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Chapter 1

Introduction

1.1 The THz project

The aim of the THz project of the MESA+ research institute, as defineddf,i9to
demonstrate an analogue-to-digital converter (ADC) with an input sigmelviiath

of 60 MHz and an output resolution of 14-16 bits. The analog input sigilal

be sampled by a digitiser made of hih-superconducting circuits. The outgoing
bit stream has to be slowed down to a speed that CMOS can handle. InP and
GaAs are possible candidates for this decimation step. Besides the sgeetioreg

the output signal of the superconducting circuits, typically on the ord@mmyV,
has to be increased to semiconductor level, typically hundreds of millivolt® Th
superconducting circuits require cooling and the aim is to realise this by noéans
a closed-cycle cooling system. To reduce the amount of bit errors madieeby
digitiser, it is advantageous to have the operating temperature as low aslgoss
To achieve an acceptable bit error probability, the temperature shouldxneed

40 K [1, 2]. A lower temperature is preferred as a 10 K lower temperatives g

a bit error probability that is two orders of magnitude lower. Therefore,aim
was set to 30 K. Also cooling of the semiconducting devices is advantagébas
performance can be largely improved by cooling: lower noise can belisbidh
and higher speed can be achieved in digital circuits. It was therefopoged to
also consider cooling of the semiconductor electronics. An operating tatnper
between 80 K and 150 K seems likely as will be discussed in section 2.1.

Four options were considered to cool the THz ADC demonstrator and #nese
shown schematically in figure 1.1. In the first option (A), only the supeataotor
stage is cooled. In the other three options (B1 to B3), the semiconducteristalgo
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semic. i semic.
stage stage

Figure 1.1: Cooling options for the THz demonstrator. Option A: only kog of
superconductor stage. Option B1: Both the superconduntbttee semiconductor stages are
cooled from room temperature. Option B2: The cooler of thmisenductor stage precools
high-pressure gas that is compressed at room temperatuegaré€cooled gas is expanded in
a Joule-Thomson valve to establish 30 K. Option B3: The cauflehe semiconductor stage
acts as a heat sink for a small cooler consisting of a soriionpressor combined with a
Joule-Thomson expansion stage that cools to 30 K.

cooled and the cooling system for the demonstrator needs to realise twemliffe
temperature stages. The required cooling powers at these two tempedittee
considerably. The semiconductor stage requires a powerful coolerangtioling
capacity of more than 10 W whereas a capacity on the order of tenths aft &swa
needed to cool the superconductor stage as is discussed in chapter @ptién

is to use two separate coolers that each cool from room temperature tedinedd
temperature. This is cooling configuration B1 in figure 1.1. In option B2, the
powerful cooler for the semiconductor stage is used to precool higéspre gas that

is compressed at room temperature and is expanded in a Joule-Thorssmica

to cool the superconductors. Neon or hydrogen can be taken as thkingvgas.
Since the required cooling powers at the two temperature stages diffdicsigtty,

a much more elegant solution, option B3, would be to mount a small cooler onto
the powerful cooler, next to the semiconductor electronics. This cobtarid cool
from the temperature of the semiconductor stage to that of the supert¢onsiage.

For this purpose, a sorption compressor in combination with a Linde-Hanguson
stage can be taken as this cooler can be scaled to small sizes and has itkial pote
for a long lifetime. The majority of the work described in this thesis is devoted to
such a sorption compressor unit. An introduction to this work is given in thé ne
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section. Cooler specifications like input power, mass, and price for thlersan the
above-mentioned cooling options are discussed in section 3.7.

1.2 Sorption cooler development

A sorption compressor cell basically consists of a container that is filled with a
sorbent. This can either be a physical or a chemical sorber [3, 4]. opticous
activated carbons, zeolites and silica gels are some typical physicarsds]
whereas metal-hydrides are well-known chemical sorbers [6]. A caertéiled with

a sorber material can act as a compressor by thermally cycling the sarizkat the
same time controlling the gas flow to and from the system. One can distinguish four
different parts in the cycle. These are schematically shown in figure 1.2epadits

the isotherms of xenon on Maxsorb activated carbon as an illustrativepbxa
Starting from an initial low (heat sink) temperature and pressure, durefirth part

of the cycle (A) the sorber container is heated while no gas can flow intatasfb

the compressor cell, so the total amount of gas in the container is constaoirbéd

gas comes off the surface and builds up pressure in the void volume.,\Atreome
point, the container is opened, high-pressure gas flows out (phase tRjs phase,
further heating of the container is required to keep the pressure canathen most

of the gas has come off the surface, the container is cooled back to thsihlea
temperature and the container is closed (phase C). Gas from the void voawne
adsorbs onto the surface of the sorber material, causing the pressieeciontainer

@, | | | | (b)
roy . e T
g M A } c D
[l /
T|_ T —
— pH time
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a p|_ L

|flow out off|
compr. cell
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flow into
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status

pressure [bar]
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Figure 1.2: (a) Amount of adsorbed xenon per gram of sorber mategiduring the sorption
cycle for Maxsorb activated carbon. (b) Temperature, presdlow and compressor status
with time during the sorption cycle.
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Boiling  Maximum Critical  Critical Triple Triple
point [K] inversion  temp. pressure point point
temp. [K] K] [bar] temp. [K] pressure [bar]

Helium-4 4.2 40 5.2 23 2.2 0.05
Hydrogen 20.2 205 32.9 12.8 13.8 0.07
Neon 27.1 250 44.4 26.5 24.6 0.43
Nitrogen 77.2 621 126.2 34.0 63.1 0.13
Argon 87.2 794 150.9 49.1 83.8 0.69
Oxygen 90.1 761 154.6 50.4 544 1.5-1073
Methane 1115 939 190.6 46.0 90.7 0.12
Krypton 119.6 209.4 55.0 115.8 0.73
Xenon 164.8 289.7 58.2 161.4 0.82
Ethylene 169.0 282.3 50.4 1040 1.2-1073

Table 1.1: Properties of gases that can achieve temperatures lowed #taK when used in
a Linde-Hampson cold stage. Data was taken from GasPak [8].

to drop. At a sufficiently low pressure, gas should be supplied to thesodntainer
in order to return to the starting point (phase D). So, during only oneepbiithe
cycle (phase B) high-pressure gas is supplied by the cell and durothearphase
(phase D) low-pressure gas is taken up by the cell. In the other two $hasgas
flows into or out off the system.

Cooling is obtained when the created high-pressure gas is expandetbliea
Thomson (JT) expansion in a Linde-Hampson (LH) cold stage, see g.@hé& cold-
stage temperature that is realised is the temperature at which the gas-lige& pha
transition occurs at the low pressure of the compressor. An overviawl@fant
properties of gases that can be used to realise a cold-stage tempeeddurd B0 K
is given in table 1.1. Obviously, for the cooling options B2 and B3 in figurerietn
or hydrogen need to be applied

A LH cold stage needs a more or less continuous mass flow in order to
provide continuous cooling power, whereas an individual sorptionprellides an
intermittent flow. In general, a continuous flow is obtained by using three oe mo
compressor cells. They are operated out of phase and their phasagahronised.
A set of valves is used to convert the intermittent flows of the individual ¢elks
continuous flow through the cold stage. A schematic picture of such a assiley
four sorption cells is shown in figure 1.3. Bowmanal. [4] recently published an
overview of closed-cycle JT cryocoolers with a focus on sorption cesgars.

Coolers that consist of a sorption compressor with a LH cold stage hegeate
advantages. They are thermally driven and have no moving parts, fegarthe
valves. As a consequence, they can be scaled to small sizes [10] mghe=ate
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Figure 1.3: Sorption compressor with a Linde-Hampson cold stage using $orption
compressor cells operating 90 degrees out of phase. Forinformation, see e.g. [9].

with an absolute minimum vibration level. Besides, wear-related issues haagly p
a role giving the potential for a long cooler lifetime. A disadvantage of thidezoo
type is the relatively complex compressor design including three or more essgr
cells, each consisting of a container filled with sorber material and equipjibd

a heater, a heat switch with an actuator, and some means to control thedrehter
the heat switch actuator. As more complicated components in a system inttrease
risk of failures, a reduction of complexity would increase the reliability of theler.
Another drawback of a sorption compressor, combined with a LH cold staeat,

in many cases, the cooler is relatively inefficient compared to other typasotdrs.
Every time the container is to be pressurised, the complete container inclodiey s
material, heater, and walls needs to be heated. When the compressomied@tr
low temperatures, this negative effect on the efficiency is smaller comparedm
temperature operation as the heat capacities are lower. Furthermoresidecable
amount of pressurised gas remains in the void volume of the sorber matedial a
does not contribute to the mass flow through the cold stage. With respecptmso
compressors, this thesis addresses both the issue of complexity anddfimierficy.

An outline of this thesis is given in the next section.



6 Introduction

1.3 Outline

This thesis explores the cooling options for the THz ADC demonstrator. Hiest,
boundary conditions for the cooling system were determined and this issdetin
chapter 2. To do this, three configurations that differ in the way higledpata is
transported from the superconductor stage to the semiconductor stegjesee as
starting points. The required cooling powers for these configurations egtimated
based on simple assumptions for the cooling system and commonly used teshniqu
for heat load reduction.

To select a cooler for a specific application, it is useful to have an @werof
up-to-date cryocooler specifications. Such a database is also usdgrive trends
that can be used as a first estimate of the cooler specifications based aridhe
stage temperature and the required cooling power. Such a databasemgited
and trends were derived. This is discussed in chapter 3. This chapigudes with
an estimate of the input power, mass, and cost of the four cooling coatiigus for
the THz demonstrator from section 1.1.

One of the cooling options for the THz demonstrator uses a powerful cfuole
the semiconductor stage that also acts as a precooler for high-prgssutkat is
compressed at room temperature and expanded in a JT restriction. Mbéeptavas
applied to make a cooler that is suitable to cool a MEUID. The cooler was fully
made out of glass and precooling was provided by liquid nitrogen. Thgrdekthe
cooler and its operation is discussed in chapter 4.

The majority of the research described in this thesis is performed on improving
a sorption compressor that is coupled to a LH cold stage. In the coolingrsyste
of the THz demonstrator, such a cooler in miniature form can be used talwol
superconductor stage from the temperature of the semiconductor stageodler
can, however, also be attractive in other applications. As denoted inrsdcfipthe
conventional design of a sorption compressor is rather complex. Inehapan
alternative sorption compressor design, consisting of a single compiedgawo
check valves and two buffer volumes, is introduced. As set out by Bd] the
efficiency can be increased by application of two-stage compressiochajpier 5,
also a model was developed to determine the efficiencies of both a singéeasidg
two-stage compressor. This was combined with a standard thermodynarinueinéa
of the cold stage to determine the cooler efficiency. The influence of tvge-sta
compression on the compressor efficiency and on the cooler efficiensstudied.
Application of a two-stage compressor also gives the opportunity to prdebigh-
pressure gas by an additional JT expansion stage between the higlmerand the
intermediate pressure.
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A set-up was built to investigate the operation of the single-stage single-cell
compressor configuration. Its design and operation are discussedajrectb.
A property of the single-cell compressor concept is that the pressubesh buffers
vary with time. This is especially an attention point in the design of the low-pressu
buffer as the pressure in this buffer is directly related to the temperattine d€uid
in the boiler. Variations in this pressure result in some fluctuation in this temperatu
The most simple buffers that can be applied in the single-cell design arayemp
volumes. However, the sizes required to keep the pressure variat@nsieteptable
level are large compared to the compressor volume. The sizes of thesbcdie
be reduced by filling them with a sorber material which improves their storage
capacities. Alternatively, application of a sorber in the buffers andamgéd buffer
sizes will result in smaller pressure variations. A further reduction irglnsize and
in pressure variation can be achieved by means of actively heating alidgcof the
sorber material in the buffer at the cost of some input power. The cas@revas
operated with these three types of buffers and the sizing and operatioa lodiffers
is also discussed in chapter 6.

Realisation of a two-stage compressor with the conventional compressgnde
results in an extremely complex compressor, with at least 6 compressor nells a
12 check valves. Therefore, the advantages of the single-cell gbbheeome even
more pronounced when applied to a two-stage compressor. A two-Stagegessor
set-up was realised based on the single-cell concept. Two-stage @3ipprean
be used to improve the efficiency compared to a single-stage compregsatiog
between the same pressures. Alternatively, two-stage compressionnalsiese
compression to higher pressures at the cost of some compressomneffic@ften,
application of higher pressures improves the efficiency of the cold stages
depends on the selected gas, on the operating pressures, the gaqoeiature and
the heat sink temperature. Measurements were done to verify both feaftuifee
two-stage compressor and these are described and the results disnudsapter 7.
The efficiencies found were compared with the calculated efficienciekcped by
the model from chapter 5. In chapter 8, conclusions on the work pee@and an
outlook are given.
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Chapter 2

THz design specifications

2.1 THz ADC demonstrator system

The ADC demonstrator as introduced in section 1.1 can be realised in lssagysa
Three basic configurations were distinguished that differ in the way $pgled data

is transported from the superconductor stage to the semiconductor syagmaxial

lines, by an optical fibre or by striplines (see figure 2.1) [1]. The reguénts

for the cooling system were determined based on these three configsratan
important issue is the temperature of the semiconductor stage. This temperature
affects the performance of the semiconductors, the efficiency, masszndf the
cooler and the heat load to both stages. At the start of the project, the tamper
range of the first stage was set to 80 K to 150 K. At the latter temperature, the
increase in performance of semiconductors with respect to speed sedsialready
appreciable [2]. At lower temperatures, carrier freeze out may beceleeant and
technologies alternative to CMOS may need to be applied. In general, Bgwev
performance increases at lower temperatures at the cost of more \eteosiing.

The lowest temperature of 80 K was set to allow the incorporation of figh-
superconducting components in the signal processing, such asepaasiow-band
filtering. The influence of the operating temperature on the cooler spéicifisavill

be discussed in chapter 3.

2.2 Design specifications for the cooling system

At the start of the project, an inventory of the specifications, as defipdttpartners
in the THz project, was made. This turned out to be a complicated task, as the
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Coaxial lines

signal: 1 bit, 15.36 GHz 16 bits, 0.96 GHz

H H decimation
coaxial lines clock divider
: : ~>_> (clock)

conducting

digitiser clock

analog input | Super- '
—p

clock

Optical fibre o
* optical 5|_gnal. 1 bit, 15.36 GHz ;
switch H 16 bits, 0.96 GHz
i decimation :
f Super- H
| t | i
analog Inpy conducting i - | dr?e(tzzlc()\?e(r‘;ta
digitiser oE)tlcaI flbr:'-,* Optirecaiver B A
Striplines ) )
i inout signal: 1 bit, 15.36 GHz 16 bits, 0.96 GHz
analag NPV eeoar > > i :
Gl > G 2

300 K ~30 K 80 K-150 K or 300 K | 300 K|

Figure 2.1: Basic configurations of the THz ADC demonstrator set-up. delication of
striplines was only considered for the case of cooled semdigctors.

work on the components had just been started and many design optionstilere
open. For the superconductor stage, the aim for the temperature wais 3K

(see section 1.1). Both the temperature stability and the temperature gragéent o
the cold stage have to be smaller than about 0.3 K. The DC magnetic bacégroun
field must not exceed about 2 nT. Sufficient shielding can be obtainedgsing

a high-permeability material [3]. Some shielding of the AC magnetic background
field, which is typically about 0.1 nT/Hz at 10 Hz [4], is necessary but probably
application of a thermal radiation shield already gives sufficient fieldataiu

One of the possible applications of the THz ADC demonstrator is using it in
base stations for mobile telecommunications. This was kept in mind when defining
the specifications for the system as a whole. The size has to be smaller than
about 50 x 50 x 50 cfh The system needs to be portable and this implies a
maximum weight of about 10 kg. There was no stringent requirement on the
input power. As a starting point it was suggested that the efficiencylcHmau
comparable with commercial 30 K coolers. For commercial application in mobile
telecommunications, the total system price should not exceed about,000
other applications where the system has a clear advantage over otheslogibs,
considerably higher prices may be acceptable. Roughly ten perceris @ntiount
is reserved for the cooler. A standard requirement for base stationg ihdlyacan
operate between -38 to +40°C and that they have a lifetime of 10 - 20 years [5].
This is extremely long. However, intermediate maintenance is allowed.
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2.3 Heatload analysis

The heat load to the superconductor stage and the cooled semicondacfer s
consists of dissipation of the devices at that stage, radiation, thermal doad f
wires that are connected to that stage, a contribution from the suppartustr and
conduction through the residual gas in the vacuum space. In the rotxinsg these
contributions are estimated for the different configurations of the ADC dstrator
based on simple assumptions for the cooling set-up.

2.3.1 Dissipation

The components of the THz demonstrator are part of research within MEBA
the Super-ADC project [6]. Each group working on a specific deveee provided

an estimate of the dissipation of that device [1]. The dissipation of the digitiser
was estimated at 10 mW. At the superconductor stage, pre-amplificatiordischize
prevent reduction of the signal-to-noise ratio because of the increiserimal noise
when the signal is transferred to a higher temperature. For this punbesese of

9 dB 15 GHz InP amplifiers with an aimed dissipation of 3 mW was assumed [6]. The
number of amplifiers was estimated assuming that an analog signal insteaditdla d
signal has to be transported to a higher temperature. This results in a abairibf

6 mW in case of cooled semiconductors and 12 mW for room temperaturdiopera
When an optical fibre is used for the data transport, the electrical sigoahierted

to an optical signal at the superconductor stage. All amplification that idedee

to increase the voltage to an acceptable level for the optical switch, whidioig a
100 mV, has to be put on the superconductor stage. As a result, the atatrib

to the heat load is higher than for electrical data transport and was estiaiated
18 mW. The loss of optical power was estimated at 3 mW. The total dissipatitmefor
superconductor stage is then between 16 and 31 mW, depending on figeladion

that is chosen.

The total dissipation of the CMOS decimation filter, clock, clock divider and
amplification at the semiconductor stage was estimated at 11 W. This number
was based on extrapolations of dissipation of electronics with similar funtitipna
operating at lower temperatures [1].

2.3.2 Radiation

When the semiconductors are operated at room temperature, the radeditdodd
to the superconductor stage will be considerable and can be redu@gpligation
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of a floating radiation shield, see e.g. [7]. Such a lay-out is shown sdiwthain
figure 2.2a and results in a heat load of 0.12 W. A further reduction cahta@ged by
increasing the number of shields, for instance by using multiple layers of akedin
Mylar foil. With the dimensions and emissivities [8] from the figure and assuming
that 25 layers of foil are applied, the heat load reduces to 38 mW [9, Tag
temperature of the inner layer of the shields is estimated at 202 K.

When the superconductor stage is cooled, a configuration like in figuke 2.2
results. The radiation shield that surrounds the superconductor stagw ectively
cooled reducing the temperature of this shield, and thus the radiation, sagtiific
For the superconductor stage, the heat load is 13 mW when the shield Gkt
1.0 mW when at 80 K. Additionally, a floating temperature shield is assumeddroun
the semiconductor stage resulting in a radiation load to that stage of aboutig.5 W
the temperature range from 80 K to 150 K.

When both the superconductor and the semiconductor electronics assrayiea
substrate, a lay-out as in figure 2.2c can be taken. The heat load te#reuductor
stage is 0.3 mW when the semiconductors are cooled to 80 K and 3.1 mW when
cooled to 150 K. The radiative load to the semiconductor stage is 0.2 W. \mads
a relatively high emissivity = 0.5, as the substrate material will probably be selected
based on the requirements for high-speed electrical signal tranagiwat than for its
thermal properties.

2.3.3 Thermal load caused by wires

For cooled electronics, a variety of wires connect the cold devices toutside

world and they contribute to the heat loads at the cold stages. This loadtsaofs
heat conduction from the hot end temperature of the wire, dissipation withivitle

and radiation to the wire. If dissipation and radiation are negligible, the feeattn

be derived from the Fourier-Biot relation as [11]

At
Qconduction — 7 / A(T)dT (21)

TL

Here, A is the cross-sectional area of the wirés length,\ the thermal conductivity,
T, andTy are the low-end and high-end temperatures of the wire, respectivelyn Fr
this equation it is obvious that the conductive load can be reduced bgingdd /[

or by reducing the thermal conductivity. The heat load to the cold tip canbaso
reduced by heat sinking the wire at intermediate temperatures, e.g. by windin
along the cold stage. This can, however, degrade the performanceaddler.
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Figure 2.2: Schematic lay-out and dimensions for configurations wihsémiconductors at
room temperature (b) cooled semiconductors, data trangi@ocoaxial lines or optical fibre
(c) cooled semiconductors, data transport by a striplimeisgivitiese = 0.03 were taken for
the radiation shields and= 0.1 for the support structures.

The Wiedemann-Franz-Lorenz (WFL) law [12] states that, for metals and
alloys, the temperature behaviour of the thermal conductivignd the electrical

conductivityo are coupled:

Ao (2.2)
g

Here, T is the absolute temperature ahdhe Lorenz constant. Hence, application
of wires with a low thermal conductivity reduces the thermal load but inesetse
electrical losses.

For power supply lines, resistive wire can be used. The total thermal load
was estimated using a 1-D finite element model that also includes dissipation and
radiation, similar to the work of Hanzelka [13]. The temperature deperidermnal
and electrical conductivity data were taken from Cryodata [14]. Thinated
thermal load to the superconductor stage due to the power supply linesad for
three configurations smaller than 4 mW. For this calculation, it was assumed that
manganine wire with thicknesses smaller than 0.25 mm, wire lengths of 20 cm, an
emissivitye = 0.1, and a supply voltage of 1 V will be taken. For the semiconductor
stage, application of 10 pairs of manganine wire with a thickness of 2.0 mm was
assumed. This resulted in a heat load of 80 mW when the semiconductooobae ¢
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to 150 K and 100 mW when cooled to 80 K. Further reduction of the heat laad c
be achieved by optimisation of wire lengths, diameters, and materials.

Both the thermal load and the electrical loss should be minimised for electrical
high-frequency data transport lines. These two requirements contaadiarding to
the WFL-law (equation (2.2)). The remainder of this section discussestitddak
through coaxial lines, optical fibres, and striplines, respectively.

Coaxial lines

The optimum design for coaxial lines results from a careful considerafigaometry
and composition of inner conductor, dielectric and outer conductor fadhsidered
signal frequency. If the temperature dependencies of the thermalicirities of
these three parallel conductors differ, transversal heat flows @zur that increase
the effective thermal conductivity of the line. In addition, the thermal cdntac
resistance between the layers might vary over the length of the line. dhereeat
load estimates were, as far as available, based on measurement resulitefedure.

Wedeniget al. [15] measured heat load and electrical loss of some commercially
available coaxial lines. In these measurements they corrected for radiaticimey
assumed that dissipation was negligible. For this situation in which only conductio
plays a role, they defined a useful figure of merit FOM {8

T
FOM=A4,- A / XT)dT (2.3)

1L

Here, A, is the attenuation per unit length. Contrary to most other figures of merit,
this one should be as small as possible. The results for a selection of thieis eae
summarised in table 2.1 and the overview was extended with cryogenic RFs cable
from other sources [7, 16-18].

The electrical loss for all coaxial cables is considered at room temperatu
as only limited data are available at lower temperatures. If conductor loss is the
dominant loss source in the coaxial line, which is roughly the case up toaseve
GHz [15, 17], the losses become lower at lower temperatures as the electric
resistivity decreases [12]. The given values are then a worst stiseate.

The AMTEL cable [17] and the Keycom ULT3-cable [18], which werpaxsally
designed for use in a cryogenic environment, have the lowest figuresrif ke
AMTEL cable has a very thin outer conductorB, only a few times the skin depth
of copper at GHz frequencies because a thicker layer does natadecthe electrical
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Type AN50085 UT-20-SS AMTEL TRW ULT3
[15, 19] [15, 20] [17] [16] [18]
Configuration
inner conductor material ~ SCW SPCW SPCW Cu SBC
inner cond. O.D. [mm] 0.51 0.11 0.51 0.51
dielectric material PTFE PTFE PTFE Kapton PTFE
dielectric mat. O.D. [mm] 1.68 0.38 1.68 1.68
outer conductor material 304SS/Cu  304SS  undCu Cu 304SS/CJ
outer cond. O.D. [mm] 2.16 0.51 1.68 2.16
Attenuation [dB/m] 3.0 23 5 11 2.9
Conduction [Wm]
30-300K 0.49 0.0080 0.008! 0.0092 0.015
30-150K 0.19 0.0032 0.002 0.005* 0.008
150 - 300 K 0.30 0.0048 0.003 0.004r 0.007
FOM [dB -W]
30-300K 15 0.18 0.03 0.10 0.043
30-150K 0.57 0.07 0.01 0.06 0.023
150 - 300 K 0.90 0.11 0.02 0.05 0.020

a. Estimate based on 1 GHz data from [15] arid behaviour of losses [15, 17].

b. Estimate based on 2 GHz data from [17] ayid behaviour of losses [15, 17].

c. Estimate based on extrapolation of measured conduction integral$1fsdm

d. Estimate based on extrapolation of data from [17] assuming the telupedependent
behaviour as measured by [15].

e. Conduction integral calculated from [14] with RRR=60.

f. Estimate based on extrapolation of heat load data supplier.

Table 2.1: RF coaxial lines: configuration, attenuation at 15 GHz, headl and figure of
merit. SCW = silvered copper - clad steel wire, SBC = silvebedyllium copper wire,
SPCW = silver plated copper - clad steel wire, PTFE = polgfktorethylene (Teflon),
SS = stainless steel, Cu = copper.

loss but does increase the thermal load. The ULT3 cable has a loweraalEciss at
the cost of a larger heat load. TRW has manufactured a prototype ailaddlebbon
cable, especially suited for a large number of RF lines to a cryogenic dé®Lerhe
prototype was one inch wide and carried 127 signal lines. The dieleabrsjsting

of a 50m thick polyimide film, was coated on both sides with @1& thick copper
ground planes. The signal lines were positioned inside the dielectric aredeaeh
76 pm in width and 4um in height. The heat load in the table is for the total of
127 lines. The FOM for a single line is roughly one order of magnitude lowar th
that of the AMTEL and ULT3 cables and therefore such a cable is a pragrogition

for data transport on short distances. The specifications of the AMEbBLe were
used to estimate the load of the THz demonstrator, as this cable has a low FOM and
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cables with similar properties are commercially available.

The effect of radiation was included by applying the 1-D model. Assuming a
length of 20 cm and an emissivity ef= 0.1, the heat load to the 30 K stage for a
single coaxial line is 2.9 mW when the hot end of the wire is at 80 K, 9.6 mW when
at 150 K and 29 mW when at room temperature.

