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Abstract

A solution for a sorption-based 40 K to 80 K Joule-Thomson cooler is presented to an-

swer the needs of potential future Earth observation infrared missions with very low

micro-vibration levels requirements from the European Space Agency. The studied

solution in this thesis is limited to the development of one Joule-Thomson stage us-

ing nitrogen gas to provide 1.5 W at 80 K. The fluid circulation and compression are

achieved through thermal cycling of an adsorbent material specifically chosen for its

purpose: three metal organic framework materials were studied to fulfil this operation.

A detailed design and manufacturing of an elegant breadboard model based on the

various stringent requirements is shown. The characterization and validation of some

of the vibration-free cooler components was carried out: results and its engineering

challenges are presented.

Keywords: Cryogenics, sorption compressor, Joule-Thomson cooler, vibration-free
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Resumo

Para atender às necessidades de futuras missões infravermelho de observação da

Terra com requisitos de níveis de micro-vibração muitos reduzidos da Agência Espa-

cial Europeia, um criorrefrigerador de adsorção entre 40 K a 80 K baseado no efeito

Joule-Thomson é apresentado. A solução encontrada e estudada em pormenor nesta

dissertação está limitada ao desenvolvimento de um estágio Joule-Thomson usando

o gás de azoto para fornecer uma potência frigorífica de 1.5 W a 80 K. A circulação e

compressão do fluído é obtida e controlada através de ciclos térmicos de um material

de adsorção adequadamente escolhido para esse fim: três materiais com estruturas me-

talorgânicas (metal organic framework, em inglês) foram estudados para realizar esta

operação. Um desenho detalhado e construção do criorrefrigerador tendo em conta

os vários requisitos rigorosos de uma missão de observação da Terra são apresenta-

dos. A caracterização e validação de alguns componentes deste criorrefrigerador sem

vibrações foram realizadas: os resultados e desafios de engenharia são apresentados.

Palavras-chave: Criogenia, compressor térmico, criorrefrigerador Joule-Thomson, sem

vibrações.
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CHAPTER 1
Introduction

Astronomy began in early historic times with simple observations and predictions of

the motion of celestial objects visible to naked eye. Nowadays, it is possible to watch

different regions of the electromagnetic spectrum using rather complex systems either

in orbit or on Earth. Over the past years, space observation has evolved in such way

that many of the developed detectors requires complex systems using cryogenic tech-

nologies to allow detection in infrared, gamma-ray and X-ray range with extremely low

background noise and improved sensitivity.

Right after the launch of Sputnik in 1957, engineers and scientists seek for means

of providing cryogenic cooling for very sensitive detectors either for military defense

or Earth science communities. However, it is well known that getting a payload into

orbit is a very expensive procedure. So, there is a demand of reliable, long life and light

cooling systems and, therefore, the developed cooling systems for space applications

are very distinct from typical commercially available equipments. For each mission,

each cooling system is developed with a particular design and due to its high level of

sophistication and usually hand-built, it corresponds to a high price [1].

Low temperatures may be obtained in a spacecraft by using stored cryogenic fluids

or cryocoolers1. Stored cryogens are a simpler and cheaper solution but with limited

lifespan, which is typically not compatible with long term missions and also not com-

patible with stringent volume/mass requirements. Therefore, cryocoolers are nowa-

days the prime choice, mainly for being compact and capable of providing cooling for

many years [2]. However, placing a cryocooler inside a spacecraft can be quite chal-

lenging: on one hand, it requires a compact system, space-worthy subsystem; on the

other hand, such subsystem must minimize its thermal and mechanical impact on its

environment. For that reason, the miniaturization of cryocoolers has been a work in

1A refrigerator designed to reach cryogenic temperatures.
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constant progress for the past twenty years and many advances have been made in that

field, such as the development of pulse tube coolers (PTC) or Stirling type cryocoolers

for Earth observation missions. These cryocoolers are capable of providing significant

cooling power in the region of 50 K for infrared observation.

Nowadays, in most cases, Earth observation detection relies on low temperatures

provided by classical mechanical cryocoolers (PTC, Stirling). Such mechanisms contain

moving parts to create a wave of pressure and matter (gas), which induce undesirable

vibrations and consequently lead to degradation in the performance of the detectors.

Even with active vibration cancellation systems and careful screening and manufactur-

ing, unwanted vibrations still remain. For instance, with the development of magnetic

bearing reaction wheels and micro-thrusters, classical mechanical cryocoolers become

the main source of micro-vibrations in a satellite [3]. Alternatively, by using the Joule-

Thomson effect where the flow is provided continuously, contrarily to the PTC or the

Stirling cycles, is one solution to avoid pressure oscillations and moving parts. However,

they usually rely on mechanical compressors, which also brings undesirable vibrations

to a system level.

Hence, it is necessary to develop new cooling solutions or adapt the current cooling

technologies. The development studies for the Darwin satellite covered 15 K and 4 K

class coolers [4], but a need also exists in the 40 K to 80 K range for infrared detection [5].

To satisfy this need, European Space Agency (ESA) has launched a technical research

program in 2014 and this call was answered by a Portuguese consortium: LIBPhys2

(research center unit) and Active Space Technologies (private company), that has been

working together on the development of such vibration-free cooling solution in the

temperature range of interest.

This dissertation shows the current development of a 40 K to 80 K Joule-Thomson

cooler based on thermal compression (sorption compression), which is a very attrac-

tive technology that can provide cooling to instruments, detectors and telescopes when

a completely vibration-free system is needed. Moreover, such configuration is, theo-

retically, a perfect candidate to provide a cold interface for highly-sensitive payloads

and has proven to be a reliable solution in previous successful space missions, such as

ESA’s Plank science mission [6, 7].

The Joule-Thomson cooler mainly consists in two subsystems: the sorption com-

pressor and the Joule-Thomson stage. The sorption compressor provides the circu-

lation of the fluid only by heating and cooling sequentially its sorbent beds. In this

subsystem there are no moving parts (no pistons or turbines), then, no mechanical

vibration is generated, making it extremely reliable and enduring. The Joule-Thomson

2Laboratory for Instrumentation, Biomedical Engineering and Radiation Physics
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stage relies on the well known Joule-Thomson effect that simply consists in an forced

expansion through a flow restriction, where, upon certain conditions, this fluid cools

down and liquefies.

1.1 Outline

This dissertation describes the study and development of a 40 K to 80 K vibration-free

cooler for future Earth observation missions, it is divided into eight chapters:

• Chapter 1 gives an introduction to this dissertation.

• Chapter 2 describes the theoretical aspects of a sorption-based Joule-Thomson

cooler: JT effect, classical thermodynamic analysis of a Linde-Hampson cycle.

It also covers some theoretical and practical aspects of adsorption and sorption

compressors.

• Chapter 3 shows the baseline design solution of a 40 K to 80 K vibration-free

cooler considering the system requirements from ESA. It is also described some

other sorption based coolers working in temperature and cooling power close to

our requirements.

• Chapter 4 presents the preliminary selection of the adsorbent materials needed

to build the sorption compressor and the experimental characterization of three

potential adsorbent materials over a wide pressure range of 1 bar to 100 bar and

temperature range of 77 K to 500 K.

• Chapter 5 displays the design, dimensioning and characterization of several com-

ponents of the Joule-Thomson cold stage, such as: orifice restriction, counter-

flow heat exchanger and evaporator.

• Chapter 6 shows the detailed design, integration and validation of the compo-

nents from a nitrogen sorption compressor cell. It also includes the assembly of

a new 200 L cryostat to test the cooler.

• Chapter 7 shows the characterization of a JT cooler fed by a single sorption cell

of nitrogen.

• Chapter 8 ends with some final remarks and learned lessons.

3





CHAPTER 2
Fundamentals of Sorption Based

Joule-Thomson Coolers

2.1 Joule-Thomson Effect

The Joule-Thomson effect is named after its discovery by James Joule and William

Thomson (Lord Kelvin) in 1852. At room temperature, Joule and Thomson found out

that almost all gases cool during an expansion (pressure reduction) through small re-

strictions, behavior not consistent with the ideal gas model. Moreover, the observed

"irregularity"of the warming hydrogen as it expands led to the comprehension of the

inversion temperature and they concluded that this cooling effect is only obtained

upon certain conditions. The effect is actually a manifestation of real gases proper-

ties, namely, the existence of intermolecular forces and numerous studies were con-

ducted in a attempt to find an universal equation of state which properly describes

the pressure-volume-temperature relationship of gases more accurately than does the

ideal gas equation of state.

For instance, in 1873, the Dutch physicist van der Walls (vdW) proposed two simple

empirical modifications to the well known ideal gas law P v = RT . The first modification

was to replace the specific volume v with (v −b), where b is a small positive constant

that takes into account that real gases are not infinitely compressible, since molecules

have finite volume. The second modification accounts for the attractive forces between

molecules, molecules about to strike the walls experience a restraining force due to

their attraction with other molecules placed behind them, so, this lowers the speed that

they would strike the walls, hence, reducing the pressure. This pressure reduction pro-

posed by vdW is proportional to a/v2, where a is a small positive constant. Considering

5
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these modifications, the vdW equation of state is obtained as follows,

(
P + a

v2

)
(v −b) = RT (2.1)

In the case that the molar volume, v , is large enough, the term a/v2 becomes negligible

when compared with P and b becomes negligible in comparison with v , thus, the vdW

equation reduces to the equation of state of an ideal gas. Later in 2.1.1, it is shown that

the vdW equation of state successfully predicts the Joule-Thomson effect.

Nowadays, the Joule-Thomson throttling (another name for the effect) is well un-

derstood and it is the driving force that empowers the operation of Linde-Hampson

machines, JT cryocoolers, liquefiers and refrigerators.

2.1.1 Joule-Thomson Coefficient

The rate of temperature, T , change with respect to pressure, P , under a Joule-Thomson

(JT) expansion at constant enthalpy, h, is quantified by the adiabatic Joule-Thomson

coefficient, µJT ,

µJT =
(
∂T

∂P

)
h

(2.2)

For an ideal gas, the enthalpy is solely function of temperature and pressure indepen-

dent. Therefore, at constant enthalpy, a change in pressure cannot produce a change in

temperature, consequently µ= 0, showing that, for an ideal gas, the temperature does

not change during a JT expansion.

By definition, in an expansion, the sign of dP is always negative, therefore, to obtain

a cooling effect (dT < 0) the value µJT must be positive. However, since a gas may cool

or warm after an expansion, this implies that the quantity µJT can either be positive

or negative. It was further concluded that all gases have an inversion temperature in

which the value µJT changes sign. Through thermodynamics, the following equation

of µJT is obtained,

µJT = 1

cp

[
T

(
∂v

∂T

)
P
− v

]
(2.3)

where cp is the specific heat and v is the specific volume. The volumetric thermal

expansion coefficient β, defined as,

β= 1

v

(
∂v

∂T

)
P

(2.4)

can be inserted into Equation (2.3), to obtain an expression of µJT written as a function

of commonly available properties,

µJT = v

cp
(βT −1) (2.5)
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This useful expression shows that the value µJT changes sign when the coefficient of

thermal expansion β is equal to the inverse of temperature. Combining Equations (2.1)

and (2.3), µJT is obtained in terms of vdW coefficients,

µJT = b

cp

(
Tinv

T
−1

)
, Tinv = 2a

Rb
(2.6)

where Tinv is the inversion temperature. The quite simple vdW equation of state pre-

dicts an inversion temperature. But in reality, the state equations of real gases are far

more complex and as it will be seen later, Tinv also depends on pressure.

In Figure 2.1 it is shown µJT for different gases at atmospheric pressure. Helium,

hydrogen and neon are three gases whose inversion temperatures are below 300 K.

Consequently, these gases will actually warm up when isenthalpically expanded at

room temperature. On the other hand, nitrogen and oxygen, the two most abundant

gases in the air, have higher inversion temperatures and can be cooled via JT effect at

room temperature.
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Figure 2.1: Joule-Thomson coefficients, µJT , for different gases at atmospheric pres-
sure.

By definition, an inversion state defines the transition from cooling to heating un-

der an isenthalpic expansion and, therefore, satisfying the relation: (∂T /∂P )H = 0. Fig-

ure 2.2 displays the inversion curve (states for which µJT = 0) of nitrogen in a pressure-

temperature, (P,T ), plane. Several features are noteworthy:

• Is visible that each isenthalp (dashed lines) is flat when it intersects the inversion

curve (solid line). Therefore, satisfying the relation (∂T /∂P )H = 0.
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• The shaded region corresponds to a positive slope of (∂T /∂P ), then to a positive

µJT (i.e. cooling).

• The highest inversion temperature, TMAX, can be identified (point A) and as well

as the highest inversion pressure, PMAX (point B). These values are characteristic

of each gas, as visible in Table 2.1. For temperatures or pressures above these

limits, no cooling effect is possible under an isenthalpic expansion.

• It is noticeable that in the shaded region some isenthalps are steeper, for instance,

the ones closer to the critical point. In this region, the cooling effect is more

efficient and it is not by chance that it corresponds to the most common region

to obtain liquefaction through JT throttling.

Figure 2.2: Inversion curve of nitrogen in a pressure-temperature plane. Dashed lines
are isenthalps and the black solid line is the inversion curve (µJT = 0).
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Table 2.1: Inversion temperatures and pressures (points A and B from Figure 2.2) of
various gases.

Gas TMAX (K) PMAX (bar)
Helium-4 43 39.2
Hydrogen 201 162.2
Neon 220 297
Nitrogen 608 394
Argon 763 565
Carbon Monoxide 730 400
Oxygen 757 592
Methane 1009 542

2.2 Joule-Thomson Cold Stage

A basic Joule-Thomson cold stage employs the so-called Linde-Hampson (LH) cycle.

This cycle usually starts with pure gases at elevated pressures, typically twice the critical

pressure. And, at the cold end, a fraction of this gas is liquefied through a JT throttling

process.

2.2.1 Linde-Hampson cycle

In 1895, William Hamspon and Carl von Linde independently developed and patented a

cooling process to liquefy air. This process was immediately exploited to large-scale air

separation plants. Right after Linde’s developments, commercially available industrial

gases produced by Linde (company) had an huge impact on steel industry: for instance,

the invention of the oxyacetylene welding machine in 1903 by Edmond Fouché and

Charles Picard makes possible to achieve high temperatures to melt steel, which was

really useful to cut or to join steel plates [8]. In Physics, it also had a major impact: in

1908, Kammerlingh Onnes was the first to liquefy helium by using this cycle as a part

of a cryogenic chain and allowing the discovery of superconductivity in 1911.

As shown in Figure 2.3, a basic Linde-Hampson cycle consists of a JT restriction, a

counter-flow heat exchanger and an evaporator. It is usually driven by a mechanical

compressor operating at room temperature. In this cycle, a warm high pressure fluid

leaves the compressor (state point 1) and is cooled down in the CFHX (1 → 2) by ex-

changing heat with the cooled returning gas, flowing in the opposite direction. After this

initial pre-cooling process, the fluid is forced through the JT restriction where it isen-

thalpically expands to low pressure (2 → 3). If the fluid is pre-cooled sufficiently below

its inversion temperature, it will experience a temperature drop down to its minimum

temperature, Tc . To optimize the available cooling power at a constant temperature

9
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Tc at the output of the JT valve, it is convenient to produce liquid after this expansion

in saturated conditions. In this condition, some part of the fluid is now liquefied at

the evaporator (state point 3) and will be vaporized by receiving some heat load Q̇c

(3 → 4). The saturated low pressure vapour leaves the evaporator and flows towards the

low-pressure inlet of the CFHX. Then, this low pressure stream is heated up by thermal

contact with the incoming flow (4 → 5), before being compressed again to high pressure

(5 → 1) and restart the cycle.

Figure 2.3: Schematic of a Linde-Hampson cryo-cooling process.

2.2.2 Thermodynamic Analysis

In order to calculate the cooling power and the efficiency of Linde-Hampson cycle, a de-

tailed thermodynamic analysis is required. By applying the First Law of Thermodynam-

ics on the different parts of the cycle it is possible to obtain the full thermodynamical

description of the steady state operation. The following assumptions and constraints

were considered in this analysis:

1. Working fluid is pure (no mixtures);

2. High pressure (compressor’s output) is defined and above critical pressure (where

cooling is more efficient);

3. Fluid expands isenthalpically into the two-phase region;

4. Warm and cold end temperatures are given (T1 and Tc );

5. Only saturated vapour returns to the CFHX low-pressure inlet;

10
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6. Steady state operation;

7. Pressure drop loss and radiative heat transfer neglected.

Considering the above assumptions/constraints, the Linde-Hampson cycle is shown

in a pressure-enthalpy (P −h) diagram, or Mollier diagram (Figure 2.4), where the state

numbers correspond to those defined in Figure 2.3. For reasons explained after, this di-

agram is obtained using the following parameters: P1 =100 bar, T1 =180 K and Tc =80 K.

It comprises five distinct phases: three at constant pressure (one of them in the two-

phase region, therefore at constant temperature), one at constant enthalpy (expansion)

and another one at constant temperature (isothermal compression).

Figure 2.4: Ideal Linde-Hampson cycle on a pressure-enthalpy diagram (Mollier dia-
gram) using nitrogen as the working fluid. The yellow thick line delimits the two-phase
region. Within this region, the thicker dashed lines correspond to vapour quality χ.

Between states 1 and 2, the process occurs at constant high pressure, PH , the gas

flow is delivered by the compressor and the fluid cools down from T1 to T2. The most dis-

tinguishing feature of the Linde-Hampson cycle occurs between states 2 and 3, where

the fluid goes through the JT valve. The pressure decreases from PH to PL at constant

enthalpy and below critical pressure, a temperature drop of the fluid is obtained as a

consequence of the JT effect. Since the expansion ends up in the two-phase region, a

two-phase mixture at a boiling temperature T3 = Tc is obtained and, thus, reaching the

11
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coldest temperature of this cycle. The gaseous fraction of this mixture is quantified by

the vapour quality χ, which depends on the state 2 locus and it is hereby expressed as,

χ= h3 −hl

hg −hl
(2.7)

where h3 is the specific enthalpy at state 3 (h3 = h2), hl is the specific enthalpy of

the saturated liquid and hg is the specific enthalpy of the saturated vapour (state 4).

Between states 3 and 4, as far as pressure PL is constant, this process occurs at constant

temperature and by boiling of the cryogen it is obtained the cooling power, Q̇c , of this

cycle, which is proportional to the enthalpy difference (h4 −h3) and to the mass flow

rate ṁ, as it will be shown below.

Applying the First Law of Thermodynamics for open systems in the CFHX, where no

work is done and no heat is transferred to or from surroundings, the following relation

is obtained,

−h1 +h2 −h4 +h5 = 0

h2 −h1︸ ︷︷ ︸
HP side

= h4 −h5︸ ︷︷ ︸
LP side

(2.8)

Equation (2.8) shows that the enthalpy difference at each side of the CFHX are equal,

as evidenced on the P −h diagram (green line). Note that the state points 1, 4 and 5 are

given by other considerations, so, this equality determines the locus of state 2 in the

P−h diagram. Typically in a Linde-Hampson cooler, the cold stream heat capacity ĊL is

lower than that of the hot stream ĊH [9], so, consequently in a perfectly effective CFHX

(as shown in Equation (2.8)), the condition T1 = T5 is fulfilled, as also depicted in the P−
h diagram. By considering the relation h2 = h3 (isenthalpic expansion), Equation (2.8)

becomes,

h4 −h3 = h5 −h1 (2.9)

Applying now the First Law on the system consisting of a JT restriction and an evapora-

tor, the cooling power, Q̇c , of the cycle may be obtained,

Q̇c = ṁ(h5 −h1) = ṁ∆h51 (2.10)

Considering Equations (2.9) and (2.10) and also Figure 2.4, some important remarks

are noteworthy:

1. In order to obtain cooling, (h5 −h1) must be positive, therefore, the isotherms in

a P −h plane cannot be straight and vertical. Otherwise, as with helium or neon

at room temperature, the JT expansion warms up the gas.

2. For an ideal gas, the enthalpy does not depend on pressure, then (h5−h1) = 0: the

shape of the isotherms in the P −h plane describes the deviation from an ideal

gas.

12
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3. There is an optimum pressure of operation, as it may be deduced by inspecting

the shape of the isotherms in the P −h diagram. It corresponds to the pressure

maximizing the length of 34, which consequently increases the liquid fraction

(1−χ). Optimum pressure is found when the following condition is verified,(
∂h

∂P

)
T
= 0 (2.11)

corresponding to a local infinite slope of the isotherm in a P −h diagram.

Finally, the Second Law of Thermodynamics is needed to evaluate the input power

required to sustain such cooling operation. So, applying the First and Second Law of

Thermodynamics on the compression process (isothermal and reversible), the mini-

mum work, W , required to run this cycle is,

−Q̇R +Ẇ =−ṁh5 +ṁh1

Ẇ = ṁ[T1(s5 − s1)− (h5 −h1)]

Ẇ

ṁ
= T1∆s51 −∆h51 (2.12)

where s is the specific entropy and Q̇R is the rejected heat by the compressor. The

benefit in terms of extracted heat at low temperature per unit of supplied work is the

coefficient of performance, COPJT,

COPJT = Q̇c

Ẇ
(2.13)

Considering Equations (2.10) and (2.12), the previous equation becomes [9],

COPJT = ṁ∆h51

ṁ(T1∆s51 −∆h51)
(2.14)

=
(
T1
∆s51

∆h51
−1

)−1

(2.15)

Equations (2.10) and (2.15) are useful to find the optimum operating conditions of the

JT cold stage, helping, for instance, to define the range of some critical parameters as

the high pressure and the inlet temperature of the CFHX.

13
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2.2.3 Pre-cooled Linde-Hampson Cycle

The fluids whose inversion temperatures are below room temperature (neon, hydrogen

and helium) will warm up if they are fed into a basic Linde-Hampson cycle. However,

it is possible to "reallocate" its initial state somewhere below its inversion curve to

achieve sustained cool down and liquefaction.

Figure 2.5: Schematic

of a pre-cooled Linde-

Hampson cycle.

This can be accomplished by employing the so called

pre-cooled Linde-Hampson cycle, schematically repre-

sented in Figure 2.5. It usually starts with a high pres-

sure stream above its inversion temperature, being cooled

down in a first CFHX by exchanging heat with the cooled

low-pressure returning stream. Next, it goes trough a pre-

cooling stage to further reduce its temperature below its

inversion temperature, this precooling process is obtained

thanks to an auxiliary cold source. Finally, this precooled

high pressure stream goes through a basic Linde-Hampson

cycle where it cools again in a second CFHX before entering

the JT valve. If needed, many multiple pre-cooling stages

may be used sequentially to further reduce the tempera-

ture. The P − h diagram of this cycle using neon as the

working gas is illustrated in Figure 2.6 and this cooling pro-

cess is analysed considering the same assumptions (1 to

7) as described earlier in Section 2.2.2. Still, the following

assumptions are needed,

8. The pre-cooling source is considered as an heat-sink

with a known constant temperature Tpre,c .

9. The pre-cooling heat exchanger is perfect. Conse-

quently, the gas cools down to Tpre,c .

Considering those assumptions, the states at point 1, 3

and 6 of Figure 2.5 are fully defined. Moreover, this cycle may be analysed only from the

last CFHX and using the same analogy as a basic Linde-Hampson cycle, by considering

the inlet temperature of this CFHX (state point 3) as the pre-cooling temperature Tpre,c .

Replacing the subscripts from Equation (2.10), the cooling power, Q̇c , of this cycle

becomes,

Q̇c = ṁ∆h73 (2.16)

And, the required pre-cooling power, Q̇pre,c , at Tpre,c is,

Q̇pre,c = ṁ∆h32 (2.17)
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Figure 2.6: Neon pressure-enthalpy diagram of a pre-cooled Linde-Hampson cycle.

2.2.4 Cryogenic Liquids

The thermo-physical properties of cryogenic liquids (gases with boiling point below

±120 K) are the primary ingredient to obtain an optimized design of a Joule-Thomson

cryocooler. Furthermore, each particular fluid has its unique characteristics which

directly influences the design of the cooler.

As explained earlier in Section 2.2.2, the Linde-Hampson cycle is usually associated

with a liquid-vapour transition. Therefore, the boiling point temperature and their

pressure dependence is of high importance when selecting the cryogen, since this

temperature will define the operating low pressure, PL , of the Joule-Thomson cooler.

Actually, the list of available cryogenic fluids is rather short, as visible in Figure 2.7.

