7: Schematic representation of the basic pulse-tube refrigerator. In this con
figuration the tube has one closed end. 

cooling mechanism of the basic PTR is totally different from the PTRs where one 

or more orifices are open. Cooling power is generated by heat exchange between gas 

and the wall, called surface heat pumping or the heat-shuttling effect. Gas particles 

move during half of the cycle from the CHX to the HHX. During the other half of the 

cycle they move back. During these movements they release heat to the wall when 

moving to the HHX. In a.ddition they pick up heat from the wall again when moving 

to the CHX. In this way heat is transported and the system cools. A more detailed 

description of the cooling principle can be found in Steijaert [17: p. 13-17] or Tijani 

[19: p .21-23]. 



Chapter 4 

Four-valve method 

To increase the cooling power of a PTR, the dissipation in the regenerator must be de

creased. Dissipation can be decreased using the so-called four-valve method. First the 

principle of the four-valve rnethod is given. Then two designs for rotating valves, us

ing the four-valve rnethod, are described. Finally the results of a four-valve simulation 

program are discussed. 

4.1 Principle 

The four-valve method can be used to increase the efficiency of the PTR, by decreasing 

the dissipation in the regenerator. The name of the rnethod originates frorn the fact 

that four switching valves are used. In addition to the high and low-pressure switching 

valves for gas to the regenerator, two switching valves are used to control the gas flow 

to the hot end of the tube [18]. The buffer and orifices can be omitted if preferred. 

A schernatic representation of a single-stage four-valve PTR is given in figure 4.1. 

The theoretica! principle used in the four-valve method is discussed, looking at a single

stage PTR (see figure 4.2), and using harmonie approximations. The pressure in the 

tube can be described by 

Pt =Po+ P1 cos(wt) for Po« Pl· ( 4.1) 

The velocity of the gas at the hot end of the tube is in phase with the pressure and 

can be described by 

(4.2) 

The velocity of the gas at the cold end of the tube can be written as (see equation 3.3) 

15 
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Ph ~~~~~~~~~~~~~~ 

P1 ~~~~~~~~~~~~~~~~~ 

t 

Figure 4.1: Schematic representation of a single-stage four-valve pulse-tube refrigera
tor. There are two switching valves that control the gas flow to the regenerator (Rh 
and R 1) and two switching valves for the gas flow to the hot end of the tube ( tHh and 

tm). 

regenerator CHX tube HHX 

Figure 4.2: Schematic representation of apart of a single-orifice pulse-tube refrigerator. 
The velocity of the gas at the cold end of the tube (vL) is indicated as well as the velocity 

at the hot end (vH)· 



4. Four-valve method 17 

C1p1 Cv Lt dpt Cv Lt dpt 
v1 = -- cos(wt) + --- = VH + ---. 

At Cp Po dt Cr Po dt 
(4.3) 

The velocity of the gas at the cold end consists of two terms: VH is in phase with the 

pressure and the second term is not. The cooling power of a PTR can be described 

by [22] 

(4.4) 

Only the in-phase component of v1 contributes to the cooling power. The out-phase 

component (the second term of equation 4.3) does only have negative influences. It 

describes gas flowing in and out of the regenerator, so gas which has to be cooled. 

In addition extra flow in the regenerator increases the dissipation. To increase the 

efficiency of the PTR, the dissipation in the regenerator has to be decreased. The out

phase component of v1 has to be reduced. This can be established, compensating the 

out-phase component of the velocity at the cold end by injecting the proper amount 

of gas at the hot end. Practically this means that the compressibility of the gas in the 

tube is compensated by an extra gas input or output at the hot end of the tube. 

The pressures in the tube together with the time derivatives are measured. They 

are given in figure 4.3. 

25.0 

22.5 

20.0 
0.10 

0.05 

0.00 

-0.05 

·········i·-·· 

t 

Figure 4.3: Pressures in the tube and time derivatives. A pressure oscillation with 
the shape of the dpt/ dt-curve should be injected to the hot end of the tube using the 
four-valve method. 
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The gas flow to be injected at the hot end has the shape of the dpt/ dt-curve in 

figure 4.3. This is not easy to produce. 

Using again harmonie assumptions, the valve timing is explained. The single

orifice and four-valve PTRs are given in figure 4.4. The corresponding equations for 

the velocities of the gas are 

VL = VH -Vo (4.5) 

v~ = -vH+vo=-(vH-vo)=-VL 

with v0 being the out-phase component of the velocity (second term of equation 4.3). 

The velocity at the hot end of the tube ( vH) in the single-orifice situation is the result 

four-valve PTR 

Figure 4.4: Schematic representation of the single-orifice and four-valve PTRs. The 
velocity at the low-pressure side (vL) and at the high-pressure side (vH and vfr.) are 
gzven. 

of the orifice and buffer. 

There are two possible ways to use the four-valve method. The orifice and buffer 

can be omitted or they can still be used. If the orifice and buffer are omitted, both 

components of v~ have to be supplied by the four-valve method. The valve timing is 

given in figure 4.5. In figure 4.5i the flow to and from the regenerator is given (1 and 

2). The parts 3a and 4a supply the component VH, which is normally generated by 

the orifice and buffer. The parts 3b and 4b supply the component vo. Together this 

results in the timing as given in figure 4.5ii. There are parts of the cycle where both 

the high and low-pressure sides are connected to the tube. This has no net result. In 

these parts the valves will be closed, resulting in the valve timing for valve 3 and 4 

as in figure 4.5iii. This type of four-valve method is used in the four-valve simulation 

program which will be discussed in paragraph 4.2. 

In the other option of the four-valve method, the orifice and buffer are still used. 

The only component that has to be supplied by the four-valve method is vo. The valve 

timing is given in figure 4.6. 
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Figure 4.5: Valve timing for the four-valve method without using orifice and buffer. 
In figure i the flow to the regenerator is given (1 and 2). The flow to the hot end of 
the tube is also given: 3a and 4a are the components normally produced by the orifice, 
3b and 4b are the out-phase components. In figure ii the total flow through valves 3 
and 4 is given. During two parts of the cycle the high and low-pressure sides of the 
compressor are connected at the same time to the system, without net result. During 
these intervals the orifices are closed, resulting in figure iii for valves 3 and 4. The 
pressure oscillation in the tube (Pt) is also indicated. 
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Figure 4.6: Valve timing for the four-valve method still using orifice and buffer. The 
flow to the regenerator is given (1 and 2). The flow to the tube only consists of the 
out-phase component (3 and 4). 

The four switching valves can be replaced by one rotating valve. A rotating valve 

consists of a stator (the housing, which is not moving) and a rotor (the part which 

is moving). On the stator connections are made to the high and low-pressure si des 

of the compressor, to the regenerator, and to the tube. Inside the rotor channels are 

machined. By turning the rotor the channels connect the compressor to the regenerator 

and the tube in the right order. Two different designs for a rotating valve are made. 

They can be used in the second type of four-valve method, so the orifice and buffer are 

still used. There must be a phase shift bet.ween the gas flow to the regenerator and 

to the tube of 90°. A design for a rotating valve for the four-valve method without 

orifice and buffer can be found in Tanida [18]. 

In the first design two rotor platforms are placed on top of each other. The rotor 

platforms are shifted 22.5° with respect to each other. The design is given in figure 

4. 7. In the second design the rotating valve consists of one platform. This design is 

given in figure 4.8. 

The design with two platforms has some advantages and disadvantages with respect 

to the design with one platform. The rotating valve, used normally in a PTR, connects 

the high and low-pressure sides to the system for 150° of the total 360°. Calculating 

the channel width using this, gives a problem. Not enough room is available to make 

the design with one platform because two channels are machined behind each other in 

90°. In the design with two platforms enough room is available. 
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Figure 4. 7: Four-valve rotating valve with two platfomis placed on top of each other. 
The two platforms are shifted 22. 5° with respect to each other. They consist of Jour 
channels to connect the compressor to the tube (platfomi A) or to the regenerator 
(platfomi B). 
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Figure 4.8: Four-valve rotor design with one rotor platform. The rotor has eight 
channels to connect the compressor to the tube and regenerator. The Jour situations 
give the Jour different connections possible during a cycle. The cycle goes Jrom a to d. 



4. Four-valve method 23 

In the theory harmonie assumptions are used. As can be seen in figure 4.3 the 

pressure oscillation in the tube is not sinusoidal. The phase shift between the gas flow 

to the tube and the regenerator is based on this assumption. It is possible that the 

calculated phase shift is not the best one. The phase shift can be changed by adjusting 

the position of the connections on the stator. In the design with two platforms this is 

easier to accomplish because there is more room between the connections. Disadvan

tages of this design are that more material is needed to fabricate it, and that the total 

length of the valve is larger. 

4.2 Four-valve simulation program 

A simulation program fora single-stage four-valve PTR1 is used to calculate the cooling 

power as a function of the phase shift between the gas flow to the tube and the 

regenerator. The system set-up and parameters used in the program are discussed. 

The physical meaning and assumptions made in the program are treated. Finally some 

simulation results are given. 

4.2.1 System set-up 

The single-stage four-valve PTR used in the simulations is schematically given in figure 

4.9. No orifice and buffer are used, so the valve timing as given in figure 4.5 is va.lid. 

ph~~-,-~~~~~~ 

p, 

2 4 

Figure 4.9: Schematic representation of the set-up used in the single-stage four-valve 
PTR simulation program. Bath the regenerator and the tube can be connected to the 
compressor by a rotating valve, here schematically given as switching valves. 