Optical fibres

The thermal load for an optical fibre made out of quartz glass with a len@bah, a
diameter of 125:m and an emissivity of = 0.1 between several temperature stages
has been calculated. The largest heat load is 0.3 mW for the 30 K stagetiehen
superconductors are operated at room temperature.

Striplines

At NIST, work has been done on striplines on flexible substrates [2i¢y Bpplied

signal and ground lines with a height of 3%n and a total cross-sectional area of
11077 m?. These lines had a loss of 4.7 dB/m at a driving frequency of 16 GHz.
As the length between the two temperature stages is small, dissipation and radiation
are negligible compared to conduction and equation (2.1) applies. Théohddbr
copper lines of 2 cmis 120 mW for a temperature difference of 30 - 80 RaAan\W

for 30 - 150 K. A material with a lower electrical conductivity results in a lolead.
Application of e.g. CuNi (90-10) reduces the heat load with about arfd€ipbut

will also increase the electrical loss. Note that the TRW cable has a rou@bly 1
times smaller leak and is also an alternative to this design.

2.3.4 Thermal load caused by support structure

The lay-out of the support structure strongly depends on the selemdéidg system.
Besides, the construction of the cooler itself can possibly be used to rsuppo
electronics boxes. This makes it difficult to provide a realistic estimate of thetie
load originating from the support structure. As an illustration, calculatians been
done on a supporting tube.

To limit the conduction, a material with a large yield strength and a low thermal
conductivity is preferred. Engineering composites, like e.g. epoxieforead with
fibres of glass, carbon, Kevlar, and glasses are then the best optijonBor the
present estimate, the material G10 (FR4), an epoxy reinforced with glasghosen.

A thickness of 1 mm and an outer diameter of 20 mm was taken. The length was
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chosen at 10 cm to support the semiconductor stage and 6 cm for thre@ughector
stage. When the semiconductors are at room temperature, a supportevigitaof

10 cm was assumed. The thermal heat load was again calculated with the de) mo
assuming an emissivity= 0.1. The heat load to the superconductor stage varies from
17 mW for a temperature of the semiconductor stage of 80 K to 110 mW for room
temperature operation. The load to the semiconductor stage is about 0.2 W.

2.3.5 Thermalload caused by residual gas molecules

The residual gas molecules in the vacuum space conduct heat fromttherface to
the cold stage. If the pressure is low enough, the gas will be in the moleeglare.
The mean free path of the molecules is larger than the characteristic dimeakions
the system and the individual molecules carry the heat from wall to wa]l [RRe
heat transferred by molecules impinging to the wall with temper&fute a unit area

is [22]:

1

- +1/ R \?

Qmolecules = O‘z 1 <87TMT> P(Tz - Ts) (24)
i

The accommodation coefficient accounts for an incomplete energy transfer
between molecule and wall. This coefficient depends on the type of gasrand
the surfaceTy is the temperature of the cold surfaéeis the molar gas constany/

the gas mole mass andthe specific heat ratio. The heat load through conduction
scales linearly with the pressupe

The pressure should be set at such a low value, that the contributior gath
conduction to the total heat load is insignificant. A maximum heat load of 10 mW
for the superconductor stage was chosen. In cryogenic vacuuemnsysthe most
relevant gases are diatomico{QHs, N2, CO [23]), sovzg [24]. In general, H gives
the largest contribution to the heat conduction as this is the dominant gas iwentpo
in cryogenic vacuum systems [22] and has a relatively low mole mass. J-treH
accommodation coefficient is roughly 0.5 [22]. For the temperature of the gimgn
gas, the shield temperature was used. With dimensions from figure 2.2, iourns
that the pressure should be below 3 mPa. It is not straightforward to masutzina
pressure for the desired lifetime [7]. For the other configurations, thelbad to the
superconductor stage is even lower because of the cooled semicarstag®e The
heat loads to the semiconductor stage are negligible compared to the dissiation
the CMOS.
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Figure 2.3: Heat load for the superconductor stage for 8 different candiions of the THz
ADC demonstrator.

2.4 Cooling power requirements

The heat load estimates for the 30 K stage are summarised in figure 2.3. When
the semiconductors are operated at room temperature, the total heat Itz to
superconductor stage is about 250 mW. The largest contribution is due sapport
structure. Options to reduce this load are decreasingittieatio, or by fixing the
electronics boxes by low-conductivity wires like Kevlar. It is even moreative to

use the cooler itself to support the electronics boxes. The use of a féteathof a
coaxial line is attractive as the load due to additional amplification at the 30 I stag
is compensated by a severe reduction in the load through the data trdimsport

When the semiconductors are cooled to 150 K, the total load reduces tb abou
100 mW. Now, there is hardly a difference in load between application oazialo
line or a fibre. The reduction in heat conduction through the signal linenalfére
is applied is counteracted by the additional load because of the larger aatriic
When both stages are on one substrate, the largest contribution to thledu:a
caused by conduction through the striplines. This can be reduced byadiom of a
TRW-like flatband cable. When the semiconductors are cooled to 80 K, thadhe
load reduces to about 50 mW. Application of a fibre now even results in erltotal
load compared to the use of coaxial lines. Also here, application of a TRM¢dikle
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Tsemiconductor stage [K] Heat |0ad [VV]
superconductor stage semiconductor stage
300 0.25 -
150 0.10 14
80 0.050 15

Table 2.2: Heat load requirements for the cooling power of the THz AD@ndestrator
set-up. The superconductor stage is at 30 K.

can further reduce the load for the situation that both stages are positiotea
single substrate.

The total heat load for the semiconductor stage is 14 W when cooled to 150 K.
This increases to 15 W when the semiconductors are cooled to 80 K bexfathse
larger temperature difference with the environment. The differencesoiingdoad
between the three configurations are small. The largest contributionsatédiom
dissipation of the CMOS devices (11 W) and from the wiring (2-3 W).

2.5 Conclusions

Three configurations were identified as options to realise the THz ADC deirator.

These configurations differ in the way high-speed data is transported fihe
superconductor stage to the semiconductor stage: by coaxial lines opyieal fibre

or by striplines. The superconductor stage will be operated at 30 Ktehhgerature

of the semiconductor stage affects the performance of the semiconduttters
efficiency, mass, and size of the cooler and the heat load to both stapess |
assumed that the semiconductors are operated between 80 K and 158t Ko@m
temperature. The heat loads to both the superconductor and the sencicorsdage

are summarised in table 2.2. These were estimated based on simple assumptions for
the lay-out of the system and standard techniques to reduce the therthal loa

When the semiconductors are operated at room temperature, it is atttactive
use an optical fibre from the viewpoint of cooling load. There are noifsignt
differences in the load to the superconductor stage between the thifggpications
when the semiconductors are cooled. Optimisation of the set-up can reduce th
cooling load further once more details about the set-up become availablatiéite
points are reduction of the load caused by the high-speed data wiresranghtihe
support structure. For the semiconductor stage, the total load is 14 - 1&dWé a
dominated by dissipation.
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Chapter 3

Cryocooler survey

3.1 Introduction

In the process of developing cryocooler technology and market pdgeritam time
to time cryocooler surveys were presented [1-6]. The most recargyswith a wide
coverage was prepared on CD by Nichols Research, sponsoreel ipval Research
Laboratory (NRL) [5, 7]. Although the database is a very rich and-tresmdly
source of cooler information (154 coolers of 36 suppliers), it appkdifécult to
transform the data into useful trend lines. The graphs presented imeReée[5]
contain too much scatter in this respect. Therefore, we decided to genemate
cryocooler database and to investigate trends. The objectives werddwbfrstly,
we wanted to put up-to-date cryocooler specifications in a databasecaaddiy,
we aimed to derive trend lines. This information would not only be usefutier
THz project, but also for other projects. In our survey, we started wighdta
from the above-mentioned NRL-Nichols survey and added any furtfiemmation
that we could find on the Internet. All suppliers were approached withpheifsc
data that we had on their coolers, and they were asked to update thiswé&tave
compiled a database of 235 cooler configurations from 32 suppliers.xlieidy
tried to get data for the operating temperatures 4 K, 10 K, 20 K, 40 K, and. 80
Although a few other coolers are included, we primarily focused on oglecs with
cooling powers below some tens of watts. In this chapter, the state-ofitloé-a
these cryocoolers is reviewed and trends are discussed. The teparameters
in this respect are cooling performance (discussed in section 3.2), mdssiza
(section 3.3), cost (section 3.4), reliability and lifetime (section 3.5). Trerd liar
these parameters were derived and they are shown in section 3.6. Rixtgpes are
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distinguished in this study: Gifford-McMahon (GM), Stirling, Stirling-typelogh-
frequency pulse tube, GM type or low-frequency pulse tube, throttle (iype fluid
expansion over a flow restriction), and reversed Brayton (expams@na turbine).
A more detailed discussion on the database was published elsewherbd&hdpter
concludes with a discussion on the cooler characteristics that can batecper the
THz demonstrator.

3.2 Cooling performance

Various ways of expressing the performance of a cryocooler existrendefinitions
are confusing in this respect. A cooler lifts he@t: from a cold reservoir at
temperaturel~ at the expense of an input poweé},, at a heat sink temperature
Ty . Following common practice in thermodynamics, the coefficient of perforemanc
(COP) is defined as: '
Qc
P;
Often also the specific power is used defined’as”—*. The efficiency of a cooler is
usually quoted as the ratio of the actual codl&p P to that of the ideal Carnot cycle:

cop = (3.1)

COPcooler
= _ __cooer 3.2
" COPCarnot ( )
with T
C
Poornot = —————— 3.3
COFcamor = 75— e (3.3)

The non-ideal performance of a cooler is caused by various loss misofssuch
as conductive heat losses along the cooler and shuttle heat lossestinBidiative
to the required heat lifQ), these losses increase as the operating temperature is
lowered and also whe@~ gets smaller. As a result, one may expect the percent-
Carnot efficiency to be smaller at lower operating temperatures. Furtherrab
a given operating temperature, one may expect the efficiency to impraye: as
increased.

In order to compare the different coolers in our database in a well-Euind
manner, we transformed all data to the operating temperatures 4 K, 10 K, 400K
80 K, and to a heat sink temperature of 300 K. Some suppliers gave sataificat
slightly different temperatures such as 4.2 K or 77 K, or a heat sink ak29bese
data points were corrected via the Carg@@P as given by equation (3.3). Data that
deviated too much, e.g. 60 K performance, was not included at this pdhm study.
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Figure 3.2: Mass per unit of cooling power versus operating temperature

The resulting specific powers versus cooling powers are depicted e fgyi. As
expected, a lower operating temperature gives a lower performane higgh values

of Q¢ the specific power tends to level off. At the lower temperatures, there is no
dramatic difference between the various cooler types in terms of efficidn&p K,
however, a distinct difference shows up between two categories ¢reodOn the
one hand, coolers for the 1 W range (Stirling and Stirling-type pulse-tobleis) and

on the other hand, coolers for the 10 W-and above- range (GM andy@#&lpulse-
tube coolers). Below about 10 W, the former category has a much bettermpance
than the latter. This higher performance in the 80 K range was probablgndri
by the demands from the infrared community and by the requirements for tBe HT
microwave filter systems that are being proposed for use in wireless cormatianic
base stations.

3.3 Mass and volume

The database contains mass and volume data of 153 coolers. For thigdataear

fit was made for the cooler mass as a function of the volume. This fit camesgo

a "cooler density” of 0.8 kg/liter. The smaller Stirling coolers are more compact,
however: 1.1 kg/liter [8]. Figure 3.2 shows the mass per unit of coolingepow
versus the operating temperature. It turns out that Stirling coolerslativedy light,
whereas high-frequency pulse-tube coolers are relatively heaejatil®y mass to
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Figure 3.3: (&) Single-unit cost versus cooling power. Trend lines espond to
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cooling power and operating temperature, a fair fit was derived betthese three
parameters [8]:

m=a(T)QX"  a(T) =157 053 3(T) = 0.009T +0.1275 (3.4)

with massmn in kg, 7' in K, andQ¢ in W.

3.4 Cost

The price of a cooler is determined by a number of factors. Besides pobtichl
economical factors, important parameters are the required perfornfanckng
power, operating temperature), the number of coolers that is needédeaméaturity

of the technology. The relation between cost and performance is illustrated in
figure 3.3, based on 83 coolers in the database. For input powers d00WV, a
trend can be recognised as:

cost(k$) = 10.78 P, (kW)%-™ (3.5)
When considering cost versus cooling power, the operating tempehasite be

included. Trend lines can be defined for 20 K, 40 K, and 80 K, althougt8thK
data contains a lot of scatter. These trends are included in figure 3.3randeful
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Figure 3.4: (a) Learning curves of nine coolers; STI data are from [9h&wer M87 from
database; Leybold data [10]; other data [11]. (b) Redudtiazpst per unit for 100 units as
compared to a single unit.

above a cooling power of about 2 W:

cost(k$) = 4.55Qc(W)*8t T=20K
cost(k$) = 3.93Qc(W)%™ T=40K (3.6)
cost(k$) = 8.03Qc(W)*32 T=80K

The cost of small-power coolers does not appear to depend on régoioéing
power or input power. One can imagine that the required lifetime also detesmine
cost. This, however, appears not to be the case either [8].

The usual way to display the effect of the quantity produced on the usit co
of an item is in a so-called learning curve. The learning rate (LR) indicadas h
the cost is reduced when the production is doubled. For instance, ahe@0ftng
rate means that the cost per unit drops to 80% if the quantity manufactunbtedo
Learning curves of nine coolers are depicted in figure 3.4a, with fondtli@mes
included. Except for the lwatani pulse-tube cooler, the learning raebeaetween
75% and 85%. This learning-rate range seems to be valid for a wide vafiety o
industrial products [8]. In practice, the learning rate is not a smoothecas/
suggested by figure 3.4a. The major cost reductions follow revision®akic
designs and improvements and automations of the manufacturing proc&ssxs.
a redesign process can result in a dramatic cost reduction and a stepdartiiag
curve [9, 12, 13].

In our database, cooler prices are included for single units and lotsOof ik
reductions in cost per unit for 100 units as compared to a single unit pretele in
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figure 3.4b for a dataset of 67 coolers. The average reduction to 0164 single
guantity price corresponds to a learning rate of only 93.5%. This reduistiguite
modest. For comparison, a learning rate of 80% would imply a cost reductib&3o
of the unit price due to a production increase by a factor of 100.

3.5 Reliability and lifetime

There is much confusion between the terms "lifetime” and "reliability”. Often the
word "reliability” is used to imply that a cryocooler has a long operating "lifetime”
but, in this use, it has no quantitative meaning. The term "lifetime” is frequently
used by the supplier as the period of time that the cooler is guaranteed siteper
according to the specifications. This lifetime does not mean that the cryocadle
not fail during the specified period of time; the cooler will have a finite pbaiig

of failing but, in general, the supplier is willing to replace or repair any defec
cryocooler, at his expense. Reliability refers to that failure probability.

The rate at which devices under test fail is denoted by the failure Xje
the number of failures per unit of time, normalised to the number of devices that
is still operating at time, see e.g. [14—16]. A typical failure rate curve is given
in figure 3.5a, which due to its shape is often called the "bathtub curve”ly Ear
defects, causing "infant mortality”, arise during manufacture and cadebected
and removed from shipment before some predetermined number of ogédratirs.
After shipment, most of the coolers will operate without problems and only d sma
number will fail because of random events (e.g. electrical damage) s¥veree these
events to occur randomly over all period, and as a result the failure ratsgtant
in this period. At some point in time, wear-out mechanisms will occur and become
more and more important as time evolves. In contrast to random eventsputear
will affect all coolers, e.g. wear-out of seals or leakage of helium. gdw at which
these mechanisms work may vary from cooler to cooler, but all coolefsrgtdm
this "wear-out”. The end-of-life occurs when wear-out starts to doteiloaer the
random defects. Usually at that point, the failure rate rapidly incred$es lifetime
is related to the length of the random-event period, whereas the reliabilitiatede
to the failure rate in that period.

We assume that the cooler operation by the user is started after the comler ha
survived the "burn-in” during the "infant mortality” phase. Then, in thrstfperiod
of operation, \ is constant. The mean-time-to-failure (MTTF) evaluated in that
period is equal to I/, and can simply be translated into the cumulative number
of operating hours, divided by the number of failures that have oedyg]. Two
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Figure 3.5: a. Typical failure rate curve. b. Distributions of maintana intervals or
specified lifetimes per cooler type.

important remarks have to be made at this point. Firstly, this MTTF should not
at all be interpreted as "the lifetime”. As discussed above, lifetime is determined
by wear-out mechanisms and not by the random defects. It is far bettefate

the "random-events MTTF” to reliability. The chance that a cooler fails iteefis
specified end-of-life is given as the lifetime divided by that MTTF. Fomegke, in
order to establish a cooler reliability of 95% (i.e. 5% failures) for a 5 yeatirtife,

an MTTF of 100 years (!) has to be realised in the random-events pBasendly,

the estimates that are made may pertain only to the reliability for a time period less
than or of the order of the test duration, and reliability estimates cannotvee fyir
other time periods. For example, a test with 10,000 coolers operated far vita

10 failures yields the same MTTF as a run with 1000 coolers operated fped@

and 10 failures. But clearly the latter test MTTF is more meaningful sinceéisga
reliability estimate valid for 10 years instead of only for 1 year.

In our database, data is included on maintenance intervals and specifietklife
without maintenance. This data is summarised in figure 3.5b for 149 coolgrs (w
lots of coinciding points). The statistics for the different distributions avergin

GM PT (LF) PT(HF) Stirling Throttle

Number of coolers 47 11 7 81 3
Average 14,400 15,900 44,700 14,200 7000
Standard deviation 7000 5800 26,300 22,800 3500
Statistical percentagel year 79% 89% 91% 59% 31%
Statistical percentage5b years 0% 0% 51% 10% 0%

Table 3.1: Statistics in distributions of maintenance intervals aafied lifetimes (numbers
are rounded).
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Figure 3.6: (a) Estimated input power versus operating temperature @abling power as
the parameter. (b) Estimated cooler mass versus operatimgetrature with cooling power

as the parameter. (c) Estimated cooler cost versus opgtatinperature with cooling power
as the parameter.

table 3.1. Two Stirling coolers with lifetimes of only 400 hours were included in the
statistics but not in figure 3.5b. Obviously, large numbers of coolers\aitable
nowadays with operating times far over 1 year, with special efforts asultgein
high-frequency pulse tube and Stirling coolers.

3.6 Trendlines

A trend study was performed and the results are summarised in figures,36d,d
figure 3.6a depicts the input power versus the operating temperature, &itbdahng
power as a parameter varying from 0.3 to 100 W. This figure is based roently
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achievable efficiencies as depicted in figure 3.1. The cooler mass is plgaetsta
operating temperature in figure 3.6b, based on equation (3.4). Finallypoher cost
as a function of temperature and cooling power is given in figure 3.6c¢. plbiss
based on the equations (3.5) and (3.6), with 10 k$ taken as a lower limit. Alhgra
should be used for estimate purposes only.

3.7 Cooling options for THz

In section 1.1, four cooling options for the THz demonstrator were discusin

this section, the input power, mass, and cost of these options will be estimated
based on the information in the previous sections. The cooling power eeogiits
were discussed in chapter 2 and the results were summarised in table 2 PHZ he
system has no extreme requirements with respect to vibrations or electreticagn
interference (section 2.2). Hence, lifetime will be one of the key issuesatecco
selection. The cooler for the THz demonstrator should have a lifetime larger th
10 years. Intermediate maintenance is allowed. Coolers with such lifetimesyand
with lifetimes longer than 5 years, are still rare, as can be concluded fioe 34l.
However, a growing number of mainly civil applications currently requiliéetime

of 5 years or more. Therefore, lifetime is at the moment an important issu®i@rco
design and it is expected that the number of coolers with long lifetimes will grow
rapidly in the near future.

To cool the semiconductor stage, Stirling and Joule-Thomson coolers are
attractive as they have the highest efficiencies for the required cootimgrpat
80 K*, as can be seen in figure 3.1. At low input powers and at 30 K, Stirling and
high-frequency pulse tube coolers have the highest COPs.

In cooling option A from section 1.1 the semiconductors are operated at roo
temperature and only the superconductor stage is cooled. Based onnithéiries
from the previous section, the input power of the cooler would roughlaeg8 W,
its mass would be about 18 kg and its price about 10 k$.

Cooling option B1 uses separate coolers for the superconductor and the
semiconductor stages that each cool from ambient to the desired temeekithean
the semiconductor stage is cooled to 80 K, the cooler for the supercondtzte
has an input power of roughly 8 W and a mass of about 10 kg. Its pricimated
at 10 k$. The input power for the cooler of the semiconductor stagen wperated

*The survey does not include coolers for temperatures higher than Baséd on the trend lines
from the previous section, coolers with a higher efficiency, lower nass$|ower cost can be expected
at higher operating temperatures.
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at 80 K, is estimated at 210 W, the mass at 22 kg, and its price at 19 k$.

Cooling option B2 uses the cooler of the semiconductor stage also as alpreco
for high-pressure gas from room temperature that is used to cool peecsunductor
stage. As will be set out in chapter 5, the amount of energy the precoedels to
extract from the high-pressure gas is on the same order of magnitude esaling
power at the superconductor stage. This additional heat load is negligitpared
to the load resulting from dissipation and heat leak from the environmentn, The
the specifications of the cooler for the semiconductor stage are similar tof tifnet o
80 K cooler from the second cooling option. Estimation of the specificatiottseof
JT expansion loop that is precooled by the semiconductor stage is sonmeatet
complex. Application of the trend lines from the previous section will resultnin a
overestimate of the mass and cost. From the trend lines, the mass is estimated at
about 10 kg when the semiconductors are cooled to 80 K. The additiosiavib
be some 10 k$. The input power to the JT expansion stage depends @fettted
high and low pressures. The required flow depends on these messut on the
precool temperature. A lower precool temperature increases the aofemthalpy
that is extracted by the precooler and thus the cooling enthalpy as is @idcinss
chapter 5. Besides, a lower precool temperature also reduces thiedledtom
the semiconductor stage to the 30 K stage. This further reduces the cetjowe
A temperature of 30 K can be achieved with neon with a low pressure of 2.2 ba
and with hydrogen gas with a low pressure of 8 bar. A high pressur@ babwas
taken and a compressor efficiency of 60% with respect to its pV-workassismed.
Application of neon requires a compressor input power of about 27 Ahwie high-
pressure gas is precooled to 150 K whereas an input power of abwuseeded
when precooled to 80 K. The use of hydrogen gives slightly lower inpueps.

Cooling option B3 uses the semiconductor stage as a heat sink for a smafl coo
that cools the superconducting electronics. Assuming 80 K and a cofitéeredy of
2% of Carnot, 4.5 W is dumped by this small cooler. The first stage cooletiden
an input power of about 270 W, a mass of approximately 27 kg, and thigvilintbst
around 21 k$. Contrary to the second and the third cooling option, the gdohu to
the semiconductor stage now increases when the semiconductor stagexitedpt
150 K instead of 80 K. The efficiency of a sorption compressor cooleravitimde-
Hampson cold stage rapidly goes down as its heat sink temperature is etraass
illustrated in figure 3.7. This is only partly compensated by the lower heat teak f
room temperature. The database as discussed in the previous seclyormsiders
coolers that are operated from room temperature and cannot be usstitiate the
specifications of the second stage cooler that is heat sunk at the tempefatioe
semiconductor stage. The mass of the sorber beds was therefore estiitateéz:
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Figure 3.7: Cooler COP as a function of cold-tip temperature for three heat sink
temperatures with Saran as the sorber material and neore agtking gas. Dashed lines
are for a single-stage compressor, dash-dotted lines faas& [2-stage compressor and
the straight lines are for the two-stage compressor withngrnal JT-precooler. External
precooling is not applied. The configurations and the catah method are described in
detail in chapter 5.

help of the theory from chapter 5 applied to saran and neon as the wgekdnd\ total
mass of about 20 grams seems reasonable. Some additional mass will bé fozed
the sorber container, tubing, counterflow heat exchangers, and, daubit seems
that this is negligible compared to the mass of the cooler of the semiconducter stag
A single-unit cost of 10 k$ was assumed, the lowest cooler price fromddtabase.

The estimated specifications for the discussed cooling configurations are
summarised in table 3.2. Obviously, cooling option A has the lowest input power
price, and cost as in this configuration only the superconductors atedco In
case the semiconductor stage is cooled to 80 K, the input power, masspstnd ¢

option A | option B1 | option B2 | option B3
Pirput [W] 38 218 213 270
mass [kg] 18 32 32 27
cost [k$] 10 29 29 31

Table 3.2: Estimated specifications of four cooling configurations foe THz ADC
demonstrator. In options B1 to B3, the semiconductor stagmoled to 80 K whereas in

option A the semiconductors are operated at room temperatur
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of the cooling system does not differ significantly between the three aoafigns
considered. The values in the table of course only give a rough indicatitme
specifications that can be expected for the cooler.

The estimated single-unit cost for cooling option A is 10 k$. When the
semiconductors are also cooled, this increases to about 30 k$. With d tgpicang
rate of 80% (see section 3.4), a production of more than 300,000 is needelieve
a cooler cost of $ 500. When the ADC would be used for UMTS base ssation
worldwide, such a number is realistic as only in Europe, there is alreadieat@d
for about 650,000 base stations assuming that whole Europe will beecbiEr].
Unfortunately, installation of these base stations has already started. vetowe
redesign of the selected coolers can possibly result in a step in the leatnrvey
thus reducing the number of units that needs to be produced to obtain aoprice
$ 500. A production of over 11,000 is needed to reduce the single-usiitficom
10 k$ to $ 500. The masses of the cooling configurations with cooled senoictamsl
exceed 20 kg, whereas the requirement was set to about 10 kg. Ppeist abould
therefore also be an attention point in the redesign process. Based toerthidéines
from the previous section, for the first three cooling options, coolers avitigher
efficiency, lower mass, and lower cost can be expected when the selmatonstage
is cooled to temperatures higher than 80 K. An increase of the operatingregtomee
of the semiconductor stage may therefore be attractive. The requirenoeritef
cooling system as specified in section 2.2 strongly depend on the applichtiom o
ADC. Changes to these requirements influence the input power, masxystral the
cooling system.
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Chapter 4

A 30 K glass-tube cooler

4.1 Design of a glass cooler for reaching 30 K

One of the cooling options for the THz demonstrator is to apply a Linde-Hampso
(LH) cold stage that is precooled by the cooler of the semiconductor stdgs.isT
cooling option B2 from figure 1.1. The aim is to operate the Higlsuperconducting
digitiser at about 30 K. This is in the same temperature range that is reqoired f
operating a MgB-SQUID [1, 2]. This chapter describes the development of a cooler
that is suitable to cool such a SQUID. Such a system can e.g. be useddsuning

a magnetocardiogram [3, 4].

