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ABSTRACT 

Many applications in physics require low temperatures. Therefore, there is a need for reliable low 
temperature coolers. Traditional Stirling coolers and Gifford McMahon coolers have a solid displacer 
that oscillates in the low temperature region. This causes much wear and the lifetime of these coolers is 
therefore limited. 

A pulse tube refrigerator has no rnaving parts at low temperatures. It consists of a simple, empty 
stainless steel tube, in which helium is compressed and expanded. With an orifice and a reservoir, a 
proper phase shift between mass flow and pressure can be created. This causes an enthalpy flow from 
the cold heat exchanger to the hot heat exchanger. A regenerator prevents the inlet of hot gas in the 
pulse tube. 

Heat transfer between the gas and the tube wall generates another enthalpy flow. This is called thermal 
pumping or heat pumping mechanism. This process generates entropy and is therefore less effective. A 
two-dimensional model is outlined in order to describe the effect of the tube wall to the gas. It has been 
found that enthalpy is rejected to the wall before it reaches the hot heat exchanger. This reduces the 
cooling performance. Another loss in the pulse tube is secondary mass streaming due to Reynolds 
stresses. The regenerator enthalpy flow is also a loss contribution. This is caused by its flow impedance, 
heat conduction and heat transfer between gas and matrix. Entropy production in a heat exchanger 
limits the cooling performance further. 

A stabie minimum temperature is desired for teehoical applications. Unsteady frequency and impurities 
in the working gas generate unstable behaviour, while DC flows in the double inlet PTR limit the 
minimum temperature that can be reached. The rotary valve is replaced by solenoid valves in order to 
guarantee a steady frequency, and special care is taken to remove impurities. A stable minimum 
temperature of 60 K is possible with these improvements. DC flows can be compensated by connecting 
the reservoir to low pressure with a minor orifice. This has resulted in a stabie temperature of 56 K. 
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Chapter 2: Various types of pulse tube refrigerators 

2.1 General introduetion 

The PTR is, literally, a machine in which a working gas undergoes pressure waves in order to produce 
cooling power. These pressure waves can be created by two reservoirs at different pressures and valves that 
are switching between high and low pressure. The frequency of this switching is about 2 Hz. 

low high 
pressure pressure 

regenerator 

reservoir 
tri 

hot heat 
a<dunger 

pul se tube 

Figure 2.1: A schematic view of the putse tube refrigerator. In this figure, V1 is the orifice and V2 is the 
secmzd orifice. 

The pulse tube is a simple, cylindric, empty stainless steel tube. Here, pressure waves occur and cooling 
power are created. The end connected to the regenerator is called the cold end and the other one is the hot 
end. The pulse tube has heat exchangers at both ends. At the cold end, heat is transferred to the gas (this 
means a cool-down of the cold heat exchanger). The hot end heat exchangeris located at room temperature 
in order to remove this heat efficiently. The hot end is connected to an orifice and a reservoir tank. This 
reservoir has a large volume compared to that of the pulse tube. The orifice is an adjustable flow 
impedance, so does the second orifice. 

The regenerator is a cylindric stainless steel tube filled with aporous matrix. lt releases heat to the gas that 
comes from the pulse tube and absorbs it from the incoming gas. This process prevents the inlet of hot gas 
directly to the cold heat exchanger. The regenerator hot end has also a heat exchanger (also called the 
aftercooler) to remove compression heat that is produced when gas enters the regenerator. 

There are three main function modes for the PTR: 

• Basic PTR: in this case, both needie valves are closed and the reservoir is not used. The basic PTR 
is treated in section 2.2; 

• Orifice'PTR: in this case, only the first orifice is open to allow the gas to flow into and out of the 
reservoir. The orifice PTR is outlined in section 2.3; 

1The final syllable of "orifice" should be pronounced as in "miss". 
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• Double inlet PTR: both orifices are open, so the gas can also flow through the bypass. This will 
be treated in section 2.4. 

It will be clear in these sections why cooling power can be produced, and if so, which mechanisms are 
responsible for that. Some other function modes of the PTR are treated in sections 2.5 and 2.6. 

2.2 The basic pulse tube refrigerator (BPTR) 

The basic pulse tube refrigerator has a closed hot end. Therefore, this type is also called closed PTR. 
Initially, we assume no heat exchange between gas and tubewalland neglect all effects due to viscosity. 
This means that processes inside the pulse tube are adiabatic. 

Consider a gas element inside this tube. During one cycle, the gas element undergoes the following 
processes: 

• When the system is connected to high pressure, the gas element is displaced to the hot end. At the 
same time, the gas element is compressed adiabatically, because it cannot exchange heat. lts volume 
therefore decreases and its temperature increases. This stage is therefore called the compression 
stage; 

• Pressure remains constant until the low pressure valve is opened (in fact, nothing happens); 
• When the system is connected to low pressure, gas flows outside the tube. The gas element is 

displaced to the cold end, its volume increases and its temperature decreases because of adiabatic 
expansion. This is exactly the reverse of the first step and is called expansion stage; 

• Again, pressure remains constant till the end of the cycle. Finally, the gas element has the same size, 
pressure and temperature as in the beginning of the cycle. 

The four steps are given in Fig. 2.2. 

_j''l 
m ri~.I---· x 

T 

I; 

1.'~-ii.~ '~-?_~:--

,, 

x 

Figure 2.2: Temperature ofthe gas element as ajunetion ofthe position x. The given curve appliesfor a 
basic PTR without tube walt heat transfer. The upward arrow corresponds toa compression stage and the 
other one to an expansion stage. T, is the temperafure ofthe cold heat exchanger. 

One will conclude no refrigeration power can be produced this way. However, if the gas is allowed to 
exchange heat with the tube wall, we shall see we are able to produce cooling power. 
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Let's consider the pulse tube again. We assume there is initially a constant temperature along the pulse 
tube. We shall follow a gas element, whose temperature is initially equal to the tube wall temperature. Now, 
during one cycle, it undergoes the following processes: 

• Adiabatic compression and displacement to the hot end, as mentioned in previous case (process a); 
• Because the temperature of the gas element is higher than the local tube wall temperature, the 

element transfers an amount of heat Q to the tube wal!. lts temperature decreases, its volume 
decreases and pressure is assumed to be constant (process b ); 

• Expansion and displacement to the cold end (process c). When the gas element reaches its initia! 
position, its temperature is lower because of the heat transfer in process b; 

• Because the temperature of the gas element is now lower than the local tube wall temperature, the 
gas element picks up the same amount of heat Q from the tube wall (process d). This heat transfer 
also occurs at constant pressure. 

x X +LlX x X +LlX 

0-D D 

(a) (b) 

x 

D-o 
(c) (d) 

Figure 2.3: Heat pumping mechanism. In situation (a), a gas element is compressed. In situation (b), the 
gas element transfers an amount of heat Q to the tube wall. A fier the expansion stage ( c ), the same amount 
of heat is transferredfrom the wall to the gas element. 

So, during one cycle, an amount of heat Q is transported along the pulse tube wall towards the hot end. The 
contribution of all gas elements, which are asciilating in the system, results in a displacement of heat from 
the cold heat exchanger to the hot heat exchanger. This process is called thermal pumping or heat pumping 
mechanism and gives rise toa tube wall temperature gradient. At a certain moment, this gradient is equal 
to the element's adiabatic temperature increase per unit of length, and no heat is transferred. The 
temperature gradient at which there is no more heat transfer is the critica! tube wall temperature gradient. 
This corresponds with the minimum temperature that can be reached with a basic PTR. 

This description is of course somewhat idealized, since heat transfer also occurs during a compression and 
an expansion stage. A more quantitative description of thermal pumping wiJl be given in section 2.3 when 
we discuss the orifice PTR. 
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2.3 The orifice pulse tube refrigerator (OPTR) 

2.3.1 Introduetion 

In the orifice PTR, gas is allowed to flow through an orifice inside a reservoir tank. The reservoir volume 
is much larger than the putse tube volume, so pressure variations in the reservoir are negligibly smalt. The 
reservoir pressure is almast equal to the average of high and low in let pressure. The orifice is an adjustable 
needie valve. 

Like we did for the basic PTR, we shall derive the T-x behaviour of a gas element in the orifice PTR. We 
assume that the gas does notexchange heat with the tube wal!, so we do not have to pay attention to thermal 
pumping. The flow through the orifice depends on the difference between the pressures at both si des of the 
orifice. For simplicity, we assume that there is only gas flowing through the orifice in the neighbourhood 
of maximum or minimum pressure. Then one cycle can be discretized into four steps: 

• Adiabatic compression of the gas element to high inlet pressure, as in the basic PTR (step l); 
• Because the orifice is now open, an amount of gas flows into the reservoir. As long as the system 

is connected to high pressure, gas flows from the regenerator to the pulse tube. Due to these 
processes, the gas element is displaced even more towards the reservoir (step /[); 

• Adiabatic expansion to low inlet pressure, as in the basic PTR (step 1/l). The gas has now a lower 
temperature than at the beginning of the cycle; 

• Gas flows from the pulse tube into the regenerator. At the same time, gas coming from the reservoir 
flows into the pulse tube. The gas element is displaced towards the regenerator and the cycle has 
finished (step IV). 

The four steps are given in Fig. 2.4. 

x 

T 
11 

IV 

x 

Figure 2.4: Gas element temperafure as ajunetion ofthe position in the putse tube. The graph appliesfor 
an orifice PTR without tube wal/ heat transfer. T, is the temperature ofthe cold heat exchanger. 

In contrast to the basic pulse tube without thermal pumping, a gas element gets now a lower temperature 
after one cycle. This means that cooling power can be created with an orifice PTR. 
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2.3.2 Harmonie model for the PTR 

A PTR is a periodic machine. Although the behaviour is strictly anharmonic, we shall assume that the 
oscillating amplitudes are smalt. Then, the thermodynamic quantities can be written in harmonie form. For 
an arbitrary quantity X, this means: 

X=X +X · X =X e;wr. 
ll d' d d (2.1) 

X can be the pressure p, the temperature T, the velocity v or the mass density p. The quantities p, p and T 
are sums of a constant part Xa and an oscillating part X,t We consider smal I oscillating complex amplitudes X" 
compared to X". On the contrary, the velocity v has a small average value and a lärge oscillating amplitude. 
This allows us to linearize. 

We are now ready to derive an expression for the enthalpy flow <li> in the pulse tube. By definition, the 
enthalpy flow is: 

H=mh. (2.2) 

In Eq. (2.2), the mass flow m which passes a cross-section A at a speed vis equal to pvA. The specific 
enthalpy h = c"T for an ideal gas with constant specific heat c" and temperature T. Applying the i deal gas 
law p = pRJ, with R~ the specific gas constant in J kg·1 K 1

, we get: 

. c Apv 
H=-'-'-

Rs 
(2.3) 

For the pressure p and the speed v, we can substitute the harmonie form from Eq. (2.1 ). If we take the 
average over one cycle, harmonie fluctuations cancel out, but products of harmonie fluctuations do not. The 
result is: 

. cA 
<H>=-P-[p v +<pdv ">]. R a a á (2.4) 

g 

The term p"v" can be rewritten by applying the continuity equation <pvA> = 0 and using Eq. (2.1). Because 
we assume that the cross-section does not change, the continuity equation [8] changes into <pv> = 0. If we 
take the average over one cycle, we get: 

(2.5) 

lt should be noted that the average velocity is not zero. One might think that there will be a net 
displacement in the system. However, that's not true, because the velocity refers to local streams of 
particles. Because the mass density is generally different for the two flow directions, conservation of mass 
requires v" * 0. The average mass density Pa can be expressed in the average pressure Pa when we use pp-Y 
=constant, which is valid for adiabatie processes: 

(2.6) 
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In Eq. (2.6), y is the ratio of the specific heats at constant pressure and constant volume. With these 

substitutions, Eq. (2.4) becomes: 

(2.7) 

Because cl'= cv - Rg, the factor in brackets is equal to R/s, Finally, we insert oscillating amplitudes and 
express the difference in phase between pressure wave and velocity by <j>. This yields: 

<H>=A \fi d\\v d\cos<l>. 
2 

(2.8) 

With the orifice PTR, we have created an enthalpy flow from the cold end to the hot end, which is released 
at the hot end heat exchanger. This is called adiabatic enthalpy displacement 

If we apply the first law of thermodynamics to the cold heat exchanger, we get: 

<Q c> =<Q h> -<H r>. (2.9) 

Eq. (2.9) says that the heat flow <Qc> into the cold heatexchangeris the difference between the heat flow 
<Qh> that leaves the hot en? heat exchanger (which is equal to the pulse tube enthalpy flow), and the 
regenerator enthalpy flow <H r>. The notation < ... > means "averaged over one cycle": 

~ 

<X>=~JX(t)dt , (2.10) 
0 

in which 1: is the cycle time. 

regenerator . pul se tube 

i 
I 

<Qy 

Figure 2.5: First law ofthermodynamicsfor the two heat exchangers in an orifice PTR. 

We wish, of course, to have maximum .refrigeration power at a given temperature. That means {Lshould 
be maximaL According to Eq. (2.9), Qccan be maximized by a large enthalpy flow from the cold end to 
the hot end (first right-hand term). According to Eq. (2.8), there are three ways to realize this. First, a pulse 
tube with large cross section A should be used. However, the regenerator enthalpy flow also increases with 
increasing A, and we saw in Eq. (2.9) that this was a loss contribution. Next, a large pressure amplitude 
should be applied in the pulse tube. Initially, pressure amplitude is determined by the difference between 
high and low pressure. This means also that we have to minimize pressure drops anywhere else in the 
system. Later, we shall examine at which places pressure drops. Finally, we need an optimum phase 
between pressure wave and mass flow (remember that v multiplied by Apis the mass flow). This requires 
a mechanism with which the phase difference can be controlled. Later, we shall see that an orifice and a 
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reservoir can be used as a phase shifter. In Chapter 4, more influences will be examined. 

Another way to maximize the enthalpy flow is to reduce the regenerator enthalpy flow loss (second right
hand term). In Chapter 3, we'll treat the ideal orifice PTR, for which the regenerator enthalpy flow is zero. 
The reasans why there is a fini te enthalpy flow in a real orifice PTR will also be explained there. In Chapter 
5, the processes intheregenerator will be described. 

At a eertaio moment, the enthalpy flow in the pulse tube is equal to the regenerator Jasses. No cooling 
power can be created anymore. We have now reached the minimum temperature. 

It should be noted that this harmonie approach has serious disadvantages. The most important one is that 
dynamic quantities in pulse tubes are not necessarily small compared to their average values. However, the 
harmonie approach is applicable for pulse tubes with higher frequency and therefore lower pressure 
amplitudes. In Section 2.3.3, the harmonie approach will be used to determine pressure and phase 
behaviour in the pulse tube. 

2.3.3 Acoustic impedances, analogy with electronics 

For the time being, the regenerator is considered to be ideal. This means that <H ,> = 0. Because we 
consider only harmonie pressure behaviour, the PTR can be compared with a network of electric currents, 
potentials and impedances [8]. Consider Table 2.1: 

electranies acoustics 

electric charge q (C) gas volume V (m3
) 

electric potential V (V) pressure p (Pa) 
electric current I (A) volume flow tP =A v (m3/s) 
electric impedance Z = VIl (Ohm) acoustic impedance Z =pi$ (N s/m5

) 

Table 2.1: Electronic quantities and their acoustic equivalents. 

In electronics, the impedance Z is generally a complex quantity; its real part is the resistance R and its 
imaginary part can be a capacitance C (for which Z = 1 /jwC) or an inductance L (for which Z = jwL). The 
phase between V and I is determined by the argument of Z: 

arg Z=arctan Im(Z). 
Re(Z) 

(2.11) 

The acoustic impedance is also considered to be a complex, position-dependent number, since pressure, 
cross-section area and velocity depend on the position in the PTR. Consider a pulse tube with length L and 
a uniform cross-section with area A. A pressure wave in this tube can be characterized by a wave length, 
which is simply elf, with c the velocity of sound andfthe operating frequency. If a Helmholtz number [8] 
is defined by: 

He=JL. 
c 

(2.12) 

For f = 2 Hz, L = 20 cm and c = 1000 rnls, He = 4.1 o-4 « 1. This means that the pulse tube length is much 
smaller than the wavelength, so pressure can betaken constant along the pulse tube. 
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First, we shall consicter the basic PTR. In a basic PTR, an incoming volume flow <Î>1 only causes a pressure 
increase. Because harmonie behaviour is assumed, the relationship between pressure and volume flow 

becomes: 

This leads to an easy expression for the impedance at the cold end of the pulse tube: 

z =Z =Pd =-1_. c = vpl 
I pi ~ J·wc , pi YP . 

W 1 pi a 

(2.13) 

(2.14) 

The pressure contribution is 90 degrees out of phase with the volume flow. Z1 is now defined as the 
acoustic impedance ofthe pulse tube. Fora basic PTR, Z1 is purely imaginary. We see that the pulse tube 
acts like a capacitor. This is the case for every volume. Besides that, we know that there is no enthalpy flow 
in a basic PTR. This means that an enthalpy flow can only occur when the volume flow has a component 
which is in phase with pressure. 

Next, we consicter the orifice PTR. A volume flow entering the pulse tube at the cold end partially causes 
a pressure increase, while the other fraction flows out of the pulse tube at the hot end: 

~ ~ jwV I A 

I,VI =1,112 +--p-p d" 

YPa 
(2.15) 

~2 is the volume flow that exits the pulse tube at the hot end. From Eq. (2.13), we know that the second 
right-hand term cannot contribute to the enthalpy flow. So only the ~2 component in Eq. (2.15) can 
produce an enthalpy flow. This means that we have to include somehow the orifice and the reservoir. For 
the time being, Z2 is defined as the impedance of the system of orifice and reservoir. If we di vide Eq. (2.15) 
by the dynamic pressure, we get: 

_!_=-1 +)wC . z z pi 
I 2 

(2.16) 

The impedance of the system of orifice and reservoir is placed parallel to the pulse tube capacitance. 
Because there is an enthalpy flow in an orifice PTR, the impedance Z2 of the system of orifice and reservoir 
must have a real component. The real part cannot come from the reservoir, since it is a closed volume. So 
the real part has to come from the orifice, and the impedance Z2 is: 

z =R +-1-. C = V re.,· 
2 o · C ' re\' 

]W m YPa 
(2.17) 

Vm is the reservoir volume and R, is the (real) impedance of the orifice. Note that R is generally nat a 
constant, but a function of gas and flow properties. So an "acoustic resistor" cannot be compared with an 
electric resistor which simply obeys Ohm's law. However, in this approximation, R0 can betaken constant, 
because we assume small amplitudes. 

The part of the refrigerator between gas inlet and cold heat exchanger has bath a real and an imaginary 
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component. The regenerative matrix acts Jike a flow resistance (real part of Z), while the "dead" volume 
of the regenerator, the cold heatexchangerand the connecting tube between them have a capacitive effect 
(imaginary part of Z). However, the capacitive effect is neglected in [8]. So, we consicter this system part 
as a flow impedance with only a real component of Z, which we call R,. 