1Program V4, written by Y. Ma.tsubara. The program is based on harmonie assumptions. The 
pressure cycle is divided in steps and for each step a number of calcula.tions is done. A short description 
of the program is given in paragraph 4.2.3. 



4. Four-valve method 24 

4.2.2 Input parameters and assumptions 

A complete overview of all input parameters of the program is given in Appendix A. 

Only the parameter regarding most the significant assumption, the thermal inefficiency 

of the regenerator, is discussed here. 

In a regenerator gas is flowing from the hot end to the cold end during half of the 

cycle. During the other half of the cycle gas is flowing back. The temperatures of 

gas parcels entering the CHX from the regenerator are higher than the temperatures 

of gas parcels entering the regenerator from the CHX. For the temperatures can be 

written TvLi > TvL2 with TL=TvL2 using the indications as in figure 4.10. There is a 

CHX 

t 

Figure 4.10: Schematic representation of a part of the PTR. The velocity of the gas 
entering the CHX from the regenerator is indicated (vLI). The velocity of the gas 
returning to the regenerator from the CHX (vL2) is also indicated. 

temperature difference in the regenerator TvLi - TvL2 = flTL. The average thermal 

regenerator inefficiency is defined as [6] 

(4.6) 

assuming the specific heat of helium to remain constant with temperature. Due to 

the temperature difference there is a heat flow in the regenerator, which is a heat loss. 

The thermal inefficiency represents the ratio of heat loss to the maximum heat that 

can be transferred. The regenerator thermal loss is given as 

(4.7) 

In the simulation program the inefficiency is kept constant for all calculations. This 

might not be completely correct. A small change in inefficiency (0.005) already makes 

a big difference in performance. The inefficiency used for our system is based on 

literature [6] and experience. 
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4.2.3 Program description 

In the simulation program the pressure oscillation is divided in steps. The number of 

steps can be chosen in one of the input parameters. For each step the volume flows 

at the cold and hot end of the tube, the valves, and the regenerator are calculated. 

The cooling power at the lowest temperature is calculated. This is done by calculating 

the actual workflow in the regenerator and subtracting the heat flow due to thermal 

inefficiency of the regenerator. The actual workflow is defined as the area of the 

pV-loop of all particles at the cold end of the tube. The thermal inefficiency of the 

regenerator is calculated as given in paragraph 4.2.2. Neglected are heat losses due to 

radiation, flow resistance and other irreversible processes in the regenerator. 

4.2.4 Program output 

The output of the program consists of a file with all volume flows. It also gives the 

input and cooling power. DC-flow can be present in the system due to the shape 

of the pressure oscillation in the tube. If the tube is coni:iected langer or shorter to 

the compressor than the regenerator, asymmetry exists and a DC-flów is present. By 

adjusting the valve settings the system can be corrected for DC-flow. A best and stable 

system setting can be found. In figure 4.11 a pV-diagram is shown with DC-flow. The 

tube has a constant diameter, so instead of the volume the position is given in the 

x-direction. The direction of the DC-flow can be found from the direction in which 

the figure is turning. The cold end of the tube is at position 0, the hot end at 120 

mm. More than one setting result in a closed pV-diagram. These different settings 

result in different gas-piston lengths. The gas piston is the amount of gas not leaving 

the tube. In the pV-diagram this is the distance between the loops. Decreasing the 

gas-piston length increases the cooling power. The amount of power supplied by the 

compressor also increases, because of increasing heat losses. 

For the simulations a gas piston length of 703 of the tube length is taken. The 

ratio of the gas excursion length to the tube length can be written (both for the cold 

and hot end) as 

XL 
Lt :::::::: 0.3. (4.8) 

The amount of power, supplied by the compressor, is calculated in the program using 

the expression 

* Ph P = nRTttln-. 
PI 

(4.9) 
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Figure 4.11: Calculated p V-diagram fora system with DC-fiow. The DC-fiow results 
in open loops at the cold (x=O) and hot (x=120 mm) end of the tube. The direction of 
the DC-fiow is indicated. 

This expression is valid when the gas is ideal and irreversible processes in the compres

sor are neglected. When irreversible processes are taken into account, the compressor 

power is given by 

* Ph · P = nRTtt ln - + TttSi· 
PI 

(4.10) 

The efficiency of the compressor is approximately 50%, so the real power is twice the 

power calculated by the program. 

4.2.5 Simulation results 

For different phase shifts simulations have been done. The cooling powers reached 

are given in figure 4.12. The compressor input is 220 W. For all phase shifts larger 

than 120° the cooling power is negative. This means that the system should be cooled 

externally to reach the lowest temperature (80 K). These situations are not useful. 

In figure 4.12 it can be seen that the cooling power will reach a maximum below 

70° and a minimum above 130° phase shift. Unfortunately the system cannot be 

simulated for a phase shift larger than 130° or smaller than 70°. The conductance of 

orifice 1 (see figure 4.1) reaches a maximum at a phase shift of 70°. The conductance 
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Figure 4.12: Cooling powers reached for different phase shifts between the gas flow to 
the hot end of the tube and the regenerator. These are results from the simulation 
program. 

is a parameter depending on the valves used. When a larger valve is taken, the 

conductance can become higher and the simulation program can be used again. The 

same is happening for a phase shift larger than 130°, but then for valve 2 (see figure 

4.1). The conductances of orifices 1 and 2 are given in figure 4.13. 
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Figure 4.13: Conductances of orifices 1 and 2 for different phase shifts between the 
gas flow to the hot end of the tube and the regenemtor. The maximum conductance 
given by the supplier (see Chapter 5.1.2, figure 5.3) possible to reach with these valves 
is also indicated. 



Chapter 5 

Orifices 

The orifice and double-inlet valves play an important part in the performance of the 

PTR. Investigations on the characteristics of the valves help in determining the opti

mum setting. In this chapter the mass flow through the valves and the conductance 

of the valves are discussed. The entropy production in the valves is also calculated. 

5.1 Flow characteristics of the orifices 

5.1.1 Theory 

One of the main flow characteristics of a valve is the pressure ratio dependence of 

the mass flow through it. The ratio is the ratio of the pressure in the tube to the 

pressure in the buffer. The gener al shape of these curves is given in figure 5 .1. In 

order to explain the curve, the pressure in the buffer is assumed to be constant. The 

explanation starts in point A where Pt = PB· In figure 5.1 the viscosity is assumed to 

be zero, so there is no turbulence. This results in a curve through point A, which is 

vertical. In reality the tangent is not vertical, but there is a linear response between 

the mass flow and pressure ratio. From this linearity the conductance of the orifice 

can be calculated. The conductance is defined as [17] 

with 

* n 
C1 = 2RTH 2 2 Pt - PB 

* Cv VB dpB 
n=-----

Cp RTH dt . 

(5.1) 

(5.2) 

The pressure in the tube is increased now from point A where Pt = PB. In addition 

the mass flow from the tube to the buffer is increasing smoothly. If the pressure in the 

29 
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Figure 5.1: General shape of the curve for the mass flow through an orifice depending 
on the pressure ratio Pt/PB. For Pt/PB < 0.5 the velocity of the gas is equal to the speed 
of sound. The dashed line is valid and the solid line has no physical meaning here. 
The viscosity is neglected, resulting in a vertical tangent in point A ( where pt/ PB = 1). 
In reality the slope is not vertical due the viscosity. 

tube is decreased from point A, so ptfpB<l, the mass flow from the buffer to the tube 

increases. If Pt/PB < 0.5 the choking effect is present [2]. The velocity is maximum 

and equal to the speed of sound. In this Pt/PB-region the dashed line in figure 5.1 is 

valid and the solid line has no physical meaning. 

An expression for the curve can be found in different ways. Assuming the flow 

is steady, unidirectional, isentropic, and adiabatic, the relation can be given as in 

equations 5.3 and 5.4. The Bernoulli, energy conservation and isentropical equations 

are used to derive this (for derivation see Appendix B). The pressure in the buffer is 

constant. The variation in cross-sectional area is neglected. 

---- -- - - for Pt > PB 2')' Mpr [(PB)
2
h (PB)(î'+lh)l 

')' - 1 RTB Pt Pt 
(5.3) 

~Mp~ [(Pt)2h -(Pt)(î'+lh)l forpt <PB 
')'-1 RTB PB PB 

(5.4) 

The mass flows can also be described using x = Pt/PB 
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* m = CaAo 

* m = -CaAo 

---- ( x) - - - for Pt > PB 21' Afp~ 2 [(1) 2h (l)h+lh)l 1' - 1 RTB x x 

~Mp~ [(x)2h - (xfr+lh)] for Pt < PB· 
')'- 1 RTB 

The velocity of the gas can be calculated by 

* v 
v=--=-

CaAo 
21' RTB [(Pt )2

h (Pt )h+lh)l ---- - - - for Pt <PB· 
')'-1 M PB PB 
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(5.5) 

(5.6) 

(5.7) 

Another way to calculate the mass flow through an orifice is to use isothermal instead 

of isentropical assumptions. These assumptions are valid for a steady incompressible 

flow, without including the existence of a maximum speed of sound. The mass flow 

can be described using the Bernoulli equation (see Appendix B) 

~= -CaAo 2MpB(PB - Pt) c < 
RTB 1or Pt PB. 