A cooler based on the Linde-Hampson cycle seems appropriate to cool a
SQUID [4-6]. The cold stage that is used in this cycle has a low vibration, leve
which is important to limit noise caused by vibrations of the sensor. Suchtiabsa
result in fluctuations in the observed earth magnetic field due to tilting and field
gradients. Furthermore, electromagnetic interference caused by theassoipis an
important issue. The LH cycle provides an easy way for spatial sepatagtoveen
the compressor and the SQUID. In the work presented here, howlesegoler will
be operated in an open-loop with the high-pressure gas supplied fras bogtle.
Conducting elements in the cooler can also cause disturbances becansarail
noise or eddy currents [7]. It was decided to realise the counterflatvdxehangers
(CFHXs) and the precooler out of glass. This material was selectedisecd#
its relatively low thermal conductivity, reducing the heat load to the cold tipe Th
CFHXs were realised in a tube-in-tube configuration with the high-presgas
flowing through the inner tube and the returning low-pressure gas flaiwoggh the
annulus, similar to the design of Hollaedl al. [8]. The latter, however, did not need
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to apply a precooler. As only the high-pressure gas needs to be fedcgenerally
the high-pressure and the low-pressure line are split just before¢begier, as was
e.g. done by Burgeet al. [9]. It is, however, also possible to precool the high-
pressure gas in the inner tube via the low-pressure gas in the annutar gppas is
applied in the present work because of its simplicity. The other parts of 8teray
were also made of glass to prevent cracks caused by differencesnrallexpansion.
Besides, glass is not electrically conducting eliminating a potential noiseestarrc
the SQUID. To reach 30 K in a Linde-Hampson cycle, neon and hydrogerbe
used (see table 1.1). Neon was selected for safety reasons as théageldvdl
be driven in an open-loop configuration. Precooling will be performgdiduid
nitrogen. A cryocooler was not used for this purpose because cdtiobs and
electromagnetic interference.

The next section gives a thermodynamic analysis of the cycle as a whole,
the counterflow heat exchangers and the precooler. This informatioseis for
dimensioning the cooler as is discussed in section 4.3. The cooler operation is
described in section 4.4. The chapter ends with conclusions on the ceslgnd

4.2 Thermodynamic analysis

4.2.1 Cooling cycle

The temperature-entropy (Ts) diagram of the LH cycle for neon with a lesqure
of 2.2 bar, a high pressure of 100 bar, and a precool temperaturé Kfi§ shown

in figure 4.1. With the selected low pressure, a cold-stage temperature ofi80 K
achieved. The starting point in our cycle is point 2. High-pressure gagaitable
from a bottle at 100 bar. The isothermal compression from point 1 to 2 is iedlud
in the picture to complete the cycle. Between points 2 and 3, the high-pregsiie
cooled in CFHX 1 by the colder low-pressure gas. At point 3, the higisgure gas
enters the precooler which cools the gas to point 4. The gas is furthewgbeel in
the second CFHX before the gas is expanded isenthalpically (point 5 £o@rt of
the gas is liquefied and evaporates because of the thermal load. At poad flows
back into the CFHX, cooling down the incoming high-pressure gas. A moreugb
discussion on the Linde-Hampson cycle can be found in literature [6,211, 1

In a perfect CFHX all enthalpy change at the hot side is taken up at tiesice
and there is no heat exchange with the environment. If a perfect CFHE0% 1
efficient, the cooling power that is delivered by a Linde-Hampson cygberlds on
the mass flow and on the enthalpy difference between the low-pressiitieeanigh-
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Figure 4.1: (Left) Ts-diagram of neon flowing through a Linde-Hampsoitciage with a

low-pressure of 2.2 bar, a high-pressure of 100 bar, anda@gpk¢éemperature of 77 K. The
numbers refer to the points in the diagram on the right-haahel i case of 100% efficient
CFHXs. The diamonds illustrate the shift in these pointsabse of inefficiencies in the
CFHXs. Gas properties were taken from GasPak [10]. (Rigtitesatic overview of LH-

cold stage. The numbers refer to the numbers in the Ts-dragra

pressure gas at the temperature of the precooler (see also section 5.2.2)
Qeool = M Teoo1Aser = MAhgr = mAhsg (4.1)

with Q.0 the cooling poweri the mass flow through the cold stagethe specific
entropy, andh the specific enthalpy. The numbers refer to points in figure 4.1. In
practice, however, counterflow heat exchangers will not be 100Miesit. The
efficiency of a CFHX can be defined as the ratio between the actual ambunt
enthalpy that is exchangeth,....; and the amount of enthalpy that is exchanged
ideally [11]

Ahgetual _ Ahzg

oo = = 4.2
Tefh Ahideal Ah78 ( )

In the cycle from figure 4.1, the ideal amount of enthalpy that is exclthmnge
CFHX 2 is Ahz7g. In practice, this will not be achieved and, as a result, the low-
pressure gas that flows out of the counterflow heat exchanger temperature
lower than that of point 8. Inefficiency in this counterflow heat excleangsults

in a reduction of the cooling power as can be seen in figure 4.1 [11]. dr@balpy

is exchanged and gas is expanded from a higher temperature, resuléirggnaller
fraction of gas that is liquefied. This inefficiency is important in the desiga of
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CFHX as is discussed in the next section. Note that inefficiency in CFHXbea
compensated by the precooler in extracting more enthalpy from the gas.

4.2.2 Model of a CFHX

For a given set of diameters for a tube-in-tube CFHX, the efficiencyeasas
when the CFHX is made longer. The length that is required to achieve a specifi
efficiency can be determined with tih-method [13]. In this approach, the CFHX

is divided in small pieces of constant enthalfyy.. The amount of enthalpy that is
exchanged in the CFHX can be determined from the temperature of the incoming
high-pressure gas, that of the low-pressure gas, and the reqtficéeney. Then,

the temperatures of the incoming and outflowing high-pressure and l@stpeegas

of each infinitesimal element can be derived from the enthalpy at the hdeadf

that element. The length of each infinitesimal element can be determined from the
heat-transfer area that is needed to exchange the enthalpy

1
mAh = —ATy,, (4.3)
Rtot
with R, the total thermal resistance between the high-pressure and the lowpress
gas andAT;, the log-mean temperature difference [14]

AT, — AT,

ATy
NAT,

ATy, = (4.4)

with ATy, = Thin — Trouwt ANAAT,. = ThHow — TrLin. The log-mean temperature
difference can be used when the heat capacities of the high-pressiithe low-
pressure gas do not vary appreciably along the length of the elemeall amthalpy
extracted from the high-pressure gas is taken up by the low-presasireTye total
thermal resistanc&;,; equals

1 1 In Dot Lo 1
Rtot - ( + Di + Do ) (45)

Al Nui/\m 27T/\w Nuoi)\(ﬂr

with D; the inner diameter of the inner tubB,,; the inner diameter of the annulus,
D,, the outer diameter of annulugd, the length of the infinitesimal elememiu the
Nusselt number, and the thermal conductivity. The subscriptefers to properties
of the gas in the inner tube whereas the subserigtfers to properties of the gas in
the annulus. The subscript refers to properties of the wall. We expect maximum
Reynolds numbers on the order of 1000, implying laminar flow. The Nusseiber



4.2 Thermodynamic analysis 41

TW
O ] ] _ L ]
TLoul‘ ‘ ,,,,,, T|L+o1u! 47 TL‘: TlLou! TI‘_in T[Z)ul 47 TLli-rj | ‘ ‘TLin
THin ‘ ‘ ,,,,,, T|:|1n 4’ THHoLt T‘Hin thw Tlliout T;—I:n 4’ THi:ut ,,,,,,,,,,, ‘ ‘THout
TLoul‘ ‘ ,,,,,, TL+<)1ut +— TL||T'11 TLout v sz TLin T:::ml <+— TLii-r: ,,,,,,,,,,, ‘ ‘TLm
ke

w

Figure 4.2: Schematic overview of temperatures and thermal resissaimcéube-in-tube
precooler.

for laminar flow for the inner tube was set to 4.0, the average betweenlthes\ar
uniform wall heat flux (Vu = 4.36) and a uniform wall temperatur&« = 3.66) [14].

The Nusselt number on the inner surface of the annulus depends atith® J;/ D,

and is about 5 foD,; / D,, larger than 0.5. Also here, the average was taken between
the values for a uniform wall heat flux and a uniform wall temperaturg [15

For a laminar flow, the pressure drop along the lines can be calculatedfAdm

Cudl
dp = Bl

= 4.
2pACD,QL " (4.6)

with C' a geometry constant being equal to 64 for the inner tube and 96 for the
annulus [14], A. the cross-sectional area of the flow channgl, its hydraulic
diameter, . the dynamic viscosity, ang the density of the gas. In the current
approach, the pressure drop is considered separately, wherepsidoral heat
conduction through the wall material and radiation are neglected. Théimgsu
design is not necessarily the optimum geometry. Such an optimum design can be
obtained by describing all loss sources in terms of entropy generatianiaidising

the total entropy production as was done by Lesbal [16].

4.2.3 Model of a tube-in-tube precooler

In the tube-in-tube precooler, as schematically depicted in figure 4.2, the oute
wall of the annulus is kept at a constant temperature and the log-mean &tunper
difference method cannot be applied. Therefore, an alternative mettuzdermine

the temperature profiles was developed. The tube-in-tube precoolesphiasn
elements that have a fixed size. The temperature profiles were calculatauysta
from the temperatures at the cold side of the precooler. The temperattine of
incoming gas in the low-pressure lifig;,, is the temperature of the gas that comes
out of the cold CFHX. The temperature of the high-pressure gas thas thomvof

the precooler can be chosen and is a measure of the efficiency of thanttue
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precooler. The temperatures at the hot end of each infinitesimal elersetitfrem
the heat balances on both gas lines. When longitudinal heat conductmglththe
wall material is neglected, the high-pressure gas in the inner tube onlamyes
energy with the low-pressure gas in the annulus

i i Lo i
me,p ATy = _E(THout —Tlin) 4.7)

with ¢, ;; the specific heat of the high-pressure gad}, = T}, — Tjy, the
temperature difference of the high-pressure gas in the eleinantl R, the thermal
resistance between the low-pressure gas and the high-pressuszjgasan (4.5)).
The definition of the temperatures is illustrated in figure 4.2. The gas in the low-
pressure line exchanges energy both with the high-pressure gasithnithevwall,
which is assumed to be at a fixed temperafljse

i AT] = 1Tt~ Thin) = - (Thin = To) @9
with ¢, the specific heat of the low-pressure gas]; = 77}, — T}, the
temperature change of the low-pressure gas in the elementRartte thermal
resistance between the low-pressure gas and the outer wall of the snnlihe
Nusselt numbeNu,; now changes as the outer wall of the annulus now has a constant
temperature [15]. The number is about 4.5 £y; / D, larger than 0.5. The thermal
resistanceR, between the low-pressure gas and the precooler equals

1 — Bot
Ry = — Doo 4.9
27 Nugy Al (4.9)

with Nu,, the appropriate Nusselt number which is about 479gy/ D,,, larger than
0.5 [15]. The elements were calculated starting from the cold side of theglezc
This is continued until the calculated temperature in the high-pressure liaésaba
set temperature for the incoming high-pressure gas. Note that the eguatigoanly
valid as long as the high-pressure gas is not liquefied in the precoolieh) wghtrue
for neon (see figure 4.1).

4.3 Cooler design

4.3.1 Design of the cold CFHX

An important issue in the design of a CFHX is its efficiency. The length that
is required to achieve a given efficiency strongly depends on the magssie
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Figure 4.3: Influence of high pressure and accepted loss percentageregfiect to the
available enthalpy difference at the precooler on the requiength of the cold CFHX for
neon with a low pressure of 1 bar and inflowing high-pressaseaj a temperature of 78 K.

equations (4.3) and (4.5). The mass flow depends on the amount of cpolireg that

is needed. The heat load to the 30 K stage was estimated using the samelapggroa
described in chapter 2. The major heat contributions to the 30 K stagefresulieat
conduction through the copper lines for the SQUID voltage read-oupassibly the
conduction caused by residual gas in the vacuum. The heat load fremsatlrces,
being heat load through other wires and radiation, is estimated to be smaller than
5 mW. The contribution of radiation is small as the vacuum space around lithe co
CFHX is surrounded by LN All other wires, e.g. to supply the SQUID bias current
and the heater current, that are connected to the cold stage can bexarngdnine,
resulting in a heat load of a few tenths of milliwatts for each wire. Limitation of
the heat conduction through the copper wires to about 10 mW appeéssicday
selecting appropriate lengths and diameters. The heat conduction bgitheateyas

is estimated at 2.7 mW assuming an accommodation coeffigient).5 [17] and a
vacuum pressure of 10 mbar. In the molecular regime, the heat load scales with
the pressure (see equation (2.4)) and a sulfficiently low vacuum peeissessential.

In total, a cooling power of at least about 20 mW is required.

The cold CFHX is the most crucial part in the design as inefficiencies in this
CFHX directly reduce the available gross cooling power. From available tub
material, the inner and outer diameters of the inner tube were selected asm250
and 350um. An inner diameter of 53@m and an outer diameter of 670n was
chosen for the outer tube. Application of tubes with these dimensions gesptable
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lengths of the CFHX and an acceptable pressure drop over both thetagbure
line and the low-pressure line. At increasing values of the high pregbarenthalpy
difference between the high-pressure gas and the low-pressuaéthascold side of
the precooler becomes larger. As a consequence, a lower mass flaw meteded
and the CFHX can be shorter. The required length of the CFHX was de&imin
for high pressures ranging from 50 bar to 100 bar. This was dongréms cooling
powers of 20 mW and 40 mW. The temperature of the inflowing high-pregmse
was set to 78 K, as is discussed in section 4.3.2. The amount of enthalpghabss
was accepted in the CFHX was related to the enthalpy difference that witedde at
the temperature of the precooler. Calculations were performed for lo646%6 and
25% of the enthalpy difference at the precooler. Temperature ansipesgependent
properties of the gas and the wall were taken from Cryodata softwéie [Ihe
required lengths of the heat exchanger are shown in figure 4.3. A& higher
pressures on the high-pressure side result in shorter lengths of tx.@&esides,
as the loss percentage is related to the enthalpy difference that is avatldbte a
precooler, also the required efficiency of the CFHX reduces. Thisraldts in a
reduction of the required length of the CFHX.

In order to keep the possibility open to position the cooler with vacuum space
in an external glass cryostat filled with kNthe length of the cold CFHX and the
precooler should be limited to about 15 cm. A length of 6 cm was selected for the
cold CFHX. This leaves some margin with respect to non-idealities like parasitic
thermal load to the CFHX or the inner tube being eccentric with respect to tee ou
tube [15].

4.3.2 Design of the precooler and the warm CFHX

The temperature of the high-pressure gas as it flows out off the tutudséprecooler

is a measure of the efficiency of the precooler. The closer this temperetads to

be to the temperature of the liquid nitrogen, the longer the length of the precoole
that is required. So in order to reduce this length, higher temperaturesh@aust
selected. However, a higher temperature of the outgoing high-pregssicecreases
the enthalpy difference that is available for cooling. A temperature of 7&teau of
77.2 K gives an enthalpy loss of about 2% whereas at 80 K, this loss¢raaged to
8%. An outflow temperature of 78 K was selected to minimise this loss whereas
the required length of the precooler remains acceptable. The efficigntdyeo
warm CFHX determines the temperature of the high-pressure gas thatifitws
the precooler. The lower the efficiency of the warm CFHX, the longer theqoler
needs to be. In principle, one can minimise the total length of the precoolevan
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Figure 4.4: Calculated temperature profile in the high-pressure lirg the low-pressure
line of the tube-in-tube configuration for neon with a lowgsere of 1 bar, a high pressure of
100 bar, and a flow of 2.3 mg/s. The efficiency of the warm CFH)$ s&t to 90% whereas
that of the cold CFHX was set to 89%. The net cooling power g

CFHX. In practice, however, this is of limited use as the evaporating nitraggm
precools the wall of the warm CFHX. This part of the tube-in-tube-coméition will
also act as a precooler, possibly with a somewhat higher wall temper&8esales,
during a measurement, the level of the liquid nitrogen will go down, reducieg th
active length of the precooler. The temperature of the low-pressuteatows into
the precooler is determined by the efficiency of the cold CFHX. The tempesabd
the high-pressure gas and the low-pressure gas between the ward &fHhe
precooler were determined in an iterative way. The resulting temperatofike gor
the total system with an efficiency of 90% for the warm CFHX is shown in &gi4t.
The required lengths of the precooler and the warm CFHX resulted asrband
5.2 cm, respectively.

4.3.3 System lay-out

A schematic lay-out of the cooler is shown in figure 4.5. The vacuum chaamuk
the reservoir for the liquid nitrogen are made of two pieces of glass thabarected
with a vacuum flange. This flange consists of two flat glass surfaces withdaum

ring in between. The two flat surfaces are pressed onto each othemlscrews.
The high-pressure gas is supplied from a gas bottle and kept at a opstasure
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Figure 4.5: Schematic overview of the 30 K glass-tube cooler (not toegcallhe glass
'insert’ that is shown in the figure is placed in a cryostat ;mafiG10 that is filled with liquid

nitrogen.
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Figure 4.6: Cooldown curve for neon, precooled with liquid nitrogen amith a high
pressure of 100 bar.

by means of a Bronkhorst pressure controller [18]. A splitter combinesitph-
pressure and the low-pressure gas lines into a tube-in-tube configuvatioh is

first led through the LN bath and then enters the vacuum space. The feedthrough of
the outer glass tube through the bottom of the,lLriservoir is closed by means of
TorrSeal [19]. The high-pressure gas is expanded over a smaltivétes inserted

into the inner tube [8]. The mass flow was measured in the low-pressure ilime w

a Bronkhorst EL-FLOW type mass flow meter [18]. The cold tip was cotetemo

an alumina disc with a diameter of 28 mm which can be used to mount the SQUID.
The disc was supported with three glass tubes that are connected toaihveirehat
holds the LN. The temperature of the cold tip was measured with an Omega E-type
thermocouple [20], which was read-out with a Cryocon temperatureatamtf21]

that applied 'cold junction compensation’. A resistor was also mounted to 1de co
tip to be able to heat-up the system and to determine the cooling power.

4.4 Cooler operation and characterisation

A cool down curve for a high pressure of 100 bar is shown in figurell&ppeared

that, upon filling the precooler with liquid nitrogen, the vacuum deterioratdds T
resulted in a too large thermal load, causing the minimum temperature that could
be achieved to be about 50 K as can be seen in the cool down curvedarou
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300 seconds. When the precooler volume was completely filled with liquid nitroge
the vacuum improved. The reduction in vacuum pressure appearecetwbgh to
reduce the parasitic heat load and reach a temperature of about 30sKeffidtt

is probably caused by a small leak in the glass structure that opens urd®iath
stress. Apparently, when the reservoir is only partly filled, this leak ap@fsen,

on the other hand, the reservoir is completely filled it is closed either bethese
local thermal gradient is less and so are the associated thermal strssesause
the liquid cannot pass the leak whereas nitrogen gas can. The pressncé a leak

is quite likely. We found a number of small leaks at unexpected locations wieos
successfully repaired with a thin layer of TorrSeal.

The cooler reaches a temperature of about 30 K. The temperature,senso
Omega E-type thermocouple [20], indicated temperatures down to 20 K which
is physically not possible as the normal boiling point of neon is 27.2 K. Similar
deviations were reported by Rijpned al. [22] and the supplier advises not to use an
E-type thermocouple for temperatures lower than -ZO(0]. Application of a T-
or N-type thermocouple may give better readings, despite their lower s@gg0].
Alternatively, other sensor types like e.g. calibrated diodes or Cermsmigtaace
sensors are options. The measured temperatures were correcteiriatieg the
pressure drop over the low-pressure gas line. This pressure dmgnds on the
temperature profile because of the temperature dependencies of tlitg dadshe
viscosity. Assuming that the warm CFHX has an adiabatic wall, a pressape dr
of 2.0 bar was estimated. This would result in a cold-stage temperature oK31.3
When it is assumed that the wall of the warm CFHX is at 77.2 K over the whole
length a pressure drop of 0.5 bar was calculated, resulting in a coldtstagerature
of 28.5 K. At liquid nitrogen temperature, the thermocouple gave a temperature
reading that was 2.2 K too low. The measured temperatures were scatstidras
this information and the result is shown in figure 4.6.

The available cooling power was determined by steadily increasing the heat
supplied by a resistor that was also connected to the cold tip. Figure 4.% show
the measured temperature, averaged over 10 seconds, as a fundtienhefating
power. The net available cooling power is about 43 mW, the input powehiah the
temperature rapidly increases. The sudden increase of the temperatitigeipoint
where the amount of liquid produced is too small to take up the total heat Ideed. T
temperature rise at lower input powers is probably due to the fact thateidterh
is positioned close to the thermocouple. Thus, the heater lifts the thermocouple
temperature while the cooler remains at liquid neon temperature. The mass flow
through the cold stage was about 6 mg/s. With this flow, and assuming that the
high-pressure gas flows out of the precooler with a temperature of Ti8eknodel



4.5 Conclusions 49

70

601

[K]

cool

401 o

ML R
0 10 20 30 40 50
input power [mW]

Figure 4.7: Determination of the cooling power.

gives an efficiency of 73% for the cold CFHX. This results in a grossicg@ower

of 51 mW. This agrees with the determined cooling power and the estimated heat
load of about 5 mW for radiation and wires. The remainder will possibly leetdu
thermal conduction through the residual gas in the vacuum space. Pperdines

for voltage read-out of the SQUID were not attached during the meaasute The
realised temperature and cooling power are appropriate to cool a8gmRJID. In

the near future, a MgBSQUID will be mounted to the cold stage.

4.5 Conclusions

A glass cooler was realised for cooling a MgBQUID based on an open-loop
Linde-Hampson cycle. The cooler consists of two counterflow heataeggrs and

a precooler that were all realised in a tube-in-tube configuration. Theprigssure
gas was precooled by leading the tube-in-tube configuration througth abliaquid
nitrogen. The high-pressure gas in the inner tube was cooled via |I@gtpeegas

in the annular gap. A temperature of about 30 K was achieved with a measure
net cooling power of 43 mW. This was in agreement with results from models
for the counterflow heat exchangers and the tube-in-tube precoOlee. or more
small leaks to the vacuum are present in the current set-up that posshly from
thermal stresses. The cooling power and realised temperature argrgiertor the
operation of a MgB-SQUID. In the near future, such a SQUID will be mounted onto
the cold stage.
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Chapter 5

Sorption compressor
efficiency and complexity

5.1 Single-cell compressor design

This chapter addresses the efficiency and the complexity of sorption essuyrs

that are used in combination with a LH cold stage. In this section, an alternative
compressor lay-out is presented that is considerably less complex than the
conventional design. In section 5.2, a method is described to accuratelynitee

the cooler efficiency based on a separate analysis of the compresktiieanold
stage. This method is extended to handle multi-stage compression that caséncre
the cooler efficiency. The method used assumes a quasi-static behakithe o
compressor cell and a uniform temperature in the sorber material.

A JT expansion stage requires a more or less continuous mass flow interder
obtain a continuous cooling power. Besides, the compressor shoully suggnstant
low pressure as this pressure is directly related to the low-end temperatiescold
stage. As set out in section 1.2, a single sorption cell supplies an inhenamtly
continuous flow. An alternative to using multiple compressor cells to get a cmntin
flow is a compressor unit that uses only a single sorption compressomcetive
buffer volumes separated by passive valves. This design is showrune figl. A
similar design was applied by Duband and Suhanan [1, 2], but they didnadyse
the concept in detail.

During phase A of the sorption cycle, the sorber container is heatedrassiype

builds up in the sorber container as both check valves are closed bechtise
pressure differences over the valves. The high-pressure lsiffgilies gas to the
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Figure 5.1: Single-cell sorption compressor combined with a LH coldjstaa) Schematic
drawing of the configuration. (b) Mass flow, pressure and peed cooling power with time.

cold stage which is taken up by the low-pressure buffer, while no gas flovor
from the compressor cell. As a consequence, the pressure of thpreiggure buffer
slowly decreases while that of the low-pressure buffer steadily inesea®nce the
pressure in the container has become higher than that of the highereséer, the
high-pressure check valve opens and a relatively large gas flowptiedipo the high-
pressure buffer, causing the pressure of that buffer to rise¢@lag\t the same time,
some gas flows through the cold stage, increasing the pressure in thedssue
buffer. When the container is cooled down, the pressure in the contdécesases
and the high-pressure check valve closes (phase C). Again, the fliougtinthe cold
stage is maintained by the buffers. When the pressure in the containeropped
below that of the low-pressure buffer, the low-pressure check \@ghems and gas
flows from the buffer to the cell (phase D). The pressure in the higesore buffer
decreases because of the flow through the cold stage.

This configuration has important advantages compared to the traditionalitay-
First of all, the number of components is reduced. This increases theiligliab
of the compressor. Besides, controlling the cooler has become easielyasne
sorption compressor cell needs to be driven. The reliability of the desigrbe
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further increased by mounting a second compressor cell between tharéssdre
and high-pressure buffers. The two parallel cells can be operategendently.

If one of the compressor cells fails, the compressor can still operaten@edcy).
The advantage of reduction of complexity becomes even more pronouvioeu
multi-staged compression is applied as suggested by Bard [3]. With a twe-stag
compression approach, tli& P of the cooler can be increased. Then, instead of two
compressor units consisting of at least six sorption compressor cellsZacketk
valves, only two sorption compressor cells, three buffer volumes andcloeck
valves are needed. Besides, in the proposed lay-out no synchiomibatween
the different compressor cells is needed. As a result, each cell capclasl at

its optimum cycle frequency, and does not have to be tuned to others as is the
case in the traditional lay-out. The cycle time will also be shorter. Theretbee
single-cell design provides a larger mass flow per cell than in the traditt@sadn,
assuming that the cell pumps the same amount of gas from the low-presshee to
high-pressure side during a cycle. A disadvantage of the proposaghdsmpared

to the traditional lay-out is the slight variation in pressure of the low-predsuifer.
This will result in some variation of the cold-stage temperature. Properrdesig
the low-pressure buffer can minimise this temperature variation as is dislcusse
section 6.1.6. Furthermore, this temperature variation can be dampedepassiv
actively. Another disadvantage of the pressure variations in the bufféhat both
the flow through the cold stage and the enthalpy of cooling will slightly vary with
time as shown in figure 5.1. However, the actual cooling power of the cofg sta
is buffered by the evaporating liquid in the boiler. In the traditional lay-ouis it
possible to recover the heat from one cell to heat up another which isosstble

in the single-cell design. However, heat recovery makes the desige tfidfitional
lay-out even more complex.