Therefore, once the required temperature is given, little choice remains. Examining the

vapour pressure curves of Figure 2.7, one may observe the following characteristics:

1. There is a large temperature gap which is not covered by any pure coolant. Pre-

cisely between the triple-point of oxygen, 54.4 K and the critical point of neon,

44.5 K.

2. Above this gap, the shown coolants have inversion temperatures above room

temperature, as it may be consulted in Table 2.1. Therefore, liquefaction can be

obtained by Joule-Thomson throttling through a basic Linde-Hampson cycle.

3. The region below this gap is characterized by a set of quantum gases (helium and
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hydrogen) and neon, whose inversion temperatures are below room temperature.

Consequently, liquefaction is not possible using the simple LH cycle: liquefaction

is only achievable through the pre-cooled LH cycle.
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Figure 2.7: Vapour pressure curves between the triple and critical point of some pure
cryogenic fluids in the temperature range of 40 K to 80 K.

Considering the targeted temperature range for the development of a vibration-free

cooler (40 K to 80 K), two fluids are available at a temperature around 80 K: oxygen

and nitrogen; and, only one is available at 40 K, which is neon. The most important

characteristics of these three coolants are discussed next.

Oxygen in its liquid state shows a light blue colour, its boiling temperature is 90.2 K

(1 bar) and its triple point at 54.4 K. Liquid oxygen is slightly magnetic, in contrast to

other fluids, which are non-magnetic. This unique characteristic could be useful under

zero gravity conditions since a magnetic field may be used to easily separate the liquid

and gaseous phases. Both gaseous and liquid oxygen are highly chemically reactive,

particularly when exposed to hydrocarbon materials. It represents a serious safety

problem, since several explosions have resulted from the combination of oxygen and

hydrocarbon lubricants, that can be found in ordinary compressors or vacuum pumps.

Also, valves and pipelines that were exposed to oil-pumped gases must not be used

with oxygen. So, by working with oxygen, the systems must be maintained clean of any

foreign matter and need careful screening of the materials. Reactive metals, such as

titanium or aluminum, must be used with care, because they are potentially hazardous.

Unfortunately, these metals are the most common ones in the aerospace industry.
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Nitrogen is the most abundant constituent of our atmosphere (78% in volume). It is

obtained in large quantities by fractional distillation of liquid air. In its liquid state, is a

colorless fluid that resembles water in appearance. It boils at 77.3 K (1 bar) and its triple

point is 63.2 K. Liquid Nitrogen (LN2) has a considerable importance to cryogenics,

mostly for being considered a cheap and safe coolant, it is also chemically inactive and

is neither toxic or explosive.

Neon is a rare gas element present in the atmosphere (18.2 ppm of air by volume). It

is obtained via liquefaction of air and separated from other gases by fractional distilla-

tion. With a nitrogen-like appearance, it is a clear and colorless fluid and has a boiling

and triple point temperatures of 27.1 K and 24.6 K, respectively. Liquid neon is an inert

element and it is still trying to find important applications as an economical refrigerant.

Even so, some applications of liquid neon can be found in experiments related to dark

matter [10].

Other characteristic that should be evaluated is the latent heat of vaporization. Fig-

ure 2.8 shows the latent heat, L, of nitrogen, oxygen and neon as a function of tempera-

ture. For each fluid, as its temperature reaches the critical point (T /Tc = 1), the latent

heat rapidly decreases; on the other hand, it increases as it approaches the triple point.
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Figure 2.8: Latent heat, L, of vaporization as function of the reduced temperature T /TC .
The selected points are at the temperatures of interest for neon, nitrogen and oxygen.

However, let us mention that the operation of a Joule-Thomson cooler close to these

two points can bring some difficulties:
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• Since the latent heat rapidly decreases as it approaches the critical point, higher

mass flow rate would be needed to sustain cooling, according to Equation (2.10).

• Close to the triple point, latent heat reaches its maximum, while the vapour pres-

sure reduces significantly. Particularly, for oxygen, this pressure is low as 20 mbar,

as shown in Figure 2.7. Achieving such low pressures is certainly quite challeng-

ing with adsorption-based compression.

2.3 Sorption Compressor

The sorption compressor, being responsible for the circulation of the working fluid,

is a vital component of the cooler. This type of compressor does not mechanically

compresses the gas, as done by usual compressors, instead it is based on the principle

that a large amount of gas can be reversely desorbed and adsorbed just by varying the

temperature of a pressure vessel filled with certain solids. In principle, such solids can

adsorb the working fluid with much higher density compared to a pressure vessel only

occupied with gas.

2.3.1 Adsorption Phenomenon

Adsorption is the adhesion of atoms, molecules or ions from a gas to a solid surface.

In order to enhance this phenomenon, this surface has small, low-volume pores to

increase its surface area. It is a surface phenomenon, where a film of molecules (adsor-

bate) forms at the surface of the pores (adsorbent). It differs from absorption, where

the adsorbate is dissolved or permeates the absorbent. It is also a consequence of the

existence of surface energy. In a bulk material, constituent atoms are bonded to their

neighbor atoms via ionic, covalent or metallic bonds. However, the atoms of the ad-

sorbent surface are not completely surrounded by another atoms and, therefore, they

are susceptible to attract adsorbate. Usually, the adsorption processes are classified as

chemical adsorption or physical adsorption, depending on the kind of interaction force

involved.

In chemical adsorption or chemisorption, the adsorbate chemically reacts with the

adsorbent, thus, forming strong covalent or ionic bonds between the solid surface and

the adsorbate. This process implies that the chemical structure of the adsorbent is al-

tered and that the binding enthalpies are quite high (typically between 250 kJmol−1 to

500 kJmol−1) and, in general, it is a very selective process as it depends on the chemical

nature of both adsorbate and adsorbent. The typical adsorbents involving chemisorp-

tion are metal-hydrides [11] and praseodymium-cerium oxide (to adsorb oxygen).
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In physical adsorption or physisorption, the adsorbate weakly interacts with the ad-

sorbent through long-range vdW or London forces, and the interaction mainly occurs

at the surface. Since the binding energies are really weak, they are heavily influenced

by temperature and pressure: low temperatures and high pressures promote adsorp-

tion, while high temperatures and low pressures lead to very low adsorbed quantities.

These processes are less chemically sensitive when compared with chemisorption and

the heat of adsorption is much smaller (less than 20 kJmol−1) and always exothermic,

actually, comparable with the heat of liquefaction of the fluid. The typical adsorbents

are activated charcoal [12, 13], zeolites, metal-organic frameworks and silica gel.

The pair adsorbate-adsorbent is crucial to design the sorption compressor. Such

adsorption behavior of the pair can be measured either by gravimetric or through volu-

metric methods and is frequently represented by a series of equilibrium isotherms in

a chart of adsorbed quantity versus pressure, for instance, as shown in dashed lines of

Figure 2.9.

Figure 2.9: Schematic of a compressor cell cycle (black solid lines) in an adsorbed quan-
tity diagram with isotherms (in dashed) as function of pressure. nL corresponds to the
adsorbed quantity at the equilibrium low temperature TL and low pressure PL (state A)
and nH to the adsorbed quantity at high temperature TH and high pressure PH (state
C). ∆n is net adsorption quantity of a compression cycle, it corresponds to the quantity
that can be adsorbed or released during a cycle.
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2.3.2 Working Principle

Consider a pressure vessel filled with an adsorbent material and some gas adsorbed at

low temperature, TL , and pressure, PL . If we close this vessel and increase its tempera-

ture, the adsorbed gas will be released from the adsorbent material and, consequently,

the pressure will increase. Afterwards, if this high-pressure vessel is opened, the gas

flows out of the vessel and can be maintained by further increasing its temperature

until most of the gas is released or achieved the maximum allowed temperature, TH .

After this phase, the vessel must cool down its temperature to be refilled again at low

temperature and pressure.

Figure 2.9 schematically displays a typical sorption compressor cycle overlapped on

a series of adsorbent isotherms, thus, it depicts the amount of gas in the cell as a func-

tion of temperature and pressure. It is visible that there are four distinct phases: heating

(compression, A→B), releasing (out-flow, B→C), cooling (decompression, C→D) and

adsorbing (in-flow, D→A). Each of these phases will be explained in detail below:

• Heating: Starting at state point A, at the lowest temperature, TL , and low pres-

sure, PL , the sorption cell is being heated up in closed volume, so, operating at

constant quantity. As the temperature increases, the gas is being desorbed from

the adsorbent material and, so, occupying the void volume of the cell, while the

pressure increases. During such phase, the total amount of gas, nL , in the cell

remains constant.

• Releasing: When the pressure reaches the required high pressure, PH , to feed

the Joule-Thomson stage, the sorption cell opens and the gas is released in a

controlled way to provide a constant gas flow towards the cold stage (ideally at

constant pressure), this is accomplished by continuously increasing the tempera-

ture of cell. During this phase, a gas quantity ∆n = nL −nH is released from the

cell.

• Cooling: When maintaining the high pressure and a constant mass flow rate ṁ

becomes impossible, state point C is achieved. The cell was heated up to its

highest temperature, TH , and, then, starts its cooling phase, where it is again

operating in closed volume, so, its pressure decreases at constant quantity, nH .

• Adsorbing: When the pressure decreases down to the outlet pressure of the Joule-

Thomson stage, PL , the sorption cell opens and is able to adsorb the gas contin-

uously exiting the JT cold stage. Adjusting the temperature decreasing rate of

the cell, it should be able to adsorb with the same rate as it is flowing out from

the JT stage, while maintaining PL and the mass flow rate constant. When the
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adsorbent material is no longer able to adsorb with this rate, the compression

cycle is completed and the cell has reached its minimum temperature, TL .

The duration, ∆t , in which a gas quantity, ∆n, flows into or out of the cell has the

following relationship with the mass flow rate, ṁ, (assuming constant mass flow),

ṁ = M∆n

∆t
(2.18)

where M is the molar mass of the fluid. To achieve best performance, the JT stage

requires a more or less stable and continuous supply of gas. Such uninterruptedly

gas flow is traditionally provided by a sorption compressor containing at least three

or more sorption cells [4], as shown in Figure 2.10. Although a sorption compressor

using a single sorbent bed is also found in the literature as viable a configuration and it

corresponds to a less complex solution, since less parts are needed. However, it requires

two large volume buffers to maintain a stable supply of gas and this layout has a slight

fluctuation in the low pressure buffer, which results in some variation in the cold end

temperature, Tc [14].

Figure 2.10: Schema of a sorption compressor using four adsorption cells coupled to a
Linde-Hampson cold stage.
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Using the four cells configuration (Figure 2.10) and by working them sequentially

out of phase it is possible to maintain a constant flow into the cold stage, with less

fluctuation, and achieve continuous cooling. In practice, each phase must have the

same duration ∆t and the four sorption cells must be evenly distributed in the four

distinct phases (quadrature operation), as schematically shown in Figure 2.11. Then,

for four cells working in quadrature, one full compression cycle period, Tcycle, is 4∆t .
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Figure 2.11: Four sorption cells working in quadrature during a compression cycle.

Examining the sorption compressor cycle from Figure 2.11, for instance between t0

and t1, one may observe the following characteristics:

1. Considering the "pair one" (first chart of fig. 2.11), cells #1 and #3 are regenerating

(cooling and heating): cell #1 is being cooled down to adsorb gas after, while cell

#3 is increasing its temperature to increase its pressure and release gas later.
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2. Considering the "pair two" chart, cells #2 and #4 are either receiving or supplying

gas: the cell #4 is adsorbing gas at low temperature (adsorbing phase), while cell

#2 is releasing gas at high pressure by further increasing its temperature (releasing

phase).

3. By working the cells in quadrature, as displayed in the bottom chart "all cells",

is visible that anytime during operation there is always one cell adsorbing gas at

low temperature/pressure and another one releasing gas at high temperature/-

pressure. So, it always exists a flow circulation of gas into and out of the JT stage.

4. Note that is important that each phase has precisely the same duration, ∆t , to

obtain a constant mass flow and avoid large fluctuations, which is required to

achieve the best performance of a Joule-Thomson stage.

During a compression cycle, the sorption cells need to cool down and, consequently,

to reject the heat somewhere. Then, each cell has to be connected to a heat-sink, for

instance, a cryogenic flow circulator or a radiator rejecting heat to a lower temperature

in deep space. Moreover, during both releasing and heating phases of the cycle, the

sorption cells need to reach high temperatures, which can be higher than room tem-

perature. Therefore, to avoid an unacceptable heat load to the heat sink during these

phases, which in space must be avoided due to limited resources, the sorption cell has

to be thermally connected to the heat sink via a controllable thermal link, for instance,

a Gas Gap Heat Switch (GGHS) (Figure 2.10).

A GGHS is a device able to vary its thermal conductance by several orders of magni-

tude [15]. Usually, it is characterized by two distinct operating states: an ON state, for a

highly conducting mode and an OFF state, for a low thermal conductance mode. Such

a device is usually integrated in each sorption cell to manage the thermal connection

between the cell and the heat-sink. So, as soon as any cell begins to increase its tem-

perature, the heat switch should remain in its OFF state, and as soon as any cell needs

cooling, the heat switch must be switched to its ON state to reject the heat somewhere.

A pair of check-valves (one-way valves) are also required for each sorption cell in

order to obtain the correct flow direction during the active phases (releasing and ad-

sorbing), further details will be provided later in Section 6.3.
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2.3.3 Thermodynamic Analysis

In the literature, several studies related to the thermodynamics and optimization of

sorption-based coolers can be found [16–18]. For instance, the coefficient of perfor-

mance of a sorption compressor, COPSC, written as function of exergy1[19],

COPSC = b∆n

Qinput
(2.19)

where ∆n is the gas quantity that flows in or out of a sorption cell during a cycle, b is

the specific exergy of the gas and Qinput is the required heat input of the sorption cell.

Note that in a thermal compressor the heat input to compress a gas is usually supplied

by Joule effect. Considering Equation (2.18), COPSC may be written as function of the

mass flow rate, ṁ,

COPSC = ṁb

Q̇input
(2.20)

In sorption compressor analysis, it is assumed that the high pressure gas stream is being

pre-cooled in a heat sink at low temperature, TL , before entering the JT cold stage, for

instance, as depicted in Figure 2.10). Therefore, in this case, the exergy reduces to the

variation of Gibbs free energy ∆G [19],

b =∆g (TL ,PL ,PH )

= [h(TL ,PH )−h(TL ,PL)]−TL[s(TL ,PH )− s(TL ,PL)] (2.21)

Considering the state points from Figure 2.10, the previous equation is written as,

b = (h1 −h5)−T1(s1 − s5) = T1∆s51 −∆h51 (2.22)

Substituting this result into Equation (2.19), one obtains,

COPSC = ṁ(T1∆s51 −∆h51)

Q̇input
(2.23)

The total heat input, Qinput, consists of the energy required to heat up the sorption

compressor cells from TL to TH (or from TA to TD , Figure 2.11). In Figure 2.12 it is

depicted a control volume applied to a single sorption cell where, in a first approxima-

tion, such control volume is assumed as adiabatic. Let us note that a sorption cell filled

with an adsorbent material does not fully occupies the whole cell volume, as there is

a fraction of its volume which is only occupied with gas (void volume), further details

later in Chapter 4.

1Exergy B is the maximum (ideal) work that can be produced by a system between two distinct states
of pressure and temperature.
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Figure 2.12: Energy balance applied to the control volume in a sorption compressor
cell. The area of each contribution in this diagram is merely indicative.

Essentially, Qinput is the required energy to warm up the gas in the void volume

(Qvoid), to desorb the gas (Qsorb), to warm up the sensible heat of the cell’s material and

of the sorbent material (Qs.heat). Considering an infinitesimal step in the process,

dQinput = dQsorb +dQvoid +dQs.heat (2.24)

where dQsorb is,

dQsorb = Ldn (2.25)

where L is the isosteric heat of adsorption. dQvoid is,

dQvoid = cp,void(T )nvoid(T,P )dT (2.26)

where nvoid is the gas quantity occupying the void volume of cell which does not remain

constant upon changes in temperature and pressure. And, dQs.heat is,

dQs.heat = (cp,s(T )ms + cp,v(T )mv)dT (2.27)

where ms is the mass of adsorbent and mv is the mass of vessel. Thus, the total heat

input is obtained via integration over the heating and releasing phases of a sorption

cell,

Qinput =
∫

A→B
dQinput

∣∣
n +

∫
B→C

dQinput
∣∣
PH

(2.28)
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Note that A → B corresponds to the heating phase, process occurring at constant quan-

tity n, whereas B → C corresponds to the releasing phase occurring at constant pres-

sure, PH .

Finally, it is possible to obtain the global Coefficient of Performance of the cooler

as it may be obtained by the product of each sub-system COPs, namely, the JT circuit,

Equation (2.15), and the sorption compressor, Equation (2.23).

COP = COPJT ×COPSC = ṁ∆h51

Q̇input
(2.29)

Let us note, however, for space applications, it may not be possible to operate close

to the ideal parameters obtained from Equation (2.29) as it can lead to an incompatible

configuration considering the various stringent requirements of volume, temperature

or mass.

26



CHAPTER 3
Baseline Design Solution of a 40 K to

80 K Vibration-Free Cooler

The European Space Agency has launched in 2014 a Technical Research Program (TRP)

to develop new or adapt current cooling technologies in the temperature range of 40 K

to 80 K without mechanical disturbances to answer the needs of potential future Earth

observations infrared missions. The main objectives of this TRP were to design, man-

ufacture and test an elegant breadboard model (close to an engineering model) of a

vibration-free cooler.

In this chapter, the main system requirements of this TRP study are presented and

followed by a description of the current state of the art of sorption-based coolers work-

ing in the temperature range and cooling power close to our requirements. In the

second part of this chapter, a baseline design solution of a 40 K to 80 K vibration-free

cooler is presented.

3.1 System Requirements

The VFC to be developed is constituted at least of the following elements: a compres-

sor/circulator and a cold end. Depending on the technology, other sub-elements can

be used to achieve the thermodynamic cycle (e.g. heat exchanger, turbines) or vibration

cancellation systems (active or passive). ESA proposed the following possible solutions

[3]:

• Active closed-cycle cooling systems based on sorption/desorption technique.

This technology was already used for the hydrogen Joule-Thomson stage on

Planck (chemisorption) and was the topic of the development of hydrogen and

helium physisorption systems (Darwin studies).
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• Very high frequency active closed-cycle cooling systems.

• Active closed-cycle cooling with vibration free mechanism and no oscillating

fluid flow.

The following solutions should not be considered in the scope of this study:

• Full passive cooling (e.g.radiators), since this solution is very dependent on sys-

tem parameters like orbit and altitude and cannot cover the whole range of tem-

perature of interest (very difficult to reach temperatures below 70 K in low Earth

orbit).

• "Classical" Earth observation coolers (e.g. PTC, 50 K to 80 K Stirling cooler) with

complex damping mechanisms.

• As one of the main requirements is continuous cooling, intermittent solutions,

for instance, based on coolers with thermal energy storage solutions [20], were

also out of the scope of this study.

The Physical and Resource requirements of the VFC are shown in Table 3.1 and the

Functional and Performance requirements in Table 3.2. Considering the requirements,

a preliminarily design of a cooler based on two Linde-Hampson cycles and two sorp-

tion compressors was proposed. Its detailed design, manufacture and components

characterization are presented on the following chapters.

Table 3.1: Physical & Resource requirements of the VFC [3].

PR1 The mass of the cooler shall not exceed 7 kg, excluding electronics.
PR2 The total radiator surface needed for the cooler (assuming an emissiv-

ity ε of 0.8) shall not exceed 1.5 m2.
PR3 The maximum power consumption in operation of the VFC shall not

exceed 180 W during continuous operation (limited by the radiator
sizing).

PR4 The total volume of the cooler without electronics shall not exceed
10 L.
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Table 3.2: Functional and Performance Requirements of the VFC [3].

FPR1 The cryocooler efficiency shall ensure the following performances
considering end of life condition:

Functional point @ 40 K
• Cold end temperature: ≤40 K
• Heat lift: 500 mW to 800 mW
• Continuous cooling

Functional point @ 80 K
• Cold end temperature: 80 K
• Heat lift: 1 W to 1.5 W
• Continuous cooling

Notes: - The 40 K to 80 K temperature range does not need to be continuously
covered, a gap of around 10 K is acceptable.
- The two functional temperatures have to be achieved by the same
type of cooler (e.g. by changing the working fluid, optimizing the cold
part).

FPR2 The exported vibration at room temperature and atmospheric pres-
sure, at the cooler mechanical interfaces of a nominally operating
cooler in all orientations with respect to gravity, shall not exceed
10 mN RMS in all axes in a frequency bandwidth between 0 kHz to
1 kHz

FPR3 The VFC shall achieve a temperature stability better than
100 mK/15 min in a stable environment, at the nominal opera-
tional point in open loop.

3.2 State of the Art

In this section, the state of the art will be focused on sorption-based cryocoolers using

the Joule-Thomson effect.

3.2.1 ESA’s Planck Sorption Cooler

The Planck scientific mission successfully measured very small temperature variation

in the Cosmic Microwave Background (CMB) with an unprecedented sensitivity, obtain-

ing CMB images with 2.5 times greater resolution than its ancestor (WMAP), as shown

in Figure 3.1. The spacecraft was launched in May 2009 and successfully worked until

October 2013.

The amazing images of Planck’s were obtained thanks to its complex cryogenic

chain, which was designed to reach a low temperature of 100 mK. A 20 K hydrogen
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sorption cooler was one of the active cooling systems of the cryogenic chain of Planck’s

spacecraft. Its successful development and operation during three years was an impor-

tant milestone to the development of this family of coolers for long term space missions.

It was designed and built at the Jet Propulsion Laboratory to provide more than 1 W of

heat lift at a temperature 20 K for the Low Frequency Instrument (LFI) and to pre-cool

the High Frequency Instrument (HFI).

Figure 3.1: CMB measurements detected by NASA’s COBE (left) in 1989, NASA’s next
generation satellite WMAP in 2001 (middle) and ESA’s Planck (right) [21].

The HFI uses bolometers, which are cooled down to 100 mK by combining a passive

cooling down to 60 K, a 20 K sorption cooler, a 4.5 K JT cooler and a 100 mK 3He/4He

open cycle helium dilution cooler. Two identical sorption coolers using hydrogen as

the working gas were built to provide redundancy for this mission. The hydrogen gas

goes through a Joule-Thomson expansion to provide cooling at 20 K. The sorption

compressor shown in Figure 3.2 is a fundamental part of this system, it uses six sorbent

beds and compresses the gas from 0.5 bar to 48 bar, their temperatures varying between

270 K to 470 K. The selected sorbent material was the metal hydride LaNi4.78Sn0.22 and

each compressor cell contains approximately 600 g of this hydride powder [22].

At any moment during operation: one bed is releasing gas at high pressure and a

controlled stream of hydrogen goes through the cold end; three other sorbent beds

are absorbing to maintain the low pressure line constant; the remaining two beds are

regenerating, respectively. The heating is accomplished by electrical resistance heaters,

while the cooling is achieved by thermally connecting the sorption compressor unit

to a radiator, where it rejects the input power at 270 K. Furthermore, each sorbent

bed is thermally connected to the radiator via a gas gap heat switch, which enables
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to decouple the sorbent bed from the radiator during the heating phases, to avoid

unacceptable heat loads on this radiator. These heat switches also use hydrogen as the

exchange gas and the switching action (transition between a good and poor thermal

conduction) is obtained by heating or cooling a hydrogen sorption pump using a ZiNi

intermetallic compound.

The cycle time of the compressor ranges from 9 min to 20 min, the total mass of

each cooler is around 53.3 kg (excluding electronics) and the power consumption is

less than 470 W (excluding electronics).

The hydrogen cold stage (JT stage) of Planck’s sorption cooler includes two liquid

reservoirs, one for each instrument, a set of counter-flow heat exchangers and a Joule-

Thomson restriction. A porous material was used to create the impedance needed to

obtain the JT expansion, it consisted of a sintered powder 316L Stainless Steel (SS) in a

housing using the same alloy. A particle filter and a charcoal trap were placed upstream

the restriction to reduce risk of contamination and clogging. The expanded hydrogen

mixture of liquid and gas flows into two different reservoirs and the liquid confinement

under zero-g conditions is assured by capillary forces through a metallic copper foam,

which also avoids any temperature gradient inside the reservoir [23].