The velocity of the gas can be calculated by 

* v 
v=--=-

CaAo 

5.1.2 Measurement results 

RTB 2 
--- (PB - Pt) for Pt < PB· 

.M PB 

(5.8) 

A valve has different characteristics for the flow in both directions. Therefore the gas 

flowing from the tube to the buffer is defined to go in the normal direction. This is 

the direction corresponding to the arrow indicated on the valve. These influences on 

the flow characteristics have been neglected. 

For different valve settings the ratio of the pressure in the tube to the pressure 

in the buffer and the mass flows through the orifices are measured. The mass flow 

through an orifice is linear proportional to the time derivative of the pressure in the 

buffer (see equation 5.2). For the second-stage orifice the results are given in figure 

5.2. The valve settings are indicated by the number of turns that the orifice is open. 
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Figure 5.2: Pressure dependence of the flow through an orifice for different valve set
tings. The flow is proportional to dpB/ dt. The different valve settings are indicated 
by the number of turns. 

Equations 5.1 and 5.2 can be used to calculate the conductance of the orifice for 

different valve settings. For the first and second-stage orifices the conductances are 

given in figure 5.3. The conductance of the totally open orifice (number of turns = 

10) is calculated from data given by the metering valve company Swagelok1 . This 

conductance is calculated for air instead of helium, because the data for helium were 

not available. These conductances are also indicated in figure 5.3. It can be seen that 

the conductance is linear related to the number of turns. 
1M-series metering valves, N-1189-2, January 1994, Swagelok. 
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Figure 5.3: Conductances of the first and second-stage orifices for different valve set
tings. The conductances for totally open valves (number of turns = 10) are calculated 
from data provided by Swagelok, and for air instead of helium. These data are indicated 
by triangle markers. 

The velocity of the gas through the first and second-stage orifices (for Pt < PB) can 

be calculated using the isentropical or the isothermal assumptions. The results are 

given in figure 5.4 for the isentropical assumptions and in figure 5.5 for the isothermal 

assumptions. 
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Figure 5.4: Calculated velocities of the gas through the orifices using isentropical as
sumptions. The speed of sound is 1000 m/s. 
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Figure 5.5: Calculated velocities of the gas through the orifices using isothermal as
sumptions. 

In figure 5.2 can be seen that ptfps < 0.5 is only reached if the valve is open 2.4, 

1.6, or 0.8 turns. In these cases the speed of sound should be reached according to 

the theory. In the other settings it will not be reached. Using isothermal assumptions 

the velocity is maximum when the valves are just open, as expected according to the 
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theory and figure 5.2 (see figure 5.5). The maximum velocity reached, is half of the 

speed of sound. The velocity calculated with isentropical assumptions (see figure 5.4) 

is at most when the valve is open totally and not when it is just open. The maximum 

velocity reached is the speed of sound. 

5.2 Entropy production in the orifi.ces 

The PTR can be divided in several subsystems. The various subsystems can be dis

cussed using the first and second law of thermodynamics [23]. The heat flow at the 

hot-end heat exchanger and cold-end heat exchanger can be described by 

QH - SiTH 

(JL = -QH = -SiTH. 

(5.9) 

(5.10) 

The entropy production in the orifice is related to the cooling power of the system. It 

can be calculated for small 6.p using [21] 

(5.11) 

with 

(5.12) 

To calculate the entropy production measurements are used with double inlet and 

DC-flow orifices closed. The entropy flow can also be calculated simulating the mea

surements in the program PTR Design Tool 2.0 (also see paragraph 7.2.4). Bath 

results are given in table 5.1. The cooling power is approximately 43 W. 

using equation 5.11 using program 
TttSi first orifice (W) 41 50 
TttSi second orifice (W) 32 47 

Table 5.1: Entropy production in the orifices. 



Chapter 6 

Experimental set-up 

The set-up was used in the final phase of a project which was a collaboration between 

several industries and institutions. The goal of the project was 20 W cooling power 

at 40 K. This chapter contains a general overview of the experimental set-up and the 

measuring equipment. 

6 .1 Overview 

In figure 6.la the tubing of the two-stage PTR is given. Figure 6.lb is a schematic 

representation of the PTR. The compressor has high and low-pressure connections to 

the rotating valve. The rotating valve connects the compressor to the regenerator so 

pressure oscillations exist in the system. The gas used is helium. The pressures are 

measured at several points in the system. The temperatures have also been measured 

at a number of points. 

In the system three buffer volumes are used: a buffer for each stage of the PTR and 

a buffer connected to the low-pressure side of the compressor. The fine metering valves 

are produced by Swagelok1 . The regenerators, tubes and cold-end heat exchangers are 

placed in a vacuum chamber to reduce heat losses. The vacuum system consists of a 

prevacuum pump and a turbo-molecular pump. With this equipment a vacuum up to 

10-5 mbar can be reached at room temperature. In the regenerators as well as in the 

tubes flow straighteners are used to get a homogeneous flow. The flow straighteners in 

the tube are made of a number of screens. In the regenerator the screens are placed on 

a small lid, which has a small open volume. Figure 6.2 shows the part of the system 

that is mounted in the vacuum chamber. The geometry of the system elements is given 

in table 6.1. 
1Swagelok, type SS-6MG-MM. 

36 
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Figure 6.1: Schematic representation of the set-up. Figure a is the tubing of the two
stage PTR. Valves, buffers, filters and pressure sensors are indicated. Figure b is a 
schematic diagram of the PTR. All thermometers and heaters are indicated. 
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component din dex L v material filling 
(mm) (mm) (mm) (cm3 ) factor 

regenerator 1 41.5 42.5 120 162 1930 stainless 0.27 
steel screens 
(mesh 250, 293 g) 

regenerator 2 25 26 150 73.6 lead spherical 0.55 
grains (diameter 
0.18-0.25 mm, 
463 g) 

tube 1 24 25 265 120 
tube 2 13 14 370 49 
buffer 1 1000 
buffer 2 500 

Table 6.1: System geometry. 

6.2 Measuring equipment 

As indicated in figure 6.1 b eight thermometers measure the temperature distribution 

in the system. The two thermometers placed on the cold-end heat exchangers are 

diode thermometers2 . All other thermometers are platinum resistances3 • Below 50 K 

the diodes have a better accuracy than the resistance thermometers. At temperatures 

higher than 200 K the accuracy of platinum thermometers is better. For all thermome

ters four-point measurements are clone to eliminate the effects of the connecting wires. 

The pressure sensors are Druck-limited Pressure meters. 

20n the first stage a Silicon-diode of Scientific Instruments (model Si 410B) and on the second 
stage a Lake Shore Silicon-diode. 

3 Platinum-resistance temperature sensors Pt-100. 
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Figure 6.2: Picture of the part of the system that is mounted in the vacuum chamber. 
Same parts are indicated: the tubes t, regenerators R, cold-end heat exchangers CHX, 
thermometers Tand a heater H. The sizes of the components are given in table 6.1. 



Chapter 7 

Cooling power of 20 watt @ 40 

kelvin 

The set-up used in the experiments is described in the previous chapter. It has been 

built for a special project. The aim of the project was to build a two-stage PTR for 

20 W cooling power at 40 K. The cooling power of the first stage is also relevant to 

cool for example heat shields. In the first part of this chapter the system components 

are discussed. Then the system characteristics are described. Finally some ways to 

improve the PTR are discussed. 

7.1 System components 

The performance of various system components, the compressor, rotating valve, fil

ters, and cold-end heat exchangers are described. The system performance does not 

only depend on these components but also on t he frequency and valve settings. The 

frequency and valve settings have been optimized during the experiments. The best 

operating frequency for this set-up is approximately 2 Hz. 

7.1.1 Compressor 

T wo compressors have been used in the experiments: a 4.5 kW compressor1 and a 

6.0 kvV compressor2 . The performance of these compressors is discussed here. A 

compressor has high and low-pressure connections to the system. In the system using 

the 6.0 kW compressor the amplitude of the pressure oscillation is approximately 1.5 

bar larger than in the system using the 4.5 kW compressor. The cooling powers of the 

second stage for both cases are given in figure 7.1. 
14.5 kW APD cryogenics inc. HC-8B compressor. 
1 6.0 kW Leybold RW 6000 EU compressor. 

40 



7. Cooling power of 20 watt @ 40 kelvin 

50················-···········································································-·····················--··············-·······················-····-···-·········-·················································································· 

g 
N ,_ 

4.5 kW compressor 

10 

Ó(L) (W) 

12 14 16 " 20 

41 

Figure 7.1: Temperatures of the second stage for different cooling powers, for the 4.5 
kW and 6. 0 kW compressor. 