A test set-up was realised to investigate the behaviour of the proposdé-sing
cell compressor concept. This set-up is discussed in chapter 6. Inntfaénaer of
this chapter, the efficiency of the compressor is addressed. The tg®<itayle-cell
compressor is demonstrated in chapter 7.

5.2 Thermodynamic optimisation

The COP of a cooler results from equation (3.1). The efficiency of the compresso
and that of the cold stage can also be calculated separately with the help of the
exergy [4, 5]. The exergy is the maximum amount of work that can beuoext
theoretically from a given temperature and pressure difference. ompressor
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efficiency can then be defined as

E

P’énput

COPompr = (5.1)
with E the exergy produced by the compressor dngl,,; the (electrical) input
energy to the compressor. Section 5.2.1 describes the method used to detéenin
compressor efficiency. The analysis of the cold stage is presentedionse@.2.

5.2.1 Compressor analysis
Single-stage sorption compressor

In this section, the equations are presented to determine the efficiencyirafla s
stage compressor. The method followed was based on work of Betgér[4, 6].
The compressor efficiency can be derived independent of its sizéharefore the
analysis is performed normalised to the sorber mass. d@O& of the compressor
from equation (5.1) can be rewritten as

Mgas€ Azpete

COPcompr =

5.2
Rnput Pinput ( )

with my,s the amount of gas that is delivered by the compressor during a cycle,
Pinpue the total energy input to the compressor in a cyde,,.; the net amount of
gas per unit of sorber material that flows out of the compresgsgy,; the energy
input during a cycle normalised per unit of sorber material atite specific exergy

of the gas. To calculate th€OP of a sorption compressor cell, both the heat input
and the exergy need to be determined. The exergy output dependsamdhbat of

gas that is supplied during a single cycle and its exergy [4, 5]

e=Ah—TAs = [h(Tr,pg) — h(TL,pr)| — Ti[s(Tr,pa) — s(TL,pr)] (5.3)

with & the specific enthalpy andthe specific entropy of the gas. The subsciipt
refers to the conditions at the high-pressure side and agfers to the conditions
on the low-pressure side. It is assumed that the heat sinKlis ahd that the high-
pressure gas is precooled to the heat sink temperature before it camiablawo the
cold stage. The normalised amount of gas,.; that flows out of the compressor
during a cycle is the difference between the total amount of gas betwests 2o
and 3 in figure 5.2.

*
AZpet = Tiot2 — Tiot3 = Trotl — Tiot3 = As + Axy 54 (5.4)
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Figure 5.2: Sorption cycle. Adsorbed amount of gasversus pressure. The dashed lines are
isotherms ranging from the compressor low temperaiyre a compressor high temperature
Ty . A more detailed description is given in section 1.2.

with x4,; the sum of the adsorbed gasand the free gas in the available void volume
x ;. normalised to the amount of sorber material, akd, the difference in the
adsorbed gas fraction between the points 1 and 3. Along path A, the totah&amo
of gas in the compressor cell does not change, which explains thedseguoality in
equation (5.4).
The difference in mass fraction of the free gas in the available void volume

Axy 1S

AZ30id = Tyoid1l — Tyoids (5.5)
The volume inside the container of a sorption &}l is filled with sorber material
Vs and the remainder is the void volurig,;;. Not all of the void volume is available
to the free gas as part of it is taken up by the adsorbed gas. The gzetwfid volume
that is available to the free ga§; , ; therefore equals

Vooid = Vooid = Vaas(T, p) (5.6)

with V4, the volume of the adsorbed gas. A uniform temperature is assumed in the
compressor cell thoughout the sorption cycle. If the void volume fractisdefined
as

Q= V;)oid/v;fotal (57)

the amount of free gas normalised to the amount of sorber matégiglresults as

xzoz’d<Ta p) = Pgas <T7 p) (ps(la— a) — l‘sfgi;p)> (58)
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with p, the density of the sorber material,,; the density of the free gas amgd,,
the density of the adsorbed gas. Application of the ideal gas law yields

M « (pl p3> M (plwsl_p3ws3

Ty T3) Rpas \ Th T3

A *
. T Ty

void:Rpsl_a

) (5.9)

Expressions fors (7', p) are derived at a later point in this section.

The changes in temperature and pressure throughout the sorptiorcagaew
be determined from the temperatures and pressures at the points 1 andiBg D
paths A and C, the total amount of gas is constant whereas in phases[B trel
pressure is constant. The total heat input can be derived when tresseaiated with
infinitesimal changes in pressure and temperature is known and quasisteticdur
is assumed. The total heat inpit.. 1o: cONnsists of the heat needed to heat up both
the free gas in the void volumg,... 4.5 and the adsorbed g@sq; 4qs, that to heat
up the thermal mass of the celt,;, and the heat of sorptiap,,ption-

theat,tot = deree gas + ands gas + dQT]W + dQSorption (510)
The differential heat input for the adsorbed gas;; 4a iS

dqads gas (T, P) = Ts (T, p)cp,ads gas (T, P)dT (511)

with ¢, 445 gas the heat capacity of the adsorbed gas at constant pressure. As the tota
amount of gas in the available void volume does not remain constant upngesha

in temperature and pressure, the heat input to the free gas is dedvethi first law

of thermodynamics for open systems [5]

dU = dQ + dW + hdm (5.12)

Here,dU is the change in internal energi() is the heat added to the free gdsl/’

the work performed on the free gas which is negligil¢he specific enthalpy of the
added gas andm the amount of mass that is added to the available void volume.
This mass can be derived from the changes in temperature and pregbuie help

of the ideal gas law. When also the equipartition theorem is applied, theetlifial
heat per unit of sorber material results as

* o xs(T,
deree gas(T, p) = xvoid(T7p)Cp,gas(T7p)dT B < - ( p)> dp

ps(l - O() Pads
(5.13)

with ¢, 44 the specific heat of free gas at constant pressure.
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The thermal mass consists of sorber material, container, and heater.edhe h
capacity of the latter is neglected. The container wall should be sufficiemthy ti
withstand the gas pressure inside the container. According to Berndt [7]

_ pmaa:D

to=
v 20 max

(5.14)

with t,, the thickness of the container wall,,., the highest pressure in the cell,

D the inner diameter of the container wall, ang,. the maximum allowed tensile
stress in the container wall material. When the mass of the top and the bottom of the
container are neglected, the heat capacity of the container can be de@pairunit

of sorber material. 5
fy = 0 _ __2Pw__Pmaz (5.15)
ms ps(l - a) Omax
with m,, the mass ang,, the density of the wall material. The differential heat per
gram of sorber material results as

dQT]M(T7p) - [Cps (T) + Cpw (T)Mm] dar (516)

with ¢, the specific heat of the sorber material apg that of the wall material at
constant pressure.

The heat of sorption can be derived from the isotherms as [8]

dln(p/po,)

50/T) |, 547

Gads = -R
with p, the standard pressure. The differential heat on a change in temeeaatlir
pressure then is

dQSorption(T7 P) = —Yads (xS(T, p)) [ZS(T + dT,p + dp) - %S(T, p)] (518)

The same terms also apply for the amount of cooling, or in other words the hea
load to the heat sink, but two terms have to be added. The high-pressuiteag)flows
out off the compressor in phase B is cooled to heat sink temperature eBegab that
returns from the cold stage is colder than the cell. Upon entry in the sash&iner
the cold gas warms up while the sorber material cools down. The flow of eédd g
reduces the amount of heat that is dumped to the heat sink. Both contriaéintbe
determined from

T
dq fiow (T,p) = [l'tot (T +dT,p + dp) — x40t (T, p)] /Cp,gas (T/,p)dT/ (5.19)
1L
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and should be added to calculate the amount of heat that is dumped to thmkeat s

quOOl,tOt = deree gas =+ ands gas + dQTJ\/[ + dQSorption + delow (520)

The total heat input and the compressor efficiency can now be deterrbined
integration over the sorption cycle.

Multi-stage sorption compressor

It appears from figure 5.2 that a considerable amount of the gas thdsasbeed

in point 1 is lost in the void volume and cannot be used for expansion in tlde co
stage. The void volume inside a compressor cell consists of the pores theide
sorber, the interparticle volume and the external void volume caused by e lin
between the sorber container and the check valves. The pore sizeutiistriin

most activated carbons falls into three groups: macropores are lasge5€hnm,
mesopores are between 2 and 50 nm and micropores are smaller than 2 nm in
diameter [13]. The meso and macropores are mostly filled with compressed gas
and the amount of adsorbed gas is small. Selection of a sorber material with a
small macro and interparticle volume and a large micropore volume is attractive to
reduce the amount of gas that is lost in the void volume upon compressipitaly
values of void volume fractions for various charcoals are given in taldle Bn
extensive overview of sorber materials and its main characteristics caoube f

in the overview of Menoret al. [13]. Barneby-Cheney GI, Maxsorb and Saran all
have relatively large micropore volumes compared to typical activatedanshen

the small mesopores of Maxsorb are added to its micropore volume. Sardreca

Carbon Typical Compressed | Maxsorb| Saran

act. carbon| Barneby-Cheney [9, 10] [4,11]
[3,9] Gl [3,12]

volume fractions [%]

- micropores € 2nm) 17.6 38.4 12.0 35.2

- mesopores (2-50 nm) 4.4 44 .4 15.5

- interparticle volume 58.0 29.0 30.0 7.0

and macroporesx 50nm)
- sorber 20.0 32.6 13.6 42.3
shape powder powder powder | monolith

* Mesopores of 2-4 nm especially contribute to this volume.

Table 5.1: Volume fractions in percent of voids, micropores and sorbaterial for various
activated carbons. Table adapted from [3, 4].
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Figure 5.3: Two-stage sorption cycle. The first stage compresses thérgasthe low-
pressurey;, to the intermediate pressupg. The second stage compressor lifts the gas from
pr to the high pressurgy . The grey line shows the cycle in case of single stage corsiomres

between the same temperatures and pressures.

produced as a monolith. This reduces the interparticle volume resulting in a lowe
void volume fraction. Besides, Saran can be made in arbitrary shapels arfables
reduction of the external void volume. To our knowledge, of these tlundoess, only
Maxsorb is currently commercially available.

Another measure to reduce the effect of the void volume that can be appliked
use of multi-stage compression as was suggested by Bard [3]. The saytie of
a two-stage compressor is shown schematically in figure 5.3. The grey tnes she
sorption cycle when single-stage compression is applied to reach the bgupp
from the low pressurg;. When two-stage compression is applied, each compressor
has a smaller pressure swing and therefore less gas is lost in the void yaleene
equation (5.9). Besides, the second stage compressor starts at apnegsenre. At
a higher pressure and the same heat sink temperature, the adsorbed aingais is
considerably higher resulting from the shape of the isotherms. Therefmre gas
can be desorbed and a largé® P can be obtained. The drawback of the two-stage
design is the increase in complexity.

A practical realisation of a two-stage compressor using the conventional
compressor design from figure 1.3 is shown in figure 5.4a. In total 8 aesspr
cells and 16 check valves are needed. The gas that is supplied by a tbelfirst
stage compressor is taken up by a cell in the second stage. This impliesrthat fo
the conventional design and for a given set of presspre®;, andpy with p; the
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Figure 5.4: Lay-out of a two-stage sorption compressor (a) based on dngeational
compressor design as shown in figure 1.3 (b) based on theesiefjldesign as presented
in section 5.1. The operation of the cold stage is discusseddtion 5.2.2.

intermediate pressure

mslenetl(TLa THlapLa pI) = msQAxnetQ (TLa TH27p17 pH) (521)

Here, it is assumed that both stages have the same heat sink temp&yatUriis
implies that apart from the timing, also the masses of the cells have to be matched.

It is advantageous to apply the single-cell concept as introduced in sécfio
when two-stage compression is applied. The reduction in complexity for tgkesin
cell design then becomes even more pronounced. The lay-out for thetage
single-cell compressor design is shown in figure 5.4b. Now, only two cesspr
cells, 4 check valves and 3 buffer volumes are needed, which is a eoaisid
reduction compared to the conventional lay-out. Burger [4] proposeeduace the
complexity of a two-stage compressor based on the conventional comipdessgn
by combining the first and second compression stages in a single compeelso
This is less complex than a two-stage based on the conventional desigashilieh
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disadvantage of complexer compressor cells. Besides, the tempéfatumeist be
the same for both compression stages and cannot be optimised separately.

Also in two-stage operation, each compressor can be operated inégpehthe
other as synchronisation is not needed. In principle, the intermediatsupedsuffer
can be left out but then synchronisation is required again. To achigien set
of pressure;, p;, andpy the average flow that is delivered by both compression
stages should be equal

mcomprl = mcomprQ = mcool (522)

Rewriting in terms of compressor mass, change in net amount of gas in the
compressor, and cycle times gives

leycle2 Ms1 Azpera(TL, TH?aplva) (5.23)

tcyclel ms2 B Awnetl (TL7 THl ) pL7pI)

So, for the single-cell design with given pressures, the ratio of cycle timésorber
masses should be chosen such that they match\thg;-ratio. The term on the
right-hand side is fixed for given temperatures and pressures aadyfeen sorber-
gas combination whereas the values on the left-hand side can still be chisen
efficiency of a two-stage compressor as a whole is

COP — mgasecompr (TL7pL7pH) _ ecompr (TL’p[”pH) 5 24
2 st = T _Gtotl | _Grot2 (5.24)
Qtotl + Qtot? Axnetl + Al’net?

Note that the efficiency is independent of the size of the individual cosspre
cells. It can be shown that the same result is obtained for a synchrdmnisextage
compressor based on the conventional design.

Adsorption isotherms

In order to determine the efficiency of a sorption compressor it is reqtor&dow

the gas fractiong as a function of temperature and pressure. This can be obtained
by fitting measured sorption isotherms. Several methods to fit measur¢idsalgta

have been developed. According to Yang [14], the potential theorighwhas first
described by Polanyi, gives the best results for adsorption on actigatbon. This
theory assumes the existence of a characteristic curve that descritmsadhat of
adsorbed gas as a function of the adsorption potentibhe shape of this curve was
determined empirically by Dubinin [14, 15] as

z5(T,p) = %Woe*“‘@" (5.25)
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Gas| Sorber n Ds W, [em3/g] | «[(mol/d)’] | error [mg/g]
Ny | Maxsorb| 1.15 | Dubinin 0.642 6.3310°° 2.4
Ny Saran | 1.85| Maslan 0.292 3.8210°8 1.2
Xe | Maxsorb| 1.5 | Dubinin 1.03%) 1.5410°6() 22
Xe Saran | 2.85| Dubinin 0.347 1.5610 12 9.4

* Values are for 300 K. See text for details.

Table 5.2: Fitting results of nitrogen and xenon gas on Maxsorb andrSzaaed on measured
sorption data [18]. The error in the last column is the résglaverage absolute error between
fit and measured data.

with b the Van der Waals volumé}/, the limit volume of adsorption space, which
results from fitting the characteristic curve to experimental data, rardfitting
parameter. The value ai empirically ranges from below 1 to about 14 [16].
The affinity coefficientd was intended as shifting factor to bring the characteristic
curve of all gases on the same sorbent into a single curve. This workedofi
the gas-sorber combinations investigated by Dubinin [15], but turnetbchg less
accurate for some others [14]. Polanyi and Dubinin assumed for thee s
potential [14, 15]

e:RTm%— (5.26)
with p, the saturated vapour pressure. A variety of modifications has beeosawp
to this equation, all useful for specific gas-sorber combinations in afgpesgime
of temperatures and pressures [14]. In a sorption compressorpddaads typically
applied above the critical temperature of the gas and the saturated vapssune is
undefined. Also here, a variety of relations farhas been suggested [14]. In this
thesis, the choice was limited to the extensions originally proposed by Dubiin [1

T 2
= por | — 27
Ps =P (Tcr> (5.27)

and the extrapolation of the saturated vapour pressure above the teitigarature
as suggested by Maslan [14, 17]

B

m<m>:A+ (5.28)
Po T

with A and B constants to fit the saturated vapour pressure with temperature.

The single-stage concept from section 5.1 was realised with Maxsoxatecti
carbon as the sorber material and xenon as the working gas, seerdhaptéwo-
stage compressor was realised with nitrogen as the working gas and theadere
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material, see chapter 7. To investigate the influence of the void volume frattten
calculations of the compressafOP were performed both with Maxsorb and with
Saran.

Measured sorption isotherms for
these gas-sorber combinations [18]
were fitted using equations (5.25)
to (5.28). The characteristic curve

300 K

340K was determined for multiple values
of the parameten in equation (5.25).
200K The fit result was compared with the

originally measured data and the value
of n that gave the smallest mean
10 15 20 25 absolute error was selected. This
P lbar procedure was followed for both the
Maslan and Dubinin extensions of the
Figure 5.5: Measured sorption isotherms [18]saturated vapour pressure. The best of
and resulting fit for three isotherms for nitrogenhese two was selected. The affinity
gas adsorbed on Maxsorb. coefficient 3 was set to 1 and not
changed for other gases. Only isotherms from room temperature and aleoe
included in the fitting procedure. The fitting paramet®@rs and ~ were derived
from the fit and the results are summarised in table 5.2. It turned out th#tdor
current gas-sorber combinations and the current temperature asglpgaegime,
this fitting method did not work very well. Fair fits were obtained for all gas/sor
combinations apart from xenon on Maxsorb. For this combination, all al&ilab
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Figure 5.6: Derivation of the heat of adsorption based on equation }5.{7ft) plots of
In(p/p,) versusl/T for various adsorbed gas fractions. (Right) Resulting sorption heat
as a function of adsorbed fractian.
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isotherms were fitted separately. The parametbad the smallest variation. The
individual isotherms were again fitted, but now with a fixed value:af 1.5, the
average over the isotherms. The fitting paramel&sand « were determined as

a function of temperature in the range between 300 K and 600 K and resdted
W, =5.67-10757T%2 —7.70 - 10737 + 2.83 andx = —2.41 - 10797+ 2.26 - 1076,

The values in the table are for 300 K. As an illustration, the measured data and
resulting fits for Maxsorb/bl are shown in figure 5.5. Figure 5.6 shows the
determination of the heat of adsorption from the measured isotherms based o
equation (5.17) as a function of the adsorbed gas fraation

Optimised compressor efficiency

When a single-stage compressor is operated with fixed values of the sopre
low temperaturd 7, high temperatur&y; and low pressurg;, the exergy increases
when the compressor high pressure is increased whereas the net afgasi\z,.;
decreases as results from equations (5.4) and (5.9). The total inpet dees when
the high pressure is increased as a thicker compressor wall is requiredombined
effect is that an optimum in the compressé® P is observed as a function of the high
pressure. The compressor high temperature can also be optimised iovatae
of the high pressure. The effect of a decreasé\in,.; caused by an increase in
the high pressure can be partly compensated by heating the compresdugher
temperature, resulting in more desorption. Optimised compressor efficidocies
both single-stage and two-stage compressions with Maxsorb and Sarsimoan in
figure 5.7. For two-stage compression, the high temperatures of the tves stad
the intermediate pressure were optimised. For all graphs, the low presssiset to

1 bar and a heat sink temperature of 293 K was taken. Stainless steeh8hesen
as the container material. The temperature dependent heat capacityraitgt dé&
stainless steel and the sorber were taken from MPBD [19]. The maximuwweadle
stresso,,q Was set at half the yield strength of stainless steel. At 600 K, this yield
strength equals 220 MPa [19]. The sorption heat was included as @oiud the
adsorbed fractiorr; by means of a linear fit of the heat of adsorption as derived
in figure 5.6. Temperature and pressure dependent gas propertesaken from
Gaspak [20]. For the heat capacity of the adsorbed gas that of the digthd critical
point was taken.

The efficiency of a two-stage compressor is, as was expected, higirettt
of a single-stage compressor with the same pressure swing. Besidsslecahly
higher pressures can be reached with only a small reduction in efficightwyo-
stage compressor with Saran can e.g. reach 45 bar with the same effiaemcy
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Figure 5.7: Optimised compressor efficiency for both a single-stage an#-stage
compressor filled with Maxsorb or Saran and with nitrogerhastorking fluid.

single-stage compressor with a high pressure of only about 5 bar. bvieus that
higher compressor efficiencies can be achieved when more gas ibedstrthe
selected low pressure and heat sink temperature. This is illustrated by th# plo
two-stage compressor with Saran starting from 2 bar. The majority of heat o

the compressor is used to heat up the sorber material, taking up some 85&6 of th
input power to the first stage and some 60% of the second stage. Théartipeheat
capacity of the wall is about 12% for the first stage and 32% for the sestaige.

Further improvement of the compressor efficiency can be achievedihgtien
of the heat input to the heat capacities of the sorber and the wall. Thedindbe
realised by a sorber material with a large adsorption capacity per massbeir so
material. Upon pressure build up in the compressor, the sorber materiadtedhe
to desorb adsorbed gas. The larger the adsorption capacity, the leaverqihired
input to the thermal mass of the sorber per gram of gas that flows out eff th
compressor. The heat input to the wall can be reduced by selecting aahaitdr
a high strength and a low heat capacity [4, 21]. This is especially attrasties
gas is compressed to high pressures as the contribution of the heat inpettall
becomes significant. Some candidates are aluminum, Inconel and some titanium
alloys. For small compressor diameters, the wall thicknesses become dyttieime
which complicates the manufacturing.
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Figure 5.8: (a) Cold stage with a Joule-Thomson expansion valve. (batRelTs-diagram
for nitrogen gas with a low pressure of 1 bar and a high pressu0 bar.

5.2.2 Cold stage analysis
Basic Joule-Thomson expansion

The basic form of the Linde-Hampson cold stage is drawn schematically ie fig8

together with the corresponding temperature-entropy (Ts)-diagramitfogen gas
with a low pressure of 1 bar and a high pressure of 30 bar. From padiat2]

low pressure gas is compressed isothermally. The high-pressure @asiown in

the counterflow heat exchanger (CFHX) until point 3 is reached. Ttienhigh-

pressure gas enters the Joule-Thomson restriction and is expandiwhlizieally.

When appropriate pressures and temperatures are selected, atparga$ liquefies
(point 4). The cooling load to the boiler causes the liquid to evaporate to point

this specific example, the amount of nitrogen gas that is liquefied is relativedi}.s
The low-pressure evaporated nitrogen flows into the CFHX precoolingvéinmer

high-pressure gas. More information on this cycle can e.g. be foun@]n A3 the

specific enthalpy: is a state function

Ahyo + Ahog + Ahsga + Ahas + Ahsy = 0 (5.29)

with the numbers as in figure 5.8. In an ideal CFHX, all enthalpy extracted fhe
high-pressure gas is taken up by the low-pressure gag\/sg, = —Ahs1. As the
Joule-Thomson expansion is isenthalpld;3, = 0, and for the enthalpy of cooling
results

Ahcool = Ahys = —Ahio (530)
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Figure 5.9: JT expansion stage with a precooler. (left) Schematic drgwf the cold stage
(right) Ts-diagram for nitrogen witlpy, is 1 bar,py is 30 bar, and a precool temperature of
120 K.

The efficiency of the cold stage equals

coo Ahcoo
C'O]Dcold stage — Q ! = ! = COPLH (531)

Ecool (TvaL;PH) Ecompr (TvavaH)

Precooling

The efficiency of the cold stage can be increased by precooling thephagisure
gas [23]. Such a cold stage is shown schematically in figure 5.9. A pre@diacts
heat from the high-pressure gas. The extracted enthalpy directif@tusavailable
cooling power. Assuming again ideal CFHXs, it can be derived that

Ahcool = _Ahprec - Ahcompr (532)

With Al = Ahgr, Ahpree = Ahzg, andAheomyr = Ahi2. The efficiency of the
cold stage results as [4]

1 1

1 |Ahprec] 1

COP,yq stage = T _ 1 I
Ahcool + COPp'rec Ahcool COPLH COPprec

(5.33)

with COP,,.. the efficiency of the precooler. Figure 5.10 shows the effect of
variation of the compressor high pressure and the precool temperatdine cold
stage efficiency. To make the plot independent of the efficiency of teeopier,
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Figure 5.10: Influence of high pressure and precool temperature on the@@@[old stage
with nitrogen as the working gas, operating from 293 K anchvaitlow pressure of 1 bar.
The input power to the precooler was excluded in the calicudaif the COP. The precool

temperature increases from 100 K (top curve) to 290 K (bottarwe) in steps of 10 K

the input power to the precooler was exclutledAt higher pressures the cold
stage efficiency increases because of the enthalpy increase upomessiop at
room temperature. More improvement, however, can be achieved withqbireg:
Precooling below the critical temperature is especially attractive as the edydavge
enthalpy difference of the gas-liquid transition is added to the enthalpyadingo
Precooling can e.g. be performed with a thermo-electric (TE) cooler.

Internal Joule-Thomson precooler

As mentioned above, it is attractive to precool the high-pressure gasiincald

stage to below the temperature at which the gas-liquid phase transition attoas
pressure. For this purpose, however, a TE cooler can hardly bedmecause its
efficiency rapidly decreases at temperature differences larger tiaut 80 K [4,

24]. Such a temperature difference is not sufficient to liquefy e.g. prgksure
nitrogen, argon or krypton from room temperature. As an alternativenvwwo-

stage compression is applied, the pressure difference over the semmpdession
stage can be used for precooling purposes via an additional JT loogpatedi in
figure 5.11. A TE cooler is included to precool the JT precooler.

“For all other calculations in this chapter, the efficiency of the preci®iacluded in the efficiency
of the cold stage.



5.2 Thermodynamic optimisation 71

Qprecool
<«

< precooler
Qnrecool %

P %%Tm }CFHXZ

* JT valve

- boiler
+ — refrigeration
Qmol load

cold stage 2 cold stage 1

Figure 5.11: Two-stage compressor with an integrated JT precooler. Tdiepressure gas
pg from the second compression stage is expanded to the irde&xtegressure;. This
expansion stage (humber 2 in the figure) precools anotheansign stage (number 1) in
which high-pressure gasy is expanded to the low pressuyrg.