For the enthalpy flow, M. Baks derived: 

(2.18) 

In Eq. (2.18), p d.c is the pressure amplitude that is delivered by the pressure supp1y. Th~ capacitive effect 
of the reservoir is neglected in [8]. Calcu1ations show that this is allowed. We wish <ll> to be maxima!. 
From this formula, we see that there are three ways to produce maximum enthalpy flow. The regenerator 
must have a small flow impedance. This can be understood, because a 1arger dynarnic pressure is availab1e 
for the pulse tube. The orifice appears to have an optimum va1ue for the flow impedance. Introduce a 
dimension1ess parameter x= RJR,: 

<il>= lfid.Y x 
2R I +2x+x 2(1 +w2C 2 R 2) r pt r 

(2.19) 

The function is p1otted in Fig. 2.6. 

H(x) 1 

o~----~~----~~----~ 

0 2 4 6 

x 

Figvre 2.6: Enthalpy flow as a function of the dimensionless parameter x, which is defined as the ratio of 
R" to R,. The enthalpy flow is expressed in arbitrary units. 

In order to find the place of the maximum, we differentiate with respect to x. The time averaged enthalpy 
flow has indeed a maximum: 

. lfi .1 2 

____ ; <H> = d,c 

1 +wC 
1
R max 4R (2+wC R) 

p r r pi r 

(2.20) 
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In this equation, we notice the negative effect of the putse tube capacity and the regenerator flow 
impedance. Typical values are: w = 4n rad/s, C", = 5,4·10- 11 m5/N and R, = 108 Ns/m5

, so wC,,,R,"' 0,07 
« 2. This allows us to simplify this equation: 

R H. lfi"Y x =1 ~ R = · < > =--· -. 
max o r ' max 8 R 

r 

(2.21) 

A similar result can be found in [8]. The fact, that the orifice flow impedance has an optimum value can 
also be understood by intuition. By opening the orifice, <H> increases because of a larger gas flow towards 
the reservoir. On the other hand, if the orifice is opened toa wide, there is a large dynamic pressure in the 
reservoir. This dynamic pressure is nat available for the putse tube, so <H> decreases. 

Finally, we have to introduce a device with which a pressure difference can be maintained. According to 
M. Baks [8], we have the analogy given in Table 2.2. 

voltage souree 
current souree 

electranies acoustics 

valves switching between high and low pressure 
piston compressor 

Table 2.2: Power supplies in electranies and their acoustic equivalents. 

The analogy is now complete. Fig. 2.7 shows the arrangement of all relevantpartsin an orifice PTR. 

switching 
valves 

--

I 
I 

I 
I 

c 

R 
0 

I I 
I I 

c 
pt res 

Figure 2. 7: Electrical analogon of an a riflee PTR which uses switching valves. R, and R" re present the 
regenerator and the orifice, respectively. C", and Cre, correspond with the capacitive effects ofthe putse 
tube and the reservoir. 

2.3.4 Relationship between pulse tube and reservoir pressores 

In this subsection, we derive the relationship between the putse tube pressure and the reservoir pressure. 
The putse tube pressure waves are assumed to be harmonie signals. We make the following Ansatz for the 
pressure in the putse tube p(t) and the reservoir p,(t): 
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p(t) =pa +p dejwr, 
~ j(WI•<)>,J 

P/t)=pa+p,de · 
(2.22) 

This means that the average pressures in the pulse tube and the reservoir are assumed to be the same. The 
reservoir pressure has the same frequency, but is an angle <P, out of phase. The reservoir dynamic pressure fi rd 

is assumed to be smal! compared to pd. This is correct, since the reservoir volume is much larger than the 
pulse tube volume. 

In order todetermine the relationship of p, with respect top, we makesome further assumptions. First, the 
molar flow 1i" through the orifice is proportion al to the pressure difference [p( t) - p ,( t )] over the orifice. 
A positive sign is assigned toa flow towards the reservoir. Second, there is no accumulation of gas between 
pulse tube and reservoir. This means that the molar flow which passes the orifice entirely enters the 
reservoir: ti = ti , with n, the number of mol es in the reservoir. Third, helium is considered to be an i deal 

o r 
gas and volume and temperature of the reservoir are constant (isothermal reservoir). Due tothelast two 
assumptions, the number of moles in the reservoir n, is proportional to the reservoir pressure p,. With these 
assumptions, the reservoir pressure and the pulse tube pressure are given by the following relationship: 

ap, 
-=wa [p-p ]. at 0 r 

(2.23) 

There is one problem in Eq. (2.23): the factor wa0 is proportional top,: 

R1lm 1 P, wa =----=--. 
0 V VR VR 

(2.24) 
res m o res o 

However, the factor p- p, in Eq. (2.23) contains only dynamic pressures. This means that the dynamic 
pressure term in wa0 yields asecondorder term in Eq. (2.23), which can be neglected. In other words: we 
estimate p, in Eq. (2.24) by Pa· a0 is now a dimensionless constant. Now insert the pressures given in Eq. 
(2.22): 

(2.25) 

Eq. (2.25) is a complex equation. It can be separated in two equations for the two unknowns a0 and <P,. The 
solutions are: 

(2.26) 

a0 and <P, are coupled, so its sufficient to concentrate on ,cl> only. In Eq. (2.26), we neglect fi ,}in the 
denominator of a/ This simplifies Eq. (2.26) greatly: 

fic~ 
..J.. = -arctan-. '1', ~ 

P rd 

(2.27) 

Note that this phase angle is the same phase angle as in Eq. (2.8), since Eq. (2.8) is related to the hot end 
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of the pul se tube. There, the volume flow rate V is proportional to the rnalar flow rate li, which is 
proportional top, for small amplitudes. Further simplification can be obtained by assuming an infinitely 
large reservoir. This means that the reservoir dynamic pressure is zero. Then <t>, = -Vm and if we take the 
real parts of Eqs. (2.22), we get: 

Both functions are plotted in Fig. 2.8. 

2 2 

1.5 

p( t) 

pr( t) 

0.5 

p(t)=p" +p dcoswt, 

p,.(t) =pll +p rdsinwt. 

0 0~------~------~~--~-L------~------~ 
0 0.2 0.4 0.6 0.8 

0 

(2.28) 

Figure 2.8: Pulse tube pressure (solid) andreservoir pressure (dashed) as ajunetion of time during one 
cycle. Time is scaled with the cycle time and pressure is expressed in arbitrary units. In reality, the 
reservoir pressure is smaller than that is given in the chart. 

In this idealized case, pulse tube pressure and reservoir pressure are perfectly out of phase. This can also 
be understood physically. Suppose we have the situation in which pressure in pulse tube andreservoir are 
equal (because of a finite reservoir dynamic pressure, p is not necessarily equal top"), and the PTR is in 
a compression stage. Because we assume the molar flow rate to be proportional to the pressure difference 
over the orifice, there is no flow through the orifice and therefore, the reservoir pressure does not change. 
Because we assume harmonie behaviour, this means that the reservoir pressure is either maximal or 
minima!. A short time later, the pulse tube pressure is greater than the reservoir pressure, so gas flows 
towards the reservoir. Th is means that in our initia! situation, the reservoir pressure is minimaL 

As Jong as the pulse tube pressure is higher than the reservoir pressure, the latter will increase. For the i deal 
case, the increment rate is maximum at maximum pulse tube pressure (t = 0). The process goes on until 
both pressores are equal again. Fortheideal case, this happens at t = 0,25. The reservoir pressure is now 
maximaL Betweent = 0,25 and t = 0,75, the reverse process occurs. 

2.3.5 The compressible displacer 

In this chapter, we use Eqs. (2.28) to distinguish various gas parts in the pulse tube at various moments in 
our cycle. Consider, for simplicity, the basic PTR in a steady state at maximum pressure. The gas inside 
the pulse tube contains a resident part that will never Jeave the pulse tube, while the other part is allowed 
to escape to the regenerator. The exchange component will be "pressed out of the pulse tube" by the 
resident "gas piston" during an expansion stage, until the pulse tube is at minimum pressure. At this 
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moment, the resident gas fills the entire putse tube. 

During a compression stage, the reverse process happens. The gas piston itself will be compressed by the 
incoming gas. Therefore, the resident gas part is also called the compressible displacer. 

regenerator 

cold heat 
exchanger 

3 

compressible 
displacer (2) 

hot heat 
exchanger 

orifice 

to reservoir 

Figure 2.9: Various gaspartsin an orifice PTR. Gas betonging to the compressible displacer wil/ never 
Ie ave the pulse tube. Gas at the leftand right side of the compressible displacer is allowed to escape to the 
regenerator and the reservoir, respectively. Fora basic PTR, the compressible displacer is fixed to the hot 
heat exchanger. 

Consicter the orifice PTR. The gas inside the pulse tube consist of a part that is allowed to escape towards 
the reservoir (part 1 in Fig. 2.9), the earlier discussed compressible displacer (part 2) and a part that is 
allowed to escape towards the regenerator (part 3). We consider a one-dimensionallaminar flow, so the 
various gas parts do not mix. Like we did in the denvation of Eq. (2.28), we assume that helium is an ideal 
gas. The reservoir is isothermal and has a constant volume. Then, we are able to derive some properties of 
the various gas parts. 

The reservoir pressure variation is given by Eq. (2.28). This means that the number of rnales n, in the 
reservoir has the same harmonie behaviour, since pin is constant in this case (the constant is equal to 
MrmT,JVm, with M the rnalar mass). Suppose that there is a resident number of rnales n0 in the reservoir. 
At maximum pressure, an amount n, is added to n0• At an arbitrary moment of time, n, is given by: 

(2.29) 

Bis a dimensionless factor which has a value between 0 (minimum pressure) and 1 (maximum pressure). 
Another special case is B = Vz, for which p =Pa· Applying the ideal gas law tothese special cases yields: 

Pmin Vre.,.=noRmTre.'' 

P V =(n +Vm )R T a re.'l 0 x m res' (2.30) 

P V =(n +n )R T . max res 0 x m re.\' 
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With Eqs. (2.29) and (2.30), Eq. (2.28) can be simplified to: 

I +sinwt 
B(t) 

2 
(2.31) 

Th is function describes the perioctic behaviour of the fraction of nx inside the reservoir. The other fraction 
of n, is in the pulse tube, and can bedescribed by a function C: 

C(t)=l-B(t)= 1-sinwt_ 
2 

The pulse tube pressure and C(t) are given in Fig. 2.1 0. 

p( t) 

0.5 
C(t) 

\ 
\ 

\ 
\ 

\ 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 

\ 
\ 

\ 

o~----~~~--~~~~~~----~~----~ 

0 0.2 0.4 0.6 0.8 

(2.32) 

Figure 2.10: Putse tube pressure ( solid) and the function C ( dashed) as a function of time during one 
cycle. Time is scaled with the cycle time and pressure is expressed in arbitrary units. Cis a measure for 
the number of moles of gas part 1. 

If we multiply C with n
1

, we get the number of moles in gas part I as a function of time. From the result, 
we can calculate the volume of gas part I as a function of time. However, in the pulse tube, temperature 
is a function of position. Th is function can be obtained by assuming adiabatic behaviour of the gas in the 
pulse tube [9, 10]. This is beyond the essence of this report and shall not be done. It is sufficient to notice 
that gas part I is absent when p =Pa and the PTR is in an expansion stage. n )s proportion al to the reservoir 
dynamic pressure, which is determined by the orifice setting. 

Gas part 2 is a closed amount of gas. This means that the number of moles in gas part 2 is constant. With 
this in mind, we can calculate its volume when the temperature is known as a function of position. Again, 
this shall not be done. 

The sum of the volumes of gas parts I and 2 has a maximum. In this case, their total volume has to be equal 
to the pulse tube volume. If the orifice is opened further, the maximum volume of gas part I increases. 
Because the pulse tube volume is constant, the volume of gas part 2 has to decrease. 

Fora certain orifice setting, gas part 1 can fill the entire pulse tube and therefore, there is no compressible 
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displacer. For a pulse tube without tube wall heat transfer, this is the situation of optimum cooling 
performance. If the orifice is opened further, gas coming from the regenerator will flow into the reservoir, 
and reversely. This is also a loss mechanism, so the cooling performance gets worse. 

2.3.6 The effect of thermal pumping 

So far, we have not discussed the influence of the tube wall. A qualitative description has already been 
given when we discussed the basic PTR. Now we shall examine how thermal pumping changes the 
behaviour of the orifice PTR. 

At first, we denote that thermal pumping only occurs in the thermal boundary layer. This boundary layer 
is characterized by the product of the Valensi and the Prandtl number: 

wR 2 R 2 À 
Va.Pr=--p_r =__!!!_; a=-. 

a ö2 pc 
t p 

(2.33) 

In this equation, w is the angular frequency, R", is the pulse tube inner radius, a is the gas thermal 
diffusivity in m2/s, ö, is the thermal boundary layer thickness, À is the thermal conductivity in W m- 1 K 1

, 

p is the mass density and c
1
, is the specific heat capacity. In [7], ö, is set equal toJ2a/w. On the other hand, 

we follow [8], who defines ö, = Ja!w. 

If V aPr= 1, the entire pulse tube contributes to the heat pumping mechanism, but typical val u es are: w = 
4n rad/s, R = 1 cm and a= 0,107 cm2/s at 175 K, which means VaPr"' 120. So the thermal boundary layer 
is much smaller than the pulse tube inner radius, and only a small part of the pulse tube cross-section 
contributes to thermal pumping. Adiabatic enthalpy displacement occurs in the remaining part of the cross
section. 

Adiabatic enthalpy displacement is a reversible process. On the other hand, thermal pumping means heat 
transfer across a temperature difference, which is an irreversible process. Thermal pumping is therefore less 
efficient than adiabatic enthalpy displacement 

Thermal pumping can be examined quantitatively. M. Baks [8] finds for the tube wall heat flow Q w: 

. 1 ö, VT tu 
<Q >=--Gp 2wC · G= 1 w ,.. 2n R J pr' t::.T 

pi 

(2.34) 

In Eq. (2.34), VTw is the tube wall temperature gradient. t::.T is the temperature increase of a gas elemerit 
that is displaced over a distance tu. The effect of thermal pumping to the tube wall temperature can be 
described with a dimensionless efficiency parameter G. 
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Figure 2.11: Heat pumping mechanism. Solid lines refer to the gas temperature and dotted lines refer to 
the tube wall temperature. The graphs (a), (b) and (c) apply for the cases G > 0, G = 0 and G < 0, 
respectively. 

At the beginning of the cooling down process, G = 1. As long as G > 0, thennal pumping will cause cooling 
down (case a in Fig. 2.11) until the critica) temperature gradient is reached. In this case, G = 0 (case b). A 
basic PTR has now reached its minimum temperature, but an orifice PTR is still cooling down because of 
adiabatic enthalpy displacement This causes G < 0, meaning that after a compression stage, the 
temperature of a gas element is lower than the local tube wall temperature. This means a heat flow from 
the hot end to the cold end, thereby reducing the cooling power obtained by adiabatic enthalpy 
displacement On the contrary, a useful application in which G < 0 is the thennoacoustic engine. This will 
be explained when we discuss the TADOPTR. 

2.4 The double inlet pulse tube refrigerator (DIPTR) 

When a bypass with a second orifice is added to the orifice PTR, a fraction of the incorning gas enters the 
pulse tube at the cold end through the regenerator. The remaining fraction enters the pulse tube at the hot 
end through the second orifice. Due to both effects, a gas element travels a shorter distance in the pulse tube 
during adiabatic compression and expansion. 
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Figure 2.12: Temperafure of a gas element as ajunetion ofthe position during one cycle for the orifice 
PTR (left) and the double inlet PTR (right). T,. is the temperafure at the cold heatexchangerat the 
beginning of the cycle. 

The opening of the second orifice has three effects. First, the gas flow through the regenerator decreases. 
This means that the regenerator losses decrease. Second, the gas flow through the pulse tube decreases. 
This means that the enthalpy flow from the cold end to the hot end of the pul se tube decreases. Therefore, 
we cannot conclude from Eq. (2.9) if cooling power increases. Finally, by opening the second orifice, the 
system flow impedance decreases. This means that there is a larger pressure amplitude in the pulse tube. 
From Eq. (2.18), we conclude that the enthalpy flow in the pulse tube will increase. This effect may be the 
main reason why cooling power increases. 

2.4.1 Optimum flow impedance of the second orifice 

In this section, we shall derive that there is an optimum value for the flow impedance of the second orifice. 
The denvation is rather based on intuition than on mathematica! proof. Because gas can alsoenter the pulse 
tube through the second orifice, Eq. (2.13) changes to: 

jwV 
~~ +~3=~2+ __ p_tP,r 

YPa 
(2.35) 

In this equation, ~3 is the volume flow through the second orifice. Because the imaginary component does 
not c<?ntribute to the cooling power, we use ~3 to suppress the imaginary component in ordertobring ~ 1 
and <1>2 into phase. This means for ~3 : 

~ jwV, 
'!-'- pp 3--- d' 

YPa 
(2.36) 

~ 1 is now in phase with ~2 • Duringa compression stage, gas displacement from pulse tube to first orifice 
occurs without any pressure effect. The pressure effect in the pulse tube is now caused by ~3 • During an 
expansion stage, gas displacement from pulse tube to cold heat exchanger occurs also without any pressure 
effect and again, ~3 causes the pressure effect. 
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2.4.2 Phase shifting with the second orifice 

The second orifice can also be used as a phase shifter. This can be demonstrated by looking at the junction 
of the pul se tube and both orifices. The sum of all mass flows at this junction is zero, since there is no mass 
accumulation: 

(2.37) 

in which m 
17 

is the mass flow through the hot end. For the orifice (subscript a) and the bypass (subscript 
h), we can split the mass flowsas follows: 

• ( ) • j(wt+<l>") 
m" t =mo.de· , 

• ( ) _ • • j(wt+<l>l>) 
mb t -mh,a +mh,de . 

(2.38) 

The subscript a denotes "the absolute value averaged over one cycle" and the subscript d is the dynamic 
mass flow amplitude. <f> is the phase angle with respect to the pulse tube pressure. There is of course no 
average mass flow in the orifice. The mass flow through the hot end can be written the same way: 

• ( ) _ • • j(wt+<j> 11 ) 
mh t -mh.a +mh.de . (2.39) 

The unknowns <f>", mh.a andm"·" can be determined by inserting Eqs. (2.37) and (2.38). The result is: 

li1h.a =mh,a' 

li1h} =mo.}O +2M "" cos(<f>o -<f>b) +Mh}), 
m 

cos(wt+<f>h) =~ ( cos(wt+<f>)+Mbocos(wt+<f>h)). 
(2.40) 

mh.d 

The phase angle <f>11 is a function of M""' which is defined as the ratio of m"·" to m"·"· These two mass flows 
are controlled by the orifice and second orifice, respectively. This means we have constructed a phase 
shifter. According to Eq. (2.40), <f>" is nota function of mh.a. 
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T. Inada et al. [ 11] have perfonned intensive research to the influence of the second orifice. The results are 

given in Fig. 2.13. 
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Figure 2.13: Dependenee of the phase angle, the ratio of high to low pressure, the average mass flow ra te 
in the pulse tube and the minimum temperafure as a function of the mass flow rate through the second 
orifice for three settings of the first orifice. The subscript "av" corresponds with our subscript "d ". 