As can be seen in figure 6.1 an extra buffer has been connected to the low-pressure 

side of the compressor. This results in amore stable low pressure (see figure 7.2). It 

hardly affects the pressure amplitude entering the system. 
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Figure 7.2: Pressures with and without using an extra 50 liters buffer volume at the 
low-pressure side of the compressor. The pressures at the high-pressure side of the 
compressor are given (ph)· The pressures at the low-pressure side (p 1) and the entrance 
of the system (Pin) are given for the set-up with (B) and without extra buffer (nB). 
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7.1.2 Rotating valve 

In the experiments two different types of rotating valves have been used. The perfor

mance, advantages and disadvantages of these valves are discussed here. The rotating 

valve is used to connect the regenerator periodically to the high and low-pressure sides 

of the compressor. The first rotating valve is schematically given in figure 7.3. The 

rotating valve consists of a stator and a rotor. The stator does not move. The rotor 

platform is driven by a motor. A picture of the rotor and stator is given in figure 

7.4. There are connections to the high and low-pressure sides of the compressor, and 

to the regenerator. With the rotor in the position as drawn in figure 7.3a, holes 1 

a 

sta tor 

p, 
rotor 

Ph ~ 
cross section of stator 

connection to the motor 

b 
d@B 

stator 
top view of rotor 

p, 

rotor 

p" 

connection to the motor 

Figure 7.3: Schematic representation of the first rotating valve. The rotating valve 
consists of a rotor (fig'ure d) and a stator (figure c). There are connections to the high 
and low-pressure sides of the compressor and the regenerator. In figure a holes 1 and 2 
are connected. The low-pressure side of the compressor is connected to the system. In 
figure b the rotor is turned 90° compared to figure a. Now 2 and 3 are connected. The 
regenerator is then connected to the high-pressure side of the compressor. The rotor is 
turned by a motor. 
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Rotor 

Fig;ure 7.4: Picture of the rotor and stator used in the first rotatinq valve. 

and 2 are connected and the low-pressure side of the compressor is connected to the 

system. If the rotor is turned 90° , 2 and 3 are connected, like drawn in fi)2;Ure 7.3b. 

The high-pressure side of the compressor is connected to the system. A disadvantage 

of this type of rotating valve is that the stator and rotor make contact with each other 

continuously. During half of the cycle (when the rotating valve is in the position as 

drawn in :figure 7.3a) there is a larise pressure difference over the rotor and stator. The 

rotor is at high pressure (approximately 20 bar). The stator is at low pressure (approx

imately 5 bar). The force on the stator due to the pressure difference is quite large, so 

a relatively big DC-motor is needed to keep the rotor moving. Due to this large force 

the rotor wears out. Small particles are formed in this process and are carried into the 

system along with the gas flow. The gas fl.ows through the entire system, so <lust is 

spread everywhere, for example in the needle valves. The very small adjustable gaps 

of these needle valves can be blocked partly by such particles, resultinis in a changed 



7. Cooling power of 20 watt @ 40 kelvin 44 

resistance of the valve. In this way the system settings are changed uncontrolled. 

These changes cause fiuctuations in all temperatures and make the system unstable 

(see figure 7.5). 
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Figure 7.5: Temperature fiuctuations due to dust in the needle valves. 

A new type of rotating valve has been developed (see figure 7.6) to get rid of the 

biggest disadvantages of the first design. The farces on the rotor have been decreased, 

so a much smaller motor can be used. The farces still applied on the rotor are sym

metrical, so better to handle. There is no langer mechanical contact between the rotor 

and stator. The gap in between (15 µm) is filled with gas, so dust is no langer farmed. 

Due to this gap there is a leakage of gas from the high to the low-pressure side. The 

flow resistance of the new type of rotating valve is smaller. After implementing this 

rotating valve and cleaning all needle valves, no temperature fiuctuations have been 

seen anymore. 
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Figure 7.6: Schematic representation of the new rotating valve. There is no contact 
between the rotor and stator so the motor can be much smaller than in the first design. 
The rotor is symmetrically loaded with high and low pressures. 

7.1.3 Filters 

To make sure no particles could come into the system from the compressor or the 

other way around, filters were present between the high and low-pressure sides of the 

compressor and the system3 . Because of the <lust which carne from the first rotating 

valve, the filter on the low-pressure side was plugged. Using the new rotating valve, 

the filter has been removed. To get a pressure amplitude as high as possible, the filter 

on the high-pressure side has been removed as well. The different pressure amplitudes 

in the system and in the tubes for different situations are given in table 7.1. 

with both filters without p1-side filter without both filters 

Pin (bar) 3.0 6.7 6.8 
Ptl (bar) 2.5 6.3 6.4 
Pt2 (bar) 2.2 5.6 5.7 

Table 7.1: Pressure amplitudes in the system with and without filters. 

3 At the low-pressure side a Nupro SS-8TF-LE filter is placed. At the high-pressure side a Headline 
Filters, model no. 132 filter is placed. 
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7.1.4 Cold-end heat exchangers (CHX) 

As cold-end heat exchangers copper blocks are used with a length of 65 mm and 

a square cross-section of 100 mm2 . In the block a hole with 1.5 mm diameter is 

made, through which the gas fiows [7]. To evaluate the performance of the cold-end 

heat exchangers heating power is applied to it. When the system is in equilibrium 

the temperatures of the cold-end heat exchanger and the neighboring points on the 

regenerator and tube are measured. This is clone for the first and second stage. The 

results are represented in figure 7. 7 and figure 7.8 respectively. The average of the 
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Figure 7.7: Temperatures of the first-stage CHX, regenerator and tube applying heat 
to the body of the first-stag e CHX. 

cooling powers of the regenerator and tube are the intrinsic cooling powers. They are 

the limit of the cooling powers possible to obtain with this set-up. The real cooling 

powers of the set-up are the ones on the cold-end heat exchanger. These can be used in 

applications of the PTR. The difference between the intrinsic and real cooling powers 

is less than 2 Win the temperature range between 100 and 140 K for the first stage. 

The difference between the real and intrinsic cooling powers of the second stage is 

between 1.5 and 2 W in the temperature range between 25 and 40 K. The difference in 

cooling powers is relatively small, caused by a relatively high heat-transfer coefficients 

of the heat exchangers. The heat-transfer coefficient of the cold-end heat exchangers 

is defined as 
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Figure 7.8: Temperatures of the second-stage CHX, regenerator and tube applying heat 
to the body of the second-stage CHX. The cooling powers of the regenerator and tube 
cannot be measured below 20 K. This is a result of the measuring equipment. 

(7.1) 

lt can be calculated as described in Appendix C. lt can also be measured. Both 

results are given in table 7.2. The difference between the calculated and measured 

first stage second stage 
aH using equation 7.1 (W /Km:.::) 7.0xl04 5.9xl04 

aH using measurements (W /Km") 1.1x104 l.3x 104 

Table 7.2: Calculated and measured heat-transfer coefficients. 

heat-transfer coefficient can result from the fact that harmonie approximations are 

used in the equations. lt can also result from the fact that the aH appears to be 

temperature dependent in the measurement. 

7.2 System characteristics 

In this part of the chapter the main characteristics of the system are described. The 

heat leak and transient behavior of the system are discussed. The heat-shuttling effect 

and some regenerator material parameters are treated. Finally the cooling powers of 

both stages are described. 
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7.2.1 Heat leak 

Heat can flow to the cold end of the system due to two important phenomena: radiation 

and conduction. This heat flow is a limiting factor for the minimum temperature. Bath 

radiation and conduction are discussed here. 

Radiation 

Heat radiation can be described by 

Q = O"eA(T~ -Tt) (7.2) 

with e the reflection coefficient, which is geometry dependent. Placing refiective sheets 

between the PTR and the wall of the vacuum chamber largely reduces radiation [21]. 

In the system ten layers of refiective sheets are used. The superinsulation has been 

placed in the system in two ways. First it was twisted around the total system in the 

vacuum chamber and secondly only around the coldest half of the second-stage tube 

and second-stage regenerator. The cooling powers of the second stage in the two cases 

are gi ven in figure 7. 9. 
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Figure 7.9: Temperatures of the second stage for different cooling powers twisting su
perinsulation around the whole system in the vacuum chamber or only around the 
coldest parts. 
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Conduction 

The heat flow due to conduction is not easy to reduce, because stainless steel is used, 

which already is a poor conductor. The heat leak can be calculated using the Fourier 

law having measured the temperature differences between the environment and cold 

part. 

. ar 
Q =-KA-

8x 
(7.3) 

The heat conductivity is assumed to be constant, resulting in a linear temperature 

Q 

L 

cold part 

Figure 7.10: Temperature difference between the environment and cold part. Th e sym
bols of the Fourier law are indicated. 

profile. Equation 7.3 can then be written as 

. TR-T 
Q =-KA f.., . (7.4) 

Due to this heat flow the cold part warms up. This warm-up can be described by 

Q = CdT. 
dt 

Combining equation 7.4 and 7.5 gives 

with 

The solution for this equation is 

dT 
TR-T=T

dt 

CL 
T= KA. 

(7.5) 

(7.6) 

(7.7) 

(7.8) 

with ~To the temperature difference between the environment and cold part at t=O. 

The characteristic time T can be obtained fitting equation 7.8 to the warm-up curve 

like in figure 7.11. The heat leak of the system is 1.6 mW /K. 
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Figure 7.11: Warm-up curve of the system used to obtain the characteristic time T to 
calculate the heat leak of the system. 