The enthalpies of (pre)cooling result from a similar analysis as aboveade a
Joule-Thomson precooler is applied, the mass flows through both comipstages
differ. A mass flowrn, is supplied by the first stage compressor and a mass flow
1 + me by that of the second stage. These mass flows are related as the pigecoolin
of cold stage 1 is performed by cold stage 2.

m1|Ahpred’ = m2Ahcool2 (534)
The numbers refer to the numbers in figure 5.11. Rewriting of equation)(f&lds

ms?/tcycleQ - A-Tnetl <1 + |Ahp7‘ecl|>

= 5.35
ms1 /tcyclel A!TnetQ Ahcool2 ( )
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The COP of the cooler can be derived in a similar way as above and results as

Ahcooll

Pinputl Pinput2 |Ahp7“ecl‘ ‘Ahp'r'e(:ll |Ahp7"e(;2‘
Awnetl + A117net2 (1 + hcool2 ) + CO}Dprec AhcoolZ

COPpoler = (536)

The design from figure 5.11 is in fact a superposition of a two-stage a@ssr
operating betweep;, andpy with a flow 1z through both compressor stages and a
separate, additional, compressor stage with aflevthat operates from; to py; and
performs the precooling. The efficiency of this design can always beehihan the
design with the internal JT-precooler where the intermediate pressuie d@sble
function. It determines both the precool temperature and the comprdsianey.
The split design has an additional degree of freedom: the choice of ther&ssure
in the additional stage. By proper design, this results in a latgeP, at the cost of
an additional compressor.

Optimum cooler efficiencies

Optimum cooler efficiencies were determined for four configurationslecsavith

a single-stage compressor and a two-stage compressor both with a ddelpce
cold stage, a two-stage compressor with an internal JT precooler, and-a tw
stage compressor with an external precooler, i.e. a single-stage sarptigoressor
coupled to a LH cold stage that precools the high-pressure gas from the tw
stage compressor. Nitrogen was taken as the working gas. The coorpi@ss
temperatured; and Ty, were set at 293 K. The operating temperatures of the
thermo-electric coolers that were used to precool the high-presseravgi@ not
optimised and their operating temperatures were set to 240 K. The othergiara,
i.e.Ty1, Tho, pr andpy were optimised. The results are shown in figure 5.12.

The adsorbed amount of gas increases when the low pressure goessup
result, for all configurations, the cooler efficiencies increase with asing low
pressure. For a basic two-stage compressor, the optimum high préass@&ses
as the low-pressure increases, resulting in a high@pP of the cold stage as can be
observed in figure 5.10. In case of an internal JT precooler, theeeffig increase
flattens for higher low pressures. Such aninternal JT precooler istrédgtive if the
intermediate pressure is lower than the critical pressure. Then, the feghtpe gas
py is liquefied in the precooler. This poses an upper limit to the intermediate peessu
and the increase in cool&€rOP for the higher low pressures is only caused by the
increase in the”OP of the first compression stage caused by the higher amount of
adsorbed gas and the smaller pressure swing. d@& increase of the two-stage
compressor with an external precooler also flattens. A high pressger kan the
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Figure 5.12: Optimised cooler efficiencies for four cooler configuratiosingle-stage and

two-stage compression with a LH cold stage precooled witk @&doler (denoted as 1-stage
and basic 2-stage, respectively), two-stage compressittnam internal JT precooler (2-

stage + int. JT), and two-stage compression with an exteoration compressor with a TE-

precooled LH cold stage (2-stage + ext. prec). All configorest were calculated with both

Maxsorb (black straight lines) and Saran (grey dashed)liaetivated carbon with nitrogen

as the working gas. A heat sink temperature of 293 K was tekka.temperature of the TE

cooler was not optimised and its operating temperature afa® 240 K.

critical pressure of 34 bar is not attractive. It decreases’thé of the compressor
whereas the cooling power hardly increases as the majority of coolingrpesuts
from the precooling.

A low pressure of 1 bar results in a cold-stage temperature of 77.2 Kshafa
Maxsorb activated carbon and single-stage compression, the cdalemely is only
0.014% of Carnot. Application of two-stage compression results in an eifigcie
increase of more than a factor 3 whereas addition of an internal JT gleeceven
results in an efficiency increase of nearly a factor 10 compared to thikestage
compressor. Similar efficiency improvements are obtained when Sarandsasse
the sorber material. With this sorber, a two-stage compressor and anadxi€rn
precooler has an efficiency of 0.53% of Carnot, nearly 40 times bettersihgte-
stage compression with Maxsorb. When compared to other types of cothlers
efficiency is still low as can be seen in figure 3.1. However, the cooler tyger
investigation will generally not be selected for its efficiency but for onésobther
features like its low-vibration level or the possibility for scaling to small sizes.
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Figure 5.13: Influence of the heat sink temperature on the cooler effigiéoicSaran with
nitrogen as the working gas and a fixed low pressure of 1 bae cBmpressor operating
conditions were optimised for each heat sink temperaturgterfal precooling was not
applied.

The heat sink temperature has a large effect on the efficiency of thercdéhen
the heat sink temperature is lowered, considerably more gas is adstebsgegific
pressure, and the efficiency goes up. This is illustrated in figure 5.18.figre
shows optimised cooler efficiencies for heat sink temperatures rang@imglfg0 K to
300 K. Saran was taken as the sorber material and nitrogen as the wgasnghe
low pressure was kept fixed at 1 bar. External precooling was rubieap

5.3 Conclusions

The efficiency of a sorption compressor can be increased by two-sbageression.
Each compressor has a smaller pressure swing and less gas is lost iid tha wme.
Besides, the second stage compressor starts at a higher presshichatomsiderably
more gas is adsorbed. A theoretical optimisation of the compressor effickowed
that by application of two-stage compression considerably higher pessean be
reached compared to the single-stage design. This is beneficial as, vathin s
limits, a higher pressure before expansion yields a higher cold stagierdtfic The
efficiency of the cold stage can largely be increased by precooling theph@ssure
gas, e.g. with a TE precooler. The enthalpy of precooling directly adde tootbling
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enthalpy. Precooling is therefore especially attractive when the higisyre gas is
liquefied in the precooler. For gases like nitrogen, argon and kryptancaimnot be
achieved from room temperature with a TE cooler as temperatures belowtite c
temperature of the gas are then required. These temperatures candvedaetith

a precooler that consists of a sorption compressor and a cold stageathatltw

pressure smaller than the critical pressure of the working.g&ghen two-stage
compression is applied, this precooler can also be integrated by expdnidimg
pressure gas from the second stage to the intermediate pressure V&kia sarption
compressor cell at the cost of some efficiency.

At a low pressure of 1 bar, a heat sink temperature of 293 K, and udexsorb
as the sorber and nitrogen as the working gas, the cooler efficiendyecacreased
with a factor 3 by application of two-stage compression. Another factor Btegreed
by using an internal JT precooler. Application of an external JT plecaives a
further improvement with nearly a factor 2, resulting in a 17 times larger «ffigie
compared to single-stage compression. Similar improvements can be achidved w
Saran as the sorber material. Two-stage compression with an externadcbbler
with Saran gives a 37 times larger efficiency than a single-stage compfaiesb
with Maxsorb.

References

[1] L. Duband.Etude et galisation d’'une machine frigorifiqué cycle de Joule-Thomson,
utilisant un compresseur thermigaeadsorption.PhD thesis, USTM Grenoble, 1987.

[2] Suhanan, L. Duband, A. Ravex, and M. L. Feidt. Etudegekpentale d'un
réfrigérateur Azoteé cycle Joule Thomsaa adsorption. IiXIXth International
Congress of Refrigeratigwolume Illb, pages 1247-1255, 1995.

[3] S. Bard. Improving adsorption cryocoolers by multiggacompression and reducing
void volume.Cryogenics26:450 — 458, 1986.

[4] J. F. Burger.Cryogenic Microcooling, A micromachined cold stage op@tvith a
sorption compressor in a vapor compression cy&8aD thesis, University of Twente,
The Netherlands, 1987. downloadable from: http://puglutwente/23470.

[5] A. Bejan. Advanced Engineering Thermodynami@éley Interscience, 1988.

[6] J. F. Burger and H. J. M. ter Brake. 4 K sorption cooler fog Darwin mission -
preliminary study. Final report, ESA Contract number 1495agust 2001.

[7] G. Berndt.Taschenbuch Maschinenhaderlag Technik, Berlin, 1965.

*In principle, also another working gas can be selected as long as thstegkltemperature of the
precooler is lower than the critical temperature of the working gas of thestage compressor.



76

Sorption compressor efficiency and complexity

8]

9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17)
[18]
[19]

[20]
[21]

[22]

(23]

[24]

F. Rouquerol, J. Rouquerol, and K. Sinydsorption by powders & porous solids:
principles, methodology and applicatian&cademic press, London, UK, 1999.

T. Otowa, R. Tanibata, and M. Itoh. Production and adSonpcharacteristics of
MAXSORB: high-surface-area active carbdbas separation & purification
7(3):241-245, 1993.

The Kansai Coke & Chemicals Co. Ltd., 1-1 Oh-Hama, Ansadig Japan 660.

A. Yavrouian and H. Schember. Saran carbon sorbentialevent for sorption
cryocooler use. Technical report, Jet Propulsion Laboya@alifornia Institute of
Technology, Pasadena, California, USA, 1990.

L. C. Yang, T. D. Vo, and H. H. Burris. Nitrogen adsorptisotherms for zeolite and
activated carbonCryogenics22:625-634, 1982.

V. C. Menon and S. Komarneni. Porous adsorbents forcugéi natural gas storage:
A review. Journal of Porous Materials5:4358, 1998.

R. T. Yang.Gas separation by adsorption processkrperial College Press, London,
United Kingdom, 1987.

M. M. Dubinin. The potential theory of adsorption of @asand vapors for adsorbents
with energetically nonuniform surface€hem. Review60:235-241, 1960.

R. T. Yang.Adsorbents: fundamentals and applicatiodshn Wiley & Sons,
Hoboken, NJ, USA, 2003.

F. D. Maslan, M. Altman, and E. R. Aberth. Prediction elsgadsorbent equilibrial.
of Phys. Chem57:106-109, 1953.

Private communication with Jet Propulsion Laborat®gsadena, California 91109,
USA, 1992.

MPDB Material Property Database, JAHM Software, Ing@\2lley Rd, North
Reading, MA 01864-1740, USA.

Cryodata Inc., P.O. box 558, Niwot, CO 80544, USA, Htiww.cryodata.com.

N. D. Banker, K. Srinivasan, and M. Prasad. Performamysis of activated carbon
+ HFC-134a adsorption cooler€arbon 42:117-127, 2004.

G. Walker.Miniature refrigerators for cryogenic sensors and coldatenics
Clarendon Press, 1989.

J. Lester. Closed cycle hybrid cryocooler combining floule-Thomson cycle with
thermoelectric coolers. IAdvances in Cryogenic Engineeringplume 35, pages
1335-1340, 1990.

Melcor Corporation, 1040 Spruce Street, Trenton, NgAB3 USA,
http://www.melcor.com.



Chapter 6

Single-cell compressor unit

6.1 Design of a single-stage single-cell compressor unit

A small sorption compressor operating at the cooled semiconductor stage is a
attractive cooling option for the THz demonstrater as was discussed inrséctio

For practical reasons, it was decided to explore the single-cell cosmprdssign at
room temperature. Section 6.1 describes the design of the set-up thase&dhsou
test the proposed compressor design. The buffers that will be appliedecsimple
'empty’ buffers. A considerable reduction in buffer sizes and pressariations

can be achieved when the buffers are filled with a sorber material. This &ill b
discussed in detail in section 6.1.6. The operation of the compressor ribeesit
section 6.2. The first part of this section describes the time-dependestibar of
pressures and mass flows in the system. Also the application of sevdealthpés is
discussed. This chapter only addresses the compressor part obtae dterefore,

in section 6.2.2 the expected implications of the compressor design on the g&d sta
will be discussed. In section 6.2.3, the single-cell design is compared with the
conventional design as described in chapter 1. Besides, the resultexj@rimental
sensitivity analysis on the most important control parameters are describiesl
chapter ends with conclusions on the proposed compressor design.

6.1.1 Thermodynamical set points

To investigate the operation of the single-cell sorption compressor, wetegbeenon
as the working gas. This gas adsorbs reasonably well on carboonateonperature
while at the same time a relatively low temperature of 165 K can be reached for a
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Figure 6.1: Schematic drawing of the sorption compressor cell.

compressor low pressure of 1 bar. A thermo-electric cooler can be dpplgrecool
and condense the high-pressure gas. Such a TE cooler increascikacy of

the sorption compressor combined with the LH cold stage without compromising
its advantages over other types of coolers. Precooling of the higbypeegas is
useful as the enthalpy related to the gas-liquid phase change adds taththipgiof
cooling (section 5.2.2). To liquefy the gas in the precooler, the high-presms
should be precooled below the temperature at which the gas-liquid phasgitm
takes place at that pressure, e.g. by means of a 2-stage TE cool&oflkenon,
this implies a compressor high pressure in the range of 16 - 19 bar wherashe g
is precooled to 235 - 240 K. Of course, the selection of the working fluditha
thermodynamic setpoints is rather arbitrary. Also other gases can be &ending

on the requirements of the cooler.

To test the compressor performance, the experiments were performeditath
cold stage. Instead, a tunable needle valve was used to establish thedguassure
drop. Section 6.2.2 gives a theoretical description of the expectedibehava LH
cold stage, if it were connected to the compressor type under investigation.

6.1.2 Sorption compressor cell

The design of the compressor cell is shown schematically in figure 6.1. dlhe ¢
consists of a container that is filled with a sorber material. The sorber centzéis

an inner diameter of 9.4 mm and a length of 10 cm. It was filled with commercially
available Maxsorb MSC-30 activated carbon [2]. This sorber mateaimlahsurface
area of 3290 /g and an apparent density of 0.28 g/ml [2, 3]. The charcoal was
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filtered and particles with a diameter between 210 - ABDwere selected. The void
volume between the filter of the sorption compressor cell and the checksvialve
estimated at 2 ch The internal void volume is about 6 émApplication of other
activated carbons with inherently lower void volume fractions would improee th
pressure swing that can be achieved as less gas is lost in the void volumweyét,
such a sorber is not needed to investigate the operation of the singlegliessor.
The sorber container is closed by au®n stainless steel filter. In this filter, a
feedthrough for an Omega [4] E-type thermocouple was welded. Thisitdwauple

is used both for sensing the temperature and as a heating element. While thermally
cycling the sorber container, the thermocouple is switched between thegheaitiie
and the sensing mode. The sorber container is gold-plated to reductveaieat
loss and it is centred in a stainless steel heat sink by means of two spdders.
described compressor cells were originally designed for a differejeqir The same
design was used as the majority of parts were readily available. For a ntarede
description of the compressor cell, the reader is referred to Betgr[5].

The sorption compressor cell from figure 6.1 was heat sunk &€20he pressure
in the sorber container is measured outside the cell with a low void-volume Kulite
pressure sensor (type XTL-190) [6]. The temperature of the hektasid that
of the ’cold junction’ of the thermocouple were monitored with Heraeus PU7-100
resistors [7]. Valco filters with 1Qum screens were applied before and after the
check valves [8]. They have a pressure drop of about 30 mbar wigmanxflow of
4 mg/s and an absolute pressure of about 1.5 bar.

6.1.3 Gas-gap heat switch

As is shown in figure 6.1, we applied a gas-gap heat switch in our deslgnhdat
transfer through such a gap depends on the pressure in the gap, thesidimseof
the gap and on the properties of the gas that is applied. The press@rddape
is used to switch the thermal contact [9-11]. A separate sorption coropresls
that is integrated in the gas-gap can be used as an actuator. This unigcdree
a metal-hydride acting as a sorber material with & the working gas [11, 12].
To test the compressor operation in a laboratory set-up, we created ebsup
swing in the gas-gap by switching the gas-gap volume between a low-pressdl
a high-pressure reservoir’ with the help of two active valves. Thigl #e other
components of the experimental set-up, is shown schematically in figure 6r2. F
safety reasons, we selected helium as the working gas despite the slighdéy vaat
transfer characteristics compared to hydrogen. Note that the switchiegl 5 an
integrated sorption compressor unit that is used to actuate the pressueegasth
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Figure 6.2: Schematic overview of the experimental set-up. See textiévails. 'MFM’
stands for mass flow meter, a 'P’ indicates the position oesgure sensor.

gap is probably slower than the current solution. This can substantiadgtafie
compressor operation.

A gas-gap high pressure of 50 mbar was selected. At this pressugadlive the
gap is nearly in the viscous regime. For the low-pressuE) ™3 mbar was taken.
This is the lowest pressure the vacuum pump, pumping the low-pressem o,
could achieve. The cooldown behaviour of the sorber container wasumezhfor
a range of pressures. From this, the pressure-dependent thexsigthnce was
determined. This was fitted to theory [9-11] by using the accommodationaegffi
as the fitting parameter. For the selected pressures, the thermal resgstéicbes
between 410° K/W during the heating phases and 0.5 K/W during the cooling
phases. The pressures in both the high-pressure and the lowspressarvoirs
connected to the gap space were measured with MKS Baratron 627Bungress
transducers [13].

6.1.4 Check valves

The check valves in the compressor should have a negligible leak contpattes
amount of gas that is pumped by the compressor cell. Furthermore, tiselgesop
over the check valves is not available for expansion in the cold stagehantishe
small. The pressure difference over the valve that is needed for it to, cpealled
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the cracking pressure. At the high-pressure side, the pressuredortipressor cell
should be higher than the actual pressure of the high-pressure flufehis cracking
pressure before the valve opens. Something similar happens at thedssup side.
When the check valve has opened, the pressure difference oveltesdepends on
the mass flow. The check valve closes when the pressure differecombs smaller
than the so-called reseal pressure. A positive reseal presseeayioss as this part
of the pressure difference that is created by the compressor caancteld in the
expansion. A negative reseal pressure also gives a loss as sonvdlleadcur just
before the valve closes. The reseal pressure should, therefefergbly be zero.
A stringent requirement for the cracking pressure cannot be defikegdlue on the
order of the pressure variations in the buffers seems appropriatéhérissue is the
volume inside the valve on the side of the compressor cell. This volume adds to the
void volume of that cell and reduces the efficiency of the compressoagdiscussed
in section 5.2.1. Application of microminiature check valves [14] can tackle ths v
volume problem. In the present set-up, these valves were not appliaddeecf the
time and cost of manufacturing, whereas low-void volume valves are sehgal to
study the behaviour of the compressor concept. It was decided to aetiectly
available check valve, at the cost of a relatively large void volume in thevalv

A set-up was built to characterise leak flow, pressure drop, andingapkessure
of check valves. A schematic picture of this set-up is shown in figure 6.3. To
measure the cracking pressure, first a slight overpressure watedra volume 1
with respect to volume 2 to ensure that the check valve was closed. Aftethba
pressure in volume 2 was increased very slowly via mass flow controlled Active
valve 6 while active valves 1 and 4 were kept closed. The pressuerdtiffe at
which the pressure in volume 1 started to rise was taken as the crackirsgingres
The measurement of the mass flow dependent pressure drop wasnee faith a
gas flow along the dashed line in the figure. The flow through the check vadg
controlled by mass flow controller B.

The two check valves in the compressor close at different absolutsupess
The leak flow may differ in these two situations because of the much highsitglen
of the gas at the high-pressure side. The set-up can measure the Veak Both
pressures. The leak flow measurement for the valve on the low-peeskle is
performed with active valve 1 and the valves in mass flow controllers C andh\D f
opened. The pressure in volume 1 is increased with a selectable ratetbylloun
the flow through mass flow controller A. The leak is measured with the vesjtsen
mass flow controller C. A different routine was used to test the leak floviher
check valve on the high-pressure side. Volume 1 and 2 were first fille@ tetiuired
high pressure. Then, the pressure in volume 2 was reduced over aale 3 and
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Figure 6.3: Check valve characterisation set-up that is suitable terdehe cracking
pressure, pressure drop and leak flow of a check valve. 'rtdods for ‘'mass flow controller’
whereas 'HP gas’ and 'LP gas’ refer to a gas bottle operatesd tagh pressure and low
pressure respectively. The active valves are shown byeso3he operation of the set-up is
explained in the text.

mass flow controller D in steps. After every pressure reduction, valved3raass
flow controller D were closed again. After stabilisation of the system, the leak fl
through mass flow controller C gives a measure of the leak flow throughatkie.v

To ensure a proper measurement of the leak flow in this situation, volume 3 is$ time
larger than volume 2. Prior to the described procedure for both typesbfiliewv
measurements, a forward flow was fed through the check valve und¢o &ssure

the same starting point for each measurement.

The measured values were recorded with a National Instruments datisitioq
card [15]. A custom written LabVIEW program [15] was used for datacpssing
and to control the active valves and the mass flow controllers. In this way,
reproducible measurements could be done. Druck PTX1400 sengjrsvte
used for the absolute pressure measurements whereas a SensoslEEX series
pressure transducer [17] was applied to measure the differentiaupeesver the
valve. The used mass flow controllers were of Bronkhorsts EL-FLOVESELS].

Some promising Swagelok [19] check valves were tested and the Swagelok
6L-CW4S4 valves turned out to have the smallest leak in combination with a low
cracking pressure. These are all-welded check valves with a flubbamtaoating on
the poppet. The cracking pressure was measured with nitrogen gaskAvessure
of 0.2 bar was realised prior to the measurement. The pressure on tlaedmide of
the valve was increased with 1.3 mbar/s. A cracking pressure of 12 misgoud.
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Figure 6.4: Mass flow dependent pressure drop over the Swagelok 6L-C\WA&k walve
for typical flows in the sorption compressor set-up for xegas with an absolute pressure
around 1.5 bar.

The pressure drop was measured with xenon gas with an absoluterpreabout
1.5 bar. The results are shown in figure 6.4. The maximum error of th@rsens
2 mbar. The values are considerably smaller than the pressure diferezated by
the compressor and is thus acceptable. The pressure drop over thawtie high-
pressure side will be even smaller as for a given geometry the pressyrechles
with 1/ p [20]. This implies a pressure drop that is about a factor 18 lower [21].

The pressure of the compressor cell rises with a rate of about 0.0/&cdusing
phase A of the sorption cycle. At this rate, in total 0.3 mg gas leaks througlae
before the leak flow falls below Lg/s, the noise level of the mass flow meter. This
leak is acceptable compared to the total forward flow during a cycle, whialiew
hundred milligrams. In phase C, the check valve on the high-pressurelssks
when the pressure in the cell drops. Also here, the leak flow is smaller thamoibe
level of the sensor. Probably, a small amount of gas leaks through Ire hefore
it closes. This initial leak could not be measured with the current set-u@sbiine
check valve seems to close, it is reasonable to assume that also this ledigibleeg
compared to the forward flow. The void volume on the compressor side ohtuk
valve was filled with metal, reducing it from about 0.5%ta about 0.2 crhfor each
valve.
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6.1.5 System control algorithm and instrumentation

To obtain the maximum achievable pressure difference for a fixed valtie dfow
restriction, the compressor cell should pump as much as possible gas &dowth
pressure buffer to the high-pressure buffer in an as short abfgosgcle time. The
heating phases can be speeded up by increasing the compressooinpugpd the
duty cycle, i.e. the fraction of time in the heating phases during which the heater
is turned on. However, as the thermal conductivity of charcoal povedew, fast
heating implies a considerable temperature profile over the heater. It risufts
figure 1.2a thab?z,/0T? is positive, withz, being the amount of gas adsorbed per
gram of sorber material. Then, atemperature profile over the sorbeliahegsults in

less desorption compared to the case of a uniform temperature with the sargg en
input to the sorber. Although a temperature gradient is not necessasltepnatic

for the pressure swing, it can reduce the compressor efficiency tcatha If one

aims at a maximum pressure difference, the compressor should be swiibctie!
cooling mode when the additional amount of gas flown to the high-pressitfer b
does not compensate the additional cycle time that is needed. This is defingely th
case when the flow to the high-pressure buffer becomes lower thanhthflaugh

the restriction. For a compressor design with a gas-gap heat switch sthestfaool
down rate is obtained when the gas in the gap is in the viscous state. Similar to the
heating phases, the cooling should be continued until the additional amiogas o
that flows to the cell does not compensate the additional time needed.

In our set-up we use a single spirally-wound heater. To limit the temperature
profile and to perform the heating phase as fast as possible, the calgiothm
initially heats the sorber container with a duty cycle of 85%. Each time the
thermocouple is switched to the sensing mode, the observed temperaturesredu
rapidly as the energy distributes more uniformly over the sorber materialn\tiilee
set maximum temperature is reached, the duty cycle is reduced with 5%. When
the heater is switched on again, it will take some time before the set maximum
temperature is reached again as the duty cycle has been reduced. théehenty
cycle is again reduced with 5% and so on. The compressor is switched todliregc
mode when the flow to the high-pressure buffer has become smaller thatoa fa
fBc times the flow through the needle valve. During the cooling phase, the heater is
switched off and the gas-gap is switched to the selected high pressure.r &intfila
heating phase, the cooling is continued until the flow from the low-pre$siifer to
the cell has become lower than a facfeys times the flow through the needle valve.

The control algorithm was implemented in a LabVIEW programme [15]. The
pressures of the high and low-pressure buffers are measured wittk BT X1400
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sensors [16]. The mass flows between the buffers and the sorptiorressop cell

and between the buffers and the flow restriction are measured with ByostkaL-
FLOW mass flow meters [18]. The data are sampled with a National Instruments
multiplexer board connected to an E-series DAQ-card [15]. Each eh@sampled

with 100 Hz and averaged over 50 samples before the data was furteasped.

The thermocouple data form an exception to this, as the moment the thermoisouple
switched between the heating and the sensing mode is not synchronisedevgtarth

of the averaging intervals.

6.1.6 Buffer volumes
Basic buffers

The simplest buffer type is an ’'empty’ volume. The pressure variations ¢h su
buffers connected to the compressor cell depend on the mass flowhhireigeedle
valve, the cycle time and the volume as expressed in equation (6.1).

7;ncool]%T’
AP = W(tcycle - 7fflow) (61)

Here,Ap is the pressure variation in the buffet,...; the average mass flow through
the needle valveR the universal gas constarif, the absolute temperature of the
buffer, V' the buffer volume M the mole mass of the working fluid,,;. the cycle

time andtf;,,, the period during which there is a gas flow between the compressor
cell and the buffer under consideration. This formula only holds fotively small
pressure variations. Furthermore, the flow through the restriction shotileikceed

the flow between the cell and the buffer. A volume of 300° amas selected for the
low-pressure buffer whereas for the high-pressure buffer anwelaf 50 cni was
taken. A cycle time of 10 minutes with 2.5 minutes for each flow phase and a flow
meoor OF 0.5 mg/s then results in a pressure variation in the low-pressure biiffer o
0.14 bar and 0.86 bar for the high-pressure buffer.