Figure 3.2: 20 K Planck sorption compressor system (top) and fabricated compressor
element (bottom), from [24]. Reprinted from AIP Conference Proceedings, Vol. 613:1,
pp. 1037-1044, with the permission of AIP Publishing.
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3.2.2 ESO’s METIS

The Mid-Infrared E-ELT Imager and Spectrograph (METIS) is one of the first scientific

instruments of the European-Extremely Large Telescope (E-ELT) from the European

Southern Observatory (ESO). It will offer imaging and spectroscopy over the wavelength

range of 3µm to 19µm (L, M and N bands) [25].

METIS will require cryogenic cooling at different functional temperatures in the

range of 8 K to 85 K to cool the optics instrumentation. Active cooling systems are

needed for temperatures below liquid nitrogen, however, conventional cooling solu-

tions such as pulse-tube coolers or Stirling are excluded, mainly because of their work-

ing principle which still induce undesirable vibrations, thus, reducing the imaging

quality.

The University of Twente in collaboration with Airbus Defence and Space Nether-

lands submitted a proposal of a vibration-free cooler solution based on a sorption-

based Joule-Thomson cycle. Several studies and improvements were made over the

past years to achieve the optimum cryogenic cooler chain for METIS [26]. Helium, hy-

drogen and neon were found to be the adequate fluids to provide cooling at the various

functional temperatures for the optics instrumentation of METIS. The cooling chain is

disposed in a multi-stage cascade configuration, as shown in Figure 3.3.

In Figure 3.3, the neon, hydrogen and helium stages are arranged in parallel. During

the preliminarily design phase, a different configuration was also considered and it

consisted of the hydrogen cooler working in parallel with a cascade of neon and helium

coolers. However this configuration was found to be less efficient than the parallel

one, particularly, because of the limited performance of the neon stage, its COP being

around 1 % to 2 %, whereas it reaches 3.7 % in the parallel configuration [12].

The helium stage is driven by a single-stage sorption compressor, four CFHX and

three pre-cooling heat exchangers, which are coupled to the others stages in parallel:

40 K (neon stage), 25 K and 15 K (hydrogen stage), as visible in Figure 3.3. The efficiency

of the helium stage is maximized by reducing the pre-cooling temperature as low as

possible. However, in this case, it was limited by the vapour pressure of hydrogen and

consequent pressure-drop in the low-pressure hydrogen line. At 15 K, the boiling pres-

sure of hydrogen is 0.13 bar, which was found reasonable to be considered as minimum.

The hydrogen stage provides two temperature levels and due to its low vapour pressure,

a high compression ratio is needed, therefore, a double-stage compressor was found

as mandatory. Lastly, the neon stage provides the required cooling power of 1.4 W at

40 K and uses a single-stage sorption compressor to circulate the neon gas with a mass

flow rate of 170 mgs−1. Its cooling capacity is split into cooling of METIS’s L/M band

detectors and helium and hydrogen pre-cooling interfaces.
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Figure 3.3: Conceptual design of METIS cooler chain from [12]. Reprinted from Cryo-
genics, Vol. 84, June 2017, Wu et al., pp. 37-52, Copyright 2017, with permission from
Elsevier.

The heat-sink temperature THS is a critical parameter to size the system and tune

its parameters. The lower the heat-sink temperature, the higher is the quantity of ad-

sorbed gas, which deeply affects the size of the sorption compressor cells. In METIS, the

heat-sink temperature of the sorption compressors is a dedicated liquid nitrogen bath.

In Earth, such cooling solution corresponds to a simpler and vibration-free solution.

Moreover, this LN2 bath can be pumped to even further reduce the heat-sink temper-

ature, in the range of 64 K to 74 K. In this system in particular, it was estimated that

the sorption cooler consumption decreases about 6% per degree of THS [12]. By using

a LN2 bath at atmospheric pressure (77.3 K), the cooler needs around 67 compressor

cells, considering a carbon-based compressor cell with a dimension of 1.5×50 cm2. On

the other hand, if such LN2 bath is pumped down to 70 K, only 43 cells are required,

which corresponds approximately to a mass reduction of 36% and, therefore, one can

see that this temperature greatly interferes the design of the compressor. After some

trade-off analysis, 70 K was the selected temperature for the LN2 pumped bath.

Each compressor cell consists of a cylindrical, thin-wall container filled with an ad-

sorbent material, it comes also equipped with actively operated gas-gap heat switches,

as displayed in Figure 3.4a. Two support spacers are used to hold the container, thus
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keeping a gap between the container and the heat-sink. This narrow gap could be used

as a gas gap heat switch by varying its internal pressure with a hydrogen getter. The

proposed METIS refrigerator requires more than 50 cells, each one 50 cm long. Then,

it becomes really expensive and mechanically complex to build such large quantity of

cells respecting the tolerances needed to obtain this narrow gap over the full length of

the cell. However, since it is a ground-based application, where the efficiency is less of

a concern, a different and simpler solution was envisaged.

In the developed alternative solution, the gas-gap was replaced by a solid insulation

layer, displayed as green in Figure 3.4b. This layer should have low thermal conductivity,

low heat capacity, low porosity, low thermal expansion coefficient and it has to be an

inert material: Kapton®, Mylar or Teflon® are feasible candidates and commercially

available. It is clear that this solid layer has much higher conductance than an OFF state

of a GGHS. However, this thermal conductance can be further reduced by increasing

the thickness, although, this also slows down the cooling process, which results in a

longer cycle period [26].

(a) Schematic of a sorption compressor cell operating with a gas-gap heat switch.

(b) Schematic of a switchless sorption compressor cell, the narrow gap was re-
placed with an insulation layer.

Figure 3.4: Comparison between two compressor cell designs of METIS’s cooler, from
[26]. Reprinted from International Journal of Refrigeration, Vol. 82, October 2017, Wu
et al., pp. 520-528, Copyright 2017, with permission from Elsevier.

Since many parameters can be adjusted, Wu et al. developed a one-dimensional

dynamic model to evaluate and size the METIS cooler using switchless sorbent cells.

Of course, such configuration has a lower production cost and is a much more reliable,
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mechanically speaking, however, it has a higher heat load to the heat-sink, but still

compatible with ground-based applications. On the other hand, it can be quite difficult

to use this solution in space-based applications, due to limited resources (low heat-sink

rejection capacity).

3.3 Baseline System Solution

3.3.1 Fluid Selection Tradeoff

The working fluid deeply interferes the design of the VFC. As previously seen in Sec-

tion 2.2.4, the available pure fluids at saturation conditions within the temperature

range of interest is limited. Therefore, for the 40 K functional temperature, neon is the

only possible choice and for the 80 K temperature, both nitrogen or oxygen are possible

solutions. According to the system requirements shown in Section 3.1, the targeted tem-

perature range does not have to be fully covered. The cooling solution can be adapted

for two different functional points by merely changing the working fluid. Thus, a cool-

ing solution using two fluids, each one dedicated for each functional temperature, was

studied.

80 K Functional Point

To compare the performance between a JT stage of nitrogen and oxygen, the Joule-

Thomson COPJT for each of the selected fluids can be calculated using Equation (2.15).

Figure 3.5 shows the nitrogen and oxygen COPJT as a function of the working high pres-

sure PH and of the inlet temperature T1 (considering the state points from Figure 2.3).
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Figure 3.5: Nitrogen (left side) and oxygen (right side) JT stage COPJT.

Evaluating both contour plots, the JT stage either with nitrogen or oxygen have

similar performances and, for pressures approximately above 150 bar, the COP is not
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strongly pressure dependent. However, it is noticeable that the oxygen performance

is slightly better. Regarding the performance of a sorption compressor either with

oxygen or nitrogen, a direct comparison is only possible if the adsorptive properties of

the adsorbent are known and even if the same adsorbent is considered their sorption

properties will be different according to the gas.

In a pre-dimensioning phase carried out by AST, a cooling solution using activated

charcoal as the adsorbent material was studied and it consisted in a configuration

of four sorption cells, each one having 1 L volume. Taking into account the adsorp-

tion isotherms found in the literature for nitrogen [27] and also the simulated adsorp-

tion quantities of oxygen on activated charcoal [28], both fluids showed similar perfor-

mances, hence, both being potential candidates for the 80 K temperature functional

point. Anyway, more nitrogen and oxygen adsorption data is required on different ma-

terials and over a wider range of both pressure and temperature, since these are found

out to be very scarce in the literature. A priori, oxygen is more attractive as it can reach

lower temperatures, however, selecting it as working fluid of the 80 K functional point

brings some disadvantages and concerns, which are presented below:

• Since adsorption increases with pressure, the oxygen’s low saturation pressure

of 0.3 bar at 80 K may lead to a very poor gas adsorption and, then, to a very

inefficient cycle.

• The commercially available passive check-valves operated by differential pres-

sure have a cracking pressure1 of 140 mbar which is the same order of magnitude

as the oxygen vapour pressure, thus, turning their operation problematic. To over-

come this issue, the development of a specific check-valve for this operational

range would be required.

• If volume buffers are needed to damp the mass-flow rate and/or the pressure

fluctuations between the different phases of the compression cycle, they have to

be quite large (compared to the nitrogen ones), to store a significant quantity of

gas at a low pressure of 0.3 bar.

• The very reactive oxygen requires careful screening of materials and special clean-

ing procedures.

In the light of these arguments, it was considered safer and adequate to proceed the

development of the cooler with nitrogen for the 80 K functional point.

1Refers to the minimum pressure differential needed between the inlet and outlet of the valve at
which a steady stream is obtained.
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40 K Functional Point

Neon is the only fluid under saturation conditions for this functional point and it be-

longs to the group of gases whose inversion temperatures are below room temperature.

Then, to achieve liquefaction, a pre-cooling configuration is needed. The pre-cooling

source in space could either be obtained by diverging some cooling power from an-

other cooler arranged in parallel, for instance, the 80 K nitrogen stage, or by passively

rejecting the heat through a radiator.

Figure 3.6 shows the COPJT of a neon JT cycle as a function of the inlet (pre-cooling)

temperature T3 (considering the state points from Figure 2.5) and high pressure, PH .
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Figure 3.6: Neon JT stage COPJT. The inlet-temperature corresponds to the state point
3 of Figure 2.5.

It is visible that the COPJT values of neon are significantly lower compared to those

of nitrogen and oxygen, note that these values were estimated for lower temperatures

(T<120 K). Therefore, the neon stage could not share the same inlet temperature (i.e

share a common heat-sink) as the nitrogen stage, so, justifying the need of precooling

as schematically displayed in Figure 2.5. If a radiator is considered as the heat-sink, the

heat Q̇R exchanged by a radiator of surface area AR , rejecting at T∞, is obtained by the

following equation,

Q̇R =σεAR (TR
4 −T 4

∞) (3.1)

whereσ is the Stefan-Boltzmann constant and ε is the emissivity of the radiator. Accord-

ing to our system requirements, the radiator background temperature T∞ is limited to

90 K and the maximum exchange surface area AM AX is 1.5 m2, then, this radiator could

only be used as the precooling source of the neon stage for temperatures higher than T∞.
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However, the COPJT values (less than 0.2) are clearly reduced for an inlet-temperature

above 90 K and, therefore, this makes the use of the radiator as a pre-cooling source for

the neon stage very inefficient.

Considering the state points from Figure 2.5 and setting T1 = 180 K and PH =100 bar

(as an example), it is possible to estimate, through Equations (2.17) and (3.1), the re-

quired radiator surface AR for the pre-cooling source to obtain 0.5 W of cooling power

at 40 K, Figure 3.7 shows such a result. As expected, for temperatures close to T∞, AR

easily exceeds AM AX . For instance, if the pre-cooling temperature is set at 92 K, where

AR = AM AX , the whole radiator surface would be needed just to pre-cool the high pres-

sure stream of neon. Let us remind that this radiator also has to cool down the neon and

nitrogen sorption cells and the high-pressure stream of nitrogen. By setting AR /AM AX

between 1 % to 5 %, thus using a small fraction of the total area as the pre-cooling

source, the pre-cooling temperatures fall in the range of 115 K to 150 K. However, in

this condition, the neon’s mass flow rate is quite high (from 61 mgs−1 to 128 mgs−1)

in comparison to an alternative configuration that diverges some cooling power from

the 80 K nitrogen cold stage to pre-cool the neon gas flow. In such configuration, the

required mass flow rate ṁ of neon is only 27 mgs−1.
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Figure 3.7: Left side: neon’s pre-cooling exchange surface ratio to the maximum ex-
change surface AR /AM AX as a function of the pre-cooling temperature. Right side:
mass flow rate ṁ needed to obtain a heat lift of 0.5 W at 40 K, shown as a function of the
pre-cooling temperature T3. For both plots, T1 = 180 K and PH =100 bar, for calculation
purposes only.

Actually, according to the system requirements, it is possible to diverge some heat

lift from another functional stage (e.g. nitrogen stage). About 0.5 W at 80 K may be used

to cool down the high pressure neon stream and, therefore, increase the performance

of the neon stage. Also, this solution seems more attractive as it is possible to operate

the neon stage with a lower pre-cooling temperature (at 80 K) and, consequently in a
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more efficient region (Figure 3.6), since less mass flow rate is needed to obtain the same

cooling power at 40 K. Although the sorption compressor behavior was excluded in this

trade-off analysis, it is known that adsorbing neon can be a complicated task, therefore,

it is preferable to opt for a configuration leading to a reduced mass flow rate.

3.3.2 Proposed Design

Based on the trade-off shown in Section 3.3.1, nitrogen is the chosen fluid for the 80 K

functional point and neon is the one selected for the 40 K interface. Considering this,

a cooling solution using both fluids is presented and displayed in Figure 3.8. The con-

figuration consists in two parallel stages: the nitrogen stage, employing a basic Linde-

Hampson cycle, as shown previously in Figure 2.3 and a neon stage, using a pre-cooled

LH cycle with the precooling source from the 80 K JT stage (Figure 2.5).

Taking into account the working principle of a sorption compressor, the gas amount

released/adsorbed by a sorption cell during a compression cycle should be as high

as possible, thus, usually, forcing each sorption cell to operate over a wide range of

pressure and temperature. Moreover, to obtain a continuous flow of gas, the four cells

working in quadrature, as explained in Section 2.3, are needed. From the JT expansion

point of view, higher pressures favours the stage performance. So, in a first preliminary

design, it was envisaged that the sorption compressor cells would have to vary their

temperatures between 150 K to 500 K and pressure between 1 bar to 100 bar.

The proposed solution also considers that both nitrogen and neon sorption com-

pressors share the same radiator, so, the same heat-sink temperature. Each sorption cell

is thermally coupled to this radiator through a gas gap heat switch, to allow a thermal

decoupling during the heating phases and also to obtain a good thermal conduction

when cooling is needed. Furthermore, the heat input/release of each compressor cell

is highly dependent on the adsorbent properties, namely, the sensible heat and isos-

teric heat of adsorption of the sorbent bed. However, as it is found in the literature,

adsorption isotherms data of both nitrogen and neon over a wide range of pressure

and temperature is very limited. For this reason, an extensive search and screening of

many materials was carried out to find suitable materials that can be used to charge

the sorption compressor cells. The conclusions and results of this study can be found

in Chapter 4 and it allowed to a more detailed design and, therefore, a more accurate

definition of the parameters of the VFC, within the requirements.

Let us note that the activated charcoal has been excluded from our studies, since

the found data in the literature of neon was far from our targeted pressure range and it

seemed to indicate that the adsorption capacity of neon was quite reduced, lower than

hydrogen adsorption, in the temperature range of interest [27, 29]. So, using activated
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charcoal may turn the operation of the neon sorption compressor problematic. In fact,

as previously mentioned, a first preliminary screening of adsorbent materials show-

ing good neon adsorption pointed to a new class of porous materials: Metal-Organic

Framework (MOF), as they seem to be more promising when compared to activated

carbon [28].

Figure 3.8: Schematic of the proposed design of a two stage vibration-free cooler.
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CHAPTER 4
Adsorbent Materials Characterization

The core element of a sorption compressor is certainly its adsorbent material since

the working fluid needs to have a good affinity with the selected adsorbent on the

required equilibrium pressure/temperature range. For that reason, an extensive search

of materials with large adsorption capacities for both neon and nitrogen was carried

out by simulation and three potential materials were pointed out and characterized

over a wide range of pressure and temperature.

This chapter includes a brief overview of basic adsorption models, a description of

the selected adsorbent materials, the measurement methods and the measured char-

acteristic adsorption isotherms of the three potential materials. This chapter ends with

a review of the proposed cooling configuration considering the obtained adsorption

behavior. Some results shown in this chapter are published in [30, 31].

4.1 Adsorption Isotherms Models

Adsorption isotherm data of a pair adsorbate-adsorbent is an important input for de-

signing sorption compressors. Therefore, for designing purposes, it is convenient to

apply a model that correlates the measured adsorption isotherms and expresses the

adsorbed quantity as a function of pressure and temperature. By using such model, it

allows to analytically obtain the working parameters of the sorption compressor as, for

instance, the working high pressure and the required temperature interval to circulate

the required gas quantity towards the JT stage.

A wide variety of equilibrium isotherm models have been formulated over the past

years. Foo and Hameed have presented in 2010 the current state of the art of the many

existent adsorption isotherm models [32]. The empirical model derived by Langmuir

in 1918 is still one of the simplest and most versatile models. This model assumes
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the adsorbent surface as perfect and homogeneous, where all of the adsorption sites

possess the same adsorption energy, without any interaction between the adsorbed

molecules. Moreover, adsorption can only take place for a fixed number of localized

sites. The adsorption Langmuir equation as a function of pressure, P , is given by,

C (T,P ) =C0
K (T )P

1+K (T )P
(4.1)

where C (T,P ) is the absorbed concentration at an equilibrium pressure, P , and temper-

ature, T ; C0 is the mono-layer capacity and K is a constant dependent on the adsorption

energy of the pair adsorbate-adsorbent and of the temperature. Graphically, it is char-

acterized by a linear increase of C at low pressure (Henry’s law) and a saturation at high

pressure, where once the adsorption sites are fully occupied, no further adsorption

takes place.

The Freundlich isotherm empirical model describes non-ideal adsorption and it

may be applied to multilayer adsorption on surfaces with heterogeneous adsorption

energy. Basically, it considers that the adsorption sites are not constant for different

adsorbed concentrations: stronger binding sites are occupied first, until they exponen-

tially decrease upon completion of the adsorption process. The adsorption Freundlich

equation is given by [33],

C (T,P ) = KF (T )P
1
n (4.2)

where KF (T ) is a constant for a given pair of adsorbate-adsorbent at a particular tem-

perature, n is a correction factor. We emphasize that such model does not predict

an adsorption saturation, therefore, it is commonly used to describe systems at low

adsorbate concentrations.

The Sips model is a combined form of both Langmuir and Freundlich models, where

at low adsorbed concentrations it reduces to a Freundlich isotherm, while at high con-

centrations it predicts a monolayer adsorption as the Langmuir model. The Sips ad-

sorption equation is expressed as [34],

C (T,P ) =C0
(asP )

1
n

1+ (asP )
1
n

(4.3)

where as is a parameter depending on the adsorption energy and n a dimensionless

parameter that describes the heterogeneity of the adsorbate-adsorbent system. Note

that, for n = 1, the previous equation reduces to the Langmuir equation.

In a previous work, the Sips adsorption model has successfully described adsorption

isotherms in the temperature range of 300 K to 400 K and for pressures up to 80 bar

of nitrogen, methane, ethane and propane on three carbons: Norit RB2, Chemviron
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AP 4-60 and the highly activated Saran [34]. Furthermore, in this work, the authors

pointed out that the parameter C0 should not be considered as the ultimate saturation

adsorption.

As previously explained in Section 2.3, another important parameter to consider in

a sorption compressor design is the isosteric heat of adsorption L that can be obtained,

in a first approximation, from the equilibrium isotherms. Considering the adsorption

phenomenon as a phase change and assuming thermodynamic equilibrium between

the gas and the adsorbed phase, the Clausius-Clayperon relation may be used for a

series of adsorption isotherms at different temperatures and, hence, obtaining the isos-

teric heat of adsorption, L, defined as [35],

L =− R

M

∂ ln(P )

∂(1/T )

∣∣∣∣
n

(4.4)

where R is the ideal gas constant and M is the molar mass. It is important to mention

that the differential quantity on the expression is evaluated at constant adsorbed con-

centration, represented by the subscript n. Each adsorbed state is defined by one value

of n and one value of equilibrium pressure at constant temperature.

4.2 MOFs Materials

The Metal-Organic Frameworks (MOFs) are a recent class of promising porous materi-

als consisting of a highly ordered crystalline network of metal ions (or clusters) linked

together by organic molecules [36]. Their distinctive features are its high pore volumes,

large surface areas, tunable pore size, turning this class of materials very attractive for

various applications, namely, adsorptive gas storage [37], separation, catalysis and oth-

ers [38, 39]. Moreover, they can be tailored for specific applications, by exploring the

many possible combinations of metal/organic-ligands [30].

However, as already mentioned, adsorption isotherm data over a wide range of both

pressure and temperature is very limited and, as a result, an extensive search for ma-

terials with large neon and nitrogen adsorption capacities was carried out by J.P. Mota

of LABQV-REQUIMTE (R&D unit at FCT NOVA) to find potential adsorbent materials

that could be used in the sorption compressor under development. This search only

included MOF materials due to their large portfolio and also the ones that are com-

mercially available in large quantities. From an initial survey of the open literature

and online resources, thirty one potential candidates were selected based on its large

methane or hydrogen adsorption capacity, since these molecules are the closest to the

target molecules and its adsorption capacity, q(T,P ), was predicted through Grand
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Canonical Monte Carlo (GCMC) molecular simulation [40] over the 130 K to 500 K tem-

perature range and 0.8 bar to 150 bar pressure range. Figure 4.1 shows the simulated net

adsorption capacity1 per unit volume of material of the thirty one potential candidates

[41].
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Figure 4.1: Net adsorption capacity of the 31 analyzed porous materials through GCMC
molecular simulation for neon (orange) and nitrogen (blue) storage. The net capaci-
ties are calculated per unit particle volume for an adsorption cycle of neon operating
between (500 K, 100 bar) and (180 K, 16 bar) and nitrogen, between (500 K, 100 bar) and
(180 K, 0.8 bar). The material identified by the red asterisk (AIPO4-5) has the best ad-
sorption capacity and the ones identified by the green asterisks are the best candidates
for an experimental proof-of-concept of the VFC since they are readily available in large
quantities [41].

The results coming from this simulation pointed out three potential materials, which

are identified with green asterisks in Figure 4.1: HKUST-1, UiO-66 and Co3(ndc)3(dabco)
2; and displayed in Figure 4.2. The HKUST-1 material has already been experimentally

studied and simulated using GCMC in the 40 K to 60 K temperature range for pressures

up to 0.8 bar [42].

The HKUST-1 samples were purchased from Sigma-Aldrich (Germany), under the

trademark Basolite C300 and also from MOF Technologies (UK), under the trademark

1This quantity represents the available quantity per unit volume for circulation during a compression
cycle.

2ndc stands for 2,6-naphthalenedicarboxylate and dabco for 1,4-diazabicyclo[2.2.2]octane
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Porolite C1 CuBTC. Both UiO-66 and Co3(ndc)3(dabco) samples were synthesized un-

der request and purchased from the Materials Center of the Technical University of

Dresden (Germany).

The BET surface area and pore volumes of HKUST-1, UiO-66 and Co3(ndc)3(dabco)

powder samples were obtained in a commercial volumetric apparatus (ASAP 2010 from

Micromeritics, Norcross, GA). Thermal Gravimetric Analysis (TGA) of the MOF samples

were also performed to examine their thermal stability/degradation as a function of

temperature, by using a commercial equipment (SETARAM Instrumentation LABSYS

Evo TGA–DTA/DSC). Table 4.1 summarizes and highlights some of the interesting mea-

sured properties. Let us note that, in this table, ρp represents the particle density of

the material, which is the mass density of a single particle (weight divided by volume),

whereas, vp is the pore volume per unit mass. These two quantities will be important

to estimate the mass flow rate output/input of the sorption compressor under develop-

ment.

Figure 4.2: Left side: Purplish powder of HKUST-1; Middle: very fine white powder sam-
ple of UiO-66; Right side: Purplish powder of Co3(ndc)3(dabco) on argon atmosphere
glove-box.

Table 4.1: Physical Properties of the tested MOFs.

Property HKUST-1[30] UiO-66[30] Co3(ndc)3(dabco) [31]
Chemical Formula C18H6Cu3O12 C48H28O32Zr6 -
BET surface area [m2/g] 1407 1395 1502
Pore volume vp [cm3/g] 0.72 0.60 0.82
Particle density ρp [g/cm3] 0.95 1.24 0.74
Decomposition Temperature [K] 580 700 590
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4.3 Experimental Methods

The characteristic adsorption isotherm of the selected MOFs materials were obtained

using a classic volumetric (or manometric) method specifically developed and built

in-house [43]. A schematic summarizing the set-up is displayed in Figure 4.3.