The phase angle in Fig. 2.13 is 90 o minus <j>" (in degrees ), so the value 90 o in Fig. 2.13 means that mass 
flow and pressure in the pulse tube are in phase. The phase shifting by the second orifice is easy to see. The 
ratio of high to low pressure, as measured at the pulse tube hot end, increases only fractionally with 
increasing rh

1
ut· For increasing mo,<i' they find that the optimum value for mh.d increases. This can be 

understood, because Mho appears in the phase angle@ . If"<l> is properly optimized, mh.d should be 
increased at the same rate as mo.d in order to keep Mho constant. Finally, not only the mass flow, but also 
the phase angle with respect to pressure should be optimized. This is shown in Fig. 2.14. 
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Figure 2.14: Mass flow against phase angle fora double inlet PTR. Minimum temperafure contours show 

that bath have to be optimized. 
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2.4.3 Soppressing a DC-flow with a double orifice 

In contrast to the orifice PTR, tiz1 can be nonzero, since the gas is allowed to flow along a closed loop. 
J,ll 

This means that gas undergoes a net displacement through the loop during one cycle, because the flow 
impedances in the loop are generally asymmetrie. For example, a needie valve has a "preferred direction" 
[7], in which it has been calibrated. In this direction, the flow impedance is higher than in the opposite 
direction. We shall call this time-averaged net gas flow a DC flow, while the oscillating flow is an AC flow. 
The occurrence of a DC flow is also called gas flow streaming. Whatever the direction of the DC flow is, 
gas flow streaming is a loss of cooling power. lf the direction is from the regenerator to the pulse tube (anti
clockwise), cold gas will be transported away from the cold heat exchanger. Soit cannot cool the cold heat 
exchanger, and cooling power will be lost. In the opposite direction, gas enters the pulse tube at the hot end. 
This gas should be cooled down, and the cooling power needed for this process comes from the pulse tube 
enthalpy flow. This cooling power is not available for the cooling down process. 

In May 1997, G. Chen et al. [12] have introduced a DC flow controller: the double orifice. In this 
configuration, the reservoir tank is connected to low pressure with an orifice. This orifice is called the 
minor orifice (the common term for the other orifice is major orifice or primary orifice). 

1-----...,11 

5 6 

8 7 

4 

Figure 2.15: G. Chen 's two-stage PTR with double orifice. Device 11 is the minor orifice. 

By connecting the reservoir tank to low pressure with a minor orifice, we can manage an artificial DC flow. 
With this DC flow, we can compensate a DC flow that is already present in a double inlet PTR. In Fig. 
2.15, a DC-flow which is directed upward in the regenerator can be compensated. If we wish to reverse the 
direction of our DC-flow, the minor orifice should be connected to high pressure. 
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2.5 The multistage pulse tube refrigerator 

As we mentioned in the introduction, research work to the single-stage PTR is a part of preliminary work 
fora triple-stage PTR. Therefore, some special difficulties conceming multistage PTRs will be treated here. 

Flrat Stage 

Second Stage 

Thlrd Stage 

Pulae Tube 

Pulee Tube Regeneralive Tube 

Figure 2.16: An example of a three-stage PTR, developed by Y. Matsubara et al. [ 14]. 

" e • 
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In a multistage PTR, the regenerator has several (mostly two or three) branches to which a pulse tube is 
attached. Each pulse tube has its own heat exchangers, first and second orifice and reservoir tank. A 
multistage PTR uses upper stage cooling power to precool a lower stage. This may be more efficient than 
a single-stage multi-bypass pulse tube, in which the branches are connected to one common pulse tube. 

Explaining all theoretica! aspects of the multistage PTR would be far beyond the essence of this report. 
Most of all, there are many concepts that are still not yet well understood. Therefore, we restriet ourselves 
to some problems that rise on our way to low temperatures. 

2.5.1 Regeneralive materials 

The specific heats of gas and regenerative matrix depend on temperature. Below a certain temperature (the 
Debye temperature), the specific heat of a metal tums from a linear dependency into one like T 3

• The 
specific heat decreases rapidly when temperature decreases. This is called the Debye effect [1]. At the same 
time, the specific heat of helium is almost constant between 50 K and 300 K. Below 50 K, the specific heat 
increases. It is sharply peaked around the so called À-point, in which the specific heat is infinitely large. 

C(T) I 

o~--~----~----------~ 
0 2 

T 

Figure 2.17: Debye curve for an arbitrary me tal. Specific heat is plottedas a function of temperature. 
Temperafure is scaled with the Debye temperafure Td. The specific heat is scaled withits value at Td. 
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Botheffects are limiting the minimum temperature that can be reached with a PTR. The Debye temperature 
depends on the kind of metal. One can conclude we have to use that metal which has the lowest Debye 
temperature, which tums to be lead. However, above the Debye temperature, lead has a relative small 
specific heat compared to other metals. This means that, for instance, copper mesh is more suitable for 
temperatures near room temperature, despite the higher Debye temperature of copper. 

We can overcome this problem by using different suitable regeneralive materials for the various 
temperature regions. First, we use stainless steel mesh. This alloy has a small axial heat conduction and 
appears to have sufficient performance in the temperature region between 60 K and 300 K. Then, we use 
lead shot. Lead has a lower Debye temperature than stainless steel and is suitable until 20 K is reached. 
Finally, we use magnetic rare-earth compoundstoreach liquid helium temperatures of 4 K and lower. Rare
earth compounds have a magnetic phase transition at which the specific heat is peaked (compare this with 
boiling water at which a large amount of heat can be added at an almost constant temperature). 

2.5.2 Non-ideal gas properties of helium 

When we discussed the orifice PTR, we also discussed the compressible displacer. In fact, this piston 
delivers the workin order to realize the enthalpy flow from cold end to hot end. The performance of the 
elastic piston depends strongly on gas properties. So far, helium was treated as an ideal gas. However, for 
very low temperatures, the ideal gas assumption is useless, and we have to pay attention to non-ideal gas 
properties [ 15]. 

The quantity we have to examine is the temperature increase due to adiabatic compression, or aT!ap at 
constant S. For a non-ideal gas, this quantity cannot be expressed in a formula, but has to be calculated 
from data in tables. As a function of temperature, this quantity approaches zero when the temperature 
reaches the À-point. This means that the temperature effect due to adiabatic compression and expansion 
has almost vanished. 

2.5.3 Pulse tube heat loss, quenching, regenerative tube 

When the second orifice is opened, hot gas enters the pulse tube. If the mass flow through the second 
orifice is relatively large, hot gas penetrates into the pulse tube. 

Pulse Tube Empty Tube 

50 

bi 
0~--~----~--~~~--~--~--~~ 

0 50 100 150 200 250 300 350 400 450 

Position from cold head (mm) 

Figure 2.18: Temperature along the third stage putse tube as aJunetion ofposition befare and after the 
quench. 

Y. Matsubara et al. [13] find fora pulse tube with a lengthof 32 cm, hot gas was "penetrated" till a depth 
of 18 cm! In other words: the temperature 18 cm away from the hot end was stillabout 300 K, while the 
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cold end had a temperature of 8 K ( dotted line in Fig. 2.19). Th is means that there is an average 
temperature gradient inside the pulse tube of about 20 Klem. Such a large temperature gradient may cause 
an acoustic oscillation, which induces a heat flow towards the cold heat exchanger. This process is called 
quenching [ 16] and causes a large pul se tube heat loss (Fig. 2.18). A possible salution for this problem may 
be aso called regeneralive tube, which is placed in the third stage pulse tube. Th is is a stainless steel tube 
filled with lead shot. Like the earlier treated regenerator, this tube may prevent the in1et of hot gas from the 
second orifice to the cold heat exchanger, but it is not established if this is really the case. 
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Figure 2.19: Temperafure along the putse tube as a function of position for 4 different lengths of the 
regeneralive tube. The zero point corresponds with the cold heat exchanger. 

With the regenerative tube, the temperature gradient inside the pulse tube is extended to the entire pulse 
tube, as can be seen in Fig 2.20. It can be observed that the temperature gradient decreased to less than 10 
Klem. 

The reasans why a regenerative tube has a positive influence on the cooling performance of a PTR are still 
not well understood. Y. Matsubara et al. [ 15] assume it may be caused by non-ideal gas effects, because 
he fincts out that the regenerative tube was only effective at liquid helium temperatures. 

2.5.4 Lower stage loads upper stage 

In a multistage PTR, the various stages load each other. Suppose we have an N-staged PTR. For the cold 
heat exchangers of the first N-1 stages, the first law of thermodynamics can be used to find the cooling 
power. We apply this law toa test volume that contains the cold heat exchanger of that stage. It reads: 

<Q. >=<Q. >-<iJ >+<H >. 
c,n h,n r.n r,n + 1 (2.41) 
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n-th regenerator n-th pulse tube 

H(Rn) 
Q(h,n) 

in tersecti on 
Q(c,n) 

H(R(n+l)) 

test volume 

(n+ 1 )th regenerator 

Figure 2.20: First law ofthermodynamics applied on a test volume to show Eq. (2.41 ). 

The right-hand tenns are, from left to right, the heat flow released at the n-th stage pulse tube hot end, the 
enthalpy loss from the n-th stage regenerator and the part of the regenerator enthalpy flow that does not 
enter this stage. According to the plus sign in Eq. (2.41 ), the last contribution seems to be a positive 
contri bution to the n-th stage cooling power. However, it is a loss contri bution for the cooling power of next 
stage. 

For the final stage, the final right-hand term is absent, and we get: 

<Qc.N >=<Qh.N >-<H,.N >. (2.42) 

Eq. (2.42) is a recursion fonnula fortheregenerator loss, so <H,.N > can be expressed in <H,.1>. This gives 
the cooling power at the final stage cold heat exchanger: 

(2.43) 

This result can also be obtained by applying the first law to all pulse tubes and all regenerators, except the 
first stage regenerator. From Eq. (2.43), we see that every stage should be optimized in order to minimize 
heat loss due to successive stages which are loading each other. The relationship tends to be simple, but 
the various quantities are mutually dependent of each other. Expanding al tenns yields very unpleasant 
expressions, which shall not be given. 

2.5.5 Valve timing mismatch 
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Dunng one cycle of performance, the pul se tube may be connected to high in let pressure, low in let pressure 
or disconnected from the pressure supply. If we express the state of the valves (open or closed) as a function 
of time, we get a valve timing chart [ 16]. 

0 555(msec) 

Vph1 I 
0 203 

Vp11 I I 
243 527 

Vph2 I ~ 
•;83 481 

Vpl2 r · I 
179 407 

Figure 2.21: An example of a valve timing chart. 

It's important to have an optimum valve timing, since valve timing deterrnines the pressure as a function 
of time dunng one cycle. Conneetion to high or low pressure should be sufficiently long in order to get a 
maximum dynamic pressure. 

2.5.6 Gas flow streaming 

This was already discussed when we discussed the double inlet PTR. Especially at low temperatures, gas 
flow streaming should be minimized in order to avoid direct toading of the cold heat exchanger by hot gas. 
Gas flow streaming will be treated more thoroughly when we discuss the pulse tube in Chapter 3. 

2.5.7 Optimization of the third stage regenerator 

Each of the matenals used in the third stage regenerator has its own optimum specific heat at its own 
temperature Tc. This means that the stacking of these matenals inside the third stage regenerator is not 
homogeneous. 

High Temp. 

LowTemp. 

20K 
_ Highest Tc_ 1--.J~-----.~Tc 

material 

4K 

Lewest Tc_ 
- material 

Figure 2.22: Schematicfigure ofthe multi layer regenerator. 
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T. Tsukagoshi et al. [17] have perfonned much research to this subject; he found that the various matenals 
can be stacked in Iayers (Fig. 2.22). The material with the lowest T, is placed at the bottom, materials with 
higher values for T, are stacked upon it with increasing T,. 

2.6 The thermoacoustic refrigerator and the TADOPTR 

The input power of a pulse tube refrigerator is delivered by a compressor. It is also possible to use sound 
waves, for which the amplitude is much smaller but the frequency is much higher. In this case, we speak 
of a thennoacoustic refrigerator. 

The cooling principle of a thennoacoustic refrigerator is based on thennal pumping. Therefore, it has a 
much smaller efficiency than a pulse tube refrigerator. However, there is still a lot of research conceming 
the thennoacoustic refrigerator. The acoustic properties are still not well understood and it is the only 
refrigerator with no moving parts at all, noteven at room temperature. 

As we saw when we discussed thennal pumping, the process can be reversed. In other words: we can apply 
a temperature gradient artificially (for instance: by heating one part of a tube) in order to produce sound 
(i .e. pressure waves). Then, we have constructed a thennoacoustic driver. It can be used as a "compressor" 
to deliver input power for an orifice pulse tube refrigerator. Such a refrigerator is often abbreviated as 
T ADOPTR (ThennoAcoustically Driven Orifice Pul se Tube Refrigerator) [6]. 

TAO ;;:;; ThermoAc:ou:dîc: Driver OPTR ;;:;; Orificv Puls~ Tub11 Rilfrigvrotor 

Hot heat exchanger 
ld hila! exchanger 

Figure 2.23: A schematic view ofthe TADOPTR. 

In the TAD, working gas is heated up to 1000 K. With a thennoacoustic stack, a large temperature gradient 
is obtained. The region between the stack and the aftercooler is at room temperature. This is the resonance 
area for the sound waves. The remaining part of the system is an ordinary orifice PTR. 

Cryenco Sciences, Inc. has developed this method successfully and uses the TADOPTR for the Iiquefaction 
of natura) gas at remote areas. Another application is vaccine storage at remote areas by using a biogas run 
TADOPTR. The Eindhoven University of Technology has recently started a project in cooperation with 
Shell. Their goal is to liquefy regained natura) gas from oil extraction by means of a T ADOPTR. 

-29-



Chapter 3: ldeal orifice pulse tube refrigerator 

3.1 Isothermal and adiabatic regions 

In this chapter, the behaviour of the i deal orifice PTR is treated. In an i deal orifice PTR, the working gas 
is ideal and it undergoes small harmonie pressure variations compared to average pressure. The compressor 
is adiabatic. lts heat exchangers have a perfect heat exchange between the gas and the heat exchanging 
material, and a perfect heat conduction. lts regenerator has an infinitely large heat capacity, a perfect heat 
exchange between gas and matrix, no heat conduction through the matrix and the tube walls, no dead 
volume and no flow impedance. In the pulse tube, there is no heat conduction in the tube wal! and no heat 
transfer to the wall. The orifice flow impedance is independent of gas and flow properties and pressure and 
temperature in the reservoir are constant. 

So, entropy production occurs in the orifice and the heat exchangers. Because the entropy production in 
the heat exchangers is one order higher, we shall only consicter entropy production in the orifice. An ideal 
orifice PTR can be divided into several regions. These can be either regions which have a constant time
invariant temperature (isothermal regions) or regions in which there is no heat exchange with the 
surroundings (adiabatic regions). In the table below, the componentsof the ideal orifice PTR are classified: 

lsothermal : Adiabatic: 

aftereooi er compressor 
regenerator pulse tube 
cold heat exchanger 
hotheatexchanger 
reservoir tank 

Table 3.1: lsothermal and adiabatic regionsin an ideal orifice PTR. 

Next, we will use the steady state approach. This means that after one cycle, the system is the same state 
as before the cycle. The first law of thermodynamics for an open system is: 

(3.1) 

Eq. (3.1) states that the internal energy of the system can be changed by a heat flow, an enthalpy flow or 
work performance. The final term in Eq. (3.1) is zero because we consicter a fixed test volume. The second 
law of thermodynamics reads: 

(3.2) 

In Eq. (3.2), the final term is zero for a reversible process. The equation states that the entropy of the 
system can be changed by a heat flow, an entropy flow or entropy production. The subscript m denotes a 
rnalar quantity. 

If we average Eqs. (3.1) and (3.2) over one cycle, U and S are both zero because of our steady state 
assumption [19]. 
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3.2 Enthalpy flows and entropy flows in an ideal orifice PTR 

From now on, we shall regularly use Eqs. (3.1) and (3.2) to derive enthalpy and entropy flowsin anideal 
orifice PTR. Heat flows Q only occur in the heat exchangers. Si is the entropy production rate in the 

orifice. 

Regenerator 

Compressor 

Hot Heat 
Exchanger 

Pulse Tube 

Cold Heat 
Exchanger 

Figure 3.1: Various partsin an (ideal) orifice PTR. 

Orifice 

Reservo r 

We begin our analysis in the reservoir tank. In this volume, pressure and temperature are constant, so there 
is no enthalpy flow and no entropy flow. If we apply the second law to the orifice, we see that entropy is 

produced: 

(3.3) 

Because gas flows into the orifice with high pressure (low entropy) and out of the orifice with low pressure 
(high entropy, Si is indeed positive. The entropy of anideal gas is given by: 

- P T S,/p.1)-Sm0(p0,T0)-Rln- +Crln-T . (3.4) 
Po o 

In the orifice, temperature is constant, so the final term ofEq. (3.4) vanishes. Pressure is considered to be 
harmonie, with small amplitude Pc~ with respect to the average pressure Pa• and Po is equal to the average 
pressure. Then the factor In (1 +x) can be replaced by x, and entropy is: 

S S R
p". 

m = mO- -SillWt. 

Pa 

The molar flow rate can be expressed in V1 , the volume flow rate through the orifice: 

ti p 11V1sinwt 

RTH 

The product of Eqs. (3.5) and (3.6) needs to be averaged over one cycle, which means : 

2rt/w v· 
· w J Po 1 <S > =- fi[S (p(t))-S (p )]dt=-. , 21t m m a 2T 

0 H 
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At the leftof the orifice, gas flows with a high pressure into the orifice and with a low pressure out of it. 
This means that in the conneetion between the hot heatexchangerand the orifice, a net entropy flows 
towards the hot heat exchanger. However, the putse tube is adiabatic, so there cannot be an entropy flow 
in the putse tube. By apptying the second taw of thermodynamics to the system of orifice and hot heat 
exchanger, it is clear that the entropy produced by the orifice has to teave the system at the hot heat 
exchanger. This occurs at T =TH, so its corresponding heat flow, directed out ofthe hot heat exchanger, 
IS: 

Q =T S =p"VI. 
H H I 2 

(3.8) 

lf we consider the system containing the putse tube and its heat exchangers, and appty the first taw of 
thermodynamics to it, we see that the outgoing heat flow at the hot heat exchanger must be compensated 
somehow by an incoming heat flow. In the regenerator, temperature is constant, so there is no enthatpy 
flow. This means that the heat flow enters at the cotd heat exchanger: 

(3.9) 

and enthatpy flows from the cotd end to the hot end of the putse tube. This can be understood, since gas 
flows with a high temperature (high enthatpy) to the hot end and with a tow temperature (low enthatpy) 
to the cotd end. 
Due to the heat flow into the cold heat exchanger, there is atso an entropy flow into it: 

. QL PYI 
S=-=-. 

( TL 2TL 
(3.1 0) 

Now consider the system of the cold heat exchanger, the regenerator and the aftercooter. Because gas 
moves to the right at high pressure and moves to the teft at tow pressure, there is an entropy flow to the 
left. The compressor is adiabatic, so the entropy flow has to teave at the aftercooter. 
In order to remave the entropy out of the aftercooter, a heat flow out of the aftercooter is needed: 

. . Pi1JTH 
Q =T S =--

A H c 2T 
L 

(3 .11) 

If we finally apply the first law to the system of compressor and aftercooter, we notice that this outward 
heat flow has to be compensated by an equat incoming enthatpy flow. This is delivered by the compressor: 

(3.12) 
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The flows are summarized in Fig. 3.2. 

entropy transport 

0 0 

0 

<Qr?> 
enthalpy transport 

Figure 3.2: Enthalpy and entropy flowsin anideal orifice PTR. A zero symbol above the heartline denotes 
that there is no entropy flow, while a zero symbol below the heartline denotes the absence of an enthalpy 
flow. S1, S2 and S3 are enthalpy flows out ofthe aftercooler, into the cold heatexchangerand out ofthe 
hot heat exchanger, respectively. 