Sorption-based buffers

To reduce the pressure variation or to reduce the size of the buffesdyeneficial

to use buffers that are filled with a sorber material. When an amount of @as fl
into a buffer that is filled with an adsorbent, the pressure in the bufferstémd
rise, disturbing the equilibrium between the amount of gas that is adsongethe
amount of gas in the void volume. As a reaction, the sorber will start auigprb
gas. This counteracts the pressure increase and at the same time the ttempera
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Figure 6.5: Behaviour of a sorption-based buffer upon an incoming arhotigas. The
dashed lines are sorption isotherms. See text for details.

rises as heat becomes available in the adsorption process. This contitilasiew
equilibrium is reached. This process is shown graphically in figure 6.6si@er the
low-pressure buffer at the end of phase D (see figure 1.2a) of the@wocycle, so the
buffer is at its minimum pressure and the low-pressure check-valve siasljgised.
Assume that, initially, the pressure is at 1.47 bar and the buffer is at a tetngera
of 294.5 K. During phase A to C, a certain amount of gas flows into the buffee
end point of temperature and pressure will be somewhere on the mass\vaiios
line, the straight line in the figure. The temperature at the end of phaseébdiep
on the thermal contact of the buffer with the surroundings. The two extoames,
isothermal and adiabatic, are drawn with arrows. It is clear that the iso#thease is
preferable as this gives the smallest pressure variation. During phasgel amount
of gas flows out of the buffer and the reverse process happens.

In the isothermal case, the heat of adsorption is directly given off to the
environment. The pressure variation in the buffer can be determinedtfi@mass
balance

pi[v';;id(Tivpi) —+ V-ezte'rn}M

RT;

s Vioia(Ts:py) + Veatern| M
RT;

msfps(ﬂa pi) +

+ Mgas,in =

msxs(Ty,py) + (6.2)

In this equationm is the mass of the sorber material in the bufferjs the amount
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Figure 6.6: Comparison between basic buffers and sorption-basedrbufife the low-
pressure side. For assumptions, see text.

of gas that is adsorbed per gram of sorber material,rapgd ;, the amount of gas
that flows into the buffer. The subscriptefers to the initial situation whereas gn
refers to values directly after the gas has flown to the buffer. The first d& both
sides of the equal sign describes the amount of gas that is adsorlbhcaibed in
chapter 5. The second term describes the mass in the void volume, obeyidgah

gas law. This is the external volumé,;...,, due to the tubing and the internal void
volume V., in the buffer, corrected for the volume of the adsorbed gas. For the
isothermal case, the temperature does not change and the presfatienvaan be
determined from the mass balance only.

In the adiabatic limit, the heat of adsorption is completely used to increase the
temperature of the buffer. Combination of equations (5.11), (5.16), 2i&)(and
rearranging terms yields

ms[xs(Tfypf) - frs(ﬂaPi)]Qads = [ms(cps + xs(ﬂypi)cp,adsgas)](Tf - E) (63)

Because of the bad thermal conductivity of the sorber material, it is expéude
the heat loss to the buffer wall is small. Therefore, the heat capacity efdhavas
not included. The contribution from the free gas, equation (5.13), wgkeated as
this contribution is considerably smaller than the other terms. This also holtsefor
heat contribution resulting from temperature differences between thersand the
incoming gas (equation (5.19)). The temperature and pressure depewdef the
heat capacities and the heat of adsorption were neglected.

Figure 6.6 compares the volume dependent pressure variation betwesica b
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buffer and a sorption-based buffer filled with Maxsorb activated @anbith a void
volume fraction of 92%, an incoming gas of 225 mg, and an external volume of
12.5 cn?. An initial pressure of 1.47 bar and an initial temperature of 294.5 K were
assumed. The specific heat capacity of the sorber was taken as 690 akbthat

of the adsorbed gas as 143 J/kg/K. The heat of sorption was determomdHe
isotherms according to equation (5.17) and resulted as 107 kJ/kg.

It was decided to select buffer sizes that have pressure variatiomsacable to
those of the basic buffers, but then with a much smaller volume. An alterweduriz
have been to leave the buffer sizes unaltered. Application of sorptiseddauffers
would then have resulted in a reduction of the pressure variation, aseceeeh in
figure 6.6. For the basic buffers, the pressure variation in the lovwspresuffer
was estimated at 0.14 bar whereas that of the high-pressure buffezstiamted
at 0.86 bar. A volume of 50 cfn 6 times smaller than that of the basic buffer,
is appropriate for the low-pressure buffer (see figure 6.6). A 15 buffer was
taken for the high-pressure side whereas the volume of the basic tai$e50 cr.
Commercially available Swagelok stainless steel buffers were applied [A9].
Omega E-type thermocouple [4] was positioned inside the sorber materiatbf e
buffer whereas a Heraeus PT-resistance [7] was mounted on theeoofsiehch
buffer.

Active sorption-based buffers

The pressure in the sorption-based buffer can be kept constaatisiycooling the
sorber when gas flows in, as is shown in figure 6.5, and by heating wasefiagvs
out. Slight fluctuations in the high-pressure buffer are in general raiigmatic as
the cooling power is buffered by the boiler. Application of an active buffethe
high-pressure side would needlessly degrade the compré&3sr Therefore, an
active buffer approach was only considered for the low-presaufferb

The rates of cooling and heating have to be tuned to the incoming and outgoing
gas flow rate. The drawback of such an active buffer is the additiopal ipower
to the system, reducing the efficiency of the cooler. The added inputrpeas
estimated assuming a cylindrical buffer with a length-to-diameter ratend a
volume V' that is cooled and heated from the outside with a thermo-electric (TE)
cooler. The temperature decrease that is required for a given ambgas dhat
flows into the buffer can be derived from equation (6.2). The gas inxtezreal void
volume, mainly consisting of tubing, will not vary much in temperature due to the
heating and cooling of the buffer. As the pressure is kept constantytberda of gas
in the tubing does not change. The result is that the external void volusserdd
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Figure 6.7: Required temperature swing (top), extracted energy (re)daind input power
(bottom) for an active sorption-based buffer with varyirgumes. For assumptions, see text.

influence the required temperature variation of the buffer. The largdsufier, the

more sorber material is present and the smaller the required temperatiateomar

This is illustrated in figure 6.7a. The same assumptions as in the previous section
were taken.

Upon cool down, both the sorber material and the buffer have to bectodle
heat capacity from the wall must therefore be added to equation (6.8)wat and
cover should withstand the internal pressure. The minimum required wathegs
t,, results from equation (5.14). The requirement on the thickness of thee i[so\22]

tC 3 pmax
e _ /2 4
D 16 omaz (6.4)

The heat capacity of the container is

t 4t
Che = PeCpe {TrthQU (1 + “’) + gDth (1 + D“’ﬂ + 2t 2 ~

D
1 /3
chchFD?’ NPmax + = Pmazx (65)
20 max 8 Omax

When the sorber is cooled down, gas is adsorbed. The related heatothas
available also needs to be withdrawn from the buffer. The total amourdaifthat
needs to be extracted is

Qeztract = (Cpc+ms [cps +xscp,adsgas])AT+ms [l‘s (Tf7 pf) —Ts (Tza pi)]Qads (6.6)
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Heat loss to the environment is neglected. The variation of the total enexigyatds
to be removed from the buffer to achieve the required temperature varisisbown
in figure 6.7b. In this calculation, the ratjg, .. /oma.: Was set ta2.5-10~2 and
results in wall thicknesses on the order of a few tenths of a millimeter. Lovweesa
are sufficient to withstand the internal pressure but would make fabmicatioch
more complex. The amount of energy that needs to be removed hardigeshaith
the buffer size. Apparently, the additional energy extraction becalugedarger
buffer size is compensated by the smaller required temperature difference

A thermo-electric cooler will be used to cool and heat the buffer. In todireg
mode, the input to the TE cooler is

Qe;tt’r‘act
W_ . = 6.7
neoling = GOP T Tood) o7

whereas the input in the heating mode is

Qeactract
6.8
1 + COPcooler (Th0t7 Tcold) ( )

Win,heating =

with T3,.; the warm side of the TE cooler afid,;; its cold side. The efficiency of
the TE cooler strongly depends on the temperatures of the hot and cad Ei@&].
Upon cool down, this temperature difference increases and’'th2 of the cooler
goes down rapidly. The model assumes that the hot end of the TE coobaféstty
heat sunk at the initial temperature of the buffer (294.5 K). The reduatidriOP
is accounted for by assuming that the amount of heat that needs to betexkti®
linear with the temperature difference. The temperature deperit@Rtdata were
derived from data of recent Marlow TE coolers [1]. The total heauirip the TE
cooler during one cycle as a function of buffer size is shown in figure 6.7¢

A buffer volume size of 10 cthwas selected. According to figure 6.7c, the
required heat input reduces only slightly for larger buffers. This $izalso
comparable to that of the compressor cell. For practical reasons, a coralfger
available stainless steel Swagelok buffer volume with an outer diameter of 25 mm
was applied [19]. This had the disadvantage of an extremely thick wall ahin7
The buffer was put into an aluminum block of 30 x 30 x 30°cto ensure a good
thermal contact to a Marlow DT6-4 20 W TE cooler [1] which was mounted on
top. The cooler was heat sunk with a force cooled Marston heat sink litbrenal
resistance of 0.2 K/W [24]. The temperature on the inside of the bufferagam
measured with an Omega E-type thermocouple [4]. The temperature on tideouts
of the aluminum was measured with a Heraeus PT-1000 sensor [7]. Fbigthe
pressure buffer, the passive buffer from the previous sectiorappléed.
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Buffer type Volume [cn?]
low-pressure| high-pressure
basic 300 50
passive sorption-based 50 15
active sorption-based 10 n.a.

Table 6.1: Overview of selected buffer sizes for the different bufigyds.

Conclusions

The most simple buffers that can be used in the single-cell design are "empty
volumes. The disadvantage of this buffer type is that the required sizesptke
pressure variations at an acceptable level are very large compareddortipressor
volume of about 8 crh The sizes of the buffers can be reduced by filling them with
a sorber material. Alternatively, application of a sorber in the buffersusmctianged
buffer sizes will result in smaller pressure variations. In this thesis, tffertgizes

of the passive sorption-based buffers were selected in such a wahéhpressure
variations would be similar to that of the basic buffers with reduced butikmes.
The pressures in the buffers can be kept constant by applicatiornieé gorption-
based buffers at the cost of some additional input power. Slight fltictisain the
high-pressure buffer are in general not problematic as the coolingrpswaffered

in the boiler. Therefore, an active buffer will only be applied to the loesgure side.

A summary of the used buffer types and its sizes is given in table 6.1

6.2 Results and discussion

6.2.1 Compressor operation
Compressor operation with basic buffers

The compressor was operated for more than 200 cycles fyighset to 1.0,fpa

set to 1.2, a peak heater input power of 7.0 W, and a set maximum tempevhture
700 K. As defined in section 6.1.55¢ is the ratio between the mass flow to the high-
pressure buffer and that through the cold stage at which the heatered twif and the
compressor is switched to cooling mode. The fagior was defined in a similar way
for the low-pressure buffer. The flow restriction was set at sucHuevhat the high
pressure was above 16 bar, the pressure needed to condensg ithéhggprecooler.
We aimed at a value close to atmospheric pressure for the low-pressereTsid
behaviour of the system during 4 typical cycles is shown in figure 6.8 h€aeinput
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Figure 6.8: Operation of a single-cell compressor (a) Pressure vemes p..; (solid),
DLP buffer (dashed)prup pymer (dash-dotted). (b) Mass flow versus time; cell to R,
(solid), flow through restriction (dash-dotted), J.f. to cell (dashed). (CYheater VEIrsus
time. The measured temperatures are shown as dots (see ilmséte heating mode, the
temperature cannot be measured. In the sensing mode, theramnre of the thermocouple
decreases because heat flows to the surrounding charcoal.

averaged over the total cycle was 3.2 W. The pressure in the containerasdtd
between 1.35 and 17.2 bar. The high-pressure buffer fluctuated dretiee4 and
17.0 bar and that of the low-pressure buffer varied between 1.39ndat.&3 bar.
These pressure values varied less than 2% over the 200 cycles. Treraemg of

the heat sink around the compressor cell was kept constant at 29%&Kemperature

of the other components varied slightly because of temperature fluctuatide in
laboratory. The average mass flow through the flow restriction was 0.52 igés
broad band in the mass flow from the cell to the high-pressure buffeusedaby

the intermittent heating during phase B. The average times of the phaseslen stab
operation are 199 s for phase A, 159 s for phase B, 72 s for phasd C68 s for
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Figure 6.9: Typical measurement result for a compressor with passiygiea-based buffers.
(Top) Pressure of the cell..;;, high-pressure buffergp, and low-pressure buffer;, p versus
time. (Middle) Zoomed view of the pressure in the low-pressauffer, the temperature on
the inside of the buffer and that on the outside (Bottom) fresand temperatures in the
high-pressure buffer.

phase D. When applying equation (6.1) to these times a pressure variatioa in th
high-pressure buffer of 0.63 bar results and 0.14 bar for the lowspre buffer. This
agrees well with the measurements.

Compressor operation with passive sorption-based buffers

The basic buffers were replaced by the smaller passive sorptiod-baffers. The
compressor was operated with the same settings and the measurement results a
shown in figure 6.9. The restriction was tuned in such a way that flow arabpres

were comparable to those of the measurements with basic buffers. As petex

from the argumentation in section 6.1.6, the temperature on the inside of tlee buff
follows the pressure. The observed pressure variation averaged 0\cycles was

0.12 bar for the low-pressure buffer and 0.82 bar for the high-predsuffer, as
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Figure 6.10: (left) Measured pressure variation in the low-pressuréebufompared to the
theoretical limits (right) The same for the high-pressuurd.

expected about the same as in the case of the larger empty buffer volurhes. T
temperature fluctuation of the buffer wall, measured on the outside of tfer,bués
about 0.1 K for both buffers. This is considerably smaller than that of thielén
which was 2.1 K for the low-pressure buffer and 1.6 K for the high-gues buffer.
The temperature gradient over the sorber material will be small as it is rogvdry

the heat of adsorption instead of by a heater as is the case in the compedssthe
incoming gas, and thus the pressure increase, distributes much fastdreobeffer
than heat is conducted through the porous sorber material. Thertsf®temperature
profile over the sorber bed will be small.

The measured pressure variations in both buffers were compared with the
theoretical isothermal and adiabatic limits. To make a comparison for more tlean on
set of control parameters, the compressor was operated with maximum &onesr
ranging from 550 K to 700 K in steps of 50 K. The result is shown in figuld 6
The measured pressures fall between the two theoretical extremes. ré3seine
variation in the current passive buffer design can be reduced kinghitls operation
to the isothermal limit. This can be accomplished by better heat sinking of thersorb
material. An option is the application of a conducting matrix structure within the
buffer. This can for instance be an aluminum or copper foam [25]. ihmigoves
the thermal contact with the buffer wall and also adds heat capacity to tiee. AN
alternative is to increase the length-to-diameter ratio which also reducestheath
path to the wall. A good conducting buffer material can be useful in improtriag
thermal contact with an external heat sink, e.g. a cooled platform thaptsake
fixed temperature or the heat sink of the compressor cell. Sorber matethalewer
void volume fractions or a monolith will have a larger effective thermal cotidity.
However, when the adsorption capacity per gram of sorber materiatignged, the
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heat of adsorption is generated in a smaller volume, which counteractsféus ef

Compressor operation with active sorption-based buffers

The passive sorption-based buffer on the low-pressure side plased by an active
buffer as described in section 6.1.6. The set point of the PID-corlgotithm was
set to 1.43 bar, which is the lowest pressure in the buffer without PIDraornThe
PID settings were determined according to the closed-loop Ziegler-Nichalsdhe
see e.g. [15, 26]. The restriction was set in such a way that, with the RiDoto
switched off, the flow through it and the pressure swing of the cell wiendss to

the measurements with basic and passive sorption-based buffers.oifipeessor
was operated with the same set of control parameters as in the previgionsec
and the results are shown in figure 6.11. During phases A to C, the Pelueergle
cools the buffer at moderate input powers to compensate for the incomiméy dim

the restriction. When the pressure in the cell becomes lower than that ofvthe lo
pressure buffer, the check valve on the low-pressure side opdnbkeapressure tends
to drop at a fast pace. The control algorithm steadily increases the d\@ativer as
the difference with the set point becomes larger. This continues until thenmax
allowed voltage over the Peltier element is reached. After some time, the ygessu
difference reduces and the controller reduces the input power. Fittalypressure
in the buffer becomes equal to the set point again. Another, but smasiertthnce
occurs when the low-pressure check valve closes. The pressistoraaveraged
over 10 cycles resulted as 57 mbar. This is a factor of two lower than ferabsive
sorption-based buffers whereas the buffer volume is 5 times smaller.

After the low-pressure check valve opens, the PID-control algorithaduglly
increases the heating power as the difference between the prestheéooi-pressure
buffer and its set point becomes larger. It takes some time before théhaeat put
in by the TE element arrives at the sorber material because of the thersisthnce
and the heat capacity of the buffer wall and the aluminum block. It candmiiqted
from the nature of the compressor that a considerable heat input ischasd®on
as the low-pressure check valve opens. The pressure variation pfabsent low-
pressure buffer can be reduced further by heating the bufferllgtdwer as soon
as the low-pressure check valve opens. The algorithm was therefaptea, such
that the PID control is used during the majority of time, but just before the low-
pressure check valve opens, the PID control is overruled and therRddtiment is
set to heating at full power. The PID control is switched on again wheprémssure
difference between the low-pressure buffer and the set point Isasg@s maximum.
The measurement results with this overruled PID control algorithm are rsimow



96 Single-cell compressor unit

p [bar]

p [bar]

= 290
Tinside
280 ‘
10
s |
4 0

o

_10 I I I I I I

0 200 400 600 800 1000 1200

time [s]

Figure 6.11: Typical behaviour of the active sorption-based buffer VidtD control applied
to the pressure in the low-pressure buffer. (a) Pressureeircell (..;;), the high-pressure
buffer (pzp), and the low-pressure buffer versus tinpg £). (b) Detailed view of the low-
pressure side. (c) Temperature on the insig,(;.) of the low-pressure buffer and on the
aluminumT,.,;s;q4 (d) Voltage across the Peltier element. A positive voltagglies heating
of the buffer whereas a negative voltage means cooling.

figure 6.12. The pressure variation of the low-pressure buffer edwaes to 21 mbar,
which is nearly a factor 3 lower than with PID control only. A further retitue in
pressure variation can probably be achieved by applying a contr@rsythat uses
physical information of the system to predict its behaviour and to forémasequired
control value.

The input power to the active buffer in the present set-up is consilyenaher
than the amount calculated in section 6.1.6. This is because the wall thickness o
the buffer is several times thicker than assumed in the model and the aluminum
block, which is not present in the model, contributes considerably to thehesl
capacity. Furthermore, there is a huge temperature gradient over tiex suaiterial
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Figure 6.12: Typical behaviour of the active sorption-based buffer witkrruled PID control
as discussed in the text. (@) Pressure in the gell;§, the high-pressure buffepfp),
and the low-pressure buffer versus time ). (b) Detailed view of the low-pressure side.
(c) Temperature on the insid€(s;q.) Of the low-pressure buffer and on the aluminum
T,uside (d) Voltage across the Peltier element. A positive voltagelies heating of the
buffer whereas a negative voltage means cooling.

as the effective thermal conductivity of the charcoal is about two erdfiemagnitude
lower than that of the stainless steel buffer. This is also illustrated by theuneehs
temperature variations. This variation in the centre of the buffer is abouvbedfeas

that in the aluminum block is about 20 K. The amount of energy that needs to b
extracted to cool the buffer was determined from the measured temperatiateons

and the heat capacity of the materials. A total energy of 1.2 kJ resulted. The
determination of the input power to the TE cooler is somewhat more complicated
as only the voltage across the thermo-electric cooler was measured fofaethe

input power was estimated from tli&) P of the TE cooler. This efficiency is strongly
dependent on the temperature difference between the hot and the @ld\diged
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cooler COP of 0.5, independent of the temperature difference between the hot and
cold side, was assumed. An input power to the TE of 3.3 kJ resulted. THisig a
factor 2 higher than the input to the sorption cell of 1.8 kJ. When there wmailib
temperature gradient, the input power to the Peltier element reduces to 1.3 kJ.

Much more reduction in input power can be achieved by a redesign otiffez.b
It is beneficial to reduce the thermal resistance between the equipmepétf@ains
the heating and cooling element and the sorber material. This reducesiynthen
temperature gradient over the buffer, and hence the input powesjilbatso enable
a faster response to changes in the pressure. A reduction in the peattgalso
has these two advantages. An option is to put the heater inside the sortilar, ®
the design of the compressor cell. The energy that is dissipated is complsgely u
for desorption of gas, counteracting the pressure decrease. Arartéonperature
in the sorber bed is preferable from the shape of the isotherms as wassgidc
in section 6.1.5. Cooling on the inside of the buffer is more difficult to achieve.
However, the low-pressure buffer only requires fast heating velsetiee required
cooling rates are lower. Application of a good conducting matrix material ingsrov
the thermal contact within the sorber and to the buffer wall, at the costrogso
additional heat capacity. The energy savings due to the reduction in tetuger
profile should be larger than the additional energy needed to cool theoadd
heat capacity. Application of a sorber material with a lower void volume fragso
also attractive. The internal thermal resistance is reduced, wherelasaheapacity
remains roughly unaltered. Besides, the buffer can be smaller in sizeimgdhe
distance between the heating and cooling element and the charcoal. Te tbdu
heat capacity of the container, it is beneficial to use a material with elgyer, -
ratio. Aluminum, Inconel, silicon carbide, and some titanium alloys are candidate
Of these materials, aluminum has the highest thermal conductivity, whicludief
reduce the thermal resistance between the sorber and the cooling elersitumatéd
on the outside of the buffer. The disadvantage of these materials is tisatddirsizes,
the wall thicknesses become extremely small. This, and the nature of the material,
may make realisation much more complicated compared to stainless steel. When a
stainless steel buffer is used, a good-conducting layer can be caatbé surface
to improve the thermal contact. Note that the model calculations, performed with
stainless steel, give a total heat input on the order of 10% of the inputrpiovihe
compressor cell. A completely different approach is to actively heat tffertand
to perform the cooling passively. This saves the input power of coohndifficult
issue in the design will be to match the rate of cooling to the amount of gas that
flows in. Of course, active cooling and passive warm-up is also podsiblis less
attractive for two reasons. First, a relatively large heating rate is ndedexep the
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Buffer type | Volume [cn¥] | Ap [bar] [ AThier [K]
Low-pressure buffer

basic 300 0.14 1.9
passive sorption-based 50 0.12 1.7
active sorption-based, PID 10 0.057 0.76
active sorption-based, 10 0.021 0.29

partly overruled PID
High-pressure buffer
basic 50 0.63
passive sorption-based 16 0.82

Table 6.2: Summary of applied buffer types and resulting pressuretiaris. The fourth
column gives the theoretical values of the temperatureatiaris of the liquid in the boiler if
a LH cold stage would be connected to the compressor.

pressure constant upon opening of the low-pressure check valweithive difficult
to achieve. Besides, théO P for cooling will in general be lower than that of heating
and from the view point of input power, passive cooling is more attractive

Conclusions with respect to buffer types

A summary of the applied buffer types and volumes with the resulting pressure
variations is given in table 6.2. The measured pressure variations in theréssure
buffer were also converted to the variation of the temperature of the liquidein th
boiler as will be discussed in the next section. Application of passivetisorp
based buffers can reduce the buffer sizes considerably comparaditdouffers with
comparable magnitudes of the pressure variations. The size of the |saupeduffer

was reduced with a factor 6 and that of the high-pressure buffer walbtarf3. The
difference in the volume reduction is caused by the flatter shapes of therisath

at higher pressures. Alternatively, leaving the buffer volumes urggtwim size and
filling them with a sorber would have resulted in smaller pressure variatiartazely
heating and cooling of a sorption-based buffer can reduce the peegatations
further at the cost of additional input power. In the experiments, snetave buffer

was only applied at the low-pressure side. The aim in these experimenis redsice

both the pressure variations and the buffer size. The latter was rettud@dcn?,
which is comparable to the size of the compressor cell and 30 times smaller than the
initial volume. The pressure variation was reduced to 21 mbar. Modellatitms

give, for the current buffer size, an additional input power of ai@36 of that of the
compressor.
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Figure 6.13: Calculated temperature of the liquid in the boiler of a cdlags as derived
from the pressure in the low-pressure buffer when a basfeibaf 300 cnt is applied (left)
and when an active buffer with a volume of 10tis used with partly overruled PID control

(right).

6.2.2 Implications for the cooler

When the compressor is connected to a LH cold stage, the variation of supze
in the low-pressure buffer affects the temperature of the liquid in the bdildreo
cold stage. The measured pressures from the low-pressure beffercanverted to
the temperature of the liquid within a boiler using GasPak [21]. The left-hated s
of figure 6.13 shows the temperature variation for the case that baserduiere
applied. The temperature varies between 170.7 K and 172.6 K, a variatiwmady

2 K. The right-hand side of the figure shows the temperature variation & afas
an active buffer with partly overruled PID control. The temperature tianahas
reduced with more than a factor of 6 to 0.29 K whereas the buffer size isedd
with a factor of 30. The last column of table 6.2 gives the theoretical temperatu
variations for the other buffer types that were applied. A further redidn the
temperature variation can be achieved by a redesign of the active. [&di@e design
suggestions were made in the previous section. Apart from methods toeréua
pressure variation in the low-pressure buffer, also common technigqueEsitml| a
coolers cold-tip temperature can be applied.