7.2.2 Transient behavior 

In this section two system characteristics are discussed: first the time needed for the 

system to cool down and secondly the time needed to achieve a steady state after 

changing the system set tings. Figure 7.12 shows the cool-down process for the body of 

the two cold-end heat exchangers. In 120 minutes the system cools down from room 

temperature to 10 K. The no-load lowest temperature ever reached with this set-up 

is 9.5 K. In figure 7.12 can be seen that the temperature of the second-stage CHX is 

oscillating when the system has achieved a steady state. This temperature oscillation is 

approximately 0.6 K. It is only seen at low temperatures (T<20 K) . In this temperature 

range the heat capacity of the heat-exchangers housing is low. The thermal-response 

time is low so the heat exchanger is able to follow the gas temperatures easily. What 

is seen is probably the oscillating gas: leaving the CHX with higher temperatures than 

when it returns. The measuring frequency is smaller than the operating frequency of 

the system, so aliasing occurs. Measurements with a higher frequency can give an 

proper explanation for the oscillations. At higher temperatures the same is happening 

with the gas, but because of a higher heat capacity of the heat exchangers housing 

this is not visible. 

The time needed for the system to achieve again a steady state after changing 

the system settings can be described. System settings that can be changed during a 
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Figure 7.12: Cool-down curve. The temperatures of the body of the both stages CHXs 
are given. 

measurement are the flow resistance of the orifices and the frequency. The genera! 

equation used to describe the temperature changes is 

(7.9) 

with T the final temperature, To the initia! temperature, b.T the temperature change, 

and T the characteristic time of the system. The last one can be calculated using figure 

7.13. 
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Figure 7.13: t-T-plot of the system. At t=O the system settings are changed. At t=tend 
the system has reached a steady state again. From the temperature difference and the 
time passed during the temperature change, the characteristic time 7 can be calculated. 

The characteristic time of the system is 2500±100 s. It has only been measured at 

the operating temperature of the system. For other temperatures it will be different. 

A real life-test has not been clone with the set-up. The longest period the system 

was running is 15 days. During this time the system was stable. 

7.2.3 Heat-shuttling effect 

Periodic heat exchange between gas and the wall, also called surface-heat pumping, 

is one of the typical characteristics of a system. To determine this heat exchange, 

the system is used in its basic mode (see paragraph 3.5). All orifices are closed. Heat 

exchange between gas and the wall is the only way in which cooling power is generated. 

The temperatures of the first and second stage against the cooling powers are given 

in figure 7.14. As can be seen in figure 7.14 the heat-shuttling effect of the first stage 

at room temperature is 30 W. The heat-shuttling effect of the second stage at room 

temperature is 28 W. 

The cooling power of bath stages due to the heat-shuttling effect can also be 

calculated. Equation 3.5.6 from Tijani [19] can be written for this system at room 

temperature as 

(7.10) 
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Figure 7.14: Ch-T plot for the system used as a basic PTR. The cooling powers at 
room temperature are 30 W for the first stage, and 28 W for the second stage. These 
are the cooling powers generated only by the heat-shuttling effect. 

with IJ the Prandtl number and 6k the thermal penetration depth of the gas. The 

calculated heat-shuttling effects at room temperature are 3.8 W for the first stage and 

2.9 W for the second stage. The heat-shuttling effects found in the measurements are 

10 times as high. The difference can be a result of the fact that in the calculations 

turbulence is neglected. If there is turbulence in the tubes, a larger part of the gas 

contributes to the heat exchange and the heat-shuttling effect will be larger. The 

lowest temperatures measured with the system as basic PTR are 170 K and 147 K 

for the first and second stage respectively. The temperature difference between these 

temperatures and room temperature is the critica! temperature gradient of the basic 

system. This temperature gradient will never be exceeded with the basic PTR. 

As long as the system temperatures are higher than the critica! temperatures, the 

heat-shuttling effect contributes to the systems cooling powers. When the system is 

used as minor-orifice double-inlet, PTR the temperatures of the two stages will be 

lower. The heat-shuttling then effect works in reversed direction: it decreases the 

cooling powers because the heat transport via surface heat pumping is from the hot to 

the cold end. So the heat-shuttling effect has a negative infl.uence on the performance. 

Looking at formula 7.10 the heat-shuttling effect at room temperature can be reduced 

by decreasing the length of the tube at constant volume, so the diameter must be 

increased. 



7. Cooling power of 20 watt @ 40 kelvin 54 

7.2.4 Regenerators 

In this paragraph two parameters of the matrix material used in the regenerators 

are discussed: the volumetrie heat-exchange coefficient and the characteristic flow im

pedance. In addition the performance of the system with a first-stage regenerator filled 

with stainless screens is compared to the performance with a first-stage regenerator 

filled with stainless steel spherical grains. 

Matrix material parameters 

Two parameters are discussed here: the volumetrie heat-exchange coefficient and the 

characteristic flow impedance. The volumetrie heat-exchange coefficient is related to 

the heat exchange between gas and the matrix. It is expressed in W /Km3 and used 

in the energy conservation equation [22]. 

ÖUr = r.l(T. _ T. ) _ Öqr 
Öt /J g m äl (7.11) 

The characteristic flow impedance is related to the flow resistance of the matrix ma

terial. I t is expressed in m - 2 . The pressure drop over the regenerator is dependent on 

the flow impedance like [23] 

* 
b.p = TJZrV. (7.12) 

The flow impedance is a function of regenerator size and filling. It can be written as 

Z - ZrLr 
r - Ar . (7.13) 

The Zr is the characteristic flow impedance of the matrix material. A characteristic 

length can be defined as 

(7.14) 

which is proportional to the pore size. The characteristic flow impedance can be 

calculated using a measurement at room temperature. Only a few pressure oscillations 

are made with the system in basic mode (all orifices closed). The calculations use 

equation 7.12 and 7.13. The volume flow is calculated using 

* V = VL + Vexpansion 

2 
(7.15) 

with 

(7.16) 
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and 
* ~+~ 
V _ TT dt dt 

exp anision - v empty + 
Pt1 Pt2 

(7.17) 

The calculated characteristic flow impedance depends on the time derivative of the 

pressure, which varies during an oscillation. The given value is the average found. In 

figure 7.15 the error rate and mean value are indicated. The results for both stainless 

steel screens4 and lead spherical grains5 are given in table 7.3. 

stainless steel screens lead spherical grains 
* V (cm3/s) 1700 400 

Zr (1/mm~) 2.6xl04 3.2x104 

Re 0.2 1.4 

Table 7.3: Calculated volume flows, characteristic flow impedances and Reynolds num
bers at room temperature for stainless steel screens and lead spherical grains. 

Both regenerator parameters ((3 and Zr) can be obtained by simulating the system. 

The system has to operate as single-orifice PTR, so without double inlet and minor

orifices. The program used is PTR Design Tool 2.06 . In this program it is possible 

to simulate a two-stage PTR. The system geometry, frequency, orifice settings, and 

regenerator materials are input parameters. The characteristic flow impedances and 

volumetrie heat-exchange coefficients have to be entered also . These two have been 

chosen in such a way that the temperature and pressure distributions obtained in the 

program are the same as the values measured for the implemented system charac

teristics. The obtained characteristic flow impedances are given in figure 7.15. The 

volumetrie heat-exchange coefficients are given in figure 7.16. The Reynolds numbers 

have been calculated 

with 

Re= 2MjD5 

1fT] 
(7.18) 

(7.19) 

The used molar flow is the flow through the regenerator without matrix material. 

In both figures a spread in the data can be seen. Especially the characteristic flow 

impedance of lead at Re=18 differs from the other data found. Further investigations 

are needed to make sure that the simulation program generates unique situations and 

to obtain more data. 
1 Stainless steel screens mesh 250. 
'' Lead spherical grains with diameter between 0.18 and 0.25 µm. 
6 PTR Design Tool 2.0 © A.T.A.M. De Waele, A. Popov. 
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Figure 7.15: Characteristic flow impedances as a function of the Reynolds numbers. 
The simulation results are the ones with Re> 5. The calculated characteristic flow 
impedances at room temperature are also given (Re<S). 
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Figure 7.16: Volumetrie heat-exchange coefficients as a function of the Reynolds num
bers. 

Matrix material geometry 

Instead of filling the first-stage regenerator with stainless steel screens, it can also 

be filled with small stainless steel spherical grains. Using spherical grains instead of 
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screens has a lot of advantages. They are easier to obtain and cheaper. It is easier 

to fill the regenerator with grains since screens have to be placed into the regenerator 

one by one, but grains can be put into the regenerator while continuously shaking it. 

The last advantage is that a higher filling factor of the regenerator can be reached. 

Disadvantages of the grains are that they are very small (diameter around 0.3 mm), 

so special arrangements have to be made to keep the particles in the regenerator. If 

the grains get into other parts of the system it can become less stable and some parts 

can get damaged. 

In the following experiment the first-stage regenerator is filled with grains. They 

are filtered to leave only those with diameters between 0.32 mm and 0.25 mm. The 

characteristics of the first-stage regenerator filled with grains and the one filled with 

screens are given in table 7.4. The volume of the regenerators used is not the same. 

component din dex L v material filling 
(mm) (mm) (mm) (cm3) factor 

regenerator 41.5 42.5 120 162 1930 screens, 0.27 
with screens mesh 250, 293 g 
regenerator 32 33 120 96.5 grains, diameter 0.58 
with spherical 0.25-0.32 mm, 
grains 430 g 

Table 7.4: Characteristics of both first-stage regenerators used. 