For the i deal orifice PTR, a coefficient of performance can be defined: 

QL TL TL 
11 =-.-=T =< 1 -T )11c· 

Wp H H 

TL 
11c= T - T . 

H L 

(3.13) 

Because of the entropy production in the orifice, the i deal orifice PTR cannot achieve the Carnot efficiency 
'Ik On the contrary, a Stirling refrigerator has an expansion piston, which perfarms mechanica! workin 
order to establish Q H. Th is is a reversible process, so an i deal Stirling refrigerator can reach 11c· For lower 
temperatures, 11 approaches 11c· 

According to Eq. (3.8), the cooling power of an ideal orifice PTR is completely determined by the pressure 
amplitude and the volume flow rate through the orifice. One may ask if it's possible to reach 0 K with an 
ideal orifice PTR. For decreasing temperature, the volume of a gas element also decreases. This means that 
the compressor has to deliver more work in order to maintain the dynamic pressure. In order to reach 0 K, 
the compressor has todeliver an infinite amount of work, so T = 0 cannot be reached. 
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3.3 Entropy production in a real orifice PTR 

In a real orifice PTR, entropy is produced anywhere in the system. In this section, the sourees of entropy 

[18] are outlined. 

A real compressor has a moving piston which suffers from friction. Due to heat transfer from the gas to 
the walls of the compressor, entropy is produced, since there is a finite temperature difference. For the 
same reason, entropy is produced in the heat exchangers, the regenerator and the pulse tube. Other sourees 
of entropy in the regenerator are heat exchange between gas and matrix, heat conduction in both the gas 
and the matrix and the flow impedance of he regenerator. In the pulse tube, turbulent gas will also eau se 
entropy production. This is caused by mixing two gas elements which have different temperatures. 
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Chapter 4: The pulse tube 

In this chapter, some theoretica! aspects of pulse tubes are treated. In section 4.1, conservation of mass, 
momenturn and energy are given for the case of a one-dimensional flow. In section 4.2, the two
dimensional model is introduced. With this model, we are able to introduce heat transfer. First order 
corrections on the enthalpy flow are also given here. Reynolds stresses are an example of a higher-order 
effect, which is treated in section 4.3. 

4.1 One-dimensional model of a pulse tube 

As a first approach, we shall consider the flow inside a pulse tube as a compressible, one-dimensional flow 
with constant viscosity T) and constant thermal conductivity À. For the pulse tube, we can write down the 
conservation laws of mass, momenturn and energy and the ideal gas law. Thi~ cesults in a complete set of 
four equations for the unknows p, v, p and T which are pressure, speed, mass density and temperature, 
respectively: 

ap a 
-+-(pv)=O, 
at az 

dv _ ap a2v 
p----+T)-, 

dt az az 2 

dT dp _ a2T · av 2 
pc ----À-+Q+T)(-), 

"dt dt az 2 az 
p =pRRT. 

(4.1) 

The term Q is a heat source. For instance, this can be heat transfer with the tube wal!. Note that a total time 
derivative is defined as the sum of alocal derivative and a convective derivative (i.e. a derivative comoving 
with the flow): 

d a a 
-=-+v-. 
dt at az 

(4.2) 

We restriet ourselves to the listing of these main equations. What is really important is the difference 
between this model and the two-dimensional model, which we shall discuss in next section. 

4.2 Two-dimensional model of a pulse tube 

4.2.1 Conservation laws 

For the two-dimensional model, we introduce two spatial coordinates: the axial coordinate z and the radial 
coordinate. This allows us to include effects due to the tube wal!. For this purpose, the pulse tube is split 
into two regions: 

Gas domain Tube wal! domain 

Pulse tube length L Pulse tube length L 
Pulse tube inner radius R; R « L Tube wal! thickness d; d « R « L 
Axisymmetric coordinates r and z Cartesian coordinates y and z 

Table 4.1: Configurationsfor the gas domain and the tube wall domain 
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Now we are able to write down the conservation laws in the case of a two-dimensional system. 

Conservation of mass reads: 

ap a ) pvr a ) 0 - +-(pv r +-+-(pv ~ = . 
at ar r az ' 

(4.3) 

Because the axisymmetric system has nota unit basis (I eq;J = r), we have an extra contri bution pv /r in Eq. 
(4.3). 
Conservation of momenturn for the r- and the z-component reads: 

dvr- ap a2vr 1 avr 
p----+11[-+--], 

dt ar ar 2 r ar 

dvz_ ap a
2
v: 1 av, 

p----+11[-+--], 
dt az ar 2 r ar 

(4.4) 

in which the total time-derivative d/dt can be written as: 

d a a a -=-+v-+v-. 
dt at r ar z az 

(4.5) 

The coefficient of viscosity, 11. is expressed in Ns/m2
• The assumption R « L allows us to neglect ap/ar: 

pressure is considered to be uniform along a cross-section. The axial contri bution to the viscosity can be 
neglected with respect to the radial one. The rate of change of axial momenturn has therefore two 
contributions: an axial pressure gradient and radial viscosity, while the radial momenturn only changes due 
to viscosity .. 
Energy conservation for the gas domain reads: 

dr dp _ a2r I ar a2r av z 2 pc ----À[-+--+-]+11(-) · 
p dt dt ar 2 r ar az 2 ar 

(4.6) 

The term Q is neglected here, and will also be neglected in a similar equation for the tube wall. In Eq. 
( 4.6), c" is the specific heat at constant pressure and À is the thermal conductivity, expressed in m2/s. So 
there are three contributions: a pressure change, axial and radial heat conduction and viscosity. 
For the tube wall, energy conservation reads: 

ar a2r a2r 
P c--"' =À(--"'+--"') wwa "' J 2. t ay- az 

(4.7) 

The subscript w refers to tube wall properties. c"' is expressed in J kg- 1 K 1
• lt is clear that the tube wall 

temperature is only affected by heat conduction. 
Finally, we need an equation of state. Fora pulse tube with helium, we choose the ideal gas law: 

(4.8) 

Eqs. (4.3), (4.4), (4.6), (4.7) and (4.8) are a complete set with which the unknowns p, v" vz, p rand rw can 
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be found. Next, we derive an expression for our quantity of interest: the time averaged enthalpy flow from 
cold to hot heat exchanger. For anideal gas, the specific enthalpy is ci'T. The mass flow is equal to p<l>, with 
<I> the volume tlow. The volume flow is equal to the product of cross section area A and the axial velocity 
vz. Because velocity is now a function of r, we have to integrate: 

R 

H=2n J pvh,Trdr. 
() 

A function F can be time-averaged over a period Tas follows: 

' 2rt/w 1/w 1/w 

<F>=~fF(t)dt=;: f F(t)dt=w f F(u)du=w f F(t 1)dt 1
• 

() 0 0 0 

(4.9) 

(4.10) 

In the second equality, T is replaced by 2n/w. In the third, t = 2nu is substituted and in the final equality, 
u is replaced by t. Substitute F = H and we find: 

1/w R 

<H> =<rnc T> =2nw J <jpv .c Trdr)dt 1. p •. p ( 4.11) 
() () 

Th is is a si mil ar expression as the one that was found by R. Radebaugh [21 ]. 

4.2.2 Dimensionless conservation laws 

Next step is to make the equations dimensionless. We normalize the spatial coordinates as follows: 

r 1=r!R, 

... 
at r = 0, 

u ei 2n t 
0 

y=I ......__ 

y=O> 

r=I 

r= 0 

z=O 

y I =y/d, 

z 1 =z/L. 
(4.12) 

~ ADIABATICATWALL 
~ OUTER SURFACE 

z =1 

... 

TUBE WALL 
DOMAlN 

GAS 
DOMAlN 

... 
at r = 1, 

ULei2n(t+ I/Ju) 

Figure 4.1: Axisymmetric pulse tube conjïguration, with the gas domm·n and the tube wall domm·n. 

By definition, primed quantities are dimensionless. Fig. 4.1 shows the axisymmetric system we consider. 
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R, d and L are the pulse tube inner radius, the tube wall thickness and the pulse tube length, respectively. 
The positive direction of the coordinates rand y is chosen outward, from the centerline (r' = 0) towards the 
outs i de of the tube wall (y' = 1 ). At the inside of the tube wall, r' = 1 corresponds with y' = 0. The positive 
z-direction is chosen to be from the cold end to the hot end, so z'= 0 at the cold end and z'= 1 at the hot end. 

V el oeities are scaled to the initia! velocity v0 (this is equal to U 0 in Fig. 4.1 ). Th is velocity which is obtained 
from the axial boundary condition: 

I V, I V L 
V=~· V=_!_
z vo, ,. vo R. (4.13) 

At z = 1, the flow has a dimensionless amplitude U Land a phase cf>u with respect to the flow at z = 0. 
Time is scaled with the operating angular frequency: 

t 1 =wt=2rtft. (4.14) 

The pressure p, the temperatures Tand T .. and the mass density p are scaled to their reference values and 
the viscosity 11. the thermal conductivities À and Àw and the specific heats l andwc are regarcled as 
constants over the temperature interval of interest. 

Then mass conservation reads: 

(4.15) 

E is the expansion parameter, which is defined as the inverse Strouhal number. The expansion parameter 
is defined as the ratio of the gas axial velocity and the instationary velocity: 

(4.16) 

Momenturn conservation changes to: 

(4.17) 

In this equation, ag is the gas domaio parameter, which is defined as RIL. y is the specific heat ratio, Ma 
is the Mach number: the ratio of gas speed and velocity of sound, and Va is the Valensi number [21], which 
is equal to Sr.Re.a/. It expresses the ratio of the squares of the pulse tube inner radius and the viseaus 
diffusion layer thickness: 

R a=-
K L 

c 
y=-'.!.. 

c" 
( 4.18) 
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Using Va insteadof Re is advantageous, since Va is independent of velocity and the expressions appear to 
be easier and more comprehensive. For helium as anideal gas, y is a constant and equal to 5/3. For pulse 
tubes, Ma is much smaller than I. If there is no viscosity, Re » I (also Va » 1 ), and the finaltermin the 
momenturn conservation law can be neglected. 

Energy conservation for the gas reads: 

p1dT' _ y-1 dp
1 
=-I-[a

2
T

1 
+_!_ aT

1 
+«,2 a

2
T

1
]+(y-l)Ma

2 
(av:)2 • 

dt 1 y dt 1 Va.Pr ar 12 r 1 ar 1 ~ az 12 Va ar 1 
(4.19) 

For the dimensionless time derivative, a shorthand notation is used': 

(4.20) 

Pr is the Prandtl number and is the ratio of the squares of the viscous and the thermal diffusion length: 

Pr= Tl CP =(i )2. 
À ö, 

This number is only dependent of the medium. For helium, Pr "' 0,68. 
For the tube wall, energy conservation reads: 

ar I 1 a2T I a2T ' 
_ .. _. =-(--'-v +a 2 __ .. _. ). 

at I Fo ay !2 w az !2 

(4.21) 

(4.22) 

a"' is the tube wall domain parameter, which is equal to diL. Fo is the Fourier number. lt is defined as the 
ratio of the squares of thermal diffusion length to the tube wall thickness: 

Fo À =( ö,)2. 
pc wd 2 d 

p 

(4.23) 

Finally, the ideal gas law becomes: 

(4.24) 

The specific gas constant is scaled to 1, so do its precedents (the reference pressure, temperature and mass 
density). From now on, the primes will be omitted, saving some messy writing. 

1The term àplor in the pressure contri bution of the dimensionless energy con servation law should of course be omitted. 

-39-



4.2.3 Heat transfer and gas temperature 

The influence of heat transfer on the dynamic gas temperature can be demonstrated by linearizing the 
dimensionless energy conservation laws. Dynamic pressure and temperature are expanded as follows: 

N 

T(r,z,t) =[T
0 

+ L E"T
11
(r,z)]e 2Tiit, 

11 o I 
N 

p(z,t) =[po+ L E"p"(r,z)]e 2Tiit. 
/lOl 

(4.25) 

We consider a steady state, which means that the average values are constant. If we insert the expansions 
in Eqs. ( 4.19) and ( 4.22) and consider lowest order (n = 1) and real parts only, we get: 

arl- y-1 apl I a (r arl); O<r<l, 
at y ar r. Va.Pr ar ar 

(4.26) 

ar 1 a2T 
-'-"' =-(--"-'1); O<y<l. 

at Fo al -
(4.27) 

Axial heat conduction of the gas and the tube wall is neglected, and the viscosity contribution is of second 
order. For the oscillating gas temperature T1, we make the following expansion: 

(4.28) 

The relevant sealing numbers are Va.Pr and Fo, which represent gas heat conduction and tube wall heat 
transfer, respectively. P. Kittel et al. [20] have derived a complete solution for this problem. We only give 
the results. 
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V ---. -- ... -
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Fo 

Figure 4.2: Dynamic tube wal! interface temperafure amplitude as a function of the inverse Fourier 
number at r = 1. 

Fig. 3.2 showsus the dynamic tube wallinterface temperature T"' versus Fo. T"' is scaled with the reference 
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temperature: if T., = 0, the interface temperature is constant. Va.Pr = 10 and Fa= 10 are typical values for 
the orifice PTR. If Fa < I 0, T" changes only slightly, and we may consicter the tube wa11 to be isothermal. 
Meanwhile, the gas itself has a much larger dynamic temperature. Because of the temperature difference, 
heat is transferred. Therefore, an isothermal wall means a large heat transfer between gas and tube wall. 

On the other hand, we may consicter an adiabatic wall. The adiabatic wa11 has the same temperature increase 
as the gas and its temperature is in phase with that of the gas. Because the gas and the tube wa11 bath have 
the same temperature, there is no heat transfer. This corresponds with Fa - oo. 

Gas Tempera t 'IJXe 

t = 0.2 

0.04 t = 0.35 

0.02 

0.2 0.4 
-0.02 

-0.04 
t = 0.5 

Fo 

= 
100 

Figure 4.3: Radial distributions of the dynamic temperafure amplitude of the gas. The distributions are 
determined at three timesjor an isothermal wall andfor Fa= 100. 

The effect of heat transfer on the dynamic gas temperature is shown in Fig. 4.3. The parameter Va.Pr = 10. 
If the wall would be perfectly adiabatic, gas temperature is no function of r and the tube wall temperature 
is comaving with the gas temperature. 

Heat transfer modities the gas temperature profile for r > 0,5 while the gas temperature is unaffected at the 
core (r < 0,5). For the isothermal case, we always find Tg"'(r = 1) = 0, since the wall temperature is constant. 
For the more adiabatic case of Fa = I 00, the tube wall has a fini te dynamic temperature at r = 1. 
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4.2.4 Heat transfer and enthalpy flow 

Because the enthalpy flow in the puls.? tube depends on the dynamic gas temperature, changes in the gas 
temperature also affect the en,thalpy tlow. Again. we do not derive expressions, but interesting results are 
g1ven. 

0.018 

Normalized 0.016 

Axial Enthalpy 
0.014 

Flow 

0.012 

0.010 

0.008 
0 

~------ lsothermallimit 
'"""---- Fo= 1 0 

102 
103 

0.2 0.4 0.6 0.8 

z 

Figure 4.4: Development of the normalized enthalpy .flmv a long the pulse tube for jour values of F o. The 
g raphs apply .for an orifice pulse tube. 

In previous paragraph, we have established that Fo can be interpreted as a measure for heat transfer. 
Suppose again a perfectly adiabatic tube wal!. In that case, the enthalpy flow is independent of z, and we 
would get horizontallines in Fig. 4.4. 

If heat transfer is included, we notice a negative enthalpy flow gradient for all values of Fa. In other words: 
enthalpy is rejected to the wall. For decreasing values of Fa (more heat transfer), the enthalpy flow at the 
cold end increases, but the enthalpy flow gradient becomes steeper. This means that more enthalpy is 
rejected to the wal!. Both effects cancel each other at z = 0,8. The hot heat exchangeris at z = 1, so the 
enthalpy flow increase at the cold end cannot compensate the losses. This means that heat transfer decreases 
the amount of enthalpy that can be rejected at the hot heat exchanger. So, heat transfer has a negative effect 
on the cooling performance. 

It should be noted that Fig. 4.4 does not represent a steady state in this model. The reason is that heat 
conduction is neglected. If heat conduction provides the transport of heat in the tube wall, the enthalpy flow 
gradient can become zero, which can correspond to a steady state. 

r= 1 • • • • .. • • - - • • - - - • -- - -- - - - - - - - - - ----------------------------- -------------------- -----------------------------------------------------------------------------

·······------ - . - - - -- - - ~ - ----------------------------------------------------======= = = = = = = = = ------------------------------------------------------------------------------------~~- .. --------------~---~--~---r=O --- --- - - - - ~ - - ------ -- - - - - - ... - ... ~ 
Z=Ü Z=l Z=Ü Z=l 

Figure 4.5: Enthalpy fluxfieldfor an orifice pulse tube .for an isothermal tube walt (left) and.for the case 
of Fa= 1000 (more adiabatic). 
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For the more adiabatic wall, there is an enthalpy flux reversal at the cold end at the interface. For the 
isothermal wall, the field is unidirectional. At z = 0, a larger enthalpy flow at z = 0 is found for the 
isothermal case. At z = 1, although it is not easy to see, the enthalpy flux of the isothermal wall has a 
smaller magnitude. Both are consistent with Fig. 4.4. 

In Fig. 4.5, V aPr= 10. If diffusion fills the entire tube, V aPr= 1 and we get Fig. 4.6. 

r= l .. . .. . -- - ------------------ - - - - - -- - - - - -- - - - - -- - - - - - - - - - - - - - - - - -------- - - - - - - - - - - - - - - -- - - - - - .. - .. - - -- - - - - - - - - - .. - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - ------------ - - - - - - - ------- - - - - --- - - - - - - ------------- ----- - - - - - - -~------·---- ------ - - -_....._ _____ ----------------- - - ----- - - - - - - - - -- - ------ - - - - - - - --------- - - - -r=O 
Z=Ü Z=l Z=Ü Z=l 

Figure 4.6: The same figure as Fig. 4.5, hut now with dijfusion in the entire putse tube. 

The enthalpy flux in the case of a more adiabatic wal! is now unidirectional. However, the influence of the 
tube wal! becomes more important, since the enthalpy flux at the core and the average enthalpy flux at z = 1 
have both decreased. Heat transfer has now dramatic effects on the enthalpy flux field! For the isothermal 
wall, we find a negative enthalpy flow at the hot end heat exchanger. At z = 0,8, the net enthalpy flow is 
zero. This means that the hot heat exchanger has no Jonger the highest temperature in the system! 

It should be noted that the situations given in Figs. 4.5 and 4.6 differ not only in Va.Pr, but also in other 
guantities. An explanation for the enthalpy flux fields, especially the flux reversal in Fig. 4.5 for Fo = 1000, 
cannot be exduded from these figures. With the figures, the effects of heat transfer and thermal diffusion 
are shown, and it is clear that both have a negative effect on the cooling performance of the orifice PTR. 