Also the cooling power will vary somewhat because of the time-dependent
flow through the cold stage and the pressure-dependent enthalpylofgcoThis
will result in a variable liquid production rate, which in general is not a [@ob
Assuming a precool temperature of 235 K and ideal counterflow hehtagers, the
configuration with basic buffers would give an average cooling powd2anW at
about 172 K if a cold stage with ideal heat exchangers would be comhtexthe
compressor.
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6.2.3 Comparison between 1-cell design and conventional sign

If the compressor cell from this set-up would be applied in a traditional cesspr
configuration using 4 cells, the cycle time would increase to 796 s becauke of
synchronisation. Each cell would then, on average, deliver a flow3% thg/s to

the restriction, assuming that the amount of gas that is pumped by the cellj durin
cycle does not change. The total flow through the restriction would berds,
three times that of the single-cell design. To get the same flow out off thiesie
design, 3 cells of the same size should be putin parallel. This saves ooneropthred

to the traditional lay-out. An alternative is to use a single cell that is three times
larger. This is simpler and more reliable compared to using three cells in parallel.
When we assume that the chance of failures is determined by the comprelsor
the chance that the configuration with one large cell fails during its lifetime ig thre
times smaller than that of the configuration with 3 parallel cells. One can ircreas
the reliability even more by placing a fourth cell in parallel. Now two cells must fail
before the compressor cannot meet its specifications anymore. Whematigedhat

the compressor with 3 parallel cells fails during its lifetimdsisthe chance that 1 of
the 4 cells fail is%K, whereas the chance that two cells fai(f;is’?. If K ise.g. 3%,
then the failure chance reduces with a factor 25 when an additional cédicisd

6.2.4 Sensitivity analysis

A sensitivity analysis was performed experimentally with the compressor with
basic buffers to investigate the effect of variations in the control parametethe
compressor behaviour. Four control parameters were investigétedand fp4 as
described in section 6.1.5, the maximum temperature set for the comprel$soidce
the compressor peak input power. The switching time of the heat switch isualso
important parameter, but could not be varied in the current set-up. &ttiegsfor
each control parameter was varied while the other parameters weredqegauiat.

For each setting, the compressor was operated for at least 18 cyalbsth® last

10 cycles, during which the compressor was in stable operation, wene fatce
account.

The maximum amount of power that can be obtained from the created mressu
difference, or the exergy rate, is [27]

d(U —Ths9)
dt

with U the internal energy anfl the entropy of the gas in the system to which the
pressure difference is appliedys the heat sink temperature; the mass flow,

Winae = — +mpg(hg —Tussu) —mp(hy — Tassy)  (6.9)
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h the specific enthalpy and the specific entropy of the gas. The subscript
refers to conditions of the gas at the high-pressure side, wherehgsefers to the
low-pressure side of the compressor. We calculated the average of theumax
available power during a cycle by summation of the averages of the indivietnas

of equation (6.9). As the compressor is in stable operation, the mean ofsthterim
right to the equal sign is zero. For the calculation we assumed that the raghupe
gas is cooled to the heat sink temperature before it comes available to a slyatem
converts the pressure difference to work or cooling power. rkgrthe mass flow
through mass flow meter B (see figure 6.2) was taken whereas the flownegasu
mass flow meter C was taken fiar;,. Note that the position of the mass flow sensors,
or in other words the boundary of the system that converts the availadésipe
difference to work, affects the values that are obtained for the exdigy sizes of
the volumes between the flow sensors and the restriction affect the flougthtbe
sensors even when the volumes of the buffers remain unaltered. Thisnicdisithe
rate of exergy as the pressures in the buffers are not constang ducicle.

The compresso€ OP results from

f ThH(hH —THssH)dt— f mL(hL —THSSL)dt
mazx cycle cycle
COP = =% 6.10
Pinput f ]D’inputdt ( )

cycle

S

Only the input power for the heater was taken into account. The poweledee
actuate the gas-gap was excluded.

Variation of fpc

The compressor cell was operated wjtho set to values between 0.5 and 3. The
other settings were as described in section 6.2.1. Figure 6.14 shows ititewanf
pressures, mass flows, rate of exergy and compres&adt with fpo. The effective
value of fp¢o is not the same as the factor that was set in the control software.
The intermittent heating causes an oscillating flow from the cell to the bufiee. T
software switches the heater off as soon as the flow drops bgtew 1 est-. This

will always be near the minimum of the oscillations. Téneerageflow to the high-
pressure buffer at this moment will be higher. Besides, when the seftietects
that heating should be stopped, it takes some time before the compresstarsl|
cooling down and the high-pressure check valve closes. We are ietieshe factor

fBc just before this happens. To take these effects into account, thetiedfa@lue

of fpc was estimated by averaging the flow between the cell and the high-pressure
buffer during the last two oscillations and dividing this over the flow throtrgh
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Figure 6.14: Behaviour of sorption compressor cell with variation fof. The standard
deviations in pressures and mass flows are smaller than 1IpMa@mum and minimum
observed pressure in the high-pressure buffer. (b) Sinidarthe low-pressure buffer.
(c) Mass flow through the restriction. (d) Available powewneirged over a cycle.
(e) Compressor efficiency.

restriction. The values for the individual cycles were averaged. In thedj the
standard deviation was plotted as the error.

When increasing p¢, i.e. switching sooner, both the amount of gas that flows

from the cell to the high-pressure buffer during a cycle and the cycle tadece.
The pressure swing of the compressor, i.e. the difference betweeptagsure and
low pressure, depends on the amount of gas the compressor pumpstméitime.
At low values of fp¢, the pressure swing increases with increasipg, because
the cycle time reduces more rapidly than the amount of gas. \Whens increased
further, the amount of gas reduces faster than the cycle time, resultinggoreaging
pressure swing. Note that the change in pressure swing caused bgrihtons

in fpc is relatively small. The difference between the minimum and maximum

pressures in the low-pressure buffer decreases with increasingsvallfipc. The
cycle time goes down, mainly due to the shorter duration of phase B, while tijthlen
of phase D remains fairly constant. This results in a reduction in the peegstiation
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in the low-pressure buffer (see equation (6.1)), whereas the peegstiation in the
high-pressure buffer is about constant.

The mass flow through the restriction depends on the pressure difdvetween
the high- and low-pressure buffers. During a cycle, the fluctuations ssrflaw,
high pressure and low pressure are relatively small. In the regime the essapr
is operating, xenon is a near-ideal gas. ThgW;| << |T'As| and the available
power roughly equals-mmTysAs. A larger pressure swing results in both a larger
flow and a larger entropy difference between the gas that flows oaindffinto the
compressor. So, the rate of exergy increases as the pressurerdiéf@ncreases.
Note that the effect of g on the magnitude of the available power is small. From
figure 6.14e it turns out that the compress& P slightly decreases for increasing
values of fz-. Apparently, the input power decreases slower than the exergy. The
maximum pressure difference is achievedfg¥ is equal to or slightly larger than 1.

Variation of fpa

The compressor is switched from the cooling mode to the heating mode when the
flow from the low-pressure buffer to the cell falls belgiw, - 1,5 The effect of a
change infp4 on the compressor operation was investigated. The results are shown
in figure 6.15. When the software switches the compressor to the heating inode
takes some time before the pressure in the cell builds up and the low-gEressok
valve closes. As we are interested in the flow just before the check Valsescand

not in fp4 at the moment the software performs the switch, a correctiofionis
needed. As there are no oscillations in the relevant flows, the correctobor fis
much smaller than fof . At the moment the check valve closes, there is a distinct
discontinuity in the derivative of the flow. The effective valuefgfs was calculated

by dividing the mass flow to the cell by the mass flow through the restriction just
before this discontinuity. The standard deviations of the thus obtainediefgalues

are smaller than 3%.

Similar to the study of changes ifiz¢, an increase infp, reduces both the
cycle time and the amount of gas that is pumped by the compressor duringga cyc
For low values offp4, the cycle time reduces faster than the amount of gas that is
pumped. For larger values, the amount of gas reduces faster as ttiledéppase D
becomes small compared to the lengths of the other phases. The latter ihartyec
with fp4. This also explains why the pressure variation in the low-pressurerhsiffe
barely affected by a change ji» 4, whereas the variation in the high-pressure buffer
changes considerably.

The total amount of exergy (in Joules) that is produced during a cycledses
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Figure 6.15: Behaviour of sorption compressor cell with variation fo§4. The standard

deviation is smaller than 1% for all pressures and mass flgg)sMaximum and minimum

observed pressure in the high-pressure buffer. (b) Sinfdarthe low-pressure buffer.

(c) Mass flow through the restriction. (d) Maximum availaptaver, averaged over a cycle.
(e) Compressor efficiency.

for increasing values offp4: the averagerate of exergy hardly changes (see
figure 6.15d) whereas the cycle time reduces dramatically. The total amioledio
input for each cycle is roughly constant ¢ is fixed. Therefore, the compressor
COP reduces agp, increases as is confirmed by figure 6.15e.

Variation of input power

The compressor peak input power was changed by varying the voltagettee
thermocouple in the heating mode. The control algorithm was not changeel. T
results are shown in figure 6.16. For the lowest input powers that wapked,
the compressor cell does not reach the set maximum temperature andegsénicr
heating power results in an increase in the highest temperature the coonpelss
reaches. This has a positive effect on the amount of gas that comte cfbrber.
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Figure 6.16: Effect of variation in the peak heater input power on: (a)sBuee in high-

pressure buffer. (b) Pressure in the low-pressure buffeMéass flow through the restriction.
(d) Maximum available power, averaged over a cycle. (e) cesgprCOP. The standard
deviations are smaller than 1% for all pressures and mass.flow

On the other hand, also the temperature gradient over the sorber mageaahds
larger. Asd?z,/0T? is positive, this has a negative effect on the total amount of gas
that is desorbed. The combined effect is that the amount of gas that issgump
single cycle reduces slightly for increasing input powers. A larger ipputer also
reduces the length of the heating phases. For low input powers, thedhphtises

are dominant in the cycle time, so the total cycle time reduces significantly when the
heating power is increased. As the cycle time reduces faster than the totaitasho

gas that is pumped during a cycle, the pressure swing increases.

For input powers of 5.5 W and above, the compressor cell reachesethe s
maximum temperature of 700 K and the control algorithm reduces the timegadera
input power during the heating phase. It turns out that less gas is puingmedhe
cell to the buffer while at the same time the cycle time goes down. The reduction in
the cycle time is comparable to the reduction in the amount of gas that is pumped.
The overall effect is a moderate reduction of the pressure swing. Hievaca high
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compressoiICOP, a low input power is beneficial because of the lower temperature

profile.

Variation of set maximum temperature

The set maximum temperature was changed from 500 K to 700 K in steps of 50 K
The results are shown in figure 6.17. A higher maximum temperature impliesea larg
heat input. As the heating power is not changed, the heating phases tajeg, lo
resulting in longer cycle times. A higher cell temperature also means that mere ga
comes off the sorber. As a result, the amount of mass that is cycled pef tinite
increases when the maximum temperature is increased. The pressur@snéages
less than linear with the set maximum temperaturg?as /072 is positive. So, the
increase in amount of desorption goes down, whereas the cycle timesesraaout
linearly. The total heat input increases somewhat faster than the gaimiiatdg
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power. From the figure, it turns out that the optimum compreg&0P is obtained
for a set maximum temperature of about 700 K.

Conclusions of sensitivity analysis

For the given compressor design and control algorithm, the maximum peessing

is obtained for effective values gz and fp4 slightly above 1, a peak input power

of about 7 W and a set maximum temperature above 700 K. The effectharaye

in the set maximum heater temperature and the input power on the achiesedrpre
swing is much larger than that of a changefig or fps. The optimum in the
maximum available power roughly coincides with the maximum in the pressure
swing. An optimum compressa@rOP is achieved for low values ofgc and fp4, a

low input power and a set maximum temperature of about 700 K.

6.3 Conclusions

An alternative sorption compressor design, consisting of a single cosgpresll,

two check valves and two buffer volumes, was investigated. Such a desgsier

to operate than a compressor consisting of multiple cells that operate ouis#.dh

is less complex and increases the reliability of the cooler. Furthermore, mose mas
flow can be delivered by a single cell as no synchronisation betweerhdseg is
needed. The principle was tested using a set-up with a sorption compoésdmut

8 cm? that was filled with Maxsorb activated carbon. Xenon was used as théngor
gas. A continuous flow of 0.52 mg/s was established with a pressure swihg®f

to 17.0 bar. If the compressor would be connected to a JT expansion ataaaing
power of about 42 mW at 172 K is expected.

Several types of buffers were applied. The simplest type was an emipiy@o
The disadvantage of these buffers is that the required volumes are ngehttzan
that of the compressor. Filling the buffers with a sorber material incretssst®rage
capacity. In this way, the pressure variations or the sizes of the bu#arse reduced.

It was demonstrated experimentally that a 6 times smaller low-pressure hoffer

a 3 times smaller high-pressure buffer that were filled with Maxsorb gave simila
pressure variations at a comparable pressure swing of the cell anthflough the
restriction. A further reduction in both size and pressure variation waig\ad by
actively controlling the pressure in the low-pressure buffer by heatidgaoling of

the sorber material. The disadvantage is the additional input power thatdede

A non-optimised buffer volume of 10 ¢cin30 times smaller than the basic buffer, that
was cooled with a thermo-electric cooler positioned on the outside alreadgedd
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the pressure variation to 21 mbar, giving a theoretical variation of the tetuyper
of the liquid in the boiler of 0.29 K. Model calculations for this buffer sizeegan

additional input power of about 10% of that of the compressor. Optimisafiboth

the thermal design of the buffer and the control algorithm can furtharceedhe
pressure variation and size.

The effect of the control parametefsc, fpa, the maximum heater temperature,
and the peak input power on the compressor operation were experimentally
investigated. From the sensitivity analysis, it appears that the effecteoseh
maximum heater temperature and the input power on the achieved presgwgéss
much larger than that of a change fg- or fpa. An optimum compresso€OP
is achieved for low values ofgc and fp4, a low input power and a set maximum
temperature of about 700 K. The switching time of the heat switch can stibfitan
impact the timing and thus th€OP. This effect could not be determined with the
current set-up.
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Chapter 7

Two-stage single-cell
compressor unit

7.1 Design of a cooler using a two-stage compressor unit

This chapter describes the design and measurement results of a twoestggessor
based on the single-cell concept as introduced in chapter 5.

Selection of working gas Similar to the single-stage single-cell compressor, xenon
could be used as the working gas. The compression from about 1 tor ivob&l

then be performed with a higher compressor efficiency. As shown in sestibl,

also much higher pressures can be achieved when two-stage compissgiplied

at the cost of some reduction in the compresé@?P. Compression of the gas

to a somewhat higher pressure has, in the case of xenon, the advémagee
required precool temperature to liquefy the high-pressure gas ies.etlse thermo-
electric precooler can operate with a higher efficiency at the cost oflatlgligwer
compressoiCOP. The optimum settings can be determined by an optimisation as
performed in chapter 5.

Cryogenic temperatures can, in principle, be reached when kryptgan ar
nitrogen is used as the working gas, see table 1.1. Helium, hydrogen,eamd n
even give lower cold stage temperatures but have a negligible adsorpticartmon
at room temperature. Nitrogen was selected as the working gas as itadmthe
lowest temperature and still has some adsorption on carbon at room teumneera
Besides, nitrogen is convenient to work with and cheap.
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Figure 7.1: Schematic lay-out of the two-stage single-cell set-up witlo parallel
compressor cells for the first stage and a single compres#idocthe second stage.

Compressor unit At room temperature and low pressures, the adsorbed amount of
nitrogen gas on carbon is small. Consequently, not much gas can bbettsod the
pressure swing that can be realised starting from room temperature siti&é The
adsorbed amount of gas at room temperature increases when a higlpeessure is
selected, at the cost of a higher cold stage temperature. To demonstrate-stade
compressor, a compressor low pressure of 10 bar was, somewthiargriselected.
The room temperature isotherm increases rapidly with pressure (see figy), so
the amount of gas that is adsorbed at the heat sink temperature in thel stage
will be considerably larger than that of the first stage. To increase thetlfilmugh
the restriction that can be realised, two parallel compressor cells weddarsthe
first stage. This is shown schematically in figure 7.1.

The three compressor cells had the same size and were identical to the ssonpre
cell that was described in section 6.1.2. The void volumes of the cells, ingltiakn
volume between the check valves and the sorber bed, was measurexsbyriging
them with helium at room temperature. The volumes were comparable for #e thr
cells and varied between 8.0 érand 8.2 cr.

The compressor cells shared a single heat sink. This was a large aluniozkm b
that was kept at 20C by means of a Peltier element with forced air-cooled cooling
fins mounted on top. The gas-gap heat switch was realised in the same Veay as
the single-cell compressor (see section 6.1.3). The gas-gap highigresss set to
50 mbar whereas a low pressuresofl0—* mbar was taken, similar as was done for
the single-stage compressor. The three cells also shared the connedhergess-
gap high-pressure and low-pressure 'reservoir’. This results setos two ways.

If one cell is heating up, while the gas-gap pressure of another celitishas from
the high pressure to the low pressure, a considerable amount of gasduo
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Figure 7.2: Mass flow dependent pressure drop over the Swagelok 6L-C\WA&k walve
for typical flows in the sorption compressor set-up for rgEn gas with an absolute pressure
around 1.3 bar.

the low-pressure reservoir, which is a vacuum pump. This results in a tanipo
higher pressure in the gas-gap and hence a better thermal contalitdeltsathat

are connected to the low-pressure reservoir at that moment. Upon sititten
valves, the measured pressure in the gap increases to more than 1 ratigrgrés

a thermal resistance smaller than about 3 K/W [1, 2]. Within about 3 sectimls
pressure drops t®- 102 mbar, increasing the thermal resistance to about 70 K/W.
After about 80 seconds, the original gas-gap pressure is restétie@nvestimated
thermal resistance df- 10% K/W. So, although the effect on the thermal resistance is
considerable, the period with a low thermal resistance of 3 K/W is limited to a very
short period. Nevertheless, a split gas-gap heat switch would préhvisrioss. In
cooling mode, a similar but reverse process occurs. However, thseupeeshange

in the high-pressure reservoir is less dramatic, about 13 mbar, andi¢lce e the
thermal resistance is small as the gas in the gas-gap is close to the visémes &g

37 mbar, the lowest value of the high pressure in the gas-gap, the thesisiance
increases to 0.46 K/W compared to 0.45 K/W at the initial pressure of 50 mbar.

Check valves The Swagelok 6L-CW4S4 check valves [3], that were used in the
single-stage set-up, were also applied to the two-stage design. Therprdssp
over the valve and the leak flow were also tested with nitrogen gas usingtthe se
up from figure 6.3. The pressure drop for mass flows up to 10 mg/s wasuneeia

at a low pressure of about 1.3 bar. The result is shown in figure 7.2inAtde
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pressure drop is negligible compared to the pressure swing of the caopoedl.

The determination of the cracking pressure is described in section 6.1résuited

as 12 mbar. The check valves also appear to close very well with nitragérea
working gas. The leak flow, if any, is smaller than the noise level of theosaris
0.02u9/s. The total leak through the valve upon closure at low pressure wasg).1
This is considerably lower than the amount of gas that is pumped during g cycle
which is on the order of tens of milligrams.

Buffer volumes The buffer volumes for the two-stage set-up were selected from
the available set of buffers used in chapter 6. For the low-pressifier,lihe empty
volume of 300 cm was taken. The 50 chthat was filled with activated carbon was
used as the intermediate-pressure buffer. For the high-pressire huhick-walled
tube with an internal volume of 25 chwas taken.

Control algorithm  The same control algorithm as applied in the previous chapter
was used, see section 6.1.5. In this algorithm, the compressor is switcimed fro
the heating to the cooling mode when the flow out off the compressor falls below
f - myestr With f @ constant aneh,..s,- the flow through the restriction. In a similar
way, the end of the cooling phase was determined. The referengg.tg. is not
correct in case two compressor cells are operated in parallel. In canttal cells,
each cell provides half the flow of that compression stage. For thetag sthe flow

to and from each individual compresor cell was therefore comparéfmgstr.

When a cell is supplying gas, the flow out off the cell drops to nearly zero
when the heater is switched from the heating mode to the sensing mode. In some
cases, the phase during which gas is supplied by the cell would be eqoalyto
one heating interval. Therefore, an additional requirement comparee &bgbrithm
applied to the set-up from chapter 6 was that the flow out off the cell shmulower
than f - 1.5t fOr more than 5 seconds before the compressor is switched from the
heating mode to the cooling mode. This eliminates the problem.

Equipment The used equipment was for a large part the same as for the single-
cell compressor set-up and was described in section 6.1. Here, onlgdii®aal
equipment is discussed. The pressures in and the mass flows to andlftbreea
compressor cells were measured with Kulite low-void volume pressure rsefd$o

and Bronkhorst EL-FLOW type mass flow meters [5], respectively. giessures

in the low-pressure buffer and the high-pressure buffer were megsvith Druck
PTX1400 sensors [6], whereas an Econtronic pressure sefsag ised to monitor
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the pressure in the intermediate-pressure buffer. The temperatures autsides of
the buffers were measured with Heraeus PT1000-sensors [8]. Gnteittiperature
on the inside of the intermediate-pressure buffer was measured. Thaowasvith
an Omega E-type thermocouple [9] that was read-out with a Cryocon tatmper
controller that applied "cold junction compensation’ [10].

7.2 Results and discussion

7.2.1 System operation

To experimentally determine the effect of two-stage compression on the essopr
efficiency, the compressor was operated with a fixed low pressure diafi@nd

varying high pressures. The compressor was also operated in siag&eraode for
reference purposes. As an illustration of the operation of a two-stagpressor, this
section discusses the operation of a two-stage compressor operatirgbéivbar
and 76 bar. The efficiency is discussed in the next section.

The two-stage compressor was operated for 29 cycles in stable opeséttion
peak input powers of about 7 W. Having the same power-supply voltahgectual
input powers to the three cells differ up to 15% because of differentthengf
the thermocouples in each of the cells and on top of that different thermlecou
resistances per unit length. The compressor maximum temperature wa3g@@tto
The factorsf in the control algorithm, as discussed on the previous page, were set
to 1. The flow restriction and the filling pressure were chosen at sucbs/éhat the
compressor low pressure was 10 bar and the compressor high pressii76 bar.

The behaviour of pressures, mass flows, and temperatures of the toempies in
the compressor cells with time are shown in figure 7.3.

The pressure in the low-pressure buffer varied between 9.99 bat@adbar
whereas that of the high-pressure buffer varied between 75.0 daféh bar. The
pressure in the intermediate-pressure buffer sets itself in such a wagrteaterage,
the mass flow to the buffer coming from the compressor cells in the first stpgdse
the mass flow to the second compression stage. The average pressisduifén
resulted as 30.7 bar. The pressure swing in the second compressecstagjsting
of only a single compressor cell, is considerably higher than that of thestage,
that had two compressor cells. The cause is the shape of the isotherme Iéivth
pressure, considerably less gas is adsorbed than at the intermedsstier@ras can
be seeninfigure 5.5. The average mass flow through the restriction 8diédsmg/s
with a standard deviation of 2.4%. The average input powers to the two esswr
cells in the first compression stage were 4.8 W and 4.9 W, respectivelyeatthat
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Figure 7.3: Pressures, mass flows, and temperatures of the thermosanylee cells with
time for a two-stage compressor with two parallel cells i finst stage (LP1 and LP2) and
a single cell in the second stage. The irregularities in thgeas of temperature and out flow

are caused by switching the thermocouples between thengessd heating modes.
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to the second-stage compressor was 4.0 W.

The cells were controlled independent of each other. A consequdnit® o
applied control algorithm then is that the cycle times and the magnitude of the flows
vary over the cycles. As an example, the period the gas flows out offettend-
stage compressor is in the fourth cycle that is shown in figure 7.3 longeirtliaa
second and third cycle. Relative to the previous cycles, more gas isreelit@the
intermediate-pressure buffer as low-pressure cell 2 supplies two tirseggared
to one time in the other cycles. Hence, more gas is adsorbed by the s¢agad-s
compressor. As a consequence, more gas can be delivered to therédglire buffer
before the outgoing flow becomes lower than the flow through the restrictiba.
average cycle times of the two compressors in the first compression stegpeaeely
equal, 502 s and 504 s, and both had a standard deviation of 22 s. dilagawycle
time of the second-stage compressor was 675 s with a standard deviati®s.of 3

7.2.2 Compressor efficiency

The improvement in compressor efficiency was determined by operating the
compressor between 10 bar and 30 bar with different compressogumifons:
single-stage compression with one cell and with two parallel cells, two-stage
compression with one cell in the first stage and one cell in the second stiagje,
two-stage compression with two parallel cells in the first stage and a single cell
in the second compression stage. This latter configuration was also apeitie
higher values of the high pressure to investigate the influence on the cssopre
efficiency. The compressor efficiencies were determined by applyingtieq (6.9)

and neglecting the first term to the right-hand side of the equal sign. Stizikes,

this is only allowed for stationary or periodic systems. As the fluctuations 8spres

and mass flows are small, the errors will be small. The results are shownria Tigu

At a high pressure of 30 bar, the efficiency of the two-stage designs is
considerably higher than those of the single-stage designs. The efficiérihe
single-stage designs is abduf - 10~3. The efficiency is somewhat higher when
two parallel cells are used instead of one. Perfectly identical cells wouwd ha
resulted in the same efficiencies. The cell that is included for the measutresitien
two parallel cells provides more flow than the other cell at comparable irguues.

It appears that the cell that is used in both experiments has a larger sgab lihe

environment. Furthermore, the relative error in the measured mass flowsenac
single compressor cell is used, is about 10% since in that case the flow éslawtbr

operating range of the sensor [5]. This can also partly contribute to thergdd

difference in efficiencies.
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Figure 7.4: Compressor efficiency for various compressor configurati@iamonds: two-
stage compression with two parallel cells in the first stagg @ single cell in the second
stage, Circle: two-stage compression with a single celloith ltompression stages, Square:
single-stage compression with a single compressor cell; Single-stage compression with
two parallel cells.

When two-stage compression is applied, the efficiency increaszs ta0—2,
an increase with about a factor 3 compared to the single-stage comprédser
efficiency of the design with two parallel cells in the first compression staigghly
coincides with that of a single cell in the first stage. In case of two paralisl i the
first stage, the intermediate pressure is 20.5 bar whereas that prisstudré bar in
case one cell is applied at that stage. A higher intermediate pressuitse resuless
efficient first-stage compressor and in a more efficient second-stagaressor. For
the current design of the compressor cells, working gas, and operatiditions,
comparable overall efficiencies result.