The current regenerator with screens is not refilled with grains, because it was giving 

the best performance at that moment. Changing it might have resulted in damage. 

The cooling powers of the second stage for the two regenerators are given in figure 7.17. 

The cooling power of the second stage using the regenerator filled with grains is 15.4 

W @ 40 K. When the regenerator is filled with screens a cooling power of 18.3 W @ 40 

K is reached. This comparison is not completely fair: the regenerator filled with grains 

has a smaller volume than the regenerator filled with screens as mentioned. Since a 

homogeneous flow is assumed (see Chapter 8) the cooling powers per cross-sectional 

area are relevant and calculated for the two regenerators. The results are given in 

figure 7.18. 
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Figure 7.17: Cooling powers of the second stage using a first-stage regenerator filled 
with stainless steel spherical grains or screens. At 40 K the cooling power is 15.4 W 
using the first-stage regenerator filled with spheres. Using the regenerator filled with 
screens the cooling power is 18. 3 W @ 4 0 K. 
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Figure 7.18: Cooling powers per cross-sectional area of the second stage using the 
first-stage regenerator filled with screens or spherical grains. 

The cooling power per cross-sectional area is larger (0.58 W /cm2 ) at 40 K using 

the first-stage regenerator filled with grains instead of screens. Further investigations 

should be done to verify this. In addition there has to be looked for a good and easy 
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way to keep the regenerator material in the regenerator. 

7 .2.5 Cooling power 

Cooling power of the first and second stage 

The maximum cooling power possible at a certain temperature is one of the main 

characteristics of this system. For the first and second stage the maximum cooling 

powers are given in figure 7.19 and 7.20 respectively. For the first stage only the real 

cooling powers are given. For the second stage the real and intrinsic cooling powers 

are given. 
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Figure 7.19: Cooling powers of the first stage. 

18 20 

The intrinsic cooling power of the second stage is 20.4 W @ 40 K. The target set 

by the project was 20 W@ 40 K and has been reached. The cooling powers of the first 

stage are measured with the system in the settings to reach optima! cooling powers of 

the second stage. 

Another way to represent the cooling powers is given in figure 7.21. This is called 

a load map. On the horizontal axis the temperatures of the first-stage CHX are given. 

On the vertical axis the temperatures of the second-stage CHX are given. The points in 

the figure represent the steady state situations for different powers applied to the first 

and second stage. The powers applied to each point are given also. The numbers on top 

are the powers applied to the first stage, the numbers below are the powers applied 

to the second stage. The lines drawn in approximately vertical direction connect 

points with the same power applied to the first stage. The lines drawn in horizontal 
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Figure 7.20: Cooling powers of the second stage for the cold-end heat exchanger, re
generator and tube. For the tube and the regenerator the cooling powers are not given 
below 30 K because of the measuring equipment. The cooling powers at 40 K are 18.3 
W for the CHX and 20.4 W for the regenerator. 

direction connect points with the same power applied to the second stage. Heating 

the first or second stage changes the mass-fiow distribution in the system. Therefore 

all temperatures change. 
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Figure 7.21: Load map of the system. On top the powers applied to the first stage are 
given, below the powers applied to the second stage. 
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Compressor power dependence 

In order to see the influence of the pressure amplitude on the cooling powers reached 

at 40 K the cooling powers are measured for different pressure amplitudes at Pin· The 

different amplitudes are established by shunting the low and high-pressure sides of the 

6.5 kW compressor (opening valve E12 and Eh2). The results are given in figure 7.22. 

The cooling power decreases with the pressure amplitude. The results with the 6.5 

0+-~~~--;-~~~~1--~~~-+-~~~--t~~~---., 

0 10 15 20 25 

Q(L) (W) 

Figure 7.22: Cooling powers of the second stage for various pressure amplitudes. The 
numbers in the figure are the pressure amplitudes measured at Pin in bar. All measure
ments are done with the 6. 5 kW compressor. 

kW compressor are compared to the cooling powers using the 4.0 kW compressor. The 

maximum pressure amplitude generated by this compressor is 4.0 bar. The results are 

compared in figure 7.23. The cooling power at 40 K using the 4.5 kW compressor is 

1.4 W higher than the cooling power with the 6.0 kW compressor when it supplies 4.8 

bar. 

The cooling power can be expressed by 

(7.20) 

with fa factor between 1 (fora block wave pressure oscillation) and 0.5 (fora perfectly 

sinusoidal pressure oscillation). The factor f can be calculated using the measurement 

data and equation 7.20. For the two compressors f =0.54 for the pressure oscillations 

in the second stages. The shapes of the pressure oscillations generated by the rotating 

valve combined with either compressor are the same. Therefore this cannot be a cause 
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Figure 7.23: Cooling powers of the 6.0 kW compressor compared to the 4.5 kW com
pressor for various pressure amplitudes. In the figure the pressure amplitudes m easured 
at Pin are given in bar. In the brackets the powers of the compressor are given. 

for the difference in the cooling power. A cause of the cooling power differences can 

be that the gas fiows in the regenerator are different, but this should be investigated 

further. 

7 .3 lmprovement recommendation 

In order to make it easier to fabricate the total system, both tubes have to be made 

with a different length and diameter. They should have the same length as the corre

sponding regenerator and have to fit inside the vacuum chamber. The volume of the 

tubes has to be kept the same. This results in a system with a standard format. A 

schematic drawing of the preferred system is given in figure 7 .24. The characteristics 

of the present and recommended systems are given in table 7.5. Apart from the fact 

that these tubes are easier to fabricate , the increase in diameter and decrease in length 

will probably decrease the heat-shuttling effect (see paragraph 7.2.3) . By decreasing 

the heat-shuttling effect the cooling powers of the system are increased. 
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Figure 7.24: Schematic representation of the simplified system. The tubes have the 
same length as the corresponding regenerator. 

component din (mm) dex (mm) L (mm) V (cm;:s) 
tube 1, old 24 25 265 120 
tube 1, new 35 36.2 125 129 
tube 2, old 13 14 370 49.1 
tube 2, new 29.7 30.9 71 53 

Table 7.5: Characteristics of the tubes having the same length as the corresponding 
regenerator (new situation) compared to the present situation (old). 



Chapter 8 

Channeling effect 

The regenerator is assumed to be a one-dimensional flow system. The flow straight

eners in the regenerator lead to a homogeneous flow. The radial direction has no 

influence on the performance of the system. In principle the cooling power is propor

tional to the area of cross-section of the regenerator. To increase the cooling power 

the cross-sectional area has to be increased. This should be possible without adverse 

influences. 

In literature about fluid dynamics a number of examples can be found of ho

mogeneous systems becoming unstable at large dimensional scale. The instabilities 

are mostly triggered by small changes or imperfections. The physical picture of such 

systems is that inhomogeneities develop in the regenerator in such a way that the tem

perature on a certain level is not constant hut a geometrical temperature distribution 

exists. Such distributions are reported in private conversations between colleagues. 

The geometrical temperature distribution results in preference channels for the gas 

flow. This can have strong influences on the performance of the PTR. In order to see 

whether such inhomogeneities will appear in the PTR a number of preliminary exper

iments regarding the so-called channeling effect in the regenerator are performed. A 

preference channel is created manually in the first-stage regenerator. In the second

stage regenerator nothing is changed, so no preference channel should be present there. 

The performance of a two-stage PTR with such regenerators is compared to the per

formance using two homogeneous regenerators. 

8.1 Experimental set-up 

A preference channel has to be created manually in the first-stage regenerator in 

order to encourage a geometrical temperature distribution. The flow resistance can be 
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reduced by decreasing the characteristic flow impedance. 

R,. = T/ ZrLr 
Ar 
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(8.1) 

A channel has to be created in the first-stage regenerator with a small characteristic 

flow impedance, where the gas flow should prefer to pass. The characteristic flow 

impedance is related to a characteristic length (also see section 7.2.4) as [22] 

Ö=~. (8.2) 

The characteristic length is proportional to the pare size. For grains the pore size is 

proportional to the diameter of the spherical grains. 

ö = 0.02d (8.3) 

This relation was found empirically. A small characteristic flow impedance corresponds 

to a 'large' diameter of the spherical grains. To create a preference channel a small 

stainless steel tube is placed in the regenerator. This tube is filled with stainless 

steel spherical grains with 'large' diameters. The rest of the regenerator is filled with 

stainless steel spherical grains with smaller diameters. 

The experiments with a preference channel in the first-stage regenerator are called 

the channel experiments. The grains have been filtered to get particles with a diameter 

between 212 and 250 µm (average 231 µm), and between 250 and 315 µm (average 

283 µm). The geometry of the small tube and the regenerator are given in table 8.1. 

din (mm) dex (mm) L (mm) 
small tube 11.6 12 103.8 
first-stage regenerator 32 33 114 

Table 8.1: Geometry .of the small tube and the first-stage regenerator used in the 
channel experiments. 