4.3 Higher order effects 

So far, we have only discussed lowest order effects. Because of this approximation, we have been able to 
linearize. However, the system of eguations given by Egs. (4.15), (4.17), (4.19), (4.22) and (4.24) is 
nonlinear. In order to say something about the non1inear effects, we wil! consider higher order contributions 
[22] in Eg. (4.25), and the other unknowns wil! also be expanded as in Eg. (4.25). 

4.3.1 Reynolds stresses, secondary streaming 

So far, we have not paid attention to viscosity, because the viscosity contribution in the dimensionless 
energy conservation law is of second order in E. This contribution gives rise to Reynolds stresses. These 
stresses cause a steady mass flow, which is non-oscillatory. Fora basic PTR, which is considered to be a 
closed system, conservation of mass reguires that the time-averaged mass flow is zero at any point. The 
only way to realize this is a closed loop inside the pulse tube. This is called secondary streaming [20]. For 
an orifice PTR, the same is found. 
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Figure 4. 7: Normalized radial mass flux distribut ion at the cold end for a closed putse tube, for Jour 

different va lues of the Valensi number. 

From the dimensionless energy conservation law, it's easy to see that the relevant parameter is the Valensi 
number, Va. This is a measure for the viscosity. Fig. 4.7 shows the z-component of the steady mass flux 
at the cold end for four values of Va. Although the curves are from a basic PTR, they may be applied to 
an orifice PTR, since the closed system is extended with an orifice and a reservoir tank. For Va < 35, we 
see indeed two regions with opposite steady flows. For larger Va, three regionscan be considered: a core 
and a thin boundary layer with a positive z-velocity, and a transition layer where the z-velocity is negative. 
At both interfaces, the z-component of the speed is zero. Steady flow is a loss mechanism and should be 
rninimized. P. Kittel et al. [20] find out that this loss enthalpy is about one order of magnitude smaller than 
the enthalpy flow that is used to do refrigeration. The enthalpy losscan vary between I 0% and 30% of the 
total input power. 
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Chapter 5: The regenerator and the heat exchangers 

In this chapter, the regenerator is treated. First, the properties of an ideal regenerator are derived and 
compared with those of a real regenerator. The so called regenerator equations are derived in section 5.2, 
and an idealized salution of them is given in section 5.3. In section 5.4, an expression fortheregenerator 
enthalpy flow is derived. An application of the model in section 5.2 is given in section 5.5. Finally, 
enthalpy flow losses in a heatexchangerare treated in section 5.6. 

5.1 ldeal regenerator performance 

The regenerator plays an important role in a PTR. For an optimum performance, the regenerator should 
have the following properties: 

• A large heat capacity compared to that of the gas. When gas is entering the system, the regenerator 
has to collect the gas heat without a large increase of temperature; 

• A good heat contact between gas and matrix. The heat has to be transferred easily from the incoming 
gas to the matrix, and reversely; 

• A small axial heat conductivity. The temperature at any place intheregenerator is higher than the 
temperature at the cold heat exchanger. This means that there is generally heat conduction in axial 
direction, which is a thermal laad for the cold heat exchanger; 

• A small flow impedance. The dynamic pressure at the gas inlet should be transferred to the pulse 
tube as much as possible. 

For a regenerator matrix, we can initially use metals, which have a large specific heat (demand I). The 
metal should be arranged in a fine matrix in order to make the contact surface between gas and matrix as 
large as possible (demand 2). The third demand yields optimum conditions for the shape of the material 
to be used. Finally, demand 4 yields requirements for the grid type, grid size and filling factor, which is 
equal to the ratio of the total matrix volume totheregenerator tube volume (when there is no matrix in it). 

5.2 Regenerator equations: a comparison of two theories 

In this chapter, some of the demands given insection 5.1 will be theoretically proved. We mainly refer to 
preliminary work that is performed by Pat R.Roach et al. [23]. 

Like we did for the putse tube, we will now derive some equations which can describe the behaviour of 
a regenerator. Pat R. Roach et al. [23] have derived some equations for a regenerator, which shall be 
proved here. We consider a regenerator with a length L and a cross-section area A,. The gas flow is 
assumed to flow in the axial direction, which is of course the z-direction. The specific heats and thermal 
conductivities of gas and matrix are assumed to be constant. Conservation of mass yields: 

Conservation of momenturn reads: 

ap a 
-+-(pv)=O. 
ar az 
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and the energy conservalion law for the gas is: 

(ar ar) ( ap ap) _, a2r cxA .,.(r/11-T) [( av )2 ( av )z] pc -+v-- -+v- -11.-+ +11 - +- , 
p at az at az az 2 v~as ar az 

(5.3) 

with A, the total gas-matrix interface area and VK"' the gas fraction of the total volume of the regenerator. 
So there are five contributions: gas displacement, pressure change (i.e. compression or expansion), flow 
impedance, heat conduction of the gas, heat transfer from the gas to the matrix and viscosity. The viscous 
contributions (7th and 8th term) and hence the axial pressure gradient (4th term) are neglected with respect 
to heat conduction (5th term) and heat transfer (6th term). The quantity vis the actual velocity, but it is 
better to introduce an effective velocity w that the gas would have if there were no regeneralive matenals 
inside the regenerator. If f.n is the matrix fraction 1, then w = v( 1 - fm), and energy con servation reads: 

pc (ar+~ ar)_ ap =À a2T + cxA.,(T"'-T). 
p at I-fm az ar az 2 v~liS 

(5.4) 

A. de Waele et al. [18] have derived the gas temperature equation basedon a thermodynamica! analysis. 
They found: 

I-.f"'C,,ar=-JC ar_J(V -r<av"'))ap+O-J"')r<av"') ap+(I-J:)ap+j_(J..'ar)+n.(r -T). 
V at I' a m ar I' a V ar 1' at m at a a 1-' m "' z z "' z z 

(5.5) 

C1, is the molar heat capacity, V", is the molar volume, J is the flow rate density, expressedinmol m·2 s 1, 

À.' is an effective thermal conductivity and pis the volumetrie heat exchange parameter in W m·3 K 1
• The 

determination of this quantity is very tedious [24]. 

Eq. (5.5) is a general expression that can be simplified for an ideal gas. In that case, T(àV ,/àT)
1
, is equal 

to V'". This means that the term with the pressure gradient vanishes, and that the prefactor of the à plot term 
becomes (1 - fm). If À.' is assumed to be constant, the fifth right-hand term changes into À.'(à2T/àz2). 

With the rnalar mass M, we find: 

C CIM 
P- P -pc V- VIM- P' 
m m 

(5.6) 

and 

tiC (1 -J.,,l) vcp (I -!.",)pc V pc A ,w 
JC =--~' P = P =pc w. 

P Ar VmAr A, A, P 
(5.7) 

1Pat R. Roach uses the void fraction, which is I -/,.,. In order to avoid confusion, all his expressions containing void fractions 
are rewritten. 
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In the first equality of Eq. (5.7), the definition of J is substituted. In the second equality, numerator and 
denominator are multiplied by V

111
• Eg. (5.6) is used for the third equality and finally, the volumerateis 

expressed in A,, the regenerator cross-section area and corrected with the matrix fraction. Inserting this in 

the last equation yields: 

c ((1-J. )aT +waT)-(I-f )ap ='A;a2T +n.(T -n 
P " 111 a a- . 111 a ' "' 111 • t ~ t az-

(5.8) 

The parameter p is defined as follows: 

P=aF= aA,- aA,(l-f,,), 
AL V r gas 

(5.9) 

with F the heat exchanging surface area per unit volume. If A.' /(1-j,") is set equal to À and Eg. (5.8) is 
divided by (1 - J;,), one can show that Eqs. (5.4) and (5.8) are equivalent2

. 

Next weneed a similar equation for the matrix. According to [23], the final right-hand term ofEq. (5.4) 
describes the heat flow from the gas and should be multiplied by (I - fm), while the other terms involve the 
matrix and should be multiplied by the matrix fraction fm· Therefore, we get: 

aT a2T ( 1 -J. ) aA (T-T ) 
C j' __ m =À j, __ m + 111 s m . 

P111 11 111 at 11 m a- 2 V 
...., gas 

(5.10) 

The term invalving aTjaz is absent, because we assume no heat convection. With Eg. (5.9), we notice 
again that this is equivalent witharesult of A. de Waele et al., who find [18]: 

aT a2T 
. j, lil -À/ 111 A(T-T ) Pmcn m-a-- m--., +tJ m, 

r az-
(5.11) 

in which again an effective thermal conductivity is introduced, which is not equal to the bulk conductivity. 
The matrix temperature changes due to heat transfer from the gas to the matrix and to axial heat conduction 
in the matrix. 

Eqs. (5.4) and (5.1 0) are the regenerator equations. The system of Eqs. (5.1 ), (5.2), (5.4 ), (5.1 0) and the 
ideal gas law p = pR~T is a complete set of five equations for the unknowns p, w, p, Tand I . Before 
solving them by linearization, a simplified analytic solution shall be derived. 

2The effective thermal conductivity )..' defined by A. de Waele is not equal to the bulkthermal conductivity which was 

introduced by Pat R. Roach. 
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5.3 Idealized solution of the regenerator equations 

The regenerator equations can be simplified by neglecting thermal conduction and assuming a large filling 

factor. The equations reduce to: 

ar cxA,(Tm-D 
pc w-= 

P a., V 
..... xas 

ar"' (1-f,,)cxAJT- T",) 
p m C ,,Jm---;--t 

u vgas 

Now we introducesome characteristic parameters: 

ar= Tm-T 

Bz ZR 

ar T-T m m 

ar t,. 

(5.12) 

(5.13) 

The quantities Zg and t, are the characteristic gas lengthand the regenerator time constant, respectively. The 
former is the distance the gas has to travel in order to reach a given, fixed matrix temperature Tm. The latter 
is the time it takes for the matrix to reach a given, fixed gas temperature T. Weusethese quantities in order 
to scale zand l (primed quantities are dimensionless): 

ar =T -T 
azl m ' 

ar 
--"'=T-T. 
at' 111 

This allows us to separate Tand Tm, and the result is: 

arm ar 
at 1 a.,l 

(5.14) 

(5.15) 

Consider the special case of perfect heat exchange. Th is means that Tand Tm are al most equal. Eqs. (4.12) 
can be written as one by eliminating the term that contains o: and setting T = Tm: 

ar ar 
Pc w(l-J. )-=-p c f

P m az 111 
'"" m at. 

Let's apply the minus-one rule toT, tand z: 

(ar) ( az) (i!!_) = -1. 
az 1 ar T ar z 

(5.16) 

(5.17) 

The first factor is the temperature gradient over the regenerator and can be converted to a time derivative 
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by means of Eq. (5.16). The second factor has the di mension of a velocity. It expresses the velocity vr with 
which the temperature moves inside the regenerator: 

Pc w(I-J.) 
p 111 w 

vT= =-. 
Pn/nf,) r 

(5.18) 

r is the specific heat ratio, as introduced in [23]. The specific heats of gas and matrix depend on 
temperature, and so does Vr. Because cm decreases with decreasing T, Vr is larger for lower temperatures, 
and so low temperatures propagate faster than higher temperatures. 

The described model for the temperature propagation in a regenerator is very much idealized. Fora real 
regenerator, for which the matrix fraction is not necessarily large, we have to include all terms in our 
calculation. This requires numerical integration of the regenerator equations and is beyond the essence of 
this report. 

5.4 Finite enthalpy flow in a real regenerator 

Like we did for the pulse tube, the regenerator equations can be written in dimensionless farm. Then, the 
unknown quantities can be expanded in a power series and by linearizing, we can get the first order 
contribution. This leads to very unpleasant expressions which are very hard to solve, even with a harmonie 
approach, and is also beyond the essence of this report. 

Insteadof this, we shall concentrate on the enthalpy flow. For ani deal gas, the enthalpy flow can written 
as follows: 

<H >=c <JnT> 
r I' 

cA 
= __.E___!:_<pw T>. 

I-J. m 

For p, w and T, we substitute the following series expansion: 

p =Po +E(p" +p,f 2'>ft)+E2(P2a +p2,f hit), 

w = w +w P 21tit +E(w +w P 2'>i1) 
a a- 2a 2<1- ' 

T = T +E(T + T P l1tit) +E2(T + T P 21ti1). 
0 atr 2a2tr 

(5.19) 

(5.20) 

Eis the expansion parameter, which is 1/Sr. There is nonet mass flow over a cycle. This means that <pw> 
= 0. We are ready to evaluate the various contributions to the enthalpy flow. The contribution in Eq. (5.19) 
that is of lowest order in E is: 

(5.21) 

The term proportional to p0w" is harmonie. If harmonie terms are averaged over one cycle, they are zero. 
The requirement <pw> = 0 gives in zeroth order p0w" = 0. Because T0 is a constant, the right-hand term 
in Eq. (5.21) is zero. 
The contribution that is proportional to E is: 

(5.22) 
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The starred quantities are complex conjugates, which arise because a product of two harmonies is taken. 
The first three right-hand terms are equal to the first order contribution in <pw> = 0 times T0 and the fourth 
term is the zeroth order contribution in <pw> = 0 times T" . Both expressions are zero. This means that in 
lowest order, only the dynamic gas temperature plays a role intheregenerator enthalpy flow. We consider 
two cases: a regenerator with infinitely perfect heat exchange and a real regenerator. 

Consider a regenerator which has a finite matrix heat capacity, and all other properties ideal. Then, the 
matrix temperature oscillates fora fixed position: it increases during a compression stage and decreases 
during an expansion stage. Because heat transfer is ideal, the gas perfectly follows the temperature profile 
of the matrix. Mass flow and temperature are perfectly out of phase (temperature is maximum or minimum 
for zero mass flow), and for harmonie oscillations, the product mT in Eq. (5.19) is zero after integrating 
over one cycle. 

Due to non-ideal heat transfer and axial conduction, there is a finite enthalpy flow. With higher order 
calculations. it can be shown that heat conduction is a second order effect. Another contribution to the 
enthalpy flow is caused by the flow impedance of the regenerator, which also yields a lower dynamic 
pressure in the pulse tube. 

5.5 Model application: length-to-diarneter ratio and rnesh number 

With the model above, calculations are performed in order to find the regenerator performance as a 
function of the length-to-diameter ratio A at constant volume of the regenerator. The calculations [23] are 
performed for two regenerators which were both filled with metal sereens but differ in mesh number. The 
mesh number of a screen is given by the number of wires per inch. 
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Figure 5.1: Net cooling power as ajunetion of.Afor 150-mesh screens. 

150 Mesh 

1 0 0 

The regenerator performance has an optimum value forA. This can be understood, since a small value for 
A means a large axial heat conduction, which decreases the performance. On the other hand, a large value 
for A means a large flow impedance, which also decreases the performance. For 150-mesh screens, an 
optimum performance of 14% is found forA = 12. 
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Figure 5.2: Net cooling power as a Ju netion of Afor the finer 250-mesh screens. 

If the mesh number is increased to 250 (finer screens), we notice that the performanceforA = 12 remains 
equal. The effects of increased regenerative surface per unit of volume (positive) and increased flow 
impedance (negative) cancel out. Forsmaller values of A, the performance is betterand the optimum value 
is 19% forA= 3,6. In this case, the effect due to increased regenerative surface is dominant. On the other 
hand, the performance gets worse for larger values of A, and it becomes zero forA = 34. 

1t is clear that approp1iate choices for both A and the mesh number are needed for an optimum regenerator 
performance, but they cannot be chosen independent of each other. 

5.6 Enthalpy flow transition losses in a heat exchanger 

Between an isothermal and an adiabatic region, there is a transition zone in which the oscillating 
temperature changes into a constant temperature. This region is considered to be small compared to the 
displacement length of a gas element. In other words: the time it takes for the gas element to complete the 
transition layer is smaller than the cycle time. Mass flow and pressure are no functions of space in the 
transition zone. The temperature of the gas element changes in the adiabatic part of the transition zone, but 
is constant in the isothermal part. 
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As an example, we will treat the interface between the cold heat exchangerand the pulse tube. A general 
configuration of the transition zone is given in Fig. 5.3. 

adiabatic 

Figure 5.3: General conjïguration of a transition zone between an adiabatic region (left) and an 
isothermal region (right). 

In the pulse tube, the average temperature is T" and the temperature amplitude is 7;1• Pressure and mass 
flow are assumed to be harmonie: 

The enthalpy flow is: 

T =T" + T"sinwt, 

m =ni "sin( wt-<J>m) . 

<H> =c <mT>. p 

(5.23) 

(5.24) 

In the cold heat exchanger, the enthalpy flow is zero. This means that heat is transferred from the gas to 
the heat exchanger. lf the temperature in the heat exchanger is equal to T" + 7;, (see Fig. 5.3), the 
transfe1Ted heat Q is : 

dQ=mclT, 

<Q>= -c <tiz(T -(T + T"))>= -<H>. 
(I ll 

(5 .25) 

Because heat is flowing out of the gas, Q has a negative sign. Heat transfer over a temperature difference 
is an irreversible process, meaning that entropy is produced: 

· . I I 
dS=c lm(----)d81. 

P T" +T" e (5.26) 
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In Eq. 5.26, 8 is the gas temperature. This expression has to be integrated over the temperature change and 

averaged over one cycle. This yields the following expression: 

T 

D..S =-c < ln1 J (-1- _ _!__ )d8 I>. 
r T +T 8 

T ·T " h (/ /J 

(5.27) 

Once the entropy production is known, we can evaluate the fractional enthalpy loss: 

T D..S 
T)=--"-. 

H" 
(5.28) 

Tl is the ratio of the entropy production in the heat exchanger to the enthalpy flow in the pulse tube. P. 
Kittel [25] has derived a formula for Tl in the case of harmonie mass flow and temperature variations. This 
integral equation has to be solved numerically. We do not get into this, but we give the results of his 

calculations. 
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Figure 5.4: Enthalpy flow loss as a function of et. This parameter expresses the offset of the gas 
temperafure in the heat exchanger with respect to the average gas temperature in the pulse tube. The heat 
loss 1] is expressedas a percentage of the pulse tube enthalpy flow. 

The dotted line in Fig. 5.4 represents a "lower limit" of Tl· In this limit, 8 is set equal to T" in Eq. (5.27). 
This means that we consider only heat transfer between T" and T" + Th. The entropy flow that is produced 
in this process is: 

(5.29) 
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and the fractional enthalpy loss is: 

(5.30) 

We find a zero Ioss if the average gas temperature in the pulse tube equals the gas temperature in the heat 
exchanger (ex= 0). For the other calculations, the lossis minimal in this case, and its value is about 5%. 
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Figure 5.5: Enthalpyflow lossas aJunetion of </J, the phase angle hetween massflow and temperature. 

From Fig. 5.5, it is clear that mass tlow and temperature should be in phase in order to have a minimum 
loss, but for small values of ex, the phase effect is negligible. The lower limit has no phase dependency, as 
can beseen in Eq. (5.30), and its value for ex= 0 is zero. 
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Figure 5.6: Enthalpy flow toss as a fitnetion of the temperafure ratio. 
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If the amplitudes are small, there is a linear relationship between enthalpy flow loss and the ratio of 
temperature amplitude and average temperature. The denvation of this statement is beyond the essence of 
this report [25]. 