Figure 4.3: Volumetric set-up used for the adsorption measurements. The system has
two thermometers attached to the low temperature copper cell and two others to mea-
sure the temperature of the calibrated volume and of the gas manifold at room temper-
ature.

The volumetric system consists of a temperature-controlled copper cell, displayed

in Figure 4.4a, thermally insulated with polystyrene foam and glass wool and able to

be submerged in a liquid nitrogen bath. The cell contains a known quantity of adsor-

bent material and it is connected to a gas manifold through a stainless-steel capillary

tube (outer diameter: ≈1.6 mm). The gas manifold at room temperature contains two

piezoelectric pressure transducers (pressure range 0 bar to 300 bar) and a calibrated

volume to charge the system with an initial known gas quantity. The set-up contains

four platinum thermometers (Pt100), whose readings were measured by a cryogenic

temperature controller (Lakeshore Cryotronics): two of them are fitted into the bottom

and upper part of the copper cell, while the two others are glued on the calibrated vol-

ume and on the gas manifold. The thermal control of the adsorption cell is obtained

by a PID algorithm which actuates over a 50Ω cylindrical heating resistor also inserted

into the bottom part of the cell. Such a set-up allows to stabilize the temperature of the

cell from 77 K to 500 K and perform automatic acquisitions over this range.

A first adsorption copper cell was developed and it allowed to obtain neon adsorp-

tion equilibrium isotherms on HKUST-1 over a wide temperature range of 77 K to 400 K

and pressure range of 0 bar to 70 bar [43]. Although this cell was designed to withstand

pressures high as 300 bar, it presented some limitations, for instance, leakage when
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high pressure and high temperature (100 bar and >400 K) combined simultaneously.

These leaks were due to the soft solder used to seal the cell.

Then, taking into account these issues, a new modular adsorption cell, as displayed

in Figure 4.4, was manufactured and brazed at our workshop (Department of Physics,

FCT NOVA). In this new design, the cell’s body and its cap are silver brazed (600 ◦C) and

are not dismountable. This new configuration allows to heat up the cell up to 500 K with

high pressure combined, without structural damage. Moreover, by removing the soft

soldering procedure, which previously sealed the cell, the risk of sample contamination

and exposure to high temperatures is mitigated. It is also possible to force a flow of a

cleaning solution (soap water or isopropyl alcohol) since the cell has two inlet/outlet

connections. After its manufacture and brazing, the cell underwent a qualification

test campaign: leak detection under vacuum and proof pressure, up to 100 bar. The

technical drawings of this cell can be consulted in Appendix C.

(a) Adsorption cell description.

(b) Modular adsorption cell using Swagelok VCR® fittings.

Figure 4.4: Redesigned copper adsorption cell built in-house.
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To fill this cell, the MOF is introduced through a VCR® filling port (4 mm inner diam-

eter), hermetically closed after filling. The cell is connected to a room temperature gas

panel through a 1/8 inch VCR® fitting (manifold connection), as visible in Figure 4.4a.

Before an adsorption characterization, the following filling and mounting proce-

dure is performed:

1. Cell is weighted empty;

2. Cell is filled, while trying to obtain the maximum filling capacity;

3. Cell is weighed again;

4. Cell goes in vacuum at 80 ◦C or higher over 24 h to remove unwanted moisture;

5. After this procedure, the sample is weighed again and connected to the volumet-

ric system for measurements.

According to the supplier, the Co3(ndc)3(dabco) sample degrades if exposed to at-

mospheric conditions, so, the filling procedure of this sample was performed in a argon

glove-box controlled environment (less than 1 ppm of oxygen and water).

Referring to Figure 4.3, the volumetric system (including the filled adsorption cell)

is purged with the gas under study and pumped by opening valve V1 to the rotatory

vacuum pump, while keeping the quarter-turn valve V0 closed. With both valves V3 and

V1 closed, an initial gas quantity n0 is charged into the calibrated volume by using the

pressure regulator PR1 connected to a high purity gas cylinder. The charged quantity,

n0, is calculated from the pressure and temperature readings of the calibrated volume

and using the molar density values coming from REFPROP [44], n0 corresponds to the

total quantity in the control volume shown in Figure 4.3.

Afterwards, valve V3 can be opened to the adsorption cell for measurements. To

obtain a full set of adsorption isotherms, the procedure is obtained from several runs

at different initial gas quantities, n0, to cover the whole pressure range of interest. Note

that each run is performed at constant total quantity. During a run, all valves except V2

and V3 are closed and the cell is submerged in liquid nitrogen. The measurements starts

at low temperature, for instance, at 77 K for neon or 130 K for nitrogen. The equilibrium

pressure is recorded once it stabilizes at a given temperature plateau. Afterwards, the

temperature is increased to the next plateau and this procedure is repeated until it

reaches the maximum temperature.

After measurements, a mass balance is applied to the control volume displayed in

dashed-red line from Figure 4.3 to determine the molar quantity in the cell, nc, and

two contributions must be calculated: the gas quantity remaining in the volumes of the

manifold and in the calibrated volume. Summing up these contributions, the molar

quantity in the cell, nc(T,P ), at an equilibrium temperature, T , and pressure, P , is,

nc(T,P ) = n0 −nCV(TCV,P )−nGM(TGM,P ) (4.5)
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where no is the total quantity in the system, nCV(TCV,P ) is the molar quantity in the

calibrated volume and nGM(TGM,P ) is the molar quantity in the gas manifold at TGM.

The molar quantity nc(T,P ) is then used to calculate the adsorbed molar quantity per

gram of MOF material, q(T,P ), by using the following relation,

nc(T,P ) =Vc(ερg (P,T )︸ ︷︷ ︸
void space

+ (1−ε)ρp q(P,T )︸ ︷︷ ︸
adsorbed

) (4.6)

where Vc is the volume of the adsorption cell, ε is the void fraction of the sample packed

in the cell, ρg is the density of the gas filling the void space between MOF particles and

ρp is the MOF particle density. The void fraction, ε, corresponds to the volume fraction

of the cell which is not occupied by the MOF sample, it corresponds to the void space

between particles which are only occupied with gas. For an adsorbent with a known

mass, ms , ε is,

ε= 1− 1

Vc

ms

ρp
= 1− ρa

ρp
(4.7)

where ρa is the apparent density (weighed mass divided by the volume of the cell). In a

ideal scenario, a perfect packing (ε= 0) corresponds to ρa = ρp .

Finally, the adsorbed quantity per unit mass of MOF, q(T,P ), in terms of the system

parameters (displayed in Table 4.2) is obtained by combining Equations (4.5) and (4.6),

q(T,P ) = 1

(1−ε)ρp

(
nc (T,P )

Vc
−ερg (T,P )

)
= 1

(1−ε)ρp

(
n0 −nCV(TCV,P )−nGM(TGM,P )

Vc
−ερg (T,P )

)
(4.8)

Table 4.2: Volumetric setup system parameters.

Volume Value (Figure 4.3)
1st adsorption cell Vc1 7.63 cm3

2nd adsorption cell Vc2 5.71 cm3

Calibrated volume VCV 150.26 cm3

Gas manifold volume VGM 12.63 cm3 (between valves 0 and 3)
+ 6.35 cm3 (between valve 3 and cell)

Let us note that to increase the adsorption capacity of the cell, it must be charged

with the maximum MOF quantity as possible to reduce the void volume. But, if we

consider the MOF particles as spheres with identical size, the densest (η= 1−ε) packing

that it can be obtained is only [45],

ηmax = π

3
p

2
≈ 74.05% (4.9)
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However, one way to improve the packing density (η> ηmax) is to have a binary sphere

packing, where the smaller particles can fill the space between the bigger ones, as

displayed in Figure 4.5 [46]. Still, this would correspond to an ideal scenario, where the

particles would have a perfectly ordered and periodic packing. A realistic filling is more

likely to correspond to a random packing of spheres, which according to Torquato et al.,

gives a packing density of only η≈ 64%( ε≈ 36%) [47]. Therefore, in any case, a simple

way to improve the packing is to use a binary packing filling or a filling containing a

particle size distribution.

Figure 4.5: Binary sphere packing, this structure achieves a total packing density η =
74.79% (ε≈ 25%), reprinted from [48].

4.4 Experimental Results and Discussion

Since neon is a noble gas, it is less favorable to be adsorbed. Therefore, it was imper-

ative to find a suitable adsorbing material for the development of the neon sorption

compressor and three MOFs were selected and characterized for neon adsorption. In

the case of the nitrogen, since adsorbing is less of a concern, it was only been studied

with one MOF material: HKUST-1. Table 4.3 highlights the characterized pressure and

temperature range of the selected MOFs.

Table 4.3: Summary of the tested MOFs: pressure and temperature range.

Gas MOF Pressure Range Temperature Range Figure

Neon
HKUST-1 0 bar to 70 bar 77 K to 400 K Figure 4.6
UiO-66 0 bar to 100 bar 77 K to 500 K Figure 4.7
Co3(ndc)3(dabco) 0 bar to 100 bar 77 K to 320 K Figure 4.8

Nitrogen HKUST-1 0 bar to 100 bar 130 K to 500 K Figure 4.9
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Figure 4.6: Neon adsorption equilibrium isotherms on HKUST-1. The solid lines cor-
respond to the fitted Sips Equation (4.3) for each isotherm and its coefficients can be
consulted in Appendix B. The red outline encloses the results obtained during one run
at constant quantity. In this case, starting at (38 bar, 77 K) up to (53 bar, 360 K).
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Figure 4.7: Neon adsorption equilibrium isotherms on UiO-66. The solid lines corre-
spond to the fitted Sips Equation (4.3) for each isotherm and its coefficients can be
consulted in Appendix B.
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Figure 4.8: Neon adsorption equilibrium isotherms on Co3(ndc)3(dabco) . The solid
lines correspond to the fitted Sips Equation (4.3) for each isotherm and its coefficients
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Figure 4.9: Nitrogen adsorption equilibrium isotherms on HKUST-1. The solid lines
correspond to the fitted Sips Equation (4.3) for each isotherm and its coefficients can
be consulted in Appendix B.
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As visible in Figures 4.6 to 4.9, the Sips adsorption model seems adequate to cor-

relate the experimental data for such wide range of pressure. The three variables of

Sips equation were numerically obtained by fitting the experimental data with Equa-

tion (4.3). Since this procedure shall be performed for each adsorption isotherm and

to simplify the parameters estimation, a Python script was developed that uses a non-

linear least squares method to fit the experimental data3. The obtained Sips parameters

of each MOF sample can be consulted in Appendix B.

Actually, for dimensioning the system, the quantity that should be evaluated is the

total amount of gas per unit of volume cell, qV . As a matter of fact, this value takes

into account the adsorbed gas and the gas occupying the grain interspace (void space).

Considering Equation (4.6), qV is obtained as,

qV (T,P ) = nc(T,P )

Vc
(4.10)

As explained earlier and as visible in Figure 2.9, an important characteristic of the

sorption compressor is how much quantity (∆n) can be delivered or adsorbed during

a compression cycle between a low temperature, TL , at low pressure, PL , and a high

temperature, TH , at a high pressure, PH . Then, ∆n can be calculated through Equa-

tion (4.10) as,

∆n =Vc [qV (TL ,PL)−qV (TH ,PH )] TL < TH , PL < PH (4.11)

where PL corresponds to the vapour pressure of the working fluid, for neon P Ne
L =14 bar

at 40 K and, nitrogen P N2
L =1.38 bar at 80 K.

In Figure 4.10 is depicted on contour plots the released quantity per unit volume

(∆qV = ∆n/Vc ) for each of the tested pairs of adsorbent/adsorbate. Based on the fill-

ing tests, a void fraction, ε, of 54% was considered in this analysis and a PH was set

at 100 bar4. Unfortunately, as it is clearly visible, the neon-tested MOFs shows that

the ∆qV values are almost all negative for the characterized range of temperature and

pressure. So, in other words, by cycling a neon sorption cell with any of those MOFs

between two distinct states, (PH ,TH ) and (PL ,TL), such cell will further adsorb neon

rather than providing a gas flow to the JT stage. The main reason of this result is that

TL is quite hot in respect to the very low adsorption properties of neon. Positive ∆qV

would substantially require lower TL as, for instance, the METIS case, where TL ≤77 K.

3curve fit from SciPy library of Python
4This pressure value does not necessarily corresponds to the optimum pressure.
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Figure 4.10: Contour plots of the released quantity ∆qV (molL−1) as a function of the
lowest (TL) and the highest (TH ) working temperatures of the selected MOFs materials.
In this analysis, PH = 100bar and ε=54%.

The isosteric heat of adsorption, L, of both neon and nitrogen for each tested MOF

sample can be obtained from the equilibrium isotherms measurements through Equa-

tion (4.4). L is also another important input to be accounted during the design of a

sorption compressor cell, it is obtained by linear regression of lnP versus 1/T at con-

stant adsorbed quantity, for instance, as shown in Figure 4.11. Using such procedure,

the heat of adsorption as a function of the adsorbed quantity, q(T,P ), was determined

and displayed in Figure 4.12.

By inspection of Figure 4.12a, the results show that L is of the same order of mag-

nitude for all of the studied MOF samples and less than 20 kJmol−1, which, typically,

corresponds to a physical adsorption (van der Waals interaction forces). Also, the results

show a similar trend: at low loadings, L values are higher, which is an indication that

the stronger binding sites (more favorable) are being occupied first; then, it stabilizes

in a plateau (quasi-homogeneous adsorption); for higher fillings, it slightly decreases,

indicating that the adsorption sites are decreasing. Comparatively, the UiO-66 sample
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presents the highest heat of adsorption with the neon.

The heat of adsorption of nitrogen adsorption in HKUST-1 is displayed in Figure 4.12b.

As expected, the binding energy of this pair is higher than that of neon/HKUST-1 (al-

most four times higher), showing that, since neon is a noble gas, its adsorption energy

is much less than of the nitrogen.
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Figure 4.11: The linear regression of lnP versus 1000/T , at constant adsorbed quantity,
allows to obtain the isosteric heat of adsorption, L, through Equation (4.4). This figure
shows the fitted isosteres of the neon adsorption on UiO-66.
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Figure 4.12: Estimated isosteric heat of adsorption, L, for each of the characterized
MOF samples showed as a function of the adsorbed quantity q(T,P ). In the legend, the
average values of L can be found.

Due to limited time and available resources, all the development of the VFC related

to a configuration using neon as a working fluid has been put on hold until new adsorp-

tive alternatives are found. Subsequent developments of the VFC will only consider,
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for now, nitrogen as viable solution for an interface of 1.5 W at 80 K, because the pair

nitrogen/HKUST-1 obtained positive ∆qV values for TH higher than 300 K and TL less

than 190 K, as visible in Figure 4.10d.

4.5 Optimization Numerical Model

Given the circumstances, it is envisaged a solution of a standalone 80 K JT stage using

nitrogen as the working gas. Taking as a starting point the nitrogen stage shown in

the initial configuration (Figure 3.8), it is still quite challenging to find a viable config-

uration within the requirements from ESA (Section 3.1). In such configuration, a large

radiator surface is still needed to cycle the four adsorption cells between TL and TH .

For instance, by increasing TL , the rejection capacity of the radiator increases, but as

shown in Figure 3.5, the JT stage performance decreases since the high pressure flow

exiting the sorption compressor is pre-cooled to the same heat-sink and, consequently,

a higher mass flow rate is needed to sustain cooling with 1.5 W at 80 K. Actually, by keep-

ing only one heat-sink, no solution was found without largely exceeding the maximum

allowed surface radiator of 1.5 m2 (Table 3.1).

Therefore, a new solution has to be found. An alternative configuration is shown in

Figure 4.13: it uses two radiators, one dedicated to cool the nitrogen sorption compres-

sor (main radiator); and another one just to further cool down the high pressure stream

before entering the JT stage at a lower temperature than that of the main radiator. Such

a configuration, globally improves the performance of the cooler, thereby reducing the

required radiator surface.

Figure 4.13: Dual radiator configuration of a standalone 80 K single-stage configuration.
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The main radiator has the following heat sources:

• Heat input, Q̇input, to heat up the sorption cell, depicted in Figure 2.12;

• Parasitical heat load, Q̇par, coming from the cells at high temperature through the

heat-switch OFF state;

• Precooling heat, Q̇ac, to cool down the stream of gas released from the sorption

cells (1 → 2, Figure 4.13);

Recalling the operation of four sorption cells operating in quadrature, shown in Fig-

ure 2.11, it is visible that, at any moment, the four distinct phases occurs simultane-

ously. So, by considering that all heat sources have to be rejected by the main radiator,

the heat rejection capacity of the radiator, Q̇R, is determined as follows,

Q̇R = Q̇par +Q̇input +Q̇ac (4.12)

Note that the after-cooler radiator (smaller one) only has to precool the gas coming

from the main radiator (2 → 3, Figure 4.13).

Considering Equations (3.1) and (4.12), the required radiator surface can be es-

timated from a set of input parameters, such as: high/low working pressure, high-

/low Sorption Compressor (SC) working temperatures, heat-sink temperatures, cooling

power and cold end temperature. Actually, the radiator surface estimation is an op-

timization problem, as the total radiator surface may be minimized by changing the

input parameters.

In the following, the radiator optimization is performed considering the flowchart

shown in Figure 4.14. Some parameters are fixed, such as, the cooling power and the

cold end temperature of the JT stage, while others can be changed until a solution

(minimization) of the problem is found. An Excel user-defined function was devel-

oped to automate the minimization problem, this function makes use of the Solver

add-in5 functions and the solution was found by using the following assumptions and

constraints:

1. Minimum sorption compressor temperature, TL,SC , was set at 150 K in order to

avoid a low rejection capacity of the radiator.

2. Maximum sorption compressor temperature, TH ,SC , was set at 500 K to avoid

MOF degradation and for safety reasons.

3. Minimum high pressure set at 1.2×Pcrit to avoid operating close to the critical

point and to prevent liquid-gas mixture in the heat-exchanger.

4. Maximum high pressure set at 100 bar for practical and safety reasons.

5. Cooling power set at 1.5 W plus 10% margin (ESA requirement).

6. Cold end JT temperature set at 80 K (ESA requirement).

5Microsoft Excel add-in program
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7. CFHX assumed as perfect, negligible pressure-drop due to viscous losses.

8. Sorption cell temperature distribution considered homogeneous.

9. GGHS ON/OFF ratio = 0.8 WK−1/12 mWK−1.

10. Sorption cell void fraction, ε, set at 54%, similar to the obtained packing during

the MOFs characterization.

minimize(radiator surface)
with constraints & bounds

JT cold stage

Low pressure
Mass-flow rate

High pressure
JT cold temperature

JT cooling power
SC low temperature
SC high temperature

Sorption Compressor

Intup Power
Available molar quantity

Cycle time

Operating Parameters

1

4
3

5HKUST-1 adsorption
data correlations

2

COP SC
COP JT

Surface Area
After-cooler temperature

Outputs

6

Figure 4.14: Optimization flowchart of the 80 K nitrogen cooler. SC stands for Sorption
Compressor.

The found solution corresponds to the optimum operating parameters of the cooler

and these parameters are crucial to design a functional sorption compressor, such

results are shown in Table 4.4. It is worth mentioning that even in a single-stage con-

figuration using nitrogen, the radiator surface (1.80 m2=1.47 m2+0.33 m2) is still above

the requirements, showing that finding a viable solution with these limitations is really

quite challenging.

Table 4.4: Optimum nitrogen-stage working parameters.

Parameter Value Parameter Value
SC low temperature 165 K High pressure 40 bar
SC high temperature 360 K ∆n 1.67 mol
Mass flow rate 11 mgs−1 Quality χ 22%
Main radiator temperature 158.4 K Main radiator surface 1.47 m2

After-cooler temperature 116.7 K After-cooler surface 0.33 m2

Sorbent Mass (HKUST-1) 399 g (ε= 54%) Total surface area 1.80 m2

Cycle Time 262 min Heat rejection capacity 37.6 W
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Figure 4.15 shows the total radiator surface as a function of the high and low temper-

atures of the nitrogen sorption compressor. As expected, it is visible that the optimum

solution corresponds to a minimum (within the studied pressure and temperature

range): by increasing the releasing temperature, TH ,SC , higher heat loads are expected

in the radiator (sensible heat and parasitical), thereby increasing its area; reducing

the adsorbing temperature TL,SC , requires a radiator rejecting at a lower temperature,

thereby with reduced rejection capacity, therefore, a higher surface would be needed

to sustain operation.
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Figure 4.15: Total radiator surface area as function of sorption compressor working
temperatures.

Furthermore, for any pair of temperatures, the optimization always led to a min-

imization of PH until reaching the third constraint (1.2×Pcrit ≈40 bar). This result is

explained by the fact that as the high pressure decreases, the adsorbed gas reduces

as well, thus, increasing the available gas quantity for circulation, since adsorption is

promoted by pressure. To clarify this argument, in Figure 4.16 are displayed two com-

pression cycles sharing the same temperatures (TL,SC ,TH ,SC ), but operating at different

high pressure. The net gas quantity gain is clearly visible by just reducing the high

working pressure from 60 bar to 40 bar.

Considering the obtained adsorption isotherms of HKUST-1 and the found oper-

ating point, the temperature cycle of one sorption cell can be obtained by using a

simple thermal model, further details later in Chapter 6, and the corresponding tem-

perature profile is shown in Figure 4.17. As previously mentioned, in order to work
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synchronously with the three other cells, each phase must have the same duration, in-

dependently of the temperature interval. During the heating phase, about 19.3 W are

expected to heat up the cell from 165 K to 270 K over one quarter of the cycle period.

While for the releasing phase, 22.3 W are needed, slightly higher during this phase to

compensate the cooling effect due to desorption. Note that during the four cells opera-

tion, only one cell is at the releasing phase and another one at the heating phase, there-

fore, about 41.6 W of heat input is constantly needed to operate the nitrogen sorption

compressor. Let us also mention that the optimum temperature of the main radiator

is found to be approximately 159 K and the lowest temperature of the sorption cell is

165 K. This temperature difference exists since during the adsorption phase the heat

generated by adsorption is rejected through the limited thermal conductance of the

heat-switch ON state.
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Figure 4.16: Released quantity,∆qV , as a function of the high pressure. Observe the gain
by just reducing the high working pressure, in the event that the working temperatures
remain constant.

Regarding the after-cooler radiator, its temperature also corresponds to the inlet of

the Joule-Thomson stage. According to the minimization solution, this temperature

is 116 K which is below the critical temperature of nitrogen (≈127 K). Hence, the Joule-

Thomson expansion occurs in the compressible liquid region, as visible in Figure 4.18.

Notice that, in this region in particular, the isotherms are nearly vertical (state point

4). Therefore, after expanding into the two-phase dome, the vapour quality χ is more

or less pressure independent and as well as the generated heat lift. Furthermore, this

vapour fraction being quite low (χ< 25%) turns this region very attractive as less mass

flow rate is needed to sustain cooling and, consequently, less heat load on the radiator

which globally improves the performance of the VFC [49].
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Figure 4.17: Expected sorption cell temperature cycle operating at the found optimum
parameters.

Figure 4.18: Nitrogen pressure-enthalpy diagram of the dual-radiator configuration
at the found optimum parameters (Table 4.4). The state points, shown in squares,
corresponds to the ones from Figure 4.13.

As previously mentioned, the highly ordered bimodal packing can reach a void-

fraction low as ε≈ 25%. However, from our initial fillings it was not better than ε= 54%.
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If such filling procedure is improved, there is substantial room to reduce the radiator

surface, as visible in Figure 4.19 (while keeping the same operating parameters). For

instance, by improving the void factor down to ≈ 42%, the surface area requirement of

1.5 m2 would be met.

Even in a standalone cooler of nitrogen, finding a viable cooling solution showed to

be quite challenging. Anyway, as just explained, by reducing the void fraction it provides

some margin to further decrease the radiator surface. However, without a doubt, the

weakness of this kind of compressors, at the time being, is its enormous dependence

on the sorption material, a sorbent material with higher net capacity would allow it to

operate within the requirements.
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Figure 4.19: Radiator area, AR , as a function of the void fraction, ε, using the obtained
optimum parameters (Table 4.4). The red-filled circle corresponds to a void-fraction of
54%.
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CHAPTER 5
Joule-Thomson Cold Stage Design and

Demonstration

The different components of the 80 K Joule-Thomson stage are described in this chap-

ter. The design, integration and functional characterization of each component is pre-

sented in detail.