The optimised compressor efficiencies based on calculations as disdnssed
section 5.2.1 for a two-stage compressor with Maxsorb as the sorber matetia
nitrogen as the working gas is shown in figure 7.5. The low-pressuresetat®
10 bar, the same as in the measurements, and the heat sink temperaturetwas se
293 K. At 30 bar, the absolute value of the measured efficiency is abtadter
of 4 lower than the optimised value determined by the model. This difference is
caused by the fact that the compressor cells and their operating parsunweieh
were applied in the experiment were not optimised for efficiency and thisxgalain
the discrepancy with the model. The compressor cells that were used intiine se
have much thicker walls than assumed by the model. Besides, the model ndwects
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Figure 7.5: Theoretically optimised compressor efficiencies for a stage compressor with
Maxsorb as the sorber material and nitrogen as the workisg gdow pressure of 10 bar
was taken and a heat sink temperature of 293 K was assumed.

end caps. This results for the model in a heat capacity of the sorbeoatalrer of

1.9 J/K per gram of sorber material whereas that for the cells from theriexgntal
set-up is 4.0 J/K per gram of sorber material. Besides, the model optimisesltiee v
of the intermediate pressure for each value of the high pressure. HBuiksran a
COP difference of about 10% at a high pressure of 30 bar. Anothercaspé¢he

void volume. The compressor cells that were used have a relatively |argeal

void volume whereas the model only takes into account the intrinsic void volume
of the sorber material. At a high pressure of 30 bar, the effect on flogeety is
about 20%. Heat losses from the sorber container to the heat sinkramedgby

the model but will be present in the cells that were used. On top of that, thelmod
optimises the temperature to which the cells are heated whereas in the meassiremen
the compressor set maximum temperature was fixed at 700 K. It is quite wiediple

that the combination of the latter two gives an additional effect of 40%, yigldim
overall effect by a factor of 4.

When the high pressure is increased, the compressor efficiencyeseduc
However, theCOP in figure 7.5 reduces less rapidly with increasing pressure
than in the measurements because each point in that figure represeptsaseal
configuration. An important difference is in the set maximum temperature.eln th
experiments, this temperature was kept fixed for all measurements wheisas
optimised for each pressure in the calculaté@P values presented in figure 7.5.
Heating the cell to a higher temperature can partly compensate a |dss,in due
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to the larger pressure difference. Furthermore, the intermediate pFeesin other
words the ratiQAx,¢12/ Azper1, Was optimised in the calculations whereas the ratio
of the compressor masses;; /ms2 was obviously fixed in the measurements. At
a high pressure of 76 bar, the measured efficiency of the two-stageressop is
comparable to that of a single-stage compressor that compresses th&8@dmto

7.3 Conclusions

A two-stage compressor set-up with two parallel cells in the first comprestge
and a single cell in the second stage was realised. Nitrogen was usedasking

gas. A low pressure of 10 bar was selected to increase the flow thatlmoudlised
compared to operation with a low pressure of 1 bar at the cost of a higier c
stage temperature. The compressor was operated with various cotdigsira.e.
single-stage compression with one cell and with two parallel cells and twe-stag
compression with a single cell and with two cells in the first stage. Two-stage
compression showed a three times larger efficiency than the single-stagesssor

for a high pressure of 30 bar and a set maximum compressor temperb#d@ K.
When the two-stage compressor is operated with increasing high pressiee
compressor efficiency decreases. At a high pressure of 76 bagfftbiency of

the two-stage compressor is comparable to that of a single-stage comptedso
compresses the gas to 30 bar. The compressor efficiency that wasretesua
two-stage compressor with a high pressure of 30 bar was consistentimittason
results.

In the measurements, the compressor cells and their operation were notegtimis
for efficiency. The selected compressor high temperatures were thdf@aatiehigh
pressures and the wall thicknesses were thicker than assumed by thefroode
chapter 5. The wall thicknesses and the ratio betw&ep.;» and Az,.;; can be
optimised when the compressor is designed for a fixed high pressurecttedof
the (external) void volume further improves the efficiency.
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Chapter 8

Conclusions and outlook

8.1 Cooling options for the THz demonstrator

The cooling options for an ADC that consists of a hihsuperconducting digitiser

and semiconductor electronics to decimate and further process the leigti-dpta
were explored. The aim is to cool the digitiser to about 30 K. The semicomiduc

are possibly also cooled and a temperature between 80 K and 150 K sedms like
The cooling load was estimated for three options to realise the ADC demonstrator
that differ in the way high-speed data is transported from the supenctordstage

to the semiconductor stage. The temperature of the semiconductor stagie affe
the performance of the semiconductors, the efficiency, mass, and dize oboler

and the heat load to both stages. The heat load at the cooled semicorelagtor
was estimated at 15 W and mainly consists of dissipation. The heat load to the
superconductor stage depends on the temperature of the semiconthgearsl was
estimated at 50 mW, 100 mW, and 250 mW for temperatures of the semiconductor
stage of 80 K, 150 K, and room temperature, respectively. When the zedoictors

are operated at room temperature, it is attractive to use an optical fiorethe
viewpoint of cooling load. There are no significant differences in the loathe
superconductor stage between the three configurations when the seéutitos are
cooled. Optimisation of the set-up can reduce the cooling load further once mo
details about the set-up become available. Attention points are reductionloathe
caused by conduction through the high-speed data wires and througlipert
structure.

Four cooling options were identified to realise the cooling of the ADC. In the
first option, only the superconductor stage is cooled. In the other tiptéans, the
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semiconductor stage is also cooled. An option is to use two separate coalers th
each cool from room temperature to the desired temperature. A third option is
use the powerful cooler for the semiconductor stage to precool hiegspre gas
that is compressed at room temperature and will be expanded in a Jautesdh
restriction to cool the superconductors. Since the required coolingrpoatehe

two temperature stages differ significantly, a much more elegant solution Wwetitd
mount a small cooler onto the powerful cooler, next to the semiconductirehécs.

This cooler should cool from the temperature of the semiconductor stagattofth
the superconductor stage. For this purpose, a sorption compressambination
with a Linde-Hampson cold stage can be used.

A database with 'low-power’ cryocoolers was compiled and trends weniged!.
These were used to estimate input power, mass, and cost of coolereetiattable
for cooling the ADC. To cool the semiconductor stage, Stirling and JouteviBlon
coolers are attractive as they have the highest efficiencies for theeéaqooling
power at 80 K. At low input powers and at 30 K, Stirling and high-fretryepulse
tube coolers have the higheSOPs. If only the superconductor stage is cooled, the
estimated input power is 38 W, the cooler mass is about 18 kg, and a sirigledlin
cost about 10 k$. There is not much difference in the estimated specifisétiothe
cooling system when the semiconductors are also cooled. When the seautmnd
stage is cooled to 80 K, the input powers are about 230 W, the masségatkoy and
the coolers will cost some 30 k$. A production of more than roughly 300p0&es
will reduce the price of the cooling system to below ®0The mass of the cooling
system is larger than 10 kg, the requirement that was set for the masslegige
process is needed to reduce this to lower values. Lower input powessesand
prices are expected when the semiconductor stage is cooled to 150 KcAptiex
is the cooling option that uses a small sorption cooler to cool the superctimgiu
electronics from the temperature of the semiconductor electronics. Toiewdfy of
such a cooler reduces dramatically when its heat sink temperature is edress
cooler specifications at 150 K were not included in the database, it isutlifiicgive
well-founded estimates of the expected specifications of the cooling systaimd
operating temperature.

8.2 A 30 K glass-tube cooler

One of the cooling options for the THz demonstrator is to apply a LH cold stage th
is precooled by the cooler of the semiconductor stage. The aim is to opexdiigli

T, superconducting digitiser at about 30 K. This is in the same temperature rang
that is required for operating a MgESQUID. A glass-tube cooler was developed for
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cooling a MgB-SQUID based on an open-loop Linde-Hampson cycle. The cooler
consists of two counterflow heat exchangers and a precooler thatallaealised
in a tube-in-tube configuration. The high-pressure gas was precbylieéding the
tube-in-tube configuration through a bath of liquid nitrogen. The higlssue gas
in the inner tube was cooled via low-pressure gas in the annular gap. Arzonge
of about 30 K was achieved with a measured nett cooling power of 43 mi&/wWis
in agreement with results from models for the counterflow heat exchsauagerthe
tube-in-tube precooler. One or more small leaks to the vacuum are prese
current set-up that possibly result from thermal stresses. The cqmingr and the
realised temperature are appropriate for the operation of a,;M3fBUID. Mounting
of such a SQUID to the set-up will be done in the near future.

8.3 Sorption compressors for cryogenic cooling

Coolers that consist of a sorption compressor with a LH cold stage haeease
advantages. They are thermally driven and have no moving parts,fegparsome
valves. As a consequence, they can be scaled to small sizes and cate o a low
vibration level. Besides, wear-related issues hardly play a role givingdtential
for along cooler lifetime. A disadvantage of this cooler type is the relativatyex
compressor design. As more complicated components in a system increais& the
of failures, a reduction of complexity would increase the reliability of the aoole
Another drawback of a sorption compressor combined with a LH cold stabatis

in many cases, the cooler is relatively inefficient compared to other typesotdrs.
Every time the container is to be pressurised, the complete container neeels to b
heated. The contribution of this heat capacity compared to the heat nisediesbrb
the gas is significant. Furthermore, a considerable amount of gas is lost Woith
volume of the sorber material.

Both the issue of complexity and that of efficiency were addressed. In a
traditional compressor lay-out, three or more compressor cells are ugedrth
operated with a fixed phase difference. In chapter 5, an alternatisicso
compressor design, consisting of a single compressor cell, two cheds\aid two
buffer volumes, was introduced. Such a design is easier to operate ¢iaadiional
lay-out as only one cell needs to be driven and no synchronisatiorebetiie phases
or with other cells is needed. As there is no need for synchronisationythetane
of the compressor can be reduced and more mass flow can be deliyeaesirigle
compressor cell compared to the traditional lay-out. The reduction in coifplex
also results in an improvement of the reliability of the compressor, assumintpéhat
chance of failures is determined by the compressor cells. In that cashahee that
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a single-cell compressor fails is a factor 4 lower compared to a traditionaduay
with four compressor cells.

The single-cell compressor principle was tested using a set-up with a sorptio
compressor of about 8 chihat was filled with Maxsorb activated carbon. Xenon
was used as the working gas. A continuous flow of 0.52 mg/s was establistined
a pressure swing of 1.39 to 17.0 bar. If the compressor would be cthieca JT
expansion stage, a cooling power of about 42 mW at 172 K is expected.

A feature of the single-cell compressor concept is that the pressuresthin
buffers vary with time. The pressure of the low-pressure buffer isthreelated to
the temperature of the liquid in the boiler and a variation in this pressure wiltirsu
some fluctuation of this temperature. Pressure fluctuations in the highuperdssfer
affect both the flow through the cold stage and the enthalpy of cooling ekenvthe
actual cooling power of the cold stage is buffered by the evaporating liguiide
boiler. Proper design of the buffers can minimise the pressure variations.

The most simple buffers that can be used are 'empty’ volumes. Howeitbr, w
this buffer type, the required sizes to keep the pressure variationsaaicaptable
level are very large compared to the compressor volume of abouf 8 The sizes
of the buffers can be reduced by filling them with a sorber material. Altemigti
application of a sorber in the buffers and unchanged buffer sizesasilltrin smaller
pressure variations. In this thesis, the buffer sizes of the passiptisebased
buffers were selected in such a way that the pressure variations weusdrilar
to those of the basic buffers. Comparable pressure variations wesyedhwith a
reduction in the volume of the low-pressure buffer by a factor of 6 waseasgfactor 3
of reduction was obtained for the high-pressure buffer. The smalercten for
the high-pressure buffer results from the flatter shapes of the isotredrimgher
pressures.

A further reduction in both size and pressure variation was achievedtivelg
controlling the pressure in the low-pressure buffer by heating and cpolirthe
sorber material. A disadvantage is the additional input power that is neAdsah-
optimised buffer of 10 crhthat was cooled with a TE cooler positioned on the outside
was applied. This buffer volume is 5 times smaller than that of the passiptesor
based buffer and 30 times smaller than that of the basic buffer. This piimised
active buffer already reduced the pressure variation to 21 mbar cethpmf.14 bar
for the basic buffer and the passive sorption-based buffer. Tleisspre variation
gives a theoretical variation of the temperature of the liquid in the boiler of K.29
Model calculations for this buffer size give an additional input powealmut 10%
of that of the compressor. Optimisation of both the thermal design of thertasfte
the control algorithm can further reduce the pressure variations agsl gipart from
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techniques to reduce the pressure variation in the low-pressure, baéféemperature
of the cold tip can also be controlled passively or actively.

The efficiency of a sorption compressor can be increased by applyiog tw
stage compression instead of single-stage compression. Each comptagsdchas
a smaller pressure swing and less gas is lost in the void volume. Besides, the
second-stage compressor starts at a higher pressure at whichecahkidmore
gas is adsorbed. A theoretical optimisation of the compressor efficiermyesh
that by application of two-stage compression considerably higher pesssan be
reached compared to the single-stage design. This is beneficial as, within s
limits, a higher pressure before expansion yields a higher cold stagerdfic The
efficiency of the cold stage can largely be increased by precooling thephassure
gas, e.g. with a TE cooler. The enthalpy of precooling directly adds to thkéngo
enthalpy. Precooling is therefore especially attractive when the higisyme gas is
liquefied in the precooler. For gases like nitrogen, argon, and kryptdcannot
be achieved from room temperature with a TE cooler as temperatures lcaver th
the critical temperature of the gas are then required. These temperagurédm c
achieved with a precooler that consists of a sorption compressor anid atage
that has a low pressure smaller than the critical pressure of the workingd/glaen
two-stage compression is applied, this precooler can also be integratgpdnding
high-pressure gas from the second stage to the intermediate preshisesaves a
sorption compressor cell at the cost of some efficiency.

A two-stage compressor set-up with two parallel cells in the first compression
stage and a single compressor cell in the second stage was realised.eiNivag
used as the working gas and a low pressure of 10 bar was selectedompesssor
was operated in both single-stage and in two-stage mode. Two-stage ssiopre
showed a three times larger efficiency than the single-stage compressohiigh
pressure of 30 bar and a set maximum compressor temperature of 70BeK. T
compressor efficiency that was measured for a two-stage compreghoa Wwigh
pressure of 30 bar was consistent with simulation results. When the twe-stag
compressor is operated with increasing high pressures, the compefsiency
decreases. At a high pressure of 76 bar, the efficiency of the twye-stampressor is
comparable to that of a single-stage compressor that compresses th&@dmto

In the measurements, the compressor cells and their operation were not egtimis
for efficiency. The selected compressor high temperatures were thesaatichigh
pressures and the wall thicknesses were thicker than assumed by thefroode
chapter 5. The wall thicknesses and the ratio betw&ep.;» and Az,.;1 can be
optimised when the compressor is designed for a fixed high pressurectitedof
the (external) void volume further improves the efficiency.
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8.4 Outlook

As indicated in section 3.7, there is a growing demand for coolers that hage lo
lifetimes, typically on the order of 5 to 10 years. Attention points related to lifetime
for a cooler consisting of a sorption compressor with a Linde-Hampsonstate

are failure of the check valves and the heater and the prevention ofimpgfjthe
Joule-Thomson flow restriction [1]. Another issue, about which not naesms

to be known, is intrinsic degradation of the physical adsorbent. Twoadatjon
mechanisms seem likely. First of all, fracturing of the coal may occur thatised

by rubbing of the charcoal particles. Fracturing may also result frorsubsequent
adsorption and desorption of gas. This effect is not likely to occur all sisorbed
fractions but may occur at larger fractions. The latter type of fractusrapserved

in chemical sorbers [2]. However, the chemisorption process haseadalfiffnature
and absorption can result in extremely large lattice expansions of up to 40%
Fracturing of the coal in a compressor may block the filter at the outlet of the
compressor and could limit internal gas flow through the sorber. Fragtdioes
not reduce the surface area. However, not all surface area mminreccessible.
More information on the intrinsic coal degration is needed to provide reliabig lo
life compressor operation.

For the cooling of non-dissipating devices to cryogenic temperatures, .like e
low-noise amplifiers, infrared detectors or SQUIDs, standardly availeddding
systems are much too large and provide far too much cooling power. Fa thes
devices, it would be attractive to make a very small (or ‘invisible’) coolesppbly
integrated with the sensor. Efforts to miniaturise the LH cold stage have been
performed in the past and are currently ongoing [3-5]. Sizes smallerOthaen?
seem realistic. For such an application, it would be nice, and challengireplise a
compressor that can drive such a cold stage with a compressor of aredmepsize.
Alternatively, a relatively large compressor can be used to drive a nuaflibese
small cold stages to get cooling on localised spots where it is needed.

A practical issue that is important in the design and optimisation of sorption
compressors is the availability of reliable sorption data. Application of twoestag
compression especially stresses the need for sorption data at highsurese as
isotherms that are currently available are typically measured up to 10 to 20tmr
fitting methods as described in chapter 5 do not seem to work fine in ouatoyper
regime, i.e. far from the critical point. A better fitting method can improve this.
Alternatively, measured sorption isotherms up to the temperatures to whigbt@eo
cell is heated can also solve this problem as interpolation then becomes ¢ereliab
option.
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The thermal conductivity of adsorbents is generally low and large temperatu
gradients can occur during cycling. This can largely deteriorate the anobgas
that is desorbed and, as a result, the compressor efficiency. A dynardel that
takes into account thermal and hydraulic effects within the compressowcalt
be useful in the design. Such a model gives information on the amounsdhga
is supplied, the input power, the compressor efficiency, and the cycle ftilith
such a model, a compressor design can be made that heats the sorber aédth a n
uniform temperature at a fast pace. This reduces the cycle time, possithases
the net amount of gas that is cycled and this can largely increase therefficiethe
compressor cell.
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Summary

Coolers that consist of a sorption compressor with a Linde-Hampson ¢bld)
stage are thermally driven and have no moving parts, apart from sorok chlees.

As a consequence, they can be scaled to small sizes, can operate withoaurtea
minimum vibration level and wear-related issues hardly play a role, giving the
potential for a long cooler lifetime. As a result, sorption cooling was consier
an attractive option to be used for cooling a superconducting AD-ctmveXs part

of the thesis work, the cooling options were explored of such a convestwisting

of a high4,. superconducting digitiser and semiconductor electronics to decimate
and further process the data. The digitiser should be cooled to 30 K agére
semiconducting electronics are cooled to between 80 K and 150 K, or arateg

at room temperature. An elegant solution to cool the digitiser would be to nzount
small sorption cooler onto the relatively large cooler for the semicondutdges
Unfortunately, sorption coolers have a relatively complex compresssigrend
have a low efficiency compared to other types of coolers. Both issuesaddressed

in this work.

To reduce the complexity, an alternative sorption compressor desigsistng
of a single compressor cell, two check valves and two buffer volumes, was
introduced. This design is easier to operate, can deliver more mass flonawith
single compressor cell, and has a higher reliability compared to the traditignal la
out. A property of this novel compressor concept is that the pressubesh buffers
vary with time. A variation of the pressure in the low-pressure bufferliesu a
variation of the cold-tip temperature. Pressure variations in the highypeebaffer
are in general not problematic. Proper design of the buffers can mininegedbsure
variations.

Three buffer types were applied: 'empty’ volumes, passive sorptised
buffers, and active sorption-based buffers. The sizes of the 'érnpffers required
to keep the pressure variations at an acceptable level are large cdmpattee
compressor volume. The sizes and the pressure variations can beddnjufilling
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the buffers with a sorber material. In principle, the pressure variatiombedotally
suppressed when the pressure of the sorption-based buffer ishactntrolled by
heating and cooling the sorber material at the cost of additional inputrpéwen-
optimised active buffer already reduced the buffer volume 30 times couhpaizn
'empty’ volume and had a 7 times smaller pressure variation. Model calculations
gave an additional input power of about 10% of that of the compressor.

The efficiency of a sorption compressor can be increased by applyiag tw
stage compression instead of single-stage compression. Each comptagsdchas
a smaller pressure swing and less gas is lost in the void volume. Besides, the
second compressor stage starts at a higher pressure at which callsigeore gas
is adsorbed. A two-stage compressor can also reach considerabdy pigissures
compared to the single-stage design at comparable compressor effigienlis is
beneficial as a higher pressure before expansion yields a highestegje efficiency.
The efficiency of the cold stage can largely be increased by precooleditn-
pressure gas. This is especially attractive when the high-pressuiie liigsefied
in the precooler. Two-stage compression gives, in some cases, theuwyyoto
integrate the precooler by expanding high-pressure gas from thedsetame to the
intermediate pressure. This saves a sorption compressor cell compareexizrnal
sorption cooler used as a precooler at the cost of some efficiency. Almas
developed to determine the efficiency of a sorption compressor. This madel
combined with a description of the cold stage to accurately determine and optimise
the cooler efficiency. A two-stage compressor set-up was realisedcorhpressor
efficiencies that were measured for this two-stage compressor wesesteomn with
model results.

An alternative cooling option for the ADC is to apply a LH cold stage that is
precooled by the cooler of the semiconductor stage. This approacliscelneaused
to cool a MgB-SQUID. For this purpose, a glass-tube cooler was developed based o
an open-loop LH cycle. The cooler consists of two counterflow hedtamgers and
a precooler that were all realised in a tube-in-tube configuration. Thegrigssure
gas was precooled by leading the tube-in-tube configuration througth abliquid
nitrogen. The high-pressure gas in the inner tube was cooled via I@gtpegas
in the annular gap. A temperature of about 30 K was achieved with a measure
net cooling power of 43 mW. This was in agreement with results from models fo
the counterflow heat exchangers and the tube-in-tube precoolercobfiag power
and the realised temperature are appropriate for the operation of a-8QBID.
Mounting of such a SQUID to the set-up will be done in the near future.



Samenvatting (Summary in Dutch)

Koelers die bestaan uit een sorptiecompressor met een Linde-Hamp$dkogltrap
worden thermisch aangedreven en hebben, op enkele kleppen nahayeegende
delen. Daardoor kunnen ze verkleind worden, hebben ze een laagysriltveau
en speelt slijtage slechts een beperkte rol. Dit geeft de potentie voor ega la
levensduur. Sorptiekoeling is daarom een aantrekkelijke optie voor dederk
van een supergeleidende AD-omzetter. Als onderdeel van het phoéfzijn de
koelopties verkend voor zo’n omzetter die bestaat uit een Hogripergeleidende
AD-omzetter en halfgeleiderelektronica om de snelheid te verlagen entdeeala
bewerken. De supergeleidende elektronica moet gekoeld worder3ddaterwijl

de halfgeleiderelektronica moet werken op een temperatuur tussen 8L B0

of op kamertemperatuur. Een elegante optie om de supergeleiders te isoetan
kleine sorptiekoeler te plaatsen op de relatief grote koeler van de halfgetajal
Sorptiekoelers hebben echter een relatief complex compressorontwieepleen een
relatief lage effiogéntie vergeleken met andere typen koelers. Beide aspecten zijn
onderzocht in dit werk.

Om de complexiteit te verminderen, is een alternatieve sorptiecompressor,
bestaande uit een enkele compressorcel, twee passieve kleppen ehuffeze
volumes, getroduceerd.  Dit ontwerp is eenvoudiger aan te sturen, kan
meer massastroom leveren met een enkele compressorcel en heefogsa h
betrouwbaarheid vergeleken met het traditionele ontwerp. Een eiggnseln dit
concept is dat de drukken in beide buffers fluctueren in de tijd. De irdle lage
druk buffer bepaalt de temperatuur van de koeltrap en drukvariatsesteeen in
fluctuaties van deze temperatuur. Drukvariaties in de hoge druk buijffiemzhet
algemeen niet problematisch. De drukvariaties kunnen geminimaliseerd worden
door aanpassingen in het ontwerp van de buffers.

Drie verschillende typen buffers zijn toegepast: ’lege’ volumes, passéev
actieve koolbuffers. De benodigde grootte van de 'lege’ buffersedrdkfluctuaties
op een acceptabel niveau te houden zijn groot in vergelijking met hetmeolan
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de compressor. De grootte en de drukvariatie kunnen worden geesdudoor
de buffers te vullen met een sorbermateriaal. In principe kunnen devatiakies
volledig onderdrukt worden wanneer de druk in de koolbuffer aceeégeld wordt
door verwarmen en koelen van de sorber. Dit gaat ten koste van céeng#ivan de
compressor. Een niet-optimale actieve koolbuffer reduceerde hettifime al met
een factor 30 in vergelijking met een 'lege’ buffer. Tegelijkertijd werd dekgariatie
gereduceerd met een factor 7. Volgens modelberekeningen is eemesteelheid
energie nodig van circa 10% dat van de compressor gedurendeaeas. cy

De efficiéntie van een sorptiecompressor kan verhoogd worden door tweetraps
compressie toe te passen in plaats van een enkele compressietrap. Elke
compressietrap heeft dan een kleinere drukslag waardoor minder egsen
gaat in het dode volume. Bovendien comprimeert de tweede compresdietrap
gas vanaf een hogere druk waarbij significant meer gas wordt gdedsd. Een
tweetrapscompressor kan ook significant hogere drukken bereikeargelijking
met een enkele compressietrap met vergelijkbare éffi@s. Dit is gunstig omdat
een hogere druk leidt tot een hogere efffitie van de koeltrap. De efféitie van
de koeltrap kan ook worden verhoogd door voorkoeling van het dagiegas. Dit
is vooral aantrekkelijk wanneer het hoge druk gas condenseert iroaoeler.
Tweetrapscompressie geeft, in sommige gevallen, de mogelijkheid om devetmrk
te integreren door het hoge druk gas van de tweede compressietrgpatederen
naar de tussendruk. Dit bespaart een sorptiecompressorcel &lij@ng met een
externe sorptiekoeler die wordt gebruikt als voorkoeler, maar ga&ostie van de
efficientie. Een model is ontwikkeld om de efiatie van een sorptiecompressor
te bepalen. Dit model is gecombineerd met een beschrijving van de koeitrap o
de efficentie van de hele koeler te bepalen en te optimaliseren. Een opstelling is
gerealiseerd om de tweetrapscompressor te testen. Déefiiis van de compressor
die gemeten zijn voor deze compressor waren consistent met modelresultaten.

Een alternatieve koeloptie voor de AD-omzetter is het gebruik van een LH
koeltrap die wordt voorgekoeld door de koeler van de halfgeleidertr&eze
aanpak is toegepast om een MgBQUID te koelen. Een glasbuiskoeler was
ontwikkeld die gebaseerd is op een open lus LH cyclus. De koeler bastaat
twee tegenstroomwarmtewisselaars en een voorkoeler die gerealiseein egn
buis-in-buisconfiguratie. Het hoge druk gas wordt voorgekoeld dieobuis-in-
buisconfiguratie door een bad met vioeibaar stikstof te voeren. Het tinde
gas in de binnenste buis wordt dan gekoeld via het lage druk gas in déuann
Een temperatuur van circa 30 K is bereikt met een gemeten netto koelvermogen
van 43 mW. Dit kwam overeen met modelberekeningen. Het koelvermayele e
gerealiseerde temperatuur zijn geschikt voor het koelen van een{8gRJID.
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