A schematic representation of the first-stage regenerator used in the channel ex

periments is given in figure 8.1. In the figure the tube is indicated with A. It is fixed 

between bath parts C. The tube is placed excentric in the regenerator opposite to 

the connection to the first-stage tube. The tube is filled with stainless steel spherical 

grains with an average diameter of 283 µm. The rest of the regenerator (part B) is 

filled with stainless steel spherical grains with an average diameter of 231 µm. The 

characteristic flow impedance of the tube is smaller (zA/ ZB = 0.67). The parts indi

cated in the figure with D, are the flow straighteners. They are used to distribute the 

flow in the regenerator as good as possible. The parts indicated in the figure with C 

are packages of stainless steel screens (mesh 250). These packages make sure that the 
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D 

Figure 8.1: Schematic representation of the first-stage regenerator used in the channel 
experiments. A is a stainless steel tube filled with 283 µm grains. The rest of the 
regenerator (B) is filled with 231 µm grains. Care packages of stainless steel screens 
used to fix the grains and the tube. D are the flow straighteners. 

tube is fixed in the regenerator. The channel experiment is clone twice in order to see 

whether the effect reproduces. 

The experiment called homogeneous is the one without a manually formed prefer

ence channel in the first-stage regenerator. A schematic representation of the regen

erator used, is given in figure 8.2. The small tube is removed from the regenerator. 

The grains in the regenerator are mixed thoroughly (E). The volume of the tube is 

compensated by extra stainless steel screens. They are placed on the bottom of the 

regenerator. 
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Figure 8.2: Schematic representation of the first-stage regenerator used in the homo
geneous experiment. It is filled with a mix of stainless steel spherical grains with a 
diameter between 212 and 315 µm (E). Care packages of stainless steel screens used 
to fix the grains . D are the flow straighteners. 

All measurements are clone with the set-up shown in figure 6.1 with a few adjust

ments. The pressure sensors of the tube (Ptl and Pt2) are placed before the hot-end 

heat exchanger. The buffer at the low-pressure side of the compressor is removed. 

Furthermore a 4.5 kW compressor1 is used, and only at the low-pressure side of the 

compressor a filter2 is placed. The rest of the equipment is described in Chapter 6 and 

paragraph 7.1. 

8.2 Results and discussion 

The characteristics of the first-stage regenerator and the system for the different mea

surements are given in table 8.2. 

The no-load lowest temperatures are compared. The temperature distributions in 

the set-up are given in figure 8.3. The first two temperatures result from the channel 

measurements, the last ones from the homogeneous measurement. 
1 APD cryogenics inc. HC-8B compressor. 
2 Headline Filters model no 132. 
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channel channel homogeneous 
measurement measurement measurement 
1 2 

Lsoheres (mm) 103.8 103.8 100 
number of screens top 93 93 93 
number of screens bottom 146 146 163 
filling factor tube 0.59 0.60 
filling factor rest 0.60 0.59 0.61 
a1 0.77 0.96 0.89 
a2 0.72 0.98 1.07 

Table 8.2: Characteristics of the first-stage regenerator and the system for the three 
measurements. 
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Figure 8.3: Temperature distributions in the system. On top the first channel mea
surement is given, in the middle the second channel measurement and on the bottom 
the homogeneous measurement. 

Comparing the homogeneous measurement to the second channel measurement 

shows that the temperatures are the same, but the system settings are different, as 

can be seen in table 8.2 in the a-parameters. The first channel measurement gives 

higher temperatures. Probably the optimum setting was not found here. This can 

be due to the fact that the second-stage double inlet and orifice were polluted (see 

paragraph 3.3). 
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The pressure oscillations at Pin, Ptl and Pt2 for the channel measurements are given 

in figure 8.4. In figure 8.5 the same is done for the homogeneous measurement. 
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Figure 8.4: Pressure oscillations for the channel experiments. There is a preference 
channel in the first-stage regenerator. 
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Figure 8.5: Pressure oscillations for the homogeneous experiment. There is no prefer
ence channel in the first-stage regenerator. 

Comparing the figures the most typical difference is the pressure drop over the 

second-stage regenerator. 
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8.3 Conclusions 

A preference channel in the first-stage regenerator , caused by different characteristic 

flow impedances , has no infiuence on the temperature distribution in the system. The 

second-st age temperatures do not change using a preference channel. The first-stage 

temperatures do change: the channel experiments give a 7 K lower first-stage temper

ature than the homogeneous experiment. The settings to reach these temperatures 

are different. 

A remarkable difference is that the pressure drop over the second-stage regenerator 

is twice as high when a preference channel is used in the first-stage regenerator. An 

explanation for this has not yet been found. 



Chapter 9 

Conclusions and 

recommendations 

9.1 Conclusions 

The main target of our PTR system was to reach 20 W cooling power at 40 K. This 

goal has been achieved. The maximum intrinsic cooling power of the second stage is 

20.4 W@ 40 K. The maximum real cooling power of the second stage is 18.3 W@ 40 

K. The no-load lowest temperature reached with the system is 9.5 K. The first stage 

temperature at that moment was 86 K. 

The cooling power is negatively influenced by the heat-shuttling effect in the tubes. 

At room temperature this effect is approximately 30 W on both stages. The calculated 

heat-shuttling effect is 4 W. The difference is probably caused by turbulence in the 

tubes. The heat-shuttling effect can be reduced using other dimensions of the tubes. 

The tubes have to have the same volume, but a smaller length and larger diameter. 

A number of aspects of the PTR have been investigated. The cold-end heat ex

changers are made of copper blocks with a cylindrical channel for the gas. The calcu

lated heat-transfer coefficient is 6.5x104 W /Km2. The measured heat-transfer coeffi

cient is 1.3x104 W /Km2 . The difference between the real and intrinsic cooling power 

is less than 2 W in the temperature ranges 25-40 K and 100-140 K. 

The performance of the orifices has also been investigated. If the ratio of the 

pressure in the tube to the pressure in the buffer is smaller than 0.5, a choking effect 

occurs. The velocity of the gas is equal to the speed of sound. The conductances of 

the orifices have a linear response to the number of turns that the orifice is opened. 

Two parameters of the matrix material in the regenerator have been investigated. 

The average characteristic flow impedance of the stainless steel screens used in the 

experiments is 5x104 mm-2 . For the used lead spherical grains this is 13x104 mm-2 . 
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The volumetrie heat-exchange coefficients for the stainless steel screens and lead spher

ical grains are 20 MW /Km3 and 3 MW /Km3 respectively. 

The performance of the first-stage regenerator filled with stainless steel screens is 

compared to the performance of the PTR with a first-stage regenerator filled with 

stainless steel spherical grains. The cooling power is scaled to the cross-sectional area 

of the respective regenerator. For the screens the cooling power per cross-sectional area 

is 1. 4 W /cm 2 , for the spherical grains 1. 9 W /cm 2 . The filling factor of the system 

with spherical grains is twice as high. 

Some preliminary experiments regarding the so-called channeling effect in the first

stage regenerator are clone to see whether a small disturbance in the system makes the 

PTR unstable. A channel with a smaller characteristic flow impedance than the rest 

of the regenerator is constructed in the first-stage regenerator. From the preliminary 

experiments can be concluded that the temperature distribution in the system is hardly 

affected. A preference channel in the first-stage regenerator does affect other parts of 

the system. The pressure drop over the second-stage regenerator turned out to be 

twice as high when a preference channel is used in the first-stage regenerator. This 

result is not explained so far. 

To increase the cooling power of a PTR the dissipation in the regenerator has to 

be reduced. This can be clone using the four-valve method. The out-phase component 

of the velocity at the cold end is compensated by injecting the proper amount of gas at 

the hot end of the tube. This can be established making a valve system which connects 

the compressor to the regenerator and the hot end of the tube. Still using the orifice 

and buffer, the phase shift between the flow to the tube and regenerator should be 

90°. Not using the orifice and buffer anymore the optimum phase shift should be 70° 

according to. a simulation program. 

9.2 Recommendations 

A number of characteristics of the PTR need to be investigated further to get a thor

ough understanding. Different compressors supplying the same pressure amplitude to 

the system, result in different cooling powers. The exact reason for this should be 

investigated. 

To increase the cooling power of the PTR the heat-shuttling effect must be reduced. 

This can be established by using tubes with another geometry: larger diameter and 

smaller length. Another advantage of this geometry is that the system becomes more 

standard and easier to produce. 

Another possibility to increase the cooling power is to fill the first-stage regenerator 

with stainless steel spherical grains instead of screens according to the measurements 
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clone. The diameter of the used regenerator with spheres was smaller, so further 

measurements have to be clone to prove this. 

The simulations program PTR Design Tool 2.0 has to be tested more extensive, to 

see whether it really generates unique and correct situations. 

Further investigations, both experimentally and theoretically, are needed regarding 

the channeling-effect, to see whether the aften occurring instabilities in large systems 

do or do not occur in PTRs. An explanation for the increase of the pressure drop over 

the second-stage regenerator when using a channel in the first-stage regenerator has 

to be found as well. 

The four-valve method improves the cooling power of PTRs, at least according to 

the theory. An experimental set-up has to be built to verify this theory. 
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Appendix A 

Four-valve simulation program: 

input parameters 

All the input parameters, used in the four-valve simulation program, are discussed 

here. A schematic representation of the used system is given in figure A.l. The four-

ph~~-.-~~~~---, 

P1 ~~~~~-.-~~~~-----, 

2 3 4 

Figure A.l : Schematic representation of the system used in the four-valve simulation 
program. 

valve method is investigated as a possibility to decrease dissipation in the regenerator, 

so to increase the cooling power. The geometry of the two-stage PTR as descri bed in 

Chapter 6 is used as accurate as possible in the simulation program. 