5.1 Joule-Thomson Restriction Design and

Demonstration

The JT restriction must provide an impedance to enable an isenthalpic expansion of

nitrogen. In the literature, different solutions are found to create this impedance which

depends on constraints associated with the construction and conditions of operation.

Usually, such solutions are the orifice-plate, porous plug or long thin capillary.

The simplest and most common JT restriction is the orifice plate, it only consists in

a small hole in a thin plate that can be placed in a pipe. It is widely used as a flowme-

ter (using calibrated orifices), as a pressure reducer or for flow restriction. For some

applications, this hole can be so small that it ends up being very difficult to manufac-

ture. Additionally, it is very sensitive to clogging by solidified gaseous impurities or

solid particles [9]. It is important to note that this kind of restriction does not allow

flow adjustment, it is limited to applications where the operating conditions are fixed

(e.g. upstream pressure). The design of such restriction needs to take into account that

most coolants are compressible when flowing through small apertures. So, when they

expand, they may reach the local speed of sound (choked flow) which is a consequence

of compressible flow phenomena. This behavior can further complicate the design of

this kind of restriction.
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Another solution is to use a long capillary with a reduced diameter to obtain a

longitudinal pressure gradient over its length. Compared to the orifice plate, a larger

diameter capillary is required to obtain the same mass-flow rate, by considering the

same pressure-drop, ∆P . The ∆P along the capillary can be calculated by the empirical

Darcy-Weibasch equation [50],

∆P

L
= fD · ρ

2
· v2

Dh
, (5.1)

where ∆P/L is the pressure-drop per unit length, ρ is the density of the fluid, Dh is the

hydraulic diameter, v is the mean flow velocity and fD is the Darcy friction factor, a

dimensionless quantity that accounts the friction losses in a pipe. For instance, this

kind of restrictions were used for the 8 K helium JT stage of the METIS instrument to

obtain a mass-flow rate of 106 mgs−1 [17].

The porous plug uses sintered metals to produce a tortuous path where the gas

is forced to flow through. Comparing to the orifice plate, it can provide larger cross-

sectional areas, therefore, less susceptible to clogging. As previously mentioned, this

kind of solution was the one adopted on the Planck’s sorption cooler operating at 18 K

[51]. Burger et al. also developed a porous plug restriction tuned to the desired flow at

4.5 K of a helium sorption cooler [52].

For our application, the pressure drop needed for the nitrogen stage is to high to

allow the capillary solution (∆P ≈ 40 bar), as it would be necessary a very long capillary

to create such pressure drop with the desired mass-flow rate. Therefore, the orifice-

plate was the selected solution: simple and commercially available in various calibrated

hole diameters; it can be easily integrated in the system as a VCR® 1 gasket placed inline.

To avoid clogging, inline filters have to be integrated in the system.

5.1.1 Orifice-Plate Restriction Design

To obtain an orifice plate with the desired discharge, its diameter must be estimated

accordingly to some basic considerations and equations. Considering the flow of liquid

or gas as incompressible, the mass-flow rate in a thin orifice plate, as schematically

depicted in Figure 5.1, can be obtained from the Bernoulli equation,

v2

2
+ g h + P

ρ
= constant (5.2)

where v is the velocity of the flow, g is the acceleration due to gravity, h is the elevation,

P is the pressure and ρ is the density of the fluid.

1Metal gasket face seal fittings from Swagelok®
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Figure 5.1: Schematic of a thin orifice plate in a pipe of diameter, D1. The fluid will
suffer a pressure drop, ∆P , by traversing the small restriction with diameter, D2.

By assuming steady-state, incompressible (constant density) flow in a horizontal

pipe (no change in elevation) and negligible frictional losses, Equation (5.2) reduces to,

P1 −P2 = 1

2
ρ(v2

2 − v2
1) (5.3)

where state point 1 refers to the upstream (left side of Figure 5.1) and state 2 to the

downstream. Due to conservation of mass, the volumetric flow, V̇ , is constant, hence,

V̇ = A1v1 = A2v2 (5.4)

where A1 is the cross-sectional area of the pipe and A2 is the cross-sectional area of the

orifice. Considering that A1 À A2 and rearranging Equations (5.3) and (5.4) to obtain

V̇ as a function of the system parameters (pressure, diameter),

P1 −P2 = 1

2
ρV̇ 2

(
1

A2
2

− 1

A2
1

)

V̇ 2 = (P1 −P2)

1
A2

2

(
1+

(
A2
A1

)2
)

V̇ = A2

√√√√ 1

1−
(

A2
A1

)2

√
2(P1 −P2)

ρ
(5.5)

if (A2/A1)2 = (D2/D1)4 ≈ 0, then, the previous equation reduces to,

V̇ = A2

√
2(P1 −P2)

ρ
(5.6)
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Writing this relation in terms of mass flow rate (ṁ = ρV̇ ), one obtains,

ṁ = A2
√

2ρ(P1 −P2) (5.7)

This equation shows that the mass-flow rate is only limited by the cross-sectional area

of the orifice diameter, A2. That is why the orifice plate is widely found as a mass-

flow meter: once the diameter is known, the mass flow rate can be obtained by just

measuring the pressure differential ∆P = P1 −P2.

In general, Equation (5.7) is mostly applicable to liquids, where the compressibility

effects can be neglected. For gases, since they can be easily compressed, particularly

when flowing through an orifice plate, the decrease in pressure due to the passage of

fluid through the orifice provokes a significant change in its density, so, Equation (5.2)

is no longer valid.

In compressible flow regime for fluids flowing through small constrictions, upon

certain conditions, the fluid’s velocity increases until it reaches the local speed of sound

(Mach number = 1) and becomes "choked". Choked flow is a limiting condition where

the mass flow rate cannot be increased by decreasing the downstream pressure for fixed

upstream conditions. Assuming ideal gas behavior, steady-state and isentropic flow,

the flow becomes choked when the downstream pressure is below a critical value, P∗.

This critical value is obtained from the dimensionless stagnation properties relations

at supersonic flow conditions when the Mach number is unity [53],

P∗

P0
=

(
2

γ+1

) γ
γ−1

(5.8)

where P0 corresponds to the stagnation pressure2. For instance, for nitrogen, which has

a heat capacity ratio γ= 1.4 and assuming the upstream flow conditions stagnated, P0,

the pressure ratio is P1/P2 = 1.89. So, a factor of almost two is enough to reach choked

flow conditions and to accelerate the fluid up to the local speed of sound at the orifice’s

throat. In such limiting condition, it can be shown that the mass flow rate is given by

[54],

ṁ = A

√√√√
γρ1P1

(
2

γ+1

) γ+1
γ−1

(5.9)

This equation shows that the mass flow rate in an orifice is only dependent on the

upstream conditions (state point 1) and of the orifice cross-sectional area, A.

Usually, in a JT cooler, the fluid starts from the compressible region (single-phase)

and it directly expands into the two-phase region. Solving this problem under choked

2Stagnation pressure is the static pressure of a gas at null velocity (e.g gas stored at rest in a high
pressure cylinder).
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flow conditions and also including phase-change makes this problem complex. Actu-

ally, this was a case study of Maytal and Elias where they have presented correction

factors applicable to Equation (5.9) [55]. However, such correction factors do not cover

an expansion starting from the liquid compressible region, as imposed by the cycle

proposed in the previous chapter Figure 4.18.

In conclusion, Equation (5.7) is applicable to incompressible flow regime: flows

are treated as incompressible when the Mach number is less than 0.3, this roughly

corresponds to a density change of 5% [56]; Equation (5.9) should be used for single-

phase compressible choked flow; and, for two-phase choked flow, correction factors

should be applied accordingly [55].

Considering the targeted operating point, the upstream conditions of the JT ex-

pansion are 100 K and 40 bar (Table 4.4), so, as already mentioned, starting from the

liquid compressible region. The fluid then expands into the two-phase dome with an

expected vapour quality, χ, of 22%, while the orifice is expected to fix a discharge rate of

10.8 mgs−1 to obtain 1.5 W at 80 K. In Figure 5.2, it is represented the mass flow rate as

a function of the upstream pressure through Equation (5.7) and for an orifice diameter

ranging from 11µm to 15µm.
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Figure 5.2: Mass-flow rate of orifice-plates ranging from 11µm to 15µm at the targeted
upstream conditions: P = 40bar, T = 99.5K. The red circle in this plot corresponds to
required discharge rate to obtain 1.5 W at 80 K.

Note that by using Equation (5.7) to estimate the required diameter, it implies that

the flow regime is being treated as incompressible. Although, by considering the up-

stream conditions and using real gas density values from [44], the expanded fluid will

experience a density change of 13% compared to its upstream state. So, this may ac-

tually correspond to a compressible flow regime. Anyway, it is not clear if this flow

67



C H A P T E R 5 . J O U L E - T H O M S O N C O L D S TA G E D E S I G N A N D

D E M O N S T R AT I O N

achieves choked conditions and, as already mentioned, the studies found in the lit-

erature do not cover expansions starting from the liquid compressible region. So, to

simplify the diameter estimation, Equation (5.7) was used and is actually not very far

from reality, according to the experimental results shown in Section 5.1.3. In an at-

tempt to mitigate this uncertainty, different orifice sizes, ranging 11µm to 14µm, were

ordered and characterized.

5.1.2 Experimental Set-up

A screening from a batch of laser-drilled 1/8 inch gasket orifices was performed to find

the one with the adequate discharge, i.e. closer to our goals. A simple set-up, displayed

in Figure 5.3, was used to quickly obtain the discharge profile of each orifice.

Figure 5.3: Orifice-plate mass flow rate experimental set-up.

In this set-up, initially at room temperature, the pressure is fixed between 10 bar

to 100 bar and the mass flow rate through the orifice is recorded, then, the obtained

values are compared with the the results coming from Equation (5.9), i.e. assuming

compressible single-phase choked flow. After these measurements, the same orifice

is submerged in a liquid nitrogen bath and its mass flow rate is recorded again and

compared with Equation (5.7), assuming incompressible flow regime. The equipment

used for this Joule-Thomson orifice measurement is presented in Table 5.1.
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Table 5.1: Equipment for the JT orifice characterization.

Equipment Details
N2 gas cylinder Compressed nitrogen gas cylinder

Gas mass flow meter Bronkhorst EL-FLOW digital thermal mass flow meter
Vacuum pump Edwards: nXDS6i dry scroll pump (6.3 m3/h)

Pressure transmitter Keller-Druck Series 33X (0.01% FS, 100 bar max. pressure)
Particle filter Swagelok 1/4 inch VCR High Purity Filter

Liquid Nitrogen Dewar Air Liquide: TR11 Dewar

5.1.3 Experimental Results and Discussion

A set of stainless-steel VCR® gasket orifices with diameters of 11, 12 and 14µm was

ordered from LENOX Lasers (USA). A close-up image of the 12µm orifice, obtained

with SEM, is displayed in Figure 5.4, where is visible the drilled orifice and as well as

few drops of molten material from the laser-drilling procedure.

Figure 5.4: SEM image of a 12µm laser-drilled VCR® gasket by LENOX Lasers, the image
on the right side corresponds to the view along the hole.

As previously explained, a discharge characteristic was performed at room temper-

ature, which allowed us to roughly estimate the orifice diameter and to detect possible

clogging, the results are shown in Figure 5.5. According to the supplier, the orifices have

a diameter uncertainty, in this sizing range, of ±10%. Apart from the 12µm orifice, our

experimental diameter determination fall within the range of the nominal uncertainty.

Figure 5.6 shows the obtained discharge rate for the same orifices submerged in a

liquid nitrogen bath, so, with an upstream temperature of 77.3 K. Note that to evaluate

the mass-flow rate at the targeted operating conditions (upstream T = 99.5 K), the
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Figure 5.5: Characteristic orifice discharge of nitrogen at room temperature. The solid
lines correspond to the values coming from Equation (5.9) by fitting with the experi-
mental data (symbols).
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Figure 5.6: Characteristic orifice discharge of nitrogen at 77.3 K. The solid lines corre-
spond to the values coming from Equation (5.7) by fitting with the experimental data
(symbols).
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results must be corrected accordingly as follows,

ṁ(PH ,T ) = ṁ(PH ,TLN2)

√
ρ(PH ,T )

ρ(PH ,TLN2)︸ ︷︷ ︸
Γ

(5.10)

where Γ is the correction factor, in this case Γ = 0.93. Through Equation (5.10), the

expected mass-flow rate at the operating conditions is obtained and displayed in Ta-

ble 5.2. The 14µm orifice seems the most appropriate to be used as flow restriction for

the 80 K JT stage and both 11µm and 12µm orifices were excluded for being far from

the targeted value (10.81 mgs−1). Actually, later in section 5.4, it will be shown that the

JT cold stage operated with this orifice very close of the optimum operating point.

Table 5.2: Expected mass-flow rate of the orifices after applying the correction factor of
Γ= 0.93 and their relative deviation from the targeted mass flow rate of 10.81 mgs−1.

Orifice Mass-flow rate Deviation
11µm 6.57 mgs−1 -39%
12µm 10.01 mgs−1 -8%
14µm 11.39 mgs−1 +5%

5.2 Counter-Flow Heat Exchanger Design

Heat exchangers are categorized according to its flow arrangement and type of con-

struction. The simplest and most common one consists in two concentric tubes ("tube-

in-tube"), where the fluids move in the same or opposite direction and exchanges heat

through the solid wall separating the tubes. Many other configurations exist: cross-flow

heat exchanger, where the fluids move perpendicular to each other; compact heat ex-

changer, very dense arrays of finned tubes or plates to achieve very large heat transfer

surface area per unit volume; shell-and-tube heat exchanger, consisting in its simplest

form in a single tube and shell passes, suitable for high-pressure application and large

flow processes (e.g oil refineries) [57].

For the VFC design, the "tube-in-tube" heat exchanger, with the fluids flowing in op-

posite directions, was the selected geometry, which is also the most used configuration

in cryogenics due to its simplicity and compactness. As shown in Figure 5.7, the CFHX

has two concentric tubes, creating two channels. Usually, for mechanically reasons,

the inner tube (smaller diameter) contains the high-pressure flow and the outer, the

low-pressure flow. The CFHXs can be shaped into helical coils to be compact and at

both ends these tubes are joined with a splitter to separate the streams, as also visible

in Figure 5.7.
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Figure 5.7: Rendered view of the 2 m tube-in-tube configuration heat exchanger de-
signed for the JT stage at 80 K.

5.2.1 CFHX Modelling

The overall heat transfer coefficient, U , is a measure of the overall ability of series of

conductive and convective elements to transfer heat. It is commonly used to calculate

the heat transfer in heat exchangers. In the case of a CFHX, U can be used to determine

the thermal conductance between both flow streams. Considering an energy balance

in a differential segment of length dx of a counter-flow heat exchanger, schematically

represented in Figure 5.8, the rate of heat transfer dQ̇ in this segment is,

dQ̇ =U∆T dA (5.11)

where dA is the exchange surface of the segment and ∆T is the temperature difference

between both fluid streams. The coefficient U is inversely proportional to the total

thermal resistance Rtot between fluids, it accounts for the solid (wall) and convective

conduction.

U = 1

Rtot
= 1

Rconv,h +Rp +Rconv,c
(5.12)

where Rconv,h is the thermal resistance due to convective heat transfer from the hot

fluid to the wall, Rp is the thermal resistance of the conduction through the wall and

Rconv,c is the thermal resistance due to convective heat transfer from the wall to the

cold fluid stream.
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(a) Cross-sectional view of a CFHX. (b) Energy balance in a differential el-
ement of a CFHX

Figure 5.8: Red, blue and grey colours represent the hot fluid (at high pressure), cold
fluid (at low pressure) and the solid material between fluids, respectively. The dashed
rectangle shows a differential segment.

Considering a cylindrical configuration, as schematically shown in Figure 5.8a,

Equation (5.12) becomes,

1

U
= 1

hh
+ Dh,i

2kp
log

(
Dh,o

Dh,i

)
+ Dh,i

Dh,o

1

hl
(5.13)

where the subscripts h corresponds to the high-pressure side (hot), l to the low-pressure

side (cold), o to outlet and i to inlet, in respect to the flow direction, and kp is the ther-

mal conductivity of the solid wall. The thermal resistance related to the convective heat

transfer is inversely proportional to the convective heat transfer coefficient, h = 1/Rconv,

and this coefficient, h, depends on the fluid properties, flow geometry and flow rate. It

is convenient to describe this dependence using common dimensionless relationships

from fluid dynamics, as the Reynolds number,

Re = ρvDH

µ
= vDH

ν
(5.14)

the Prandltl number,

Pr = cpµ

k
(5.15)

and lastly, the Nusselt number,

Nu = hDH

k f
(5.16)

where DH is the hydraulic diameter of the pipe, v is the mean velocity of the fluid, ρ

is the density of the fluid, µ is the dynamic viscosity of the fluid, ν is the kinematic

viscosity (ν=µ/ρ), cp is the specific heat and k is the thermal conductivity.

Those dimensionless relationships depend on the system geometry and whether if

the flow regime is laminar or turbulent, and are typically obtained through empirical
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equations. For instance, in a turbulent flow inside a smooth pipe with circular cross-

section of diameter D , the empirical Dittus-Boelter equation should be used [57],

Nu = 0.023Re4/5 Prn (5.17)

where n = 0.4 for a fluid being heated up and n = 0.3 for cooling. For fully developed

internal laminar flow, the Nusselt number is constant-valued. In the case of uniform

surface heat flux for pipes, Nu is [57],

Nu = 48

11
' 4.36 (5.18)

and in the case of constant surface temperature, Nu is [57],

Nu = 3.66 (5.19)

To predict the performance of a CFHX, the Logarithmic Mean Temperature Differ-

ence (LMTD) method determines the heat transfer between both ends if the inlet and

outlet temperatures are known and considering the following assumptions [57]:

1. HX is insulated from its surroundings.

2. Axial conduction along the tube is negligible.

3. Fluid properties are constant (specific heat, density).

4. Overall heat transfer coefficient U is constant.

Another method is also available: effectiveness-NTU method, for cases where only the

inlet temperatures are known. However, none of methods referred above are completely

adequate for this CFHX dimensioning, since the fluid properties (specific heat, thermal

conductivity, viscosity) are expected to vary in the heat-exchanger due to temperature

variations along it.

So, one solution is to solve the problem iteratively: an 1-dimensional static model

was developed in MATLAB to estimate the fluid dynamics and the heat transfer in the

CFHX. In such model, axial conduction and heat losses (like radiative heat transfer

to surroundings) were not considered. Moreover, pressure drop in both sides were

considered using Darcy-Weibasch Equation (5.1), since to obtain very effective CFHXs

it usually requires long length tubes, hence, the pressure drop should be evaluated. To

numerically solve the CFHX, it is convenient to define the effectiveness εhx of the CFHX,

as the ratio of the actual heat transfer Q̇hx to the maximum possible heat transfer rate

Q̇max in a heat exchanger,

εhx = Q̇hx

Q̇max
(5.20)

By definition, εhx is dimensionless and must be in the range 0 ≤ εhx ≤ 1. The maximum

possible heat transfer rate Q̇max in a CFHX is determined by an energy balance of an

ideal heat exchanger (429.04 mW), Equation (2.8).
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To obtain the required length Lhx of the CFHX, the following boundary conditions

defined by the inlet temperatures and pressures of both sides (Table 4.4) were consid-

ered in the developed MATLAB script,

Th,i (x = 0) = 116.30K Tl ,i (x = L) = 80K (5.21)

Ph,i (x = 0) = 40bar Pl ,i (x = L) = 1.37bar (5.22)

and Lhx was numerically obtained while aiming for a heat-exchanger very close to an

ideal one, thus, by setting the following criteria εhx ≥ 99.99%.

Using the tubing dimensions of Table 5.3, the numerical results showed that the

nitrogen CFHX would need a minimum length of Lhx = 1.15m and the variation of T

along the CFHX length is shown in Figure 5.9. In such configuration, the pressure drop

in both sides is rather reduced, about 2.8×10−2 mbar for the high-pressure side and

5.8×10−1 mbar for the low-pressure side.

The implemented CFHX on the nitrogen stage uses the dimensions shown in Ta-

ble 5.3 and a length Lhx = 2m. According to the numerical solution, this length is almost

twice from what is needed. However, it was chosen to save a heat-exchanger already

built for the neon stage. In addition, as the estimated pressure drop values are reduced,

no major performance degradation is expected by using this long CFHX.
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Figure 5.9: Numerical results of the nitrogen CFHX at the expected operating conditions.
The arrows indicate the flow direction.
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Table 5.3: CFHX dimensions and geometrical parameters.

Parameter Value Description
Dh,i 2.0 mm high-pressure internal diameter
Dh,o 2.5 mm high-pressure external diameter
Dl ,i 5.4 mm low-pressure internal diameter
Dl ,o 6.0 mm low-pressure external diameter
Lhx 2 m minimum heat-exchanger length: 1.15 m

Material CuNi copper-nickel alloy

5.3 Evaporator Design

The evaporator (or liquid reservoir) is the cold finger of our 80 K nitrogen cryocooler,

so, it is the interface for the load (e.g. IR sensor) that needs cooling. It also acts as a

thermal energy storage unit, since it retains a certain quantity of liquid and, therefore,

is able to provide cooling over a short period.

The VFC is expected to operate under microgravity environment, so, the liquid ni-

trogen must be correctly confined within the evaporator, otherwise, some liquid might

exit and decrease the evaporator’s energy storage. In our evaporator, the liquid confine-

ment is achieved by filling the evaporator with a porous medium to retain the liquid

by capillary forces enhanced by the small pores of the medium. By using Jurin’s law

[58] and modelling the porous medium, in a first approximation, as a series of capillary

tubes, it is possible to calculate the required pore diameter, φ, to retain the liquid in the

evaporator’s height, h, against the earth’s gravity,

h = 4σcosθ

φ(ρL −ρV )g
(5.23)

where ρL represents the liquid density and ρV the vapour density, σ is the surface

tension and θ is the contact angle between the liquid and the tube walls. θ, quantifies

the wettability of the solid/liquid interface. Fortunately, cryogenic fluids present good

wettability, which means that a contact angle close to θ ≈ 0 is a good approximation

and it may be used to estimate the capillary height [59]. Figure 5.10 shows the capillary

height, h, of the liquid nitrogen as a function of temperature, estimated with surface

tension values from [60–63].

From these calculations, to obtain a compact evaporator (L ≈ 20 mm, Figure 5.11)

able to confine the liquid, whatever the orientation, the porous material should have

a porous mean size lower than φ ≤ 250µm to retain the liquid in its whole volume.

Remind that these calculations give the needed pore size in an anti-gravity configura-

tion, which is the worst case scenario. In micro-g conditions, the forces acting against

capillary action will be considerably smaller [64].
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Figure 5.10: Wicking or capillary height, h, of nitrogen for different medium pore sizes,
φ, as a function of temperature.

The designed configuration consists in a cylindrical evaporator with a inner diam-

eter of 10 mm and a height of 22 mm, which gives an internal volume of 1.73 cm3. In

Figure 5.11, is displayed such evaporator placed downstream of the JT orifice and filled

with a copper foam from Versarien (UK) with a pore diameter below 500µm. Also, by

using a porous medium made of copper, we can take the advantage of its good ther-

mal conduction and, thus, ensure a good thermal homogeneity within the evaporator.

The evaporator was filled with four 5 mm thick sintered copper foam disks, in which

a 2 mm hole was drilled along their thickness to allow the gas to easily flow when it is

evaporated, this hole prevents the liquid from being pushed out of the evaporator. In

the evaporator’s body, a cap and two VCR® fitting connections were silver-brazed in a

environment-controlled oven, as displayed in the right side of Figure 5.11. The selected

copper foam has a measured porosity of 47±1%, which corresponds to a porous vol-

ume of 0.75 cm3 that enables to store around 116 J (593 mg of LN2), by considering this

volume completely full of liquid nitrogen at 80 K.

As also visible in Figure 5.11, a commercially available 1/8 inch VCR® sintered

porous filter from Entegris (USA) was placed in-line and upstream of the orifice to

prevent clogging. This filter has a retention capacity of at least 90% for particles larger

than 1µm, which is expected to be sufficient to prevent clogging by solid particles.

To check the correct liquid confinement in ground, where gravity exists, the evap-

orator was tested in any orientation with respect to earth’s gravity without significant

performance degradation, similarly to [20, 65–68]. The results of this test are shown in

Section 5.4.2.2.
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Figure 5.11: Left side: Nitrogen evaporator rendered model; Right side: Evaporator as
built (prior to its brazing).