Finally, we give some values for the various quantities. For all heat exchangers, x= 0, 1. The hot heat 
exchanger temperature is nearly equal to the minimum gas temperature, which means a= -1. The cold heat 
exchanger temperature is nearly equal to the maximum gas temperature, or a= 1. The phase angle <l>m is 
zero in both cases. This assumption is true in the hot heat exchanger, si nee mass flow is in phase with the 
pressure and pressure is in phase with the temperature. At the cold heat exchanger, we have to include the 
gas piston in our model. This causes a phase shift. However, this phase shift is less than 0,03TI and can 
therefore be neglected. For the cold heat exchanger, these values yield an enthalpy flow lossof 10%, while 
the enthalpy flow losses at the aftercooler and the hot heatexchangerare 12%. 
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Chapter 6: Experimental set-up 

6.1 General description of the set-up 

For the set-up, we will refer to preliminary work that is done by M. Nagtegaal [7]. A schematic view of 
the set-up is given in Fig. 6.1. The set-up consists, among other things, of the regenerator, a curved 
connecting tube, the cold heatexchangerand the pulse tube. These parts are surrounded by a radiation 
shield of several layers of Mylar foil, and situated in a high-vacuum chamber. A high-vacuum supply 
pumps down the chamber to about 1 o-4 Pa in order to minimize heat conduction from the surroundings. 
Outside this vacuum chamber, the regenerator is connected toa water-caoled aftercooler and the rotary 
valve, which switches between high and low pressure. High pressure is maintained by a compressor. A 
carbon filter removes impurities from the incoming gas. The low pressure outlet contains a bypass tube, 
a back pressure valve and a conneetion to a rotary pump, with which the system itself can be pumped 
down. 
The pu1se tube is connected toa water-caoled heat exchanger, a needie valve (the orifice) and a reservoir 
tank of 1 dm3

• There is also a conneetion between the reservoir and low pressure. A needie valve (the 
minor orifice) is placed in this connecting tube. 
A bypass tube connects both hot ends. Another needie valve (the second orifice) is placed in this tube. 

In order to measure the temperature at various positions in the system, we use IC-thermometers. These are 
attached totheregenerator hot end (T2), in the middle of the regenerator (T3), the regenerator cold end (T4), 

the cold heat exchanger (T5), the pulse tube cold end (T6), the pulse tube hot end (T7) and in the middle of 
the pul se tube (T8). Pressure is measured by piezo-electric sensors which are placed at the gas in let (p1 ), 

the pulse tube hot end (p2) and the reservoir (po). For caoling performance measurements, a heating resistor 
is connected to the cold heat exchanger. These sensors are connected to two multimeters, which are remote 
controlled and read out by a PC. 
Besides the PTR, additional hardware is used for further measurements. An X-T recorder is used for 
continuous read-out of T,, flowmeters for the determination of the flow impedance and a platinum resistor 
and a silicon diode are tested as alternatives for IC-thermometers. A third multimeter is used for local (= 
non-remote) measurements. 
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Figure 6.1 : A schematic view ofthe pulse tube refrigerator. Tn and Pn are the IC-thermometers and the 
pressure probes, respectively. 
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6.2 Various parts of the set-up 

6.2.1 The pulse tube 

The pulse tube is a stainless steel tube with a length of 193 mm and an exterior diameter of 19,2 mm. The 
tube wall thickness is 0,3 mm. Three capper support rings are placed about 15 mm and 79 mm away from 
the cold end and 50 mm away from the hot end for IC-thermometers. The hot end heat exchangeris brazed 
on the pulse tube hot end. A connecting piece is used in order to attach the pulse tube to the cold heat 
exchanger, since stainless steel and capper cannot be soldered together. 

6.2.2 The connecting tube 

The regenerator and the putse tube are connected by a U-shaped connecting tube. This tube has a length 
of 18 cm and a inner diameter of 2,5 mm. The tube can be filled with capper tumings or capper wires. 

6.2.3 The regenerator and its matrix 

The regenerator is a stainless steel tube with a length of 175 mm and an exterior diameter of 19,2 mm. The 
tube is filled with about 2000 stainless steel sereens of 180 mesh. At 12 mm, 87 mm and 162 mm away 
from the cold end, we constructed capper IC-thermometer bolders by means of Woods soldering. The cold 
end has an outlet of 9 mm length and an exterior diameter of 2,5 mm in order to solder the connecting tube 
that connects the regenerator and the cold heat exchanger. The aftercooler is soldered on the regenerator. 

6.2.4 The aftercooler 

The aftercooler is a copper cylinder with a lengthof 37 mm and a exterior diameter of 24 mm. The cylinder 
has 20 heat exchanging elements which consist of a stainless steel screen of 180 mesh attached to a 
stainless steel ring by means of soldering. The aftercooler is surrounded by a spiral tube, in which water 
flows. This keeps the aftercooler at room temperature. 

6.2.5 The cold heat exchanger 

The cold heat exchanger is a capper cylinder with a length of 51 mm and a diameter of 22 mm. At 16 mm 
height, a conneetion of 1 0 mm diameter and a length of 16 mm was soldered in order to conneet the 
connecting tube. Eight equally spaeed concentric copper cylinders with a thickness of 1 mm are placed 
inside. These cylinders are not only the heat exchanging elements, but also flow straighteners. Two copper 
support blocks are constructed. These are attached to the cold heat exchanger, and contain holes for a 
heating resistor and a platinum resistor. 
Another heat exchanger consistsof a capper cylinder with a lengthof 30 mm and an inner diameter of 18,6 
mm. A stack of heat exchanging elements is placed inside this cylinder. An element consists of a capper 
ring and a capper screen of 20 mesh, which are pressed tagether with an indium ring. A CuNi tube with 
a length of 53 mm is placed upon the heat exchanging stack. The lower side contains an outlet with a 
length of 18 mm and an exterior diameter of 10 mm. The totallength of the heatexchangeris 80 mm. Next 
to the outlet, a heating resistance can be attached. There are three different heat exchanging stacks: the first 
consistsof 4 elements and the second and third contain 8 and 4 gilded elements, respective1y. 

6.2.6 The hot end heat exchanger 

This is a capper cylinder which has a lengthof 37 mm and an exterior diameter of 24 mm. Like our first 
cold heat exchanger, it has 8 equally spaeed concentric capper cylinders inside, each with a thickness of 
1 mm. The hot end heat exchanger is water cooled, like the aftercooler. 
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6.2. 7 Gas system, needie valves, reservoir 

Outside the vacuum Dewar, gas is transported through a system of tlexible synthetic tubes, capper tubes 
and brass junctions, which are connected by 9/16 inch screws. The orifices are asymmetrie needie valves, 
type NUPRO B-6MG-MM. The reservoir is a stainless steel tank of 1 dm3

. 

6.2.8 Pressure supply, rotary and solenoid valves 

The pressure supply is a closed system. A 6 kW General Electric 4-piston compressor, type 
5K4284A22AI3, delivers a constant flow with which a reservoir tank of 2 m3 is held at a maximum 
pressure of I2 bar. This tank is connected to the high pressure inlet. The low pressure outlet is connected 
to a reservoir tank of I m3 which is held at ambient pressure. This tank is connected to the compressor to 
recirculate the gas. 
A back pressure valve willopen if high pressure exceeds 12 bar. In this case, gas flows through this valve 
into the low pressure tank. If low pressure exceeds I bar, the remainder wil! be biown into a gas bag. If 
the gas flow into the low pressure tank is insufficient, gas that comes from extemal vessels will be added 
to the supply. 

The rotary valve [27] switches between high and low pressure and is powered by a Variac. By changing 
the applied voltage, we can change the eperating frequency. Some measurements are performed with 
solenoid valves. These are controlled by a PC. 

6.2.9 Vacuum system, rotary pump, leak checker 

The set-up contains two vacuum supplies. An Edwards RV8 rotary pump delivers the pre-vacuum 
(typically 1 Pa) necessary for the Leybold-Heraeus oil diffusion pump, which pumps the high-vacuum 
chamber down to 1 o-4 Pa. Vacuum pressures are measured with a Pirani 10 pre-vacuum manometer and 
a Penning 8 high-vacuum manometer. Their read-out is in Torr: 1 Torr corresponds with I ,33·I 02 Pa. 
On the other hand, the low pressure outlet can be connected to a rotary pump by opening a valve. This 
allows us to pump down the system itself. The vacuum pressure is measured by a digital Vacuubrand 
DVR I manometer. 
An Edwards E3200 leak checker can be connected to the high-vacuum chamber in order to search for leaks 
in the system. The device measures the helium flow rate in the flow towards the vacuum pump of the Ieak 
checker. 

6.3 Quantities to be measured 

6.3.1 The temperature 

Temperature is mainly measured by IC-thermometers of type AD590JH. If we apply a DC-voltage of 5 V 
to the IC-thermometer, it delivers a constant current of I f.lA/K. We measure the DC-voltage across a 
resistor that is serially connected with this current source. Because the resistance of this resistor is I kQ, 
the measured DC-voltage in millivolts corresponds with the temperature in Kelvins. The IC-thermometers 
are reliable down to 60 K with an accuracy of approximately I K. 
For lower temperatures, a platinum resistor can be used. It has a positive temperature coefficient, meaning 
that its resistance increases with increasing temperature. Calibration tables are available fora wide range 
of platinum resistors. The resistance is measured by a four-wire measurement. For the temperature region 
of our interest (from 40 to 300 K), curve fitting is applied. A Turbo Pascal program is written in order to 
calculate the temperature. Our platinum resistor is reliable down to I 0 K. 
J. Hartman [26] has performed intensive research toother temperature probes that may be suitable for 
liquid helium temperatures. An I N4148 silicon diode for general u se i~ calibrated with the results of a 
calibrated Lakeshore DT-470-SD-13 temperature diode which is especially developed for low-temperature 
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measurement. The I-V behaviour of the diode is temperature-dependent, and by applying a constant current 
of 10 !JA, its resistance can be measured by a four-wire measurement. 

6.3.2 The pressure 

Pressure is measured by piezo-electric MicroSwitch 242PC250G pressure probes. They are situated at the 
gas in let, the junction between both orifices and at the reservoir. They convert a given pressure into a 
voltage that can be measured by a multimeter. The probes are reliable and linear in the pressure region 
from 0 to 16 bar. 

6.3.3 The heat load 

For a cooling power measurement, a voltage is applied to the heating resistor. At room temperature, its 
resistance is 25 Ohm with a toleranee of 10%, and its maximum load is 20 Watt. The voltage is delivered 
by a Delta E018-0.6D power supply. 

6.3.4 Data collection and acquisition 

The voltages applied to the heater and generated by the IC-thermometers and pressure probes are measured 
by two Keithley-2000 multimeters. These instruments have 10 inputs and a quantity of interest can be 
measured at a maximum rate of 2000 measurements per second. A PC reacts the data collected by these 
multimeters. For this purpose, a program is written in ASYST 1

• This program returns the measured data 
on screen and stores them into files. 
The program delivers two kinds of output. The temperatures at the positions of the IC-thermometers and 
the applied power to the heater are continuously measured as a function of time. During a measurement 
cycle (which is about 55 seconds), the pressures are sequentially measured for a period of about 1,4 
seconds. These data are always visible, but they are only stored on the user's request. Turbo Pascal 
programs are written in order todetermine the frequency and maximum, minimum, average and dynamic 
pressure. 

6.4 A measurement cycle 

A measurement to the PTR (which will further be called run) takes 5 till 10 hours of time, sametimes 
more. A run consists of mea<>urement cycles, which have a duration of about a minute. In this section, we 
demonstrate what is happening during this minute. 

After initialization, the computer reacts the IC-thermometers which are attached to multimeter 1. The 
voltages are simply tumed into temperatures by multiplication withafactor 1000. Then we read the voltage 
across a precision resistor in the heater circuit (this is a measure for the heater input current) and the 
voltage across the heater itself. These two inputs are attached to multimeter 2. The product of current and 
voltage is the heaterinput power. The current values of temperature and heaterinput are displayed and all 
temperatures are plotted on screen as a function of time. If the "P" key is pressed during a measurement 
cycle, data from pressure measurement are stored in a file *B.DA T on the hard disk. Then, we read the 
pressure probes which are also attached to multimeter 2. The three measured pressures are plotted as a 
function of time in a chart. After we have converted them to pressures, the measured temperatures and 
heater input are stored in a file *A.DAT on the hard disk. Unless the measurement is aborted or 
interrupted, time is increased and a new cycle starts. 

1"A Scientific System", a program language developed by Keithley for 1/0-purposes and data manipulation. 

-60-



Chapter 7: Results and conclusions 

7.1 Introduetion 

In this chapter, the results of measurements performed to the PTR are given. We have already noticed that 
the measurement program gives two kinds of output: temperature as a function of time during the whole 
measurement and pressure as a function of time during about two cycles. 
Insection 7.2, we demonstrate how to interpret the temperature profiles and the pressure scans. 
In section 7 .3, the influence of temperature and frequency on temperature and pressure are shown. 
Section 7.4 treats cooling performance measurements. The cooling performance of three types of PTRs and 
three different heat exchangers are examined. In order to minimize secondary pulse tube effects, capper 
tumings or capper wires can be inserted in the connecting tube. The advantages and disadvantages are also 
discussed in this section. 
The stability of the orifice PTR and the double inlet PTR is examined in section 7.5. The temperature 
behaviour is analyzed and assumed sourees of instability is given. First measurements are performed to the 
double inlet double orifice pulse tube refrigerator (DIDOPTR). This is a great improvement, which wil! 
be clear when we discuss gas flow streaming in a double in let PTR. 
Solutions to unstable behaviour are outlined in section 7 .6. Solenoid valves are compared with the rotary 
valve and the influence of gas cleaning is analyzed. 
All results are summarized insection 7.7. 

7.2 Measurement output 

7.2.1 Temperature as a function of time and position 

The temperatures that are measured during a run can be plotted as a function of time. Then we get a 
temperature eh art. Fig. 7.1 is an example of a temperature chart. 
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Figure 7.1: An example of a temperature chart. 
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The run starts with the PTR operatingas a basic PTR. The minimum temperature is reached after two hours 
and is 160 K. T2 almast remains constant at 285 K, which can be understood since T2 is situated near the 
aftercooler. This heat exchanger is kept at room temperature. The temperature T3 is not exactly between 
T2 and 1;. . This is also to be expected in a steady state, because regenerator Jasses and temperature
dependent properties make the temperature distribution in the regenerator nonlinear.. 
After 2 hours the orifice is opened three tums, and the temperatures are again decreasing. However, T7 

initially increases. The reason for this behaviour is that the reservoir pressure befare opening the orifice is 
9,5 bar. Since high pressure is 10 bar, low pressure is 4 bar andreservoir pressure is about the average of 
high and low pressure (i.e. 7 bar), there wiJl initially be a net flow from reservoir to pulse tube. This flow 
contains relatively hot gas, so T7 initially increases. At t = 200 minutes, a stabie minimum temperature of 
1 08 K is reached. 
Finally, the second orifice is also opened three tums, and the temperatures again decrease, except T7, which 
is increasing, and T6, which is almast constant. Note also that T7 is somewhat wiggling around an average 
value of 250 K. These effects may be due to gas flow streaming, which is a typical phenomenon for the 
double inlet PTR. We willexamine this more thoroughly when we discuss stability. At the end of the run, 
a stabie minimum temperature of 61 K is reached. 

So far, we considered temperature as a function of time at six fixed positions. Fig. 7.2 shows steady state 
temperatures as a function of position for the three types of PTRs. 
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Figure 7.2: Temperafure distribution in the !>ystem. The regenerator is represented on the horizontal axis 
benveen 0 (hot end) and 1 (cold end) and the putse tube hetween 2 (cold end) and 3 (hot end). The cold 
heatexchangeris located at position 1, 7. The lengths ofthe regenerator, the conneering tube and the pulse 
tube are not exactly (hut nearly) the same. Therefore, this eh art should he interprered qualitatively. 

The data belang to the same run. When we campare the basic PTR to the orifice PTR, an overall 
temperature decrease is observed. This can be understood, since the cooling power created in the pulse tube 
finally cools down the system. In this chart, one can see more clearly that T3 is not exactly between T2 and 
h It seems that the upper half of the regenerator does not contribute to the temperature decrease at all. 
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If we consicter the double in let PTR, we do not get a uniform temperature decrease: T7 is even increasing 
and the decrease of T3 is much larger than in previous case. The temperature curve is entirely tilted to the 
left around T5, and we may assume a clockwise DC flow (meaning: from the pul se tube via the connecting 
tube to the regenerator). With this assumption, the temperature behaviour can easily be explained. Gas at 
room temperature enters the pulse tube at T7, and because the DC flow effect is dominant compared to the 
extra cooling due to the second orifice, temperature increases there. Because T7 is higher than T6 , the DC 
flow limits the temperature decrease of T6• On the contrary, the DC flow amplifies the decrease of 
temperatures T2, T3 and T4 • At T2 and T7 , the DC flow effects are limited because there is a water caoled 
heat exchanger in the neighbourhood. This will keep the gas in it at room temperature. 

7 .2.2 Pressure scans 

In the figure below, an example of a pressure scan is shown. The scan belongs to an orifice PTR at a 
temperature of 11 0 K. 
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Figure 7.3: Pressure as ajunetion of time, as measured by ASYST. This is what we abserve duringa run. 
The horizontal scale contains 100 points which are separated by 8017 milliseconds. lts range is therefore 
1,14 seconds. Nothing can be said about the phase difference between both pressures. 

The horizontal scale is divided in 100 parts. Every di vision corresponds with 8017 ms. The pressure of the 
gas in let varies between 3 and 10 bar. There areabout 57 sca1e parts between two maxima of this pressure 
curve. Therefore, this corresponds with a frequency of 1,54 Hz. The pul se tube pressure amplitude is 0,14 
bar smaller, because of the flow impedance of the regenerator. Due to the methad of measurement, nothing 
can be said about the phase difference between bath pressures. The reservoir pressure is 7,06 bar with an 
amplitude of 0,08 bar, which is about 41 times smaller than the pulse tube pressure amplitude of 3,38 bar. 
lts average value is somewhat larger than the inlet and orifice averages of 6,5 bar. This is caused by the 
asymmetry of the orifice. 
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7.3 Influence of various parameters on pressure and frequency 

In section 7 .2, the interpretation of the pressure scans and a method to determine the frequency were given. 
In this section, the way pressure and frequency depend on temperature are determined. Next, the 
relationship between frequency and applied rotary valve voltage is examined. Finally, the pressure as a 
function of frequency is discussed. 

7.3.1 Temperature 

The measurements in Fig. 7.4 belong to an orifice PTR operating at the same conditions as in section 7 .2. 
The second chart (top right) represents pressure amplitude as a function of temperature at the gas inlet and 
in the pulse tube. Bath pressure amplitudes decrease during cool-down. This can be explained by the fact 
that the mass density of the gas increases during cool-down. In order to rnaintaio high pressure, more gas 
has to belet in, but the gas inlet is limited by the rotary valve. For the same reason, low pressure increases 
during cool-down, and hence the pressure amplitude, which is defined as half the difference of high and 
low pressure, decreases. 

The first chart (top left) features the average and reservoir pressures. At the gas inlet, average pressure is 
found to be lower than in the pulse tube. Th is difference in pressure may be explained with the asymmetry 
of a flow impedance (here: the regenerator). For the same reason, the average reservoir pressure is higher 
than the average pulse tube pressure. The asymmetry of the orifice decreases with decreasing pressure 
amplitude. This means that the difference between the average pulse tube pressure and the average reservoir 
pressure decreases, so the reservoir curves approach the inlet and pulse tube curves during cool-down. 
Another feature of the orifice is that gas will flow easier through it when the average pressure is higher. In 
other words: its flow impedance decreases with increasing average pressure. This means that the pressure 
amplitude decreases even faster during cool-down, as can be seen in the second chart. 