Volume of the regenerator filled with gas and volume of the tube 

The first-stage regenerator of the two-stage PTR is used. It is filled with stainless steel 

screens mesh 250 with wire diameter 28 µm. The filling factor of the regenerator is 

0.27. The first-stage tube of the two-stage PTR is used. 
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Void volume from rotating valve till regenerator and void volume till tube 

The four-valve rotating valve should be placed in the same position as where the 

rotating valve is now. The distance in the two-stage PTR from the rotating valve 

to the regenerator and to the hot end of the tube is measured. The diameter of the 

connection tube is chosen the same as the diameter of the connection tubes used in the 

two-stage PTR. The influences of the void volumes on the cooling powers are small: a 

20% change in void volumes causes a 0.3% change in cooling power. 

High and low pressure in the system 

The high and low pressures in the two-stage PTR, using a 4.5 kW compressor, are 

used. A larger pressure difference is only possible when a compressor with more power 

is used. In order to compare the simulation results , the compressor power is chosen to 

be fixed, so the high and low pressures are fixed as well. 

Frequency 

The frequency giving the maximum cooling power in the two-stage PTR is used in 

the simulations. The influence of the frequency on the cooling powers is difficult 

to determine. The optimum setting of the system parameters ( valve settings and 

compressor power) change, when the frequency is changed. 

Thermal inefficiency 

In a regenerator gas is flowing from the hot end to the cold end during half of the 

cycle. During the other half of the cycle gas is flowing back. The temperatures of 

gas parcels entering the CHX from the regenerator are higher than the temperatures 

of gas parcels entering the regenerator from the CHX. For the temperatures can be 

written TvL1 > TvL2 with T1=TvL2 using the indications as in figure A.2. There is a 

temperature difference in the regenerator TvLl - TvL2 = f:l.T1. The average thermal 

regenerator inefficiency is defined as [6] 

(A.l) 

assuming the specific heat of helium to remain constant with temperature. Due to 

the temper at ure difference there is a heat flow in the regenerator, which is a heat loss. 

The thermal inefficiency represents the ratio of heat loss to the maximum heat that 

can be transferred. The regenerator thermal loss is given as 

(A.2) 
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CHX 

t 

Figure A.2: Schematic representation of a part of the PTR. The velocity of the gas 
entering the CHX from the regenerator (vL1) is indicated. The velocity of the gas 
returning to the regenerator from the CHX (vL2) is also indicated. 

In the simulation program the ineffi.ciency is kept constant for all calculations. This 

might not be completely correct. A small change in inefficiency (0.005) already makes 

a big difference in performance. For three different inefficiencies the cooling powers 

reached are given in figure A.3. The ineffi.ciency usecl for our system is based on 

literature [6] and experience. 

0.01 0.015 0.02 

/(e) 

0.025 

Figure A.3: Cooling powers at 80 K for different inefficiencies. 

Valve settings 

0.03 

To get an optimal system the four valves (see figure A.l) have to be adjusted to the 

right flow resistance. The definition of those flow resistances is given here. The molar 
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flow through a valve is calculated in the simulation program by 

(A.3) 

The mass flow can also be written as [17] 

(A.4) 

using 

(A.5) 

Comparing formula A.3 and A.4 it can be seen that Ci/2RT corresponds to CV. The 

conductance depends on the valve setting and has been calculated in paragraph 5.1.2. 

Flow conductance 

In the computer program the flow conductance of the regenerator is called CV5 . The 

molar flow through the regenerator is calculated using 

n = CVs.ó.p. (A.6) 

The pressure diff erence .ó.p is the pressure drop over the regenerator. The molar flow 

through the regenerator can also be given as 

(A.7) 

with the volume flow defined as 

(A.8) 

For the stainless steel screens used in our experiments the characteristic flow impedance 

has been calculated in paragraph 7.2.4. The CVs can be calculated. 

Timing of the valves 

The timing of the valves is controlled by eight parameters. Parameters 1 to 4 are used 

to connect and disconnect the high and low-pressure sides of the compressor to the 

regenerator (valve 1 and 2) . Parameters 5 to 8 are used to connect and disconnect the 

high and low-pressure sides to the tube (valve 3 and 4) . A schematic representation 

of the valve timing is given in figure A.4. The valve numbers are given between the 

brackets. The times are given in degrees. A total cycle is equal to 360°. Valve 1 is 
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open between Xl and X2, so during the block drawn. For the other valves the time 

they are open is indicated in the same way. The phase shift between the gas flow 

to the tube and regenerator is the time between X8 and Xl. Both the opening time 

and phase shift can be chosen. The normal opening time is 150° resulting in 11.8 W 

regenerator 

tube 

),a X2 
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' 

1af 

Figure A.4: Schematic representation of the valve timing. The valve numbers are given 
between the brackets. A cycle is 360°. Valve 1 is open between Xl and X2. For the 
other three valves the opening times are also given. The phase shift between the gas 
flow to the regenerator and the tube is the difference between XB and Xl (or X6 and 
X3). 

cooling power @ 80 K. An opening time of 145° results in 10.9 W cooling power @ 80 

K. 

Other parameters 

The start time of all calculations is t=O . The simulations are clone over one period of 

pressure oscillation. The number of calculation steps can be chosen. If the steps are 

taken too small an oscillation on the pressure occurs. If the number of steps is large, 

the calculation time will become too high. 

The error rates have to be given, but they will be adjusted during the calculation 

if necessary. The gas constant used here equals the ratio of the universa! gas constant 

to the molar mass of helium. 

The lowest temperature is the temperature on the cold end of the tube. The 

program calculates the cooling power at that temperature. For the volume at the hot 

and cold end of the tube a number has to be given. The program used this as an 

initia! value to calculate the real number. 

In table A. l the values are given for all parameters discussed here except for the 

CV-values and the valve timing because these are different for every experiment. 
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Vr (cm3
) 118 

Vt (cm3
) 120 

Vvoid r (cmJ) 8.0 
Vvoid ,t. (cm3 ) 16 
Ph (MPa) 1.6 
PI (MPa) 0.80 
f (Hz) 2.0 
Ie 0.020 
to (sec) 0 
period of calculation 1 
length of steps 0.0005 
upper error rate 0.0005 
R/M (J/gK) 2.077 
TR (K) 300 
T1 (K) 80 
vt,H (cm3

) 5.0 
vt,L (cm;,s) 5.0 
error rate 0.1 

Table A. l: Program characteristics used. 



Appendix B 

Mass flow orifices 

B .1 Isentropical assumptions 

Bernoulli equation 

Energy conservation 

lsentropical assumption 

v2 
2 

B = MCp(Tt -TB) 

v2 
B = !CpTt [1- (:) ~1 

.:r..=l 

PB = MpB = MpB ( Pt) -r 

RTB RTt PB 

* 2 
m = p~v~A2 

* 2 m = A2_l:J_ Mp[ [(PB)2h - (PB)('y+lh)l 
'Y - 1 RTB Pt Pt. 
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B. Mass flow orifices 

B.2 Isothermal assumptions 

Bernoulli equation 

* 2 m 

* 2 m 

= 

= 

p~v~A2 

A2 2MpB(PB - Pt) 
RTB 
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Appendix C 

Heat-transfer coefficient 

The heat-transfer coefficient aH of a cold-end heat exchanger can be calculated using 

the following equations. The conductance C1 of an orifice can be written as [22] 

Ci =Cv Vtw_ 
Cppoa 

The volume-flow rate at the cold end of the tube can be calculated using 

The velocity at the cold-end heat exchanger is calculated by 

(C.1) 

(C.2) 

(C.3) 

The Nusselt number can be calculated with the Reynolds number and the Prandtl 

number. 

Re= puLd 
T/ 

ryc 
Pr=

À 

The heat-transfer coefficient can be calculated by 

(C.4) 

(C.5) 

(C.6) 

(C.7) 

The diameter of the cylindrical channel in the block is indicated as d. The most 

important temperature for the first stage is 90 K, for the second stage this is 40 K. 
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The thermal properties of helium at 20 bar for 40 K and 90 K are given in table C.1 

[13]. The system properties and measurement quantities are given in table C.2. The 

calculated velocities at the cold end, the Reynolds numbers, the Nusselt numbers and 

the heat-transfer coefficients are given in table C.3. 

40 K 90 K 
viscosity T/ (Pas) 6.0x 10-5 7.l x lü-6 

density p (kg/m:1) 23.3 10.5 
thermal conductivity Kf!. (W /mK) 0.045 0.071 
Prandtl number Pr 0.73 0.70 

Table C.l: Thermal properties of helium at 20 bar for 40 K and 90 K. 

second-stage tube ( 40 K) first-stage tube (90 K) 
Cv/Cp 0.6 0.6 
a 0.6 1.0 
vt (cm3 ) 49.1 120 
f (Hz) 2 2 
Po (bar) 18 18 
PI (bar) 6.0 6.9 
d (mm) 1.5 1.5 

Table C.2: System properties and measurement quantities. 

second-stage tube ( 40 K) first-stage tube (90 K) 
uL(m/s) 120 200 
Re 7.2xl05 4.5x105 

Nu 2000 1500 
aH (W/Km:t) 5.9x104 7.0x164. 

Table C.3: Calculated properties for the heat exchangers at 40 K and 90 K. 