5.4 Joule-Thomson Cold Stage Demonstration

Now that every JT stage component is built, the complete stage can be tested at condi-

tions close to the optimum operating point. During operation, the CFHX performance

is evaluated by measuring its outlet temperatures and compared with the numerical

results from Figure 5.9. Regarding the orifice restriction, if its characteristic discharge

is close to expected (10.8 mgs−1) and if the CFHX is effective, the cooling power of the

JT cycle will be close to the target value of 1.5W+10% and, thus one may conclude that

everything is working as desired. Lastly, the evaporator will require a dedicated testing

after acceptance of both CFHX and JT restriction, since the evaporator performance

shall be evaluated for any orientation with respect to earth’s gravity to check the correct

confinement of the liquid nitrogen through capillary forces.

5.4.1 Experimental Set-up

The test set-up is schematically represented in Figure 5.12. The parts under testing are

assembled on a Gifford-MacMahon (GM) cryocooler (2 W at 20 K). Note that the demon-

stration of the JT cold stage is performed in open loop, i.e., the low-pressure gas is being

exhausted into atmosphere. This forces the low pressure line at atmospheric pressure,

which is slightly lower than the design pressure (1.37 bar for 80 K), but it does not alter

the conclusions that can be drawn from this characterization, since this change has

negligible consequences.

The second-stage (cold finger) of the GM cryocooler is used to precool the high

pressure stream supplying the JT stage at a temperature around 116.7 K (Table 4.4). The

pre-cooler (preHX-1) is a 10 cm long SS capillary (2 mm internal diameter) wounded
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and brazed to a copper rod (15 mm diameter) which is thermalized on the cold finger

of the GM, as visible in Figure 5.13.

Figure 5.12: Test set-up of the many components of the JT 80 K circuit.

In this set-up, the temperature sensors are placed at different positions to obtain a

good thermal characterization of the whole system, as visible in Figure 5.13: T2 is a cal-

ibrated Cernox® temperature sensor mounted on the cold finger of the GM cryocooler;

the remaining sensors are platinum resistors (Pt100) and each temperature reading is

measured by a commercial cryogenic temperature controller.

The gas manifold has a high and a low pressure zone, each one equipped with

an adequate pressure transducer. The high-pressure zone receives the high pressure

flow provided from a high purity nitrogen gas cylinder and, afterwards, the gas flows

through a thermal gas flowmeter to measure the mass-flow rate of the circuit. Then,

this high pressure stream goes through the vacuum jacket of the GM cooler. In the

vacuum chamber, the high pressure stream, after precooling in preHX-1, goes through

the CFHX until it finally expands through the orifice and produces some liquid nitrogen

at the evaporator. The heat lift produced by this JT expansion is meticulously measured

by adjusting the heat load dissipated on a resistor (1.2 kΩ) attached to the evaporator in

such way that the flow entering the low-pressure side of CFHX is, as far as possible, 100%

saturated vapour. The supplied heat load would directly correspond to the effective

cooling power of the JT stage, albeit it also includes some parasitical heat leaks. After

vaporizing the liquid nitrogen, the gas flows back through the CFHX and cools the HP

stream. At the LP exit, the fluid goes to the LP zone of the manifold and is discharged

into the atmosphere.
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In order to test the evaporator in any orientation with respect to earth’s gravity, the

GM cryocooler is placed in a rotating platform that allows to rotate the complete system

from 0° to 360° [68]. The various equipments needed for this demonstration are shown

in Table 5.4.

Table 5.4: Equipment used for the JT cold stage characterization.

Equipment Details
N2 gas cylinder Compressed nitrogen gas cylinder

Gas mass flow meter Bronkhorst EL-FLOW digital thermal mass flow meter
Manifold vacuum pump Edwards: nXDS6i dry scroll pump (6.3 m3/h)

High pressure transmitter Keller-Druck Series 33X (0.01% FS, 100 bar max. pressure)
Low pressure transmitter Keller-Druck Series 33X (0.01% FS, 10 bar max. pressure)

Particle filter Swagelok 1/4 inch VCR High Purity Filter
GM vacuum pump Edwards: nXDS6i dry scroll pump (6.3 m3/h)

GM cryocooler CTI model 22, 2 W@20 K
Temperature Controller Cryocon: model 34

Power Supply Agilent triple power supply
Acquisition system Computer running LabVIEW with RS232, GPIB and USB

interfaces

During an experiment, some devices are in continuous communication with a

home-made LabVIEW interface that receives, processes, stores and visualizes the data

in real-time. This LabVIEW interface also allows to control some system parameters,

such as the GM cold finger temperature or the evaporator applied load.
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Figure 5.13: Assembly of the JT cold stage in the cryocooler. The red and blue arrows
indicate the high and low pressure stream direction, respectively. The orange vertical
arrow indicates the gravity direction: in this configuration the liquid formed in the JT
orifice naturally falls by gravity to the evaporator. To test the performance of the copper
foam, the whole cryocooler is turned by 180°, so, the evaporator becomes in a higher
position in respect to the orifice.
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5.4.1.1 Test Procedure

• Test #1: CFHX + JT restriction characterization

1. The system is initially assembled without the evaporator, this one being re-

placed by a capillary tube between the JT orifice and the low-pressure inlet

of the CFHX. In this configuration, a small electrical resistor is glued to this

capillary to provide the heat load needed for the cooling power determina-

tion.

2. The system is pumped (<1×10−4 mbar) and cooled-down by setting the

cold finger temperature at 116.7 K to precool the high pressure stream. At

the same time, from our experience, a reduced pressure flow of nitrogen

goes through the JT circuit to speed-up the cooling and to minimize clogging

probability.

3. When the inlet temperature (T3, Figure 5.12) of the CFHX is close to the cold

finger set-point (≈117 K), the high-pressure is set at its operating value (Ph =
40bar). From this point on, all the temperatures of the CFHX+JT decrease.

This phase can last up to 2 h.

4. When the high-pressure inlet of the CFHX is stable in its desired tempera-

ture, the cold end temperature (T6, Figure 5.12) should reach its minimum

temperature (in this case, Tc = 77.3K). The end of this phase is characterized

by a rapid cooling of the thermometer T6 corresponding to liquid formation.

5. Immediately after reaching Tc , an electrical current is set on the small re-

sistor attached to the capillary to measure the cooling power. This current

is adjusted in order to provide a stable temperature at the JT orifice output

over few hours. Doing so, it is expected that the LN2 quantity is constant

during this period and the heat load corresponds to the cooling power. More

details regarding this step will be given in Section 5.4.2.

• Test #2: Evaporator characterization for both normal and anti-gravity orientation

1. The evaporator is now included to the JT stage and the same procedure is

performed as steps 2. and 3. from Phase 1. As in the precedent characteriza-

tion, the liquid naturally falls to the evaporator (Figure 5.13).

2. To test the evaporator performance, it is measured its emptying time after

letting the evaporator to be completely full with liquid nitrogen. The com-

plete filling is characterized by a sudden decrease of T7, indicating that the

liquid is flowing out from the evaporator to the low-pressure inlet of the

CFHX, further details in Section 5.4.2.2.
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3. It is applied a small heat load to the evaporator (<35% of the cooling power)

and recorded the needed time to completely empty the evaporator. A sud-

den increase of the evaporator’s temperature is an indication that the evap-

orator is empty.

4. The previous step shall be repeated for other heat loads (between 0 mW to

525 mW).

5. The cryocooler’s platform is rotated by 180° to repeat steps 3 and 4 and test

the evaporator in the anti-gravity orientation.

5.4.2 Experimental Results and Discussion

5.4.2.1 Test# 1: CFHX + JT orifice

The inlet conditions of the HP inlet of the CFHX were set at 119.91 K and 40.1 bar. After

precooling the high pressure stream, an electrical current was set through the heater

resistor attached to the thin capillary (replacing the evaporator) in a attempt to find an

equilibrium state: the electrical current, dissipated by Joule effect, corresponds to the

rate that is being produced liquid nitrogen. Actually, such task appeared to be a little

tricky, since the JT cycle includes a recuperative path (CFHX). So, for any temperature

change on one side of the CFHX, it instantaneously affects the opposite stream, thereby,

changing the inlet conditions of the JT orifice: upstream temperature, mass flow rate.

Figure 5.14 shows a test run over 22 h of the pair CFHX+JT. By inspection of the

upper chart of this figure is visible that the evaporator temperature (yellow) is stable

over the whole experience, so, it was always receiving liquid nitrogen from the JT ex-

pansion and is not drying out, albeit according to this test results, the evaporator has a

tendency to be full of liquid and, unfortunately, some liquid flows out of the evaporator

to the low-pressure inlet of the CFHX (blue) which instantaneously provokes some in-

stabilities in the CFHX, as clearly visible in the figure. And, as also visible in the bottom

chart of Figure 5.14, this undesirable behavior turns out quite difficult to tune the heat

load leading to an equilibrium. Note that as the HP outlet (green) fluctuates, the inlet

conditions of the JT expansion changes and, so, the liquid rate formation.

If the CFHX is working as expected, the low-pressure outlet temperature should

be very close to the high-pressure inlet temperature, since the low-pressure side heat

capacity is inferior to that of the high-pressure side. The obtained average values, dis-

played in Table 5.5, from this experiment leads to a heat-exchanger effectiveness of

εH X = 95.8%, however, this result is not very representative, since there is a lot of dis-

persion over the acquired data. Furthermore, note that the hot-side temperatures of
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the CFHX are very similar, only 0.3% relative difference between them, this result is an

indication that the CFHX is probably very effective.
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Figure 5.14: Example of a test run of the JT stage over 22 h. Upper figure: temperature
variation on several parts of the JT stage. Lower figure: applied heat load (right axis
scale) to measure the cooling power of the JT stage.

Despite some temperature instabilities, it was successfully obtained over 22 h a sus-

tained liquefaction with an average cooling power of 1.67±0.05 W, within the targeted

value (cooling power requirement: 1.5 W+ 10% margin). However, by considering the

applied inlet conditions of the JT stage and assuming an ideal CFHX, it was actually

expected a higher cooling power of 1.74 W, but as already mentioned, the applied heat

load may not correspond to the effective cooling power of this JT cycle, as part of it may

be lost by heat leakage (e.g wiring, radiative heat transfer).

Another run was performed by setting the inlet conditions closer to the optimum

operating values (Table 4.4): HP inlet temperature reduced from 120 K to 116 K. The JT

circuit ran over 7 h in these new conditions and generated an average cooling power of

1.78±0.01 W, as displayed in Figure 5.15. In these conditions, the hot-side temperatures

of the CFHX were again very similar, only 0.4% relative difference between the high-

pressure inlet and the low-pressure outlet. Furthermore, the average high-pressure

outlet temperature, T4, that sets the inlet conditions of the JT expansion, is 97± 2K.

Considering the inlet conditions of the CFHX, the upstream temperature of the orifice

was expected to be 97.8±0.1K, therefore, our measurements are within the expected

and, again, this JT cold stage seems to be working very close to the expected.
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Table 5.5: Obtained average values from the JT stage characterization shown in Fig-
ure 5.14. Let us note that according to the supplier the Pt100 resistors have a tolerance
of ±0.55 K at 73 K [69].

Parameters Mean Values Expected
High-pressure inlet T3 119.94±0.07 K -

High-pressure outlet T4 102±8 K 101.4±0.2K
Evaporator T6 77.188±0.007 K -

Low-pressure inlet T7 80±5 K -
Low-pressure outlet T8 120.3±0.2 K 119.94±0.07 K

Mass-flow rate ṁ 12.00±0.08 mgs−1 -
Cooling Power Q̇ 1.67±0.05 W 1.74±0.02 W
High-pressure PH 40.2±0.2 bar -
Low-pressure PL 1087±1 mbar -

In order to measure the sensitivity of the cooling power, Q̇c , to the inlet conditions

(T3 and PH ), they were slightly changed around their optimum inlet values. The main

results are:

∂Q̇c

∂T3

∣∣∣∣
PH

=−31mWK−1 ∂Q̇c

∂PH

∣∣∣∣
T3

= 23mWbar−1 (5.24)

Let us note that these results account for changes in the mass flow rate due to fluc-

tuations in both pressure and temperature. The negative sign of ∂Q̇c /∂T3 is expected,

because for each increase in the inlet temperature, the cooling power should decrease,

since the vapour quality χ of the mixture after expansion increases, as can be inferred

from the P −h plane displayed in Figure 4.18. Furthermore, let us remind that the JT ex-

pansion occurs in a region where the isenthalps lines are nearly vertical in a P-h plane,

therefore, the JT expansion is practically insensitive to changes on pressure. So, the

positive value of ∂Q̇c /∂PH is more likely to be caused by the variation of the mass-flow

rate, which is fixed by the upstream conditions of the orifice. Dividing each term by the

nominal cooling power (1.5 W), one can obtain its relative deviation: per unit temper-

ature, a decrease of -2.1%; per unit pressure, an increase of 1.5%. These quantities are

rather small compared to the 10% margin of the cooling power (Table 3.2). From this

point of view, the JT cold stage operating in this uncommon region is expected to be

very stable and weakly sensitive to fluctuations of the inlet conditions.
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Figure 5.15: Example of a test run of the JT stage over 7 h close to the optimum operating
values from Table 4.4. Upper figure: temperature variation on several parts of the JT
stage. Lower figure: applied heat load (right axis scale) used to measure the cooling
power of the JT stage.

5.4.2.2 Test #2: Evaporator characterization

The second testing phase of the JT cold stage is dedicated to the characterization and

acceptance of the evaporator under microgravity environment. Initially the evaporator

is tested in the so-called normal orientation, as in Figure 5.13. In this orientation, the

exhaust and the inlet are located at the top of cell, preventing the liquid to escape,

and the liquid formed during the expansion falls naturally to the evaporator by effect

of gravity. When rotating by 180° the whole cryocooler, the liquid must be properly

confined by the copper foam or it will be spilled.

Figure 5.16 shows a run of the evaporator emptying time measurement. The evap-

orator was previously filled with liquid (procedure described in Section 5.4.1.1) and at

t = 5min, a constant heat load of 100 mW was applied and recorded the needed time to

empty the evaporator. At t = 20 min, the evaporator increased its temperature, which is

an indication that the evaporator is empty. Therefore, the emptying time corresponds

to the difference between these two instants. Such measurements were performed for

various heat loads to enable the estimation of the energy storage capacity, E , of the

evaporator and as well as the confined volume/mass of liquid nitrogen.

Assuming that the liquid mass quantity, m, is maximum and the same for each run,

the energy, E , needed to evaporate the liquid, with a known latent heat, L, is given by
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E = mL = Q̇∆t , then, in Figure 5.17 is plotted the heat load, Q̇, as a function of the

inverse of the emptying time, 1000/∆t . The coefficient of proportionality corresponds

to the stored energy, E , of the evaporator.
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Figure 5.16: Emptying time, ∆t , measurement example of the evaporator. Applying a
heat load of 100 mW takes around 15 min to empty the evaporator.

0 1 2 3 4 5
1000/ΔtΔ(s−1)

0

100

200

300

400

500

̇
Q
Δ(m

W
)

normalΔconfigΔ(0Δdeg)
anti-grav config (180 deg)
fit: E=106.8 J
fit: E=102.6 J

Figure 5.17: Evaporator thermal energy storage, E , capacity for both orientations.
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Table 5.6 summarizes the obtained results for both orientations and they show sim-

ilar stored energies. Notice that the normal configuration (0°) corresponds to the best-

case scenario and the anti-gravity (180°) to the worst. Although the measured capacity

in the normal orientation is below the expected capacity, no significant differences

were observed between the two configurations and, therefore, the porous copper is

able to confine the liquid by capillary forces.

Table 5.6: Obtained energy storage capacities from the evaporator characterization. We
highlight the small difference obtained between the two configurations (about 4% less
in the anti-gravity orientation).

Orientation Energy (J) Mass (mg) Volume (cm3)
Normal (0°) 106.8 536 0.66

Anti-gravity (180°) 102.6 515 0.64
Expected 120.0 602 0.75
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CHAPTER 6
Detailed Sorption Compressor Cell

Design and Integration

This chapter presents in detail the design and integration of a sorption compressor

cell. Some auxiliary components of the sorption compressor are presented: check-

valves and gas-gap heat switch. The development and assembly of a new 200 L cryostat

needed for the functional characterization of the sorption compressor is also presented.

6.1 Sorption Cell Design, Integration and Acceptance

The design of a sorption cell must take into account that they are pressure vessels1,

since it will store gas at a maximum pressure of 40 bar. In order to minimize very thick

walls and/or high stresses on some regions of the vessel, two common shapes are used

to store fluids at high pressures: spherical and cylindrical; the latter being widely used

for storage in various applications due to its lower production cost. However, cylinders

are not as strong as spheres because they have weak points at each end. The spherical

geometry is theoretically the best way to contain pressure, since the generated stresses

are evenly distributed. Furthermore, our sorption cells will undergo a high amplitude

thermal cycle (up to 400 K), so, this motivates the spherical design due to its robustness.

The design shown in Figure 6.1, mainly developed at AST, consists of a thin spheri-

cal shell made of titanium (Ti4Al6V) designed to withstand an operation up to 500 K at

100 bar. Internally it contains a Copper Heat Exchanger (CuHX) to obtain a good ther-

mal homogeneity of the MOF. At the bottom of the this cell there is an interface for a

heat switch to obtain a controllable thermal link between the cell and the heat sink. To

1Pressure vessel: vessel containing a pressurized fluid with an energy level greater than or equal to
19.31 kJ or with a pressure greater than or equal to 0.69 MPa, or which can create a hazard if released.
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avoid complicated mechanical issues existing in the solution described in Section 3.2.2

(GGHS distributed along the wall of the cell), a solution with a GGHS at the end of the

CuHX and placed outside of the sorption cell was preferred. Essentially, the following

aspects motivated this design:

• By using the spherical geometry, it is possible to obtain a thinner wall thickness

compared to the cylindrical one and, therefore, less (thermal) mass.

• By using a cell made of titanium, an excellent combination of high strength-

/weight is obtained when compared with other space-grade metals, such as, stain-

less steel or aluminum. In addition, the problematic aluminum welding is avoided.

• By placing the GGHS outside of the cell, it leads to a simpler configuration and a

lower development risk since the heat switch may be independently developed

and tested from the sorption cell. It is also possible to use hydrogen (best conduct-

ing gas for T>150 K) as the exchange medium of the GGHS and, thus, avoiding

the well-known concern of embrittlement of titanium-based alloys in exposure

to hydrogen [70].

Figure 6.1: Sorption cell CAD design [71]. We highlight the location of the GGHS (out-
side of the sphere) and its interface to the interior of the sorption cell through the CuHX.
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The spherical vessel shown in Figure 6.1 consists of two 120 mm diameter titanium

hemispheres which are joint together with Electron-Beam Welding (EBW). The CuHX

is placed inside and consists of six thin fins (0.5 mm thick) brazed to a 20 mm copper

rod. The useful volume of the sorption cell is 0.913 L, this value was found through a

trade-off between the cycle period and the quantity available for circulation, ∆n. Let

us note that by using cells of smaller volume have the advantage of reduced thermal

mass but contain less adsorbent material, therefore, it requires a larger number of cells

which makes it more complex to operate.

To measure and manage the sorption cell temperature, two type K thermocouples

and two 50 W heater cartridges (one for redundancy) are brazed to the copper heat

exchanger. Mineral insulated metal (SS-304) sheathed wires were used for the wiring of

both thermocouples and heaters. The external stainless-steel surface of the sheathed

wire was brazed to the splitter located at the top hemisphere (Figure 6.1). The GGHS

is connected to the bottom part of the copper heat exchanger via a bimetallic adapter

which is welded underneath the sorption cell. As visible in Figure 6.2, this bimetallic

adapter is needed to obtain a leak tight transition from the inner part to the external

part of the cell and allowing an efficient thermal path.

Figure 6.2: Cross section view of the gas-gap heat switch coupling to the bottom hemi-
sphere using the bimetallic interface. Note that the titanium part of the bimetallic
adapter allows to obtain a leak tight transition.

This adapter was machined out of two 30 mm rods of copper and titanium and joint

together by friction welding, as visible in Figure 6.3a. The titanium side (internal part of

the cell) is welded through EBW to the bottom hemisphere, while the CuHX is threaded

to this adapter that contains a M8 threaded hole. Whereas the copper part (outside the

cell) of the bimetallic adapter connects to the GGHS via a shrink-fitting coupling.
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In order to verify the robustness of this bimetallic adapter, a tensile pull test was

performed at Instituto Soldadura e Qualidade (Portugal), Figure 6.3b shows two ten-

sile specimens. The test was performed at a temperature of 500 K, remind that the

maximum working temperature according to the numerical optimization is only 365 K

(Table 4.4). The sample rupture occurred close to the welding zone and its area reduc-

tion caused by the tensile pull was determined on the copper side, since on the titanium

part was not observed any deformation. The measured yield strength was found to be

185 MPa and the rupture of 204 MPa, which is similar to the values of oxygen-free cop-

per (210 MPa) [72]. Therefore, the rupture, in fact, occurred due to the lower stiffness

of copper compared to that of titanium.

(a) (b)

Figure 6.3: Cu/Ti bimetallic adapter: a) Machined bimetallic adapter; b) Tensile speci-
mens machined for the tensile pull testing.

After successful manufacture and acceptance of the pieces, particularly both bimetal-

lic adapter and CuHX, the integration of the sorption cell proceeded. Such procedure

is depicted in Figure 6.4.

Figure 6.4: Sorption cell integration procedure: A → B , bottom hemisphere and
bimetallic adapter were joint together by equatorial EBW; B →C , six thin copper fins
brazed to the 20 mm rod of copper and fastened to the bimetallic adapter. The electrical
connections (heaters and thermocouples) were fixed during this step. C → D , top and
bottom hemispheres were joint together by equatorial EBW.
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6.1.1 Leak and Proof Pressure Test

According to [73], the sorption cell is classified as a pressure vessel because of its volume

and high pressure combined and as well as being subjected to intense solicitations

due to thermal cycling. Thus, before proceeding to its functional characterization,

each sorption cell requires a qualification campaign to ensure functional and safety

requirements: leak test (vacuum mode detection), pressurized leak test (sniffer leak

detection) and proof pressure test at 150% working pressure.

The maximum admissible leak rate, Qleak, in the cell’s volume of Vc = 0.913L is

estimated considering a degradation of 1% of the cooler performance over 10 years.

Considering Equations (2.10) and (2.18), one may conclude that the cooling power is

proportional to the gas quantity released per each sorption cell, ∆n. So, a reduction of

1% in the released gas quantity corresponds to a degradation of the same magnitude

in the cooling power. In case of leakage, it is assumed that the gas amount at the

adsorbed phase remains constant, but the gas occupying the void volumes may leak.

By considering a void fraction, ε, of 54%, the void volume of one cell, Vε, is 0.493 L and

the gas amount lost by leakage is 1% of ∆n = 1.67 (Table 4.4), the maximum admissible

equivalent helium leak rate, Qleak, is,

Qleak =
dP

dt
Vε = 1.3×10−6 mbarLs−1 (6.1)

After a first vacuum leak detection test, no leak was detected (<2×10−10 mbarLs−1).

Then, the vessel was pressurized with 60 bar (150% working pressure) of helium and

placed inside of a plastic bag for accumulation detection using the sniffer mode and

no signal was detected after 2 h of accumulation. The vessel leak-rate was measured

again in vacuum mode and was found to be less than 7×10−9 mbarLs−1. Thus, it can

be concluded that the sorption cell successfully passed its qualification campaign.

6.1.2 Sorption Cell Filling

The sorption cell filling is a very critical procedure, since the amount of MOF that can

be confined within the cell deeply impacts the required radiator surface, as displayed

in Figure 4.19. As a matter of fact and as explained earlier in Section 4.3, a sorption cell

filled with a poor packing factor will therefore contain a large void volume and, con-

sequently, a larger temperature amplitude between cycles would be needed to supply

the required gas quantity, ∆n, to the Joule-Thomson stage. Furthermore, as also previ-

ously mentioned in Section 4.3, the MOF packing may be improved by filling with two

different particle sizes (binary packing) or, in a ideal scenario, with a discrete particle
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distribution. So, before filling the sorption cell with HKUST-1, various filling combina-

tions were studied.