If we take the difference between the pressure amplitudes at the gas inlet and the pulse tube, we get the 
amplitude loss, which is given in the third chart (bottom left). This means that during cool-down, the 
pressure amplitude in the pulse tube decreases more than at the gas inlet. Because viscosity decreases for 
decreasing temperature, the regenerator flow impedance decreases during cool-down. This means that the 
increased amplitude loss has to be caused by an increased flow. 

The frequency increases during cool-down, as can be seen in the fourth chart (bottom right). Because of 
the smaller pressure difference across the rotary valve, its load decreases, and the driver moves faster. This 
shortens the access time for the gas and decreases the pressure amplitude even more. 
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7 .3.2 Frequency 

By changing the voltage that is applied to the driver, we are able to change the operating frequency. A 
frequency change has also influence on the pressures at various places in the system. In Fig. 7.5, some 
results are shown. 

The results beloogtoa double in let PTR operatingat a temperature that varies between 67,5 K (the 155 
volt case) and 70,5 K (in the case of 137.5 volt). This temperature difference is assumed to be so small that 
its effect on frequency and pressure can be neglected. The orifice settings remaio unaltered during this run. 
A linear dependency between frequency and applied voltage is found, as can be seen in the fourth chart. 
This allows us to use the applied voltage as a measure for frequency and justifies us to interpret the charted 
quantities as a function of frequency. 

From the first two charts, we can conclude that increasing frequency decreases the pressure amplitude. This 
can be explained by the fact that an increasing frequency means a decreasing time for the gas toenter or 
exit the system. On the other hand, frequency has only a small influence on the average pressures. 

If we subtract both pressure amplitudes, we get the amplitude loss, which is given in the third chart. We 
observe an increasing loss with increasing frequency. This can be explained with the RC-network of Fig. 
2.7. It can be considered as two !ow-pass filters: the first consistsof the regenerator and thew pulse tube 
and the other consistsof the orifice and the reservoir. Both filters have their own cut-off frequency. For the 
system of orifice and reservoir, this frequency is about 1 Hz, which is lower than the frequency of our 
measurements. 

The rotary valve used in these experiments has some special features, to which we have to pay much 
attention to. At first, the rotary valve has an indirect frequency control: by changing the voltage we apply 
to the driver, the input power will change. Gas and flow properties determine the frequency we use. A 
constant voltage therefore does not guarantee us a constant frequency! In other words: the f(V)- relationship 
in Fig. 7.5 is not unique! Later, we shall discuss similar measurements which are performed with solenoidal 
valves. These have a direct frequency control: the frequency can be set directly, independent of gas and 
flow properties. Besides this, a "threshold voltage" has to be applied to make the valve turning. This 
voltage is varying during the project: its value changes between 80 and 125 volt, depending on the 
condition of the system of axles and cogs. And finally, duringa run, we heard the driver jam at a constant 
AC-voltage ofthe Variac. Therefore, iffrequency has to be known, pressure scans are the only way to get 
the correct frequency. 

7.4 Cooling performance measurements 

In these measurements, a eertaio amount of heat per unit of time is supplied to the cold heat exchanger. The 
main purpose of these measurements is todetermine the cooling performance of the PTR. Fig. 7.6 shows 
what occurs in the cold heat exchanger when it is loaded. 
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Figure 7.6: Enthalpy flows and input heat flow in the cold heat exchanger. Situation A applies for the 
minimum temperature. In situation B, the heater is enabled. In situation C, the loaded heat exchanger is 
in a steady state again. 

At its minimum temperature Tmin• the PTR cannot act as a refrigerator, since the pulse tube enthalpy flow 
equals the loss heat flow. If the heater is enabled, we get initially a non-equilibrium situation: there is more 
heat flowing into than out of the cold heat exchanger. Th is makes T5 increase. For increasing T5, the losses 
decrease. This means that there is a new equilibrium situation at a higher temperature T0. 

The heater in above story can be considered as an object to be cooled at a stabie temperature T0• The 
cooling power P of the PTR at this temperature is now equal to the heater input. It is clear that cooling 
power increases with temperature. Another important measure is the increment rate of the cooling power 
with temperature. This is called the coating capacity II: 

II =-P_(T_o_) 

TO-Tmin' 
(7.1) 

and is expressed in mW/K. Note that the cooling power at T'"'" equals zero. 

In this section, we shall first examine three different types of heat exchanging elements. Next, the cooling 
performance of the basic, orifice and double in let PTR are examined. And finally, we pay attention to the 
connecting tube and its influence to the minimum temperature. 

7.4.1 Comparison of three different heat exchangers 

The measurements in Fig. 7.7 belong to an orifice PTR for which the orifice settings and the frequency are 
the same. The runs differ only in the type of heat exchanger. First, a stack of four copper sereens is 
examined. Next, we discuss a stack of eight gold-plated copper sereens and finally, a stack of four gold-
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plated copper sereens will be treated. The stacking method is the same for all stacks, and so does the mesh 
number for all screens. 
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Figure 7. 7: Cooling performance of an orifice PTR for three different heat exchangers. 

Cooling power is plotted against temperature in these graphs. The cooling capacities are calculated and 
given in table 7.1. 

cooling power cooling 
at 100 K capacity 

(W) (mW/K) 

4 copper sereens 1,3 95 
4 go1d-p1ated copper sereens 1,7 120 
8 gold-plated copper sereens 2,5 105 

Table 7.1: Cooling performance of three different heat exchangers. 

lt is obvious that the gold-plated copper sereens produce a larger cooling capacity and a larger cooling 
power at I 00 K when they are compared to "untreated" screens: the latter are much more sensitive to 
pollution and oxidation, which decrease the heat transfer coefficient. If we double the number of gold
plated screens, the cooling capacity decreases. 

Two effects occur when we double the number of screens. First, we double the heat exchanging surface. 
This results only in a better cooling capacity if the temperature oscillations in the pulse tube are not 
completely damped in the cold heat exchanger. If the temperature oscillations are already completely 
damped, doub1ing the number of sereens will result in a larger flow impedance. This has a negative effect 
on the cooling capacity, as can beseen in table 7.1. 

The cooling power is also given, but is a worse measure for the performance of the cold heat exchanger. 
Cooling power also depends on the minimum temperature, which is determined by factors somewhere else 
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in the PTR. The minimum temperature does notdepend on the type of heat exchanger, since there is no 
load in this case. The only heat exchanger property that can affect the minimum temperature is the flow 

impedance. 

7.4.2 Comparison of the three types of putse tube refrigerators 

Cooling performance measurements are performed for the basic PTR, the orifice PTR and the double inlet 

PTR. The results are given in Fig. 7.8. 
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Figure 7.8: Coating performance for the basic PTR (crosses), the orijïce PTR (quadrangles) and the 
double inlet double orifice PTR (squares). The cold heat exchanger has Jour gold-plated copper screens. 

Calculation of the cooling capacities gives the following result: 

cooling capacity 
(mW/K) 

basic PTR 113 

orifice PTR 121 

double inlet PTR ? 

double inlet PTR with double orifice 147 

Table 7.2: Cooling performance of jour different PTRs. 

When we campare the basic PTR with the orifice PTR, we notice a small increase of the cooling capacity. 
A proper measurement of the cooling capacity of the double in let PTR appears to be impossible, because 
we cannot reach a stabie minimum temperature. The reason why the minimum temperature is nat stabie 
will be clear in section 7.5. When a minor orifice is introduced in the double inlet PTR, we notice a 
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significant increase of the cooling capacity. This may be due to decreased losses from DC-flows that are 
now suppressed. 

7 .4.3 Effect of the connecting tube 

The regenerator and the pulse tube are connected by an connecting tube. lts length and its diameter can 
have dramatic influence on the performance of the PTR. A narrow connecting tube acts as an orifice and 
limits the maximum available pressure amplitude in the pulse tube. 

If, on the other hand, this connecting tube is too wide, it may act as a secondary pulse tube. This secondary 
pulse tube effect is purely based on the heat pumping mechanism. It is already present when the radius of 
the connecting tube is three times the thermal diffusion layer. For low temperatures, the thermal diffusion 
layer is 0,1 mm, while the diameter of our connecting tube is 2,5 mm. This is also undesired and can be 
explained in two ways: the input power needed for this secondary pul se tube is not available for the primary 
pul se tube, and the hot end of the secondary pulse tube appears to be the cold end of the primary pulse tube. 
It is therefore important to minimize the contact di stance secondary pulse tube effects. 

Secondary pulse tube effects can be limited by filling the connecting tube with copper tumings or by 
inserting two capper wires with a diameter of 1 mm and a length of 15 till 20 cm (the length depends on 
the type of heat exchanger). 

The copper tumings appear to have many disadvantages: they give rise toa large increase of the system 
flow impedance, hyperfine pieces of it are blown through the system and the lower regenerator sereens are 
spoilt by copper dust. Wires are easier in use and do not block the gas flow. Unfortunately, the capper wires 
have been introduced almast simultaneously with a new heat exchanger (this new heat exchanger requires 
a new connecting tube which is Jonger). So we cannot determine if the capper wires have much influence 
on these secondary putse tube effects, and additional measurements have to be performed in order to 
determine their influence. 
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7.5 Temperature instahilities 

7 .5.1 Introduetion 

In section 7 .4, we have already noticed that there is no value for the cooling capacity of a double in let PTR. 
The reason was that temperatures were not stable. In our theory, we have already seen that a DC-flow can 
occur in a double inlet PTR and that this DC-flow can be suppressed by a minor orifice. In this section, 
some results of measurements performed to the double i niet PTR are given. 

7.5.2 Temperature behaviour 

As a first impression of what can occur in a double in let PTR, Fig. 7.9 is shown: 
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Figure 7.9: Temperafure behaviour for the orifice PTR (t < 187 minutes) and the double in/et PTR (t > 
187 min ut es). The orifice PTR appears to re ach a stabie temperature distribution. The double inlet PTR 
becomes unstable after reaching its minimum temperature. 

The run starts with an orifice PTR. The orifice is opened three tums. At t = 187 minutes, T5 is considered 
to be stabie at 77 K. Then, we open the second orifice three tums, like the first orifice. After this, all 
settings of the PTR remain unchanged. Initially, T5 decreases toa minimum temperature of 64 K. But at 
t = 230 minutes, T7 starts to decrease, while all other temperatures are increasing. At t = 400 minutes, all 
temperatures are randomly changing, with no particular direction. However, 64 K is not reached again. 
From this run, we leam that these instahilities are caused by the system itself, not by changing the system 
settings. 
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A possible reason for the instahilities could be the fact that the mass flow through the second orifice is too 
large. Fig. 7.10 shows the results of a run in which the second orifice is opened only 2,5 tums. 
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Figure 7.10: Temperafure behaviour of an orifice PTR (t < 170 minutes) and a double inlet PTR (t > 170 
minutes). The settings ofthe orifice PTR are equal to previous run. The second orifice is now opened 2,5 

turns instead ofthree. 

Although a stabie temperature of 63 K seems to be possible, we notice an increase of temperature during 
the final hour. This may be again the beginning of instabie behaviour, although the refrigerator seems to 
be more stabie than in the run betonging to Fig. 7.9. 
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One may ask what the temperature behaviour of the orifice PTR is. Fig. 7.11 belongs toa run with an 

orifice PTR. 
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Figure 7.11: Temperature behaviour ofan orifice PTR. The orifice is three turns open, all settings renwin 
unaltered during the entire run. 

The orifice is three tums open, as in the runs betonging to Figs. 7. 9 and 7.1 0. The settings remain the same 
during the en ti re run. At t = 11 0 minutes, the minimum temperature of 77,5 K is reached. Ou ring the fin al 
I 0 hours, all temperatures were changing less than 0,5 K. This means that the orifice PTR can be regarcled 
as a stabie machine for at least I 0 hours. 
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Next, we examine the switch from a double in let PTR to an orifice PTR. The results are given in Fig. 7 .12. 
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Figure 7.12: Temperature behaviour fora double inlet PTR (t < 283 minutes) and an orifice PTR (t > 283 
minutes). The orifice is three turns open, the sec011d orifice 2,5 turns. At t = 283 minutes, the second orifice 
has been closed. 
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The sequence in which changes are made has been reversed in this run. The run starts with the first orifice 
three tums open and the second orifice 2,5 tums open. The minimum temperature we reach is 65 K. After 
reaching the minimum temperature, the system becomes unstable and T5 increases to 95 K at t = 283 
minutes. Then, the second orifice is closed and the system seems to become stabie at T, = 120 K. The 
settings that we have now are the same as in previous run. However, the temperature distri bution of this 
run differs from previous run, as shown in Fig. 7.13. Apparently, there are more stationary temperature 
distributions for equal settings of the (orifice) PTR. 

7 .5.3 Temperature oscillations 

So far, we have assumed that the orifice PTR is a stabie machine and a double inlet PTR may cause 
unstable temperature behaviour. Temperature instahilities may occur in many ways, but one of the most 
remarkable phenomena is given in Fig. 7 .14. 
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Figure 7.14: Temperature oscillations in a double inlet PTR. 

The run starts immediately as a double in let PTR. After an hour, a minimum temperature of 68 K has been 
reached. Then, all temperatures start to oscillate. For example, T5 changes between 68 and 71 K. These 
oscillations are of course not the oscillations due to pressure oscillations. The latter have a frequency of 2 
Hz and could not be observed in this chart. 

lnitially, wethink that the temperatures are not properly measured. In order to get a proper measurement 
of all temperatures, some improvements have been introduced to the PTR. First, the thermal cantacts of 
the IC-thermometers are improved by replacing the GE-7031 by high-vacuum grease mixed with copper 
powder. A !ow-pass filter is placed between the IC-thermometers and the multimeter in order to minimize 
high-frequency noise (especially from a monitor that is situated near the set-up). A one-second delay is 
added to every temperature measurement because wethink that the setting time of the thermometers is too 
short. All components, especially those of the rotary valve, are connected to a common ground level. This 
prevents detection of rotary valve noise signals by the IC-thermometers. 

Even after these improvements, oscillations are observed, and they arealso obtained with an X-T recorder. 
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This means that the method of measurement cannot cause the temperature oscillations. 

We have observed that these oscillations are typical for a double inlet PTR. For the orifice PTR, the 
temperatures have never oscillated. So, temperature oscillations may have two reasons: the DC flow, which 
is also typical fora double in let PTR, or a temperature dependent effect. 

The oscillations appear to occur only fora particular setting of the orifices and the frequency. It has also 
been observed that the oscillations cannot be reproduced. Sometimes, the oscillations stop instantaneously, 
but the PTR remains unstable. 
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Figure 7.15 : Influence of the second orifice setting on temperafure behaviour. The orifice settings in 
regions I and lil are the same, and so do the settings in regions 11 and IV. At t = 295 minutes and t = 447 
mi nut es, the setting of the second orifice is changed from 2 to 2,5 turns open. At t = 377 minutes, the 
second orifice is turned backfrom 2,5 to 2 turns open. 

At t = 295 minutes the second orifice is changed from 2 to 2,5 tums open. Then, temperatures start to 
oscillate. At t = 377 minutes, the second orifice is tumed back to 2 tums open, and the oscillations do not 
occur anymore. If the second orifice is changed to 2,5 tums (at t = 447 minutes in Fig. 7 .15), temperatures 
start to oscillate again. This means that we can switch the oscillations on or off by only a small change in 
the opening of the second orifice. 

We have observed that in all regions, T5 is higher than T4 and T6 , while T, is supposed to be the coldest 
point in the system. The reason for this behaviour is not clear. A calibration test has shown that T4 and T5 

give the same readout in liquid nitrogen, but different temperatures in our measurement (see figure 7 .15). 
This means that the IC-thermometers themselves are not responsible for this effect. 
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7 .5.4 Results of a Fourier analysis 

A Fourier spectrum has been calculated from the measured values of T, in the run belonging to Fig. 7 .14. 
Fig. 7.16 shows the result. 
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Figure 7.16: Fourier spectrum belonging to Fig. 7.14. 

The spectrum is basedon 256 consecutive points after t = 100 minutes. Only 128 values are charted, the 
others are complex conjugates. Every point in the Fourier spectrum corresponds with a frequency and an 
oscillator strength. The frequency can be found by: 

(7.2) 

In Eq. (7.2), the number nis divided by the total time interval t2 - t 1• For n = 35, for which the spectrum has 
a maximum, this corresponds with a frequency of 2,56 mHz (milli-Hertz), or a period of 6,52 rninutes. The 
same frequency has been found for other IC-thermometers. 

From other runs with temperature oscillations, frequencies have also been calculated. The frequencies of 
all IC-thermometers in one run are the same, but they are different for different runs. 
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7.5.5 Pressure and temperature during one oscillation period 

In order to find out what's going on with the gas during one oscillation period, pressure scans have been 

made during two periods. The results are given in Fig. 7.17. 
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temperature is oscillating. 
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There is a certain coupling between temperature and pressure: when the temperature is low, there is a very 
large pressure amplitude loss. This means there is a large flow impedance in the system, which is absent 
at higher temperatures. The gas flow may be blocked by freezing impurities in helium. A lower pressure 
amplitude means a lower cooling power. The cooling power is now insufficient to maintain the minimum 
temperature, so T5 increases. The increasing temperature has two effects: the frozen impurities melt 
(meaning a decreasing amplitude loss) and pressure amplitude increase. Due to these effects, there is 
sufficient cooling power to cool down the system. At a certain temperature, the impurities again freeze and 
block the gas flow, etc. 

Minimum temperature does not exactly correspond with maximum amplitude loss. This has several reasons. 
First, pressure and temperature are assigned to the same time, but they are not measured simultaneously. 
There is a difference of about 15 seconds between pressure and temperature measurement. Next, the 
physical coupling between pressure and temperature occurs not instantaneously, but has a certain time 
constant. And finally, the IC-thermometers have also a thermal mass, which induces another time constant. 
On the X-T recorder, the coupling between temperature and pressure amplitude is more clearly present. 

Another problem that rises in our discussion is that the oscillations do not occur always. They are just one 
way in which instahilities occur. So far, we have observed that an orifice PTR is stable, although there are 
various possible temperature distributions for equal settings. A double in let PTR has never been stable, but 
the way in which instahilities will occur seems to be arbitrary. Besides that, the instahilities cannot be 
reproduced. 

7.5.6 Measurements with the DIDOPTR 

As we have mentioned in our theory, a minor orifice that connects the reservoir to the low pressure outlet 
seems to be a great improvement, since a DC-flow can be suppressed with an equal DC-flow in opposite 
direction. 

For an orifice PTR, the minor orifice is expected to be an undesired factor, since a DC-flow is added to a 
system which initially doesnothave a DC-flow. This is indeed observed: a stabie minimum temperature 
of 80 K has been measured for the orifice PTR, while T5 increases to 130 K after opening the minor orifice 
only one turn. This also means that the minor orifice should be set carefully; small changes in the minor 
orifice setting can involve enormous changes in the temperature distribution. 
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We have examined the influence of the minor orifice on the behaviour of a double inlet PTR. The results 
are given in Fig. 7.18 
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Figure 7.18: Temperafure behaviour for Jour settings ofthe PTR. The run starts with only the (primary) 
orifice three turns open. At t = 130 minutes, the second orifïce is also opened three turns. At t = 208 
minutes, the minor orifice is opened 'l2 turn. At t = 290 minutes, the minor orifice is one turn open. 