MOF Technologies (UK) was able to supply HKUST-1 in large quantities and also in

different sizes and different geometries: pellets (0.5 mm diameter and length ranging

from 2 mm to 5 mm), simple powder form (diameter ranging from 1µm to 100µm) and

a batch of uncontrolled particle size powder (up to 150µm). Then, different filling com-

binations were produced in a 100 mL graduated cylinder and their apparent density, ρa ,

measured, such results are displayed in Figure 6.5.
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Figure 6.5: Apparent densities of the different filling combinations of HKUST-1 (parti-
cle density ρp =0.95 g/cm3). The red bar corresponds to the actual apparent density
obtained in the sorption cell.

Some characteristics of the tested mixtures are noteworthy:

1. The single filling of pellets led to the worst packing. During filling, it was clearly

visible a lot of empty space between particles, indicating that this filling was far

from optimum.

2. The simple powder (uncontrolled particle size) also led to a low packing factor.

During filling, some electrostatic forces were detected between the particles and

also the presence of large agglomerates (up to 3 mm), probably due to the absorp-

tion of moisture by exposure to air.

3. The single filling using the Sigma-Aldrich sample or the 100µm powder, obtained
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a much higher density when compared to those of pellets or simple powder. Ac-

tually, the Sigma-Aldrich powder does not appears to interact with its neighbors

and has little or no tendency to form agglomerates, while the 100µm sample has

a tendency to form clusters.

4. Mixing pellets with any powder (binary filling) greatly increases the packing,

when compared to the single filling of pellets. The mix with the 100µm powder

led to the highest obtained density, corresponding to ε= 53%.

However, it is not convenient to fill the sorption cell through the 1/4 inch VCR® fit-

ting located at the top hemisphere (Figure 6.4) with any mixture containing the 100µm

powder or the 1µm, since they tend to flow very poorly due to electrostatic attraction

and also with a tendency to form large clusters, which can result in a complete block-

age of the narrow filling port, as visible in Figure 6.6, and further complicating the

procedure.

Figure 6.6: Close-up view of the filling port located at the top hemisphere of the sorption
cell. Note that the instrumentation wiring of the cell shares the same feedthrough.

The most suitable filling combination through small apertures, at the time being, is

the one using pellets mixed with simple powder (red bar). Such filling would correspond

to a void fraction, ε, of 57%. Let us note that this filling pair is still above from the

obtained values during the HKUST-1 characterization (54%). Therefore, the filling of

the sorption cell proceeded with an expected mixture of 50% pellets and 50% simple

powder. However, the filling procedure through the 1/4 inch aperture was a hard and

long task:
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• Similar to the powder of controlled size, after exposure to the atmosphere, the

simple powder also begins to form large clusters and consequently blocking the

filling port.

• At the end, the filling was mostly performed with pellets, since they flowed much

better than the powder form. Around 75% pellets were inserted into the cell.

• A homemade vibrating system was used to ease the flow through the filling port

and to help the mixture between the particles, i.e, to fill the space between par-

ticles with smaller particles. Even so, it took around 10 working days to fill the

sorption cell.

• 376.1 g of HKUST-1 were inserted into the cell which corresponds to an apparent

density of ρa =0.41 g/cm3 (red bar of Figure 6.5) and a void fraction ε of 57%. Let

us note that, according to the compressor optimization (Table 4.4), each sorption

cell is expected to contain around 400 g (ε = 54%) of sorbent material.

• This filling would correspond to an increase of the radiator surface by 8%.

6.1.3 Gas-Gap Heat Switch

As already mentioned in Section 2.3.2, a controllable thermal link is needed between

the radiator and each sorption cell to avoid unacceptable heat loads on the radiator

during the heating phases of the sorption cells. This thermal link may be a GGHS which

due to its simplicity and without the need of moving parts is a good solution for this

application as it allows to vary its thermal conductance by several orders of magnitude,

only through the presence or absence of gas in its narrow gap [15], as schematically

shown in Figure 6.7.

Figure 6.7: Schema of a GGHS integrated with a sorb pump to manage the thermal
conductance of the GGHS through the presence or absence of gas in its gap: by heating
this sorb pump, the highly conducting state is achieved since the gas is desorbed and
fills the narrow gap; by cooling, the low conducting state is obtained since the gas is
adsorbed and therefore removed from the gap.
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During the preliminary designing phase of the VFC, three different prototypes of

gas-gap heat switches using the differential dilation technique [74] were built and char-

acterized with nitrogen, helium and hydrogen as exchange gas. The design, construc-

tion and tests resulted in a rather extensive work. Its detailed description was consid-

ered too large to be included in this dissertation; so, we present here a summary of the

results, while the whole work can be consulted in Appendix A, as a first version of an

article to be submitted to Cryogenics (journal).

Figure 6.8 shows one of the built and tested gas-gap heat switches. Let us note that

two of three heat-switches obtained a gap length around 15µm at 150 K, while 33µm

was obtained in the second prototype.

Figure 6.8: Rendered image of the second prototype of a dilation GGHS (left side) and
as built (right side). The red arrow points to the location of the “pinch-off” sealing.

Considering the temperature range (150K < T < 400K) of the sorption cell and to

obtain the highest thermal conductance of the GGHS, it should be used hydrogen as the

exchange gas since it is the best conducting gas for temperatures higher than 150 K [44].

In such a device, the gas management needed to obtain the switching action between

a good (ON state) and a poor (OFF state) thermal conductance state is obtained by

using a small sorb pump, filled with activated carbon, to pump (OFF) or to fill (ON) the

narrow gap with gas. However, due to its adsorption properties, an operational sorb

pump of hydrogen is usually limited to temperatures below 40 K which is far from our

150 K heat sink temperature.

Another way to adsorb hydrogen, is to use the ability of the intermetallic materials to

reversely absorb and desorb hydrogen at temperatures compatible with our objectives.

For instance, the metal hydride ZrMn2Hx seemed to be suitable for our application [75].

For that reason, around 5 g of this material was synthesized and 260 mg filled into the

small sorb pump of the second prototype, shown in Figure 6.8. After some initial test-

ing, we showed possible to manage the internal pressure of the GGHS (from 10 mbar
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to 300 mbar) and, thus switch between both conductance states just by controlling the

sorb pump temperature containing this metal hydride material. At T ≈150 K, the OFF

state was obtained with a measured thermal conductance of KOFF =7.6 mWK−1, while

for temperatures higher than 250 K, the ON state was achieved with a measured con-

ductance of KON =1.1 WK−1. These characteristics show that a GGHS using hydrogen

and ZrMn2Hx can vary its thermal conductance by more than two orders of magnitude

through a hydrogen sorb pump varying its temperature between 150 K to 250 K and,

then, being adequate for the thermal management of the sorption compressor cells.

However, of the three built heat-switches, only the third prototype was built with

the adequate interface for bimetallic adapter of the sorption cell and, unfortunately,

for various technical reasons, it was not possible to operate this switch using the metal

hydride ZrMn2Hx . Due to limited time and resources, this heat switch had to be sealed

with nitrogen, therefore, with an ON conductance 7× lower compared to that can be

obtained with hydrogen. The nitrogen GGHS thermal conductance dependence with

a sorb pump filled with activated carbon was measured and is displayed in Figure 6.9.

The results show that just by varying the sorb pump temperature roughly from 150 K

to 250 K, the GGHS thermal conductance varies from 9.5 mWK−1 to 269 mWK−1, so,

going from an OFF to an ON state. Furthermore, let us note that by using nitrogen

gas instead of hydrogen as the exchange gas of the GGHS, as expected, it significantly

impacts the cooling dynamics of the sorption cell and, therefore, does not allow the

cooler to operate with the optimum parameters showed in Figure 4.17. However, is

still possible to demonstrate the operation of the cooler by adjusting some parameters

(heat-sink temperature), as shown later in Chapter 7.

Figure 6.9: Nitrogen GGHS thermal conductance as a function of its sorb pump tem-
perature.
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6.1.4 GGHS Shrink-Fitting Coupling

The GGHS is coupled to the bimetallic adapter using the shrink-fitting technique. This

is achieved by heating and/or cooling the components before joining them together

and allowing it to return to room temperature to create a strong joint, thanks to the

phenomenon of thermal expansion of materials. Due to the very strong forces existing

between the two components after joining the parts, this technique allows reduced

thermal contact resistance. However, this technique does not leave much room for

failure, once the pieces are joined, they can no longer be separated.

As shown in Figure 6.10, the bimetallic adapter consists in a 15 mm diameter cylin-

drical male insertion made of copper and the GGHS contains a 9 mm depth female

insertion using the same diameter as the male one. According to [71], this coupling is

expected to have a thermal conductance as high as 10 WK−1.

Figure 6.10: a) Rendered image of the GGHS, we highlight the female/hole insert located
at the top; b) Shrink-fitting dummies fully-penetrated through the shrink-fitting tech-
nique; c) Sorption cell partially penetrated to the GGHS after using the shrink-fitting
technique.

To train the reproducibility of this irreversible coupling technique, three dummies

were built using the same dimensions as the bimetallic adapter and the GGHS, dis-

played in Figure 6.10b). To join the GGHS to the sorption cell, the bimetallic adapter

(male insert) is cooled down in a liquid nitrogen bath in order to contract enough to

obtain a clearance between the two pieces, while the GGHS (female insert) is heated

up to a maximum temperature of 200 ◦C in order to expand.

The shrink-fitting pieces were designed as an interference fit2, so, the male part

slightly exceeds the female: considering the tolerances of the pieces (h5/S6, ISO 286),

a maximum interference of 36µm and a minimum interference of 18µm is expected

2The dimensions of the male and female inserts are such that without interference from external
force or shrink-fitting the assembly of the pieces is not possible.
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at room temperature. By cooling down the male piece to 77 K and keeping the female

piece at room temperature, a clearance of 17.5µm is expected between the two parts.

This clearance can be increased to 41.5µm if the female piece is heated up to 200 ◦C.

The coupling will be considered successful if penetration is full, i.e., over a length

of 9 mm. Three dummies were joint together, as visible in Figure 6.10b): two of them

obtained full penetration, while another one (piece #3) only obtained around 90% pen-

etration. Let us note that this procedure is performed manually, which turns out this

procedure even more complex and, thus, subject to failure.

Afterwards, the GGHS and sorption cell were joint together, as displayed in Fig-

ure 6.10c). Unfortunately, only a partial penetration of 4 mm was obtained (total length

= 9 mm). This imperfect penetration can be due to not respected tolerances or/and

misalignment of the two pieces at the beginning of the procedure. As explained before,

this process is highly irreversible and we had to continue with this imperfect coupling

(44% of the expected thermal conductance). Actually, further results showed that this

thermal conductance was far to be the limiting factor of the thermal path between the

sorption cell and the heat-sink.

6.2 Cryostat Development

The functional characterization of the cooler includes four sorption cells, a JT stage and

a check-valve panel (eight valves). Therefore, a completely new experimental set-up

was designed to test the 80 K vibration-free cooler and is displayed in Figure 6.11. The

whole volume of the cryostat is defined by a vacuum chamber (diameter of 500 mm;

height of 700 mm) of ≈200 L including a circular aluminum plate cooled by a contin-

uous flow of liquid nitrogen, similar to a system developed at ESO to test the optics

detectors at low temperatures [76].

The cooling is obtained by pressurizing a LN2 transport dewar and, hence, forc-

ing a flow of liquid nitrogen through the vacuum chamber. In the vacuum chamber,

the liquid nitrogen flow is divided into three different paths (each path ≈1 m) to ho-

mogeneously cool the 450 mm aluminum cooling plate (10 mm thick), as visible in

Figure 6.12 (technical drawing shown in Appendix C). The nitrogen coolant leaving the

cryostat is warmed up and passes through a gas totalizer before being exhausted.

Considering the expected heat rejection capacity of the radiator (about 40 W), the

cooling plate was designed with an expected cooling power of 100 W at 120 K. To allow

temperature control of the aluminum plate, a temperature controller (model REX-P300)

actuates over four cartridge heaters (100 W each) evenly distributed in this plate and the

temperature reading is obtained with a RTD (platinum resistor), placed at the center of

the cooling plate. Moreover, the pressure of the LN2 dewar was controlled through a
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home-made pressure regulator in order to regulate the flow of LN2 entering the vacuum

chamber.

Figure 6.11: Design model of the cryostat chamber including the 80 K vibration-free
cooler.

Figure 6.12: Liquid nitrogen cooling plate and vacuum chamber as built.

During operation, the cryostat is kept at a maximum pressure of 1×10−6 mbar,

which is successfully maintained by a high vacuum pump system including a 2.4 m3/h

rotatory vacuum pump and a 200 Ls−1 turbo-molecular vacuum pump.
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Below the large 200 L vacuum chamber was installed an instrumentation vacuum

skirt with 8 KF25 vacuum connections for several purposes (left side of Figure 6.12):

electrical feedthrough (heaters, thermocouples, Pt100 resistors), liquid nitrogen trans-

fer line couplings, vacuum pressure transducers and inlet/outlet JT stage lines. About

14 thermometers are needed just for the characterization of one single sorption cell

and of the JT cold stage (9 RTD + 5 TC). Usually in cryogenics, the thermometry acqui-

sition makes use of commercially available cryogenic temperature controllers. In our

case, since the working temperatures are rather high (above 120 K), cheaper and more

compact solutions may be used in this case. For this experimental set-up, we chose

to use the CompactRIO controller from National Instruments (NI), which combines a

processor running NI Linux Real-Time OS (able to run LabVIEW applications), a pro-

grammable FPGA and slots to connect modules, each module can read up to 16 sensors.

Some specifications of this controller and its modules are shown in Table 6.1.

Table 6.1: CompactRIO controller and modules specifications.

Equipment Model Details
CompactRIO Controller cRIO-9063 667 MHz Dual-Core CPU, 256 MB DRAM,

512 MB Storage, 4x modules slot
Digital I/O Module NI-9375 32-Channel I/O, 6 V to 30 V

Thermocouple Temperature
Input Module

NI-9213 16-Channel, 24-bit ADC

RTD Temperature Input
Module

NI-9216 8-Channel 0Ω to 400Ω, 24-bit ADC

To control the temperature, it was implemented in LabVIEW four PID controllers

to run on the CompactRIO which makes use of the Pulse-Width Modulation (PWM)

method to control the average voltage fed to the heating resistors, by turning the switch

ON and OFF between a supply and a load as displayed in Figure 6.13. The PWM signal

actuates over a power MOSFET that is used as a switch. Such component has very

fast switching speeds and a high gate impedance which makes it ideal to operate with

standard logic gates as, for instance, the digital I/O module of the CompactRIO.

After construction and validation of the cryostat, one sorption cell was assembled

on the liquid nitrogen cooling plate, as visible in Figure 6.14. Actually, the sorption cell is

screwed to an aluminum interface thermally coupled to the cooling plate. Also, another

thin (0.5 mm thick) flexible copper interface makes the thermal connection between

the GGHS and the aluminum interface to prevent excessive forces on the GGHS that

could induce unacceptable deformation of the thin stainless-steel supporting shell of

the GGHS.
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Figure 6.13: MOSFET switch circuit controlled with a PWM signal. The PWM signal
comes from the digital I/O Module, which is controlled by a LabVIEW PID algorithm
running on the CompactRIO controller.

Figure 6.14: Left side: Sorption cell rendering including the gas-gap heat switch and its
interfaces; Right side: Sorption cell as built including the nine film polymide (Kapton®)
heaters.

By using this copper interface between the cooling plate and the GGHS, it is ex-

pected a decrease of the global thermal conductance between the sorption cell and the

heat-sink, schematically represented in Figure 6.15. Such impact was considered and

a solution was found based on a trade-off between both good thermal conductance

and flexibility of this copper link. Using a finite element method (SolidWorks Simula-

tion), such copper interface was found to have a thermal conductance of 441 mWK−1
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at 120 K. Considering the thermal path between the sorption cell and the heat-sink, a

global conductance of 143 mWK−1 is obtained, assuming a GGHS ON conductance of

269 mWK−1 (with nitrogen) and a shrink-fit thermal contact resistance of 1 KW−1.

Ti
Shrink-fit

1.1 W K−1

GGHS
Cu Interface

441 mW K−1

TCP

Ti Struts

12 mW K−1

Figure 6.15: Heat conduction elements between the sorption cell and the cooling plate
(CP).

To heat up the cell, two cartridge heaters are placed inside the cell (one for redun-

dancy), brazed to the copper heat exchanger. However, due to a partial short-circuit

of one of these heaters, nine 5 W Kapton® film heaters were glued on the external tita-

nium surface of the sorption cell, as visible in Figure 6.14. Additionally, these Kapton®

heaters may provide a better thermal homogeneity during heating, as the cell can be

heated both internally and externally. In these conditions, around 45 W can be applied

on the titanium surface and about 50 W on the inside.

6.3 Check-Valve Characterization

Check-valves are a crucial component to correctly operate the sorption compressor,

as they convert a pressure swing into a constant pressure flow. In electronics, this

behavior is called rectification: conversion of an alternating current (pressure swing)

to a direct electric current (constant pressure). So, a check-valve can be viewed as an

electric diode: it allows a fluid to flow through in one direction (forward direction),

while blocking in the opposite direction (reverse direction).

Still like the diodes, check-valves only begin to "conduct" if a certain pressure differ-

ential (in diodes, threshold voltage) is present in the forward direction. Technically, it

is called the cracking pressure and it corresponds to the minimum pressure differential

to obtain the first indication of flow (steady stream of bubbles) [77]. Obviously, each

check-valve must keep its influence to a minimum and operate effectively: reduced leak

in the reverse direction, low cracking pressure, low pressure drop in forward direction,
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reduced void volume, reliability at low temperatures. However, most of the commer-

cially available check-valves do not have these requirements, particularly, reliability

at low temperatures. For that reason, University of Twente has previously developed

a space qualified check-valve for an application of a 4.5 K Joule-Thomson cryocooler

[78]. However, developing such check-valve was out of the scope of this project and

therefore it was planned to use the commercial off-the-shelf valves from Swagelok®:

• Check-valve #1: model SS-4C-VCR-4C-1/3; cracking pressure of 30 mbar; o-ring

sealing in fluorocarbon (Viton®).

• Check-valve #2: model 6L-CW4VR4-BU; cracking pressure of 140 mbar; o-ring

sealing in Buna-N (nitrile rubber).

Note that the existence of cracking pressure negatively impacts the performance of

the sorption compressor. For instance, if the low-pressure line is kept at 1.37 bar and

the check-valve has a cracking pressure of 370 mbar, the sorption compressor would

have to operate at 1 bar to adsorb the gas coming from the JT stage. And, by operating

the SC with a reduced low-pressure, less gas will be adsorbed and, consequently, less

gas quantity is available to circulate through the JT stage. Therefore, this performance

decrease should be estimated as a function of the cracking pressure, for dimensioning

purposes, while keeping the radiator surface constant, as displayed in Figure 6.16a.

Inversely, as shown in Figure 6.16b, if the cooling power is kept constant, the radiator

surface would have to increase to release less amount of gas over a shorter period of

time (to maintain the mass flow rate). Obviously, for designing purposes, the result

shown in Figure 6.16b should be considered, since the cracking pressure influence is

accounted for a targeted cooling power. Figure 6.16a is more likely to correspond to an

increase of the check-valve cracking pressure, for instance, in-flight, where the radiator

surface would be constant. In the latter case, a cracking pressure of 175 mbar is enough

to obtain a degradation of 10%.

Regarding the results shown in Figure 6.16b, a degradation of the cooling power

less than 1%, implies a cracking pressure lower than 30 mbar. Therefore, taking into

account the available products from Swagelok®, check-valve #1 would be the most

suitable for our application. Nonetheless, both models were ordered and tested in

an experimental set-up for cracking pressure measurement and leak tightness in the

reverse direction, such a set-up is displayed in Figure 6.17.

To measure the cracking pressure in such set-up, valves V3 and V4 must be closed,

i.e., fluid flows in the green pipeline. Then, the pressure should be slowly increased until

check valve opening, detectable by placing a mass flowmeter or by bubble detection at

exhaust D1. The reverse direction, to verify its leak-tightness, valves V1 and V2 must be
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closed, i.e. the fluid flows in the red pipeline, this test should be preferably performed

at high pressure differential, up to 40 bar. An eventual leak may be detected by mass

flowmeter or with bubble detection at D2.

(a) Cooling power degradation as a function of the check-valve cracking pressure at constant
radiator surface of 1.80 m2.

(b) Radiator surface increase as a function of the check-valve cracking pressure while keep-
ing a constant cooling power of 1.65 W.

Figure 6.16: Cracking pressure impact analysis.

The cracking pressure measurements on check-valve #1 indicated a promising

cracking pressure below 40 mbar and also allowed a large flow rate (at least 2 Lmin−1)

in the forward direction. Unfortunately, in the reverse direction, the results were not

reproducible, as the valve is closing at much higher pressures, between 1 bar to 2 bar,

making it not suitable for the target application. The other candidate, even though

the manufacturer claims a cracking pressure 140 mbar, our measurements showed

a cracking pressure between 50 mbar to 100 mbar. In the reverse direction, neither

did the mass-flow meter measured anything nor the water showed bubble formation,

corresponding to a leak rate in reverse direction less than 1 mLmin−1, equivalent to

1.7×10−2 mbarLs−1.
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Figure 6.17: Check-valve test set-up for cracking pressure measurement and leak tight-
ness verification.

Let us mention that at low flow rate discharge, audible vibrations were detected.

This is a known issue occurring when a small flow cannot push the poppet of the check-

valve to a fully open position. The solution found for this problem and experimentally

verified is to bend the central poppet disk about 0.58 mm [17]. However, at the mo-

ment, the valves remains unchanged. Another concern with the check-valves is their

leak tightness at low temperatures. Check-valve #2 has an o-ring sealing of Buna-N with

a with a lower temperature limit of −40 ◦C (233 K). Therefore, it was tested at low tem-

peratures in the reverse direction with a high pressure differential. Figure 6.18 shows

the obtained volumetric flow rate as a function of the check-valve temperature.
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Figure 6.18: Reverse direction check-valve leakage at low temperatures.
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Inspecting Figure 6.18, for temperatures approximately lower than 250 K, the flow

rate is higher than 2 mLmin−1. The targeted mass-flow rate being around 519 mLmin−1

(10.81 mgs−1), 2 mLmin−1 would correspond to a quite small degradation (0.4%) and

then was considered as acceptable. However, it is also visible that for a temperature

lower to the limit given by the manufacturer, the leakage increases very quickly.

Therefore, to avoid malfunctions with these check-valves, it was decided to oper-

ate them at a temperature higher than 260 K. A dedicated aluminum interface loosely

coupled to the cooling plate and with temperature control was used to maintain the

check-valves above this temperature limit, as shown on the following chapter (Fig-

ure 7.12).

Besides this thermal test, check-valve #2 underwent a series of vibrational testings

to verify its mechanical reliability and capability to survive a launch. The check-valve

was mounted in a shaker, at AST facilities, in two different positions, as displayed in

Figure 6.19. The tests consisted of a sine qualification with an acceleration of 25 g in

the frequency range of 25 Hz to 100 Hz followed by a random qualification test (20 Hz

to 2000 Hz).

Figure 6.19: Check-valve ready for the vibrational test in different orientations.

After the vibrational tests, leak test and cracking pressure measurements were car-

ried out again. The valve continued to operate correctly and within the previously

obtained values. Leak-rate in reverse direction remained below 1 mLmin−1 at room

temperature, less than 0.2% of the targeted mass-flow rate.
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CHAPTER 7
Single-Cell Functional Characterization

This chapter presents the functional characterization of the filled sorption cell. It in-

cludes an adsorption capacity measurement within the expected working pressure/tem-

perature range. The most important outcome of this test is to measure the gas quantity

available for circulation during an actual compression cycle. Afterwards, the tempera-

ture dynamics of the sorption cell is tested, thus, how long it takes to cool down to the

lowest temperature and also how much heat input is needed to warm up the cell. The

outcome of this test defines the cycle period of the compressor and, consequently, the

mass-flow rate that can be delivered to the JT cold stage. After collecting this data, this

fully characterized sorption cell was coupled to the nitrogen JT stage and a complete

adsorption-compression cycle was performed and showing, despite the limitations, the

functionality of the whole system.

For reasons mentioned earlier in Section 6.1.3, it was not possible to obtain an

operational GGHS using hydrogen with the required interface for the sorption cell, so,

this heat switch was instead sealed with nitrogen and integrated with a sorb pump

of activated charcoal. As expected, this deeply impacts the dynamics of the sorption

cell, since the thermal conductance of the GGHS was reduced by a factor of seven

(considering the thermal conductivities of both hydrogen and nitrogen).