We start this run with an orifice PTR. The stabie minimum temperature we reach is 81 K. If we open the 
second orifice, we notice that T5 decreases only four Kelvins, and that the temperatures are nat stable. This 
is what we expect from a double in let PTR, since a DC-flow is possible. 

Temperatures are decreasing further if the minor orifice is open Y2 turn: the minimum temperature is now 
67 K, but the system is still nat stable. The lower temperature is caused by a decreased DC-flow. Because 
the temperatures at positions 3, 7 and 8 have not reached the values belonging to the orifice PTR, we decide 
to open the minor orifice 1 turn. 

The temperature at the cold heat exchanger increases, and finally, T5 = 102 K and all temperatures appear 
to stabili~t>. Note that fora double inlet PTR, T7 is higher than for an orifice PTR. The minor orifice has 
been used in order to decrease this temperature to its value for the orifice PTR. At the end of the run, T1 

is lower than its value for an orifice PTR. An analogous story is valid for T1 and T8. This means that the 
minor orifice is opened toa wide at the end of the run. Th is is shown in Fig. 7 .19. 
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Figure 7.19: Temperafure distributions .for the .four different modes in Fig. 7.18. The .four graphs 
correspond with nearly steady states. 

34o T 
320 

300 

280 

260 

240 

220 
g 
c. 200 
E 
.!:! 

180 

160 

140 

120 

100 

80 

60 +-----r-----~----·---+-

340 360 380 400 420 

time(min) 

440 460 480 

T7 

T3 

TS 

500 

Figure 7.20: Temperafure oscillations in a D/DOPTR. Be!YVeen t = 400 minutes and t = 435 minutes, the 
cold heatexchangeris loaded with 1 W. At t = 435 minutes, the heater is disabled. 
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From Fig. 7 .20, it is found that the oscillations also occur in a DIDOPTR. The oscillations start when a 
temperature of 62 Kis reached. About an hour later, the cold heatexchangeris loaded with 1 W. The 
temperature increases to 67 K and the oscillations vanish. Another 30 minutes later, the heater is switched 
off, and the temperatures start to oscillate again at a temperature of 62 K. This indicates that the oscillations 
are nota property of the configuration, but a temperature-dependent effect. 

7.6 Solutions 

Insection 7.5, temperature instability was described, and possible causes were mentioned. In this chapter, 
some solutions to this problem are treated. In section 7 .6.1, results of measurements with solenoid valves 
are given. The effect of gas cleaning is outlined in section 7 .6.2. 

7.6.1 The DIDOPTR with solenoid valves 

So far, all runs are performed with a rotary valve. This device has some undesired features: it has no direct 
frequency control and it produces high-frequency noise signals. Therefore, measurements with solenoid 
valves are performed. Their frequency and opening and closing times can be set directly on a PC. This 
means that a steady frequency behaviour is obtained. 

In Fig. 7.21, a pressure scan is given to explain the behaviour of the valves. 
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Figure 7.21: Pressure scans when solenoid valves are used insteadof a rotary valve. The quantity n is a 
measure for the time. The horizontal scale contains I 00 points which are separated by 8017 milliseconds. 

lts range is therefore 1,14 seconds. 

Consicter the cycle between n = 30 and n = 73. Initially, the high pressure valve is opened, and the pressure 
increases. At n = 45, this valve is closed and the system is disconnected from the pressure supply. A part 
of the gas in the pulse tube flows into the reservoir, so the pressure decreases. At n = 49, the low pressure 
valve is opened, and pressure decreases rapidly until n = 66. At this moment, the valve is closed and the 
system is again disconnected. Until the high pressure valve opens, gas flows from the reservoir into the 
pulse tube, and the pressure at the gas inlet therefore increases. 
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The pressure scans are synchronized, so maximaand minima should occur at equal values of n. However, 
there is a difference of 0,04 seconds between the scans. This difference is also found when the system is 
in a steady state. The possible reason is a synchronization fault in the valve controller. 

Fig. 7.22 showsaresult obtained by a run performed toa DIDOPTR with solenoid valves. 
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Figure 7.22: Temperature behaviour ofan orifice PTR (t < 121 minutes) and a D/DOPTR (t > 121 
minutes) at a steady frequency of2,0 Hz. At t = 121 minutes, the second orifice is opened three turns and 
the minor orifice is opened lJ4 turn. At t = 245 minutes, the cold heatexchangeris loaded with 3,2 W. 

The run starts with an orifice PTR with which a lowest temperature of 79 K is reached. At t = 153 minutes, 
the second orifice and the minor orifice are opened. As soon as the temperature reaches 63 K, the PTR 
becomes unstable, despite the steady frequency. A similar run with a rotary valve shows that it is the gas 
that causes the rotary valve driver to jam, not reversely. At t = 245 minutes, the cold heat exchanger is 
loaded with 3,2 Wand we get stabie temperatures. 

Other measurements show that temperature instahilities in a DIDOPTR only occur at temperatures near 63 
K, while the double inlet PTR with the rotary valve also becomes unstable at higher temperatures. This 
means that all previous temperature instahilities are caused by the rotary valve. 

A DC-flow limits the lowest temperature that can be reached, but has no effect on the stability of the PTR. 
In other words: a PTR which has a DC-flow can be stable. This means that temperature oscillations are a 
temperature-dependent effect. 

7 .6.2 Impurities, influence of gas cleaning 

So far, the PTR always becomes unstable at 63 K. A possible mechanism that generales temperature 
oscillations was derived in section 7 .5.5. In this sec ti on we assumed that the oscillations are caused by 
freezing impurities that block the gas flow. Nitrogen has its melting point at 63 K, soit is acceptable that 
the oscillations are caused by freezing nitrogen. Therefore, we decided to refill the pressure supply with 
fresh helium. 
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A measurement is perfonned with the double in let PTR (without the minor orifice) after the pressure supply 
has been refilled with fresh helium. The measurement shows that the double inlet PTR can reach a stabie 
temperature of 60 K. This is definitely the best proof to the statement that a DC-flow has no influence on 
the stability of the double inlet PTR, since a DC-tlow is always present in the double inlet PTR. 

Fig. 7.23 is the result of a run with the DIDOPTR after the pressure supply has been refilled with fresh 
helium. 
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Figure 7.23: Temperafure profile of an orifice PTR (t < 148 minutes) and a D1DOPTR (t > 148 minutes) 
aft er the helium supply is refilled with fresh helium. 

The run in Fig. 7.23 starts as orifice PTR, which reaches 81 K. At t = 148 minutes, the second orifice is 
opened 3% tums, and the minor orifice is opened 1Ä turn. The system becomes stabie at a temperature of 
54 K, this is the lowest stabie temperature that is measured. Incidentally, a temperature of 48 Kis reached, 
but as soon as the system reaches this temperature, it becomes unstable again. 

Because we think that the IC-thermometers are not reliable below 60 K, a similar measurement is 
perfonned with a platinum resistor that is attached to the cold heat exchanger. This temperature probe is 
reliable in the temperature interval of our interest. A minimum temperature of 55 K is found with the 
platinum resistor, while the IC-thennometer gave a temperature of 49 K. It is well known that oxygen has 
a melting point at 54 K. This means that freezing oxygen blocks the gas flow. 
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7.7 Summary 

In this chapter, the results of the measurements are summarized. First, we have given examples of a 
temperature chart (section 7.2.1) and a pressure scan (section 7.2.2). A way todetermine the frequency 
from the pressure scan has been described. 
The average pressure and the pressure amplitude in the gas inlet and the pulse tube have been examined 
as a function of temperature in section 7.3.1. The pressure amplitude in the pulse tube decreases for 
decreasing temperature. The amplitude toss between gas i niet and pul se tube increases. Because of the 
pressure amplitude decrease, the frequency increases for decreasing temperature. This amplifies the 
temperature effect to the pressures. 
The frequency behaviour has been treated insection 7.3.2. First, the frequency has been determined as a 
function of the applied rotary valve voltage. Th is function is not unique, because gas and flow properties 
also determine the frequency. The pressure amplitude at the gas inlet and in the pulse tube decreases for 
increasing frequency, since a smaller flow is allowed toenter the system during one cycle. 
The cooling performance of the putse tube refrigerator has been outlined insection 7.4. Insection 7.4.1, 
three different heat exchangers have been examined. Gold-plated sereens have a larger cooling capacity 
than untreated screens. Doubling the number of gold-plated sereens has not resulted in a better cooling 
capacity, so four sereens are already sufficient. The tunetion modes of the putse tube refrigerator have been 
examined insection 7.4.2. The double inlet double orifice putse tube refrigerator (DIDOPTR) has a larger 
cooling capacity than the orifice PTR, while the latter has a larger cooling capacity than the basic PTR. For 
the double in let PTR, the cooling capacity could not be measured because of temperature instability. 
Temperature behaviour is treated insection 7.5. The basic PTR and the orifice PTR have been stable, but 
the double inlet PTR has always been unstable. Sometimes, the temperatures start to oscillate (section 
7 .5.3), with a period that varies between four and ten minutes. These oscillations are a physical 
phenomenon, which has been proved with measurements with an X-T recorder. Fourier analysis (section 
7.5.4) has shown that the period is different for different runs. We have shown insection 7.5.5 that for 
oscillating temperatures, there is a strong relationship between pressure and temperature. The results of 
measurements with the DIDOPTR are given insection 7.5.6. We have found that a DC-flow limits the 
minimum temperature, but is not a destahitizing factor. 
In section 7 .6.1, the rotary valve has been replaced by solenoid valves. We have established that the 
temperature oscillations at 63 K are caused by freezing nitrogen, which has a melting point of 63 K. All 
other instahilities that have been observed are caused by the rotary valve. In section 7 .6.2, the effect of gas 
cleaning is discussed. This has resulted in a stabie temperature of 60 K for the double inlet PTR and a 
stabie temperature of 56 K fora DIDOPTR. We havenotbeen able to reach a lower temperature, because 
temperature oscillations occur at 56 K. These are caused by freezing oxygen. 
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Chapter 8: Conclusions and recommendations 

During this research project, we have tried to improve the performance of the single-stage pulse tube 
refrigerator. These improvements have led to a lowest stabie temperature of 56 K. 

In this report, we have explained that a pulse tube refrigerator can produce cooling power by an 
enthalpy flow from the cold heat exchanger to the hot heat exchanger. For an orifice PTR, the pressure 
and the mass flow in the pulse tube have to be in phase. The phase shift is realized with an orifice and a 
reservoir tank. In a basic PTR, the phase shift is realized by using the thermal contact between the gas 
and the tube wall. However, this is a less effective process and it decreases the cooling performance of 
an orifice PTR. 

We have defined an ideal orifice PTR which has small pressure amplitudes compared to the average 
pressure. Entropy production occurs only in the orifice and the heat exchangers. The cooling 
performance of this cooler is completely determined by the pressure amplitude and the orifice volume 
flow rate. We have determined in which regions enthalpy flows and entropy flows occur. This has 
resulted in a coefficient of performance that is equal to the ratio of low and high temperature. 

A two-dimensional model of the pulse tube has been outlined in order to describe the effect of the tube 
wa11 to the dynamic gas temperature and hence the enthalpy flow. It has been found that there is a large 
enthalpy loss in the pul se tube that varies between 10% and 30%, compared to the same situation 
without tube wall effects. There are two mechanisms responsible for it: heat transfer between the gas 
and the tube wall and secondary streaming. For the regenerator, a one-dimensional model has been 
outlined. This has yielded an idealized expression for the velocity with which a temperature propagates 
in the regenerator. An expression for the enthalpy flow and requirements for the length-to-diameter 
ratio and the mesh number have been found with this model as well. Entropy production in a heat 
exchanger has also been analyzed. Th ere is a loss of about 10%, compared to the same situation without 
taking this entropy production in account. 

After this theoretica} section, the experimental results are given. The temperature behaviour of the 
orifice PTR and the double inlet PTR have been analyzed. The orifice PTR has always been stable, 
while the double inlet PTR became unstable. Most of these instahilities have not occurred anymore with 
solenoid valves. However, the double inlet PTR remains unstable below 63 K. It has been found that 
nitrogen is freezing, thereby blocking the gas flow. By refilling the pressure supply with fresh helium, 
the double inlet PTR reaches a stabie minimum temperature of 60 K. 

Gas flow streaming is a loss contri bution in a double inlet PTR. It has been found that this problem can 
be solved by connecting the reservoir with a needie valve to low pressure. With this double inlet double 
orifice pulse tube refrigerator (DIDOPTR), we have reached a stabie minimum temperature of 56 K. 
This minimum temperature is limited by freezing oxygen. Maybe air is entering via the compressor in 
the pressure supply. 

The average pressure and the pressure amplitude in the gas inlet and the pulse tube have been examined 
as a function of temperature. The pressure amplitude in the pulse tube decreases for decreasing 
temperature, while the amplitude loss between gas inlet and pulse tube increases. The pressure 
amplitude at the gas in let and in the pulse tube decreases for increasing frequency. The frequency of the 
rotary valve has been determined as a function of the applied voltage. This function is not unique, 
because gas and flow properties also determine the frequency. Besides that, the rotary valve has no 
constant frequency and produces noise signals. It is therefore recommended to do the measurements 
again with solenoid valves, of which the frequency can be set directly on a PC. 

The cooling performance of all types of PTRs has been examined. We have found that gold-plated 
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sereens have a larger cooling capacity than untreated screens. Increasing the number of sereens has not 
resulted in a better cooling capacity. The DIDOPTR has a larger cooling capacity than the orifice PTR, 
while the latter has a larger cooling capacity than the basic PTR. For the double inlet PTR, the cooling 
capacity could not be measured because of temperature instability. These measurements are also 
performed with a rotary valve, so their results are less reliable. 

The research performed in this project is preliminary work for the three-stage PTR, with which a 
temperature of 4 K is possible. Some theoretica! and practical aspects of multistage PTRs have been 
treated. Many aspects are still not wellunderstood. The current set-up should be maintained in order to 
test relevant parts of the three-stage PTR and to understand the behaviour of the three-stage PTR. 
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LIST OF SYMBOLS 

a thennal diffusivity m2 s·' 

ao substitution quantity dimensionless 
) 

A cross section area m-

A, total gas-matrix interface area m2 

B fraction in reservoir dimensionless 

c specific heat Jkg·' K 1 

c velocity of sound m s·' 

c fraction in pulse tube dimensionless 

c molar heat capacity Jmol·' K 1 

c capacitance m5N-I 

d wall thickness m 

f operating frequency Hz 

fm matrix fraction dimensionless 

F surface per unit volume m·' 

G efficiency parameter for thennal pumping dimensionless 

h specific enthalpy J kg·' 

H enthalpy J 

H"' molar enthalpy J mol·' 

H enthalpy flow J s·' 

.! imaginary unit 
1 molar flow rate density mol m·2 s·' 

L length m 

M molar mass kg mol·' 

m mass flow (rate) kg s·' 

n number of moles mol 

n molar flow rate mol s 1 

p pressure Pa 

Q, heat J 

Q heat flow J s·' 

r radial coordinate m 

R radius m 

R flow resistance N s m·5 

Rg specific gas constant Jkg·' KJ 

Rm universa) gas constant Jmol·J K 1 

s,n molar entropy J mol·' KJ 

s change in entropy J mol·' K 1 s·' 

s entropy production rate J mol·' K 1 s·' 
l 

t time s 

T temperature K 

u 2n*time s 

u change of the intern al energy J s·' 

V velocity ms·' 

V volume m' 

V gas gas fraction dimensionless 

VJn molar volume m3 mol· 1 

V volume flow (rate) m3 s 

V change in molar volume m3 mol-1 s·' 
m 

w effective velocity ms·' 

wp work flow of piston J s·' 

x axial poisition at the pulse tube arbitrary units 
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x 
x 
y 
z 
z 

Fo 
He 
Ma 
Pr 
Sr 
Va 

w 

ratio of regenerator and orifice flow resistance 
arbitrary quantity 
tube wall coordinate 
axial coordinate 
impedance 

Fourier number 
Helmholtz number 
Mach number 
Prandtl number 
Strouhal number 
Valensi number 

heat transfer coefficient 
gas domain parameter 
tube wall domain parameter 
volumetrie heat exchange parameter 
ratio of specific heats at constant pressure and constant volume 
ratio of specific heats of gas and matrix 
viscous diffusion layer thickness 
thermal diffusion layer thickness 
expansion parameter 
efficiency 
fractionalloss 
dynamic viscosity 
dimensionless temperature 
thermal conductivity 
length-to-diameter ratio 
mass density 
cycle time 
phase angle between velocity and pressure 
phase angle between bypass mass flow and pressure 
phase angle between mass flow at hot end and pressure 
phase angle between orifice mass flow and pressure 
phase angle between pulse tube and reservoir pressure 
volume flow (rate) 
(angular) frequency 

Subscripts 
a average 
A at the aftercooler 
b via the bypass 
(' at the cold heat exchanger 

c Camot-
d dynamic 

g of the gas 
h at the hot heat exchanger 
m of the matrix 
max maximum 
min minimum 
0 of the orifice, via the orifice 

p at constant pressure 
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dimensionless 
arbitrary units 
m 
m 
N s m·5 

dimensionless 
dimensionless 
dimensionless 
dimensionless 
dimensionless 
dimensionless 

wm-2 K 1 

dimensionless 
dimensionless 
wm-3 K 1 

dimensionless 
dimensionless 
m 
m 
dimensionless 
dimensionless 
dimensionless 
N s m·2 

dimensionless 
Wm- 1 K 1 

dimensionless 
kgm·3 

s 
rad 
rad 
rad 
rad 
rad 
m3 s·I 
rad s· 1 



pt of the pul se tube 
r in radial direction 
r through the regenerator 
r at the reservoir (pressure) 
res of the reservoir 
T of a temperature 
v at constant volume 
w of the tube wall 
z in axial direction 
0 reference 
1 entering the cold heat exchanger (flow) 
2 exiting the hot heat exchanger (flow) 
3 entering the hot heat exchanger via the second orifice (flow) 

dimensionless 
effective 

* complex conjugate 

Superscripts 
" complex amplitude 

Other: 
< ... > the quantity ... averaged over one cycle 
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... and finally ... 

Many people think at this very moment: "Mwoaah, that's not necessary?". But from my point of view, I 
have to admit that the research I performed during these 365 days could oot be possible without the 
help of others. At least, it would be less pleasant. So here's a word of gratitude to those who will 
remember me as "the guy who dislikes pie", the "Microsuck Pulse Tube Exploder", the "Staircase 
Cyclone", the "missing link between printer and client", "mr. Application Error" or ju st me. I like to 
thank all people of the Low Temperature Department for the great time that I have had during these 52 
weeks, including the barbecue, the trip to the power plant, the dinoers and the pool games. A special 
"thanks" goes to Peter Paul Steijaert for his daily support, even on the days he wasn't actually present 
and on the days I had my practice "applied human low temperature mechanics" (some people call it 
"alpine skiing" ... ) 

There's one remaining thing I have to mention: one equation could oot be established, namely this one: 

ÖV S + P 2 + J 2 + f F dW 5. 2 K. 

because: 

lt takes a long road to find the shortest distance ..... 