The optimum parameters shown in Table 4.4 were determined considering a ther-

mal conductance between the sorption cells and the heat-sink of the same order of

magnitude as the developed hydrogen GGHS (>0.8 WK−1), which according to our cal-

culations, turns it possible to cycle the SC between 165 K to 360 K with a heat-sink (main

radiator) temperature of 158 K and a cycle period of 262 min. However, such parame-

ters combination is not possible using a nitrogen GGHS, as it would greatly increase

the cycle period of the compressor and, thus, not providing the required mass flow

rate to obtain 1.5 W at 80 K. So, in order to demonstrate the operation of the single
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sorption compressor cell using the nitrogen GGHS while keeping the same working

temperature range of the sorption compressor (165 K to 360 K) and without increasing

too much the cycle period, the cold plate temperature may be reduced down to ≈ 117K

to increase the temperature difference between the sorption cell and the heat-sink and,

then, compensating the lower thermal conductance of the nitrogen GGHS. As visible

in Figure 7.1, by reducing the heat-sink temperature and using the nitrogen GGHS we

can still manage to obtain a similar temperature profile as the one using hydrogen

(Figure 4.17).
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Figure 7.1: Sorption cell temperature profile comparison: the red curve represents the
obtained temperature profile using a 800 mWK−1 GGHS and with a heat-sink temper-
ature of 158 K, cycle period of 262 min; the blue curve represents the profile using a
269 mWK−1 GGHS (equivalent to the measured ON state shown in Figure 6.9) and with
a heat-sink temperature of 117 K, cycle period of 320 min (22% increase).

7.1 Adsorption Capacity Measurement

The adsorption measurements of the filled sorption cell makes use of the same experi-

mental set-up and methods previously described in Section 4.3. The adsorption copper

cell was removed and substituted by the spherical sorption cell including its instrumen-

tation (heater and thermocouples). Similar as before, the sorption cell was insulated

with styrofoam and glass wool, before submerging into the liquid nitrogen bath. Then,

the nitrogen adsorption equilibrium was measured in the temperature range of 130 K

to 380 K and pressure range of 1 bar to 45 bar, as displayed in the left side of Figure 7.2.
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The right side of Figure 7.2, shows a comparison between the obtained results from

the spherical sorption cell and the ones previously obtained in Figure 4.9 (small copper

cell). Let us note that this comparison only accounts the adsorbed gas (void volumes

are not considered). As visible in this figure, there is a strong correlation between

both data sets: Pearson correlation coefficient1, rx y , is 0.995, which indicates a very

strong correlation between the two data sets. Therefore, the MOF properties are in line

with the previous characterization, showing the same adsorption capability, despite

the rather long time that the MOF stayed in contact with air and moisture without

pumping during the filling procedure. So, this result shows a relatively good stability

and reversibility of this MOF compound.

Figure 7.2: Left side: sorption cell adsorption isotherms of nitrogen on HKUST-1 which
only accounts for the gas at the adsorbed phase; Right side: adsorbed quantity compar-
ison/correlation with previous results from Figure 4.9.

Actually, considering the working principle of a sorption compressor, it is more con-

venient to plot the obtained isotherms data of Figure 7.2 in terms of total gas quantity.

As a matter of fact, the void volume of the installed cell is not negligible (ε= 57%) and

it deeply affects the gas quantity available for circulation. So, the total gas quantity is

plotted versus the pressure, displayed in Figure 7.3.

According to the optimum working parameters from Table 4.4, it was expected

a quantity of ∆n = 1.67 mol to be released or adsorbed during a compression cycle.

However, as the void fraction of this sorption cell was greater than expected, due to the

difficulties during filling, ∆n reduces to 1.4 mol, if TM AX = 360K.

1Pearson’s correlation coefficient is a statistical measure of the strength of a linear relationship be-
tween paired data. A perfect correlation corresponds to rx y =±1
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Figure 7.3: Total adsorbed gas quantity as a function of pressure considering a void
fraction of ε= 57%, the red rectangle corresponds to a compression cycle operating in
the temperature range of 165 K to 360 K.

7.2 Sorption Cell Dynamics

The sorption cell dynamics has the objective to measure the cooling and heating tempo-

ral profile of the filled sorption cell under temperature and pressure conditions close to

the optimum values. Thanks to such a study, it will be possible to determine the cycle

period of the cell and, hence, estimate the mass-flow rate that can be delivered/ad-

sorbed by this sorption cell to operate the JT cold stage.

Figure 7.4 shows the experimental set-up for this characterization and the various

thermometers placed on the sorption cell. The sorption cell is assembled on the cool-

ing plate of the cryostat and it is connected to a gas manifold, placed outside at room

temperature, for pressure measurement and gas management (purge, filling). The cali-

brated volume, Vcal, of roughly 1.1 L was needed to charge up the system with a known

gas quantity before starting the measurements.

To verify both adsorption behavior and dynamics of the cell, the following test pro-

cedure is performed:

1. Warm up the sorption cell to a temperature slightly above room temperature (up

to 400 K);

2. Pump down the cell through the gas manifold to remove unwanted moisture at

the system (<1 h) while keeping it at high temperature;

3. Let the cell cool-down again to room temperature;

4. With valve Ve closed, pump and purge the gas manifold and fill the calibrated

volume with a known quantity of nitrogen through the gas cylinder;
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5. After temperature and pressure stabilization of Vcal, the charged gas quantity into

Vcal is calculated.

6. Open valve Ve and wait for both temperature and pressure stabilization of the

system (sorption cell and calibrated volume);

7. Initiate the liquid nitrogen flow of the cooling plate by setting a low temperature

set-point (T = 120K) and let the sorption cell cool-down begin (keeping GGHS

ON), while recording its temperature and pressure;

8. The test ends either by reaching the targeted temperature (≈160 K) or a low-

pressure of 1.37 bar;

(a) (b)

Figure 7.4: a) Experimental set-up for the sorption dynamics test; b) Thermometers
location.

The first cool-down of the cell was targeted to achieve a low-pressure of 1.37 bar at

a temperature close to 160 K. So, for that to happen, the calibrated volume was loaded

with an amount of 3.7 mol to achieve such equilibrium at low temperature. Figure 7.5

shows the obtained results of the first cool-down: Plot a) shows the obtained temper-

ature profile and the first thing that jumps out is its rather large cooling time needed

to reach the lowest temperature of 148 K, around 6 h were needed just to cool-down

the cell; Plot b) shows the pressure profile (P2) during the cool-down showed in plot

a). During this period, the calibrated volume had a pressure decrease of 34.4 bar which

corresponds to the gas quantity, ∆n, that has left the volume towards the sorption cell

and remained there in both adsorbed phase and gaseous form. ∆n is estimated by

applying a mass balance to the calibrated volume (Vcal = 1.1L) as follows,

∆n =Vcal(ρA −ρB ) (7.1)
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where the subscripts A and B correspond to the beginning and end of the cooling

procedure, respectively. Using Equation (7.1), we found this quantity ∆n to be 1.7 mol.

Still referring to Figure 7.5, plots b) and c) shows some red-filled circles which corre-

spond to the measured temperatures during the same period, that allows to obtain the

total quantity in the cell during the cool-down, between instants A and B , as displayed

in plot c). If we consider instant A as stable and at equilibrium, the total adsorbed

quantity at the sorption cell is nc,A = 2.8mol. Whereas, the final state B , after cooling,

is found by accounting the gas quantity that has left the calibrated volume through

nc,B = nc,A +∆n = 4.5mol and is visible that by using the measured quantity ∆n from

Equation (7.1), the state B precisely falls in the isotherm of 150 K which roughly corre-

sponds to the measured temperature (148 K) at that instant. The same is valid for the

the state corresponding to the 160 K isotherm.

On the other hand, as visible in plot c), the other pressure-temperature states (red

circles) are slightly away from its corresponding isotherms. This can be ascribed to a

thermal inhomogeneity of the cell, which was found to be ≈ 10K by inspecting the de-

viation between the measured pressure/temperature and its correspondent isotherm.

If we assume that adsorption has not achieved equilibrium for each of the considered

pairs of pressure/temperature during cool-down and by comparing with the isotherms

showed in plot c), each considered state (red circle) would actually corresponds to an

higher temperature than measured, thus, less adsorbed quantity, albeit the measured

temperatures were lower. Therefore, it is quite likely that some regions of the cell are

at higher temperatures than others and, so, a higher pressure was measured, since less

gas is adsorbed. This behavior would also be expected if the cooling rate was faster

than the adsorption dynamics, but, according to this experiment, this does not seem

the case, since the cooling time was very long.

Another dynamics test was performed: it consists in a complete cycle between 160 K

and 330 K which allowed us to obtain the amount of gas delivered by the sorption cell

during the releasing phase and also the adsorbed gas during the adsorption phase.

In such a test, it was obtained the heating profile of the sorption cell, while keeping

the GGHS OFF, and was also simulated the release of gas from the cell towards the

calibrated volume, while a constant high pressure of 40 bar was maintained during this

procedure. As soon as all possible nitrogen gas was released from the cell, it was cooled

down again to low temperatures and, similarly, it was simulated an adsorption phase as

soon as a low pressure of 1.37 bar was reached during cool-down. Figure 7.6 shows such

this procedure and note that according to the experimental setup displayed Figure 7.4a

the check-valves were not used in this procedure. So, valve Ve was manually opened

and closed in order to start the adsorption and releasing phases.
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Figure 7.5: First sorption cell cool-down from room temperature down to 150 K. Dur-
ing this cool-down, the calibrated volume pressure decreases from 35.8 bar to 1.4 bar,
which corresponds to a quantity of 1.7 mol leaving the calibrated volume. The cell-
average temperature (dashed-line) corresponds to the average temperature from the
sensors placed in the CuHX rod, fins and the titanium surface of the cell.
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From instants A to B , a heating power of 19 W was applied on the previously charged

cell at 160 K. This warming corresponds to the so called heating phase. In this period,

the valve Ve was kept closed and the pressure increased inside the cell, since the ad-

sorbed gas is being released from the sorbent bed and remained in the closed volume

of the cell. As displayed in Figure 7.3, from 1 → 2, this heating phase occurs at constant

quantity.

The instant B corresponds to the moment when the internal pressure of the cell

reaches 40 bar. Then, in this instant, valve Ve was carefully opened to let the nitrogen

gas escape from the sorption cell and charge the calibrated volume, while the cell’s pres-

sure was maintained, as far as possible, close to 40 bar. This releasing phase continues

up to 327 K and, as a matter of fact, due to the fragility of the heaters, we chose this

maximum temperature to prevent some burning or short-circuit.

During the releasing phase, the calibrated volume pressure has roughly increased by

24 bar (1 mol), as visible in Figure 7.6 (green line, plot b), and about 27 W were needed

to heat the sorption cell. This heating power is higher compared to the 19 W needed

during the heating phase (from A to B). Actually, during this phase, it is necessary to

deliver, beyond the sensible heat to increase the temperature of the system, the latent

heat of adsorption to desorb the gas from the MOF surface.

At instant C , it was no longer possible to maintain a stable pressure of 40 bar and,

so, the regeneration process must start: Ve was manually closed and the cell was cooled

at constant gas quantity. The temperature dropped from 327 K to 172 K and reached

instant D when the pressure of the cell was roughly 1 bar. Similarly to the releasing

phase, at instant D , valve Ve was carefully opened while maintaining the pressure below

≈ 1.5bar and letting the nitrogen gas flow from the calibrated volume to be adsorbed

by the cooled sorption cell. The cycle was completed when it was no longer able to

maintain a stable low-pressure in the pipeline. If everything went as expected, during

this phase, the calibrated volume should have released the same amount that was pre-

viously released by the sorption cell, and that was precisely what happened since the

pressure in the calibrated volume has decreased 24 bar (Figure 7.6, plot b). The ther-

mal characteristics of this point A′ are very close of these corresponding to the point A

(starting point of the cycle).

Summarizing, a complete cycle was successfully performed, despite some thermal

inhomogeneity and a rather long cycle length. The measurements from the calibrated

volume confirmed that the same quantity of gas released by the cell was afterwards

absorbed just by controlling the temperature of the sorption cell. This test also showed

that the sorption cell is working coherently, considering its adsorptive capacity, showed

in Figures 7.3 and 7.6. Furthermore, by considering the temperatures at instants A and

C as stable, the expected gas quantity to be released or adsorbed by this sorption cell is
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0.94 mol, which is close to both measured released and adsorbed quantities calculated

through the pressure variation of the calibrated volume. Table 7.3 summarizes the

obtained results from this complete compression cycle.

Table 7.1: Summary of the first complete sorption cell cycle temperature and power
requirements.

Phase Temperature Range Duration (min) ∆n (mol) Power (W)
Heating (A to B) 160.6 K to 287.3 K 2 h:16 min const 19

Releasing (B to C ) 287.3 K to 326.5 K 1 h:18 min −1.04 mol 27
Cooling (C to D) 326.5 K to 171.9 K 3 h:13 min const 0

Adsorbing (D to A) 171.9 K to 156.0 K 1 h:54 min +1.02 mol 0
Total 160.6 K to 326.5 K 8 h:41 min – 46 W

In a first attempt to understand the unexpected long period of both cooling and

heating, the thermal conductance of the existent elements between the sorption cell

and the cooling plate were measured, approximately, at 120 K, by applying a constant

heating power (up to 6 W) and measuring the temperature difference across each el-

ement. The values obtained from this test are shown in Table 7.2, these results will

be discussed later after a more detailed thermal analysis. Let us note, however, that

the thermal conductances are close to expected, except for the OFF state of the GGHS

which is almost three times higher than expected. Regarding the shrink-fitting coupling,

due to its imperfect penetration, only 44% of the nominal thermal conductance was

expected. However, the measured value was found to be even lower, only 11% of the

nominal value.

Table 7.2: Measured thermal conductance/resistance values of the different elements
between the sorption cell and the heat-sink.

Element Measured Expected
Shrink-fit 1.1 WK−1 10 WK−1

GGHS-ON 329 mWK−1 269 mWK−1

GGHS-OFF 29 mWK−1 9.5 mWK−1

Cu interface 433 mWK−1 441 mWK−1

Figure 7.7a) shows the temperature variation in the different points along the ther-

mal path between the sorption cell and the cooling plate during the measurements

shown in Figure 7.6. Despite being obtained in a non-equilibrium state, this temper-

ature profile allows a more detailed thermal analysis. For instance, by assuming the

copper interface conductance as constant during the whole experiment and equal to
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433 mWK−1 (Table 7.2), this interface can be used to determine the heat flux along this

thermal path, supposing that this heat flux remains constant along this path. Then, by

using the temperature difference of each component, their thermal conductances can

be calculated. These results are displayed in Figure 7.7b).
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Figure 7.7: Gas-gap heat switch temperature profile and estimated thermal conduc-
tance over a complete temperature cycle. The copper interface was used as a heat flux
meter to determine the GGHS thermal conductance.

As previously measured in static mode (Table 7.2) and shown in Figure 7.7, the OFF

state of the GGHS is indeed very degraded. During the first 4 h, the GGHS was kept

in the OFF state and the calculated conductance from this analysis was, in average,

41 mWK−1, which is almost six times worse than expected (9.5 mWK−1, Figure 6.9).

Before switching to the ON state at ≈ 3.5h, the OFF conductance reached an OFF-value

of 68 mWK−1, this value is quite high, particularly, when the cell was at the highest

temperature of the cycle.

Let us also note that during the first 4 h, the sorb pump temperature rose from 120 K

to 150 K, probably due to some parasitical heat coming from the hot sorption cell, but

looking to the results of Figure 6.9 this does not seem sufficient to explain the obtained

OFF values of the GGHS. The GGHS operating in such condition, will require more

heating power to heat up the sorption cell. It is also visible that after switching the
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GGHS to the ON state, the cold plate temperature increased. This is an indication that

the heat load reaching the cooling plate is greater than its cooling power. In conclusion,

a malfunction of the GGHS can partially explain the long period of the cycle.

So, to a better understanding of the obtained dynamics, a simple transient model

was developed: it considers the sorption cell temperature as homogeneous, albeit a

10 K temperature gradient within the cell was roughly estimated from Figure 7.5, a total

mass of 1.1 kg, and it assumes that the cell it is connected to the heat-sink via a thermal

path that consists of the shrink-fit, the GGHS and the copper interface (Figure 6.15).

The time variation of the sorption cell, Ti (t ), can be iteratively obtained through the

following heat balance equation applied to such system,

−KT (Ti −TC P )+P +L
dn

dt
−Q̇rad ±Q̇par = Ti+1 −Ti

∆t

n=3∑
j=1

(
m j cp j (Ti )

)
(7.2)

where KT is the global conductance, schematically represented in Figure 6.15 as a set

of thermal resistances arranged in series and parallel; P is the applied electrical input

power to warm up the cell; Ti is the sorption cell temperature at instant i ; TC P is the

cold plate temperature; L is the heat of adsorption; Q̇rad is the radiative heat transfer

between the surface of the cell and the environment; Q̇par is the parasitical heat; dn/dt

is the molar flow rate (dn < 0 for desorption and dn > 0 for adsorption); m j is the mass

of each element j of the cell (copper, titanium, HKUST-1) and cp j is the specific heat of

each element j using the values for titanium and copper from [79] and HKUST-1 from

[80].

Figure 7.8 shows some studied scenarios to explain the very slow dynamics obtained

in the four phases of the compression cycle (solid lines) by changing some variables

of Equation (7.2). In these figures, for sake of clarity, each phase starts at t = 0 and the

chosen parameters for each scenario (dashed lines) are indicated in Table 7.3.

According to the optimal values, each phase of the compression cycle is expected

to have a duration close to 67 min, as shown in Figure 4.17. However, by inspecting the

scenario zero, calculated using the nominal values (dashed lines), one may conclude

that it is not comparable with the experimental results (solid lines).

The first scenario corresponds to a heat-switch thermal conductance degradation

according to the obtained results shown in Figure 7.7. It is visible that by making this

adjustment, both heating and releasing phases are slightly closer to the measurements,

although it is not enough to match with the obtained results. Note that the cooling

and adsorbing phases remain virtually unchanged after the reduction of the global ON

conductance from 164 mWK−1 to 147 mWK−1.

In a attempt to explain, in particular, the cooling and adsorbing phases, the second

scenario corresponds to a further degradation of the heat-switch ON state conductance,
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Figure 7.8: Thermal model correlation with the obtained dynamics results coming from
Figure 7.6.

Table 7.3: Sorption cell thermal model parameters. All scenarios include the same
radiative heat transfer between the cell and the copper thermal shroud surrounding
the cell. Emissivities of 0.5 and 0.2 were considered for the titanium surface of cell and
the copper surface of the shroud, respectively.

Parameter Scenario #0 Scenario #1 Scenario #2 Scenario #3
KT (ON) 164 mWK−1 147 mWK−1 90 mWK−1 164 mWK−1

KT (OFF) 33 mWK−1 65 mWK−1 65 mWK−1 33 mWK−1

Copper’s mass 380 g 1.9×380g
Ti4Al6V’s mass 370 g 1.9×370g

HKUST-1’s mass 376 g 1.9×376g
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down to 90 mWK−1, albeit we do not have measured such value. After making this ad-

justment, the cooling and adsorbing phases are closer to the measured values, however,

still not enough to match the results. Anyway, it seems to be certain that such slow

dynamics is most likely related with the GGHS poor performance. A gas contamination

(non-adsorbable gases) in the GGHS or a poor performance of the sorb pump (unable

to reach low-pressure) would explain such behavior.

Unknown parasitical heat sources (e.g. wiring, tubes) were considered in this study

(not shown). However, we have concluded that they cannot simultaneously explain

both slow heating and slow cooling since they would have the same signal (i.e. heat

into or out of the cell) over the compression cycle. For instance, the various wires

connecting the cell and the acquisition equipment at room temperature during a full

compression cycle will correspond to a heat leak into the cell (i.e. additional heat to be

removed), so, slowing down the cooling dynamics, but assisting in the heating phases,

therefore, never explaining simultaneously both slow heating and slow cooling. Regard-

ing the temperature inhomogeneity of the cell, this would lead to a faster temperature

dynamics since some regions of the cell would be loosely coupled and we would have

detected a delay between the temperature and the equilibrium pressure.

Actually, the best fit corresponds to the third scenario which was obtained by mul-

tiplying the heat capacity by a factor of ≈ 2 on each component of the cell (copper,

titanium and HKUST-1). However, this value is not at all compatible with the literature

data, but it can indicate what type of parasitical heat source should be investigated to

fully understand the obtained results.

7.3 Compression Cycle Test

After the adsorption characterization and the thermal dynamics study, the sorption cell

was coupled to the JT stage to perform a full compression cycle test. This test has the

objective to demonstrate the operation of the built JT cooler powered by this sorption

cell, unfortunately, with some experimental limitations. The most important is that

only one cell is installed, preventing a continuous operation; the second one being that,

due to the slow thermal dynamic, the gas flow is substantially reduced, leading to a

cooling power reduction in the same proportion. In this section, we will describe in

detail the found solution to overcome these limitations and to show that the cooler is

still able to operate under these conditions.

The previous dynamics study showed that is not possible to perform the temper-

ature cycle with the expected rate (67 min for each phase), therefore, by joining this

sorption cell to the JT cooler, it will not be possible to obtain the targeted cooling power
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at 80 K. However, by taking into account the obtained dynamics of this sorption cell

and the available gas quantity for circulation, it can be estimated the mass-flow rate

that can be provided to the JT stage and make the required adjustments to demonstrate

the JT cooler operation powered by this sorption cell.

As previously mentioned in Section 7.2, the cooling and adsorption phases were

significantly slower than both heating and releasing phases, in average, a heating rate

of 0.50 Kmin−1 and a cooling rate of −0.14 Kmin−1 were obtained. Considering these

rates, the mass flow rate that can be provided or adsorbed by this sorption cell is esti-

mated and shown in Figure 7.9a. Note that by joining this sorption cell to the JT stage,

it is important that the mass flow rate provided or adsorbed by the cell matches the

discharge rate of the orifice. If such condition is not met, this cell will not be able to

maintain the high and low pressures lines within the expected levels and the cooling

power will be reduced.

By inspection of Figure 7.9a and considering the obtained heating and cooling rate

of the dynamics study, this cell is only able to provide a discharge rate, during the

releasing phase, of 6 mgs−1 and, during the adsorbing phase, lower than 2 mgs−1. Both

rates are lower than that obtained with the 14µm orifice (10 mgs−1). So, to overcome

this limitation, one solution would require to replace this orifice, while keeping the

targeted upstream conditions of the JT expansion.

Figure 7.9b shows the mass flow of rate using the nominal upstream conditions

(PH = 40bar, T = 99.8K) as a function of the orifice diameter. It is visible that an orifice

of roughly 10µm is needed to match the heating rate, whereas 6µm is needed for the

cooling rate. As the two rates are different, therefore, they require different orifices,

which turns out this problem even more complex. In addition, ordering a new orifice

has a considerable lead time and would require a new qualification campaign before

being integrated into the system.

Another solution is to maintain the 14µm orifice and reduce the high pressure in

such way that the discharge rate condition is met. From Figure 7.9a, the heating rate of

the installed sorption cell allows to operate the JT cooler at≈ 20bar with a mass flow rate

of ≈ 6.3mgmin−1, this corresponds to a cooling power degradation of 89%. However,

under these conditions, the high pressure is below the critical pressure of nitrogen

and, consequently, the JT expansion is ineffective in this region (cf. Figure 4.18), since

the expanded two-phase fluid will contain a high vapour fraction, χ = 88% (at 40 bar,

χ= 22%). Taking this into account, the JT cooler is expected to supply around 166 mW

of cooling power. Although this value is low compared to the requirements (1.5 W), it

still allows to demonstrate the operation of this sorption compressor cell integrated

with the JT stage. Moreover, by operating at 20 bar, it allows to obtain an higher molar

quantity, ∆n, of 2.1 mol available for circulation, as depicted in Figure 7.10.
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Figure 7.9: a) Expected mass-flow rate provided by the sorption cell in comparison
with the implemented 14µm orifice discharge rate as a function of the high pressure;
b) Mass flow rate at constant upstream pressure of 40 bar and upstream temperature of
100 K as a function of the orifice diameter.
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Figure 7.10: Comparison of two compression cycles operating at PH =20 bar and at
PH =40 bar. Operating at 20 bar allows to double the circulating gas quantity.

Ultimately, by considering the mass-flow rate fixed by the orifice at 20 bar and the

gas quantity,∆n, supplied by the sorption cell, we expect a releasing or adsorbing phase

duration close to the one previously obtained and, therefore, enabling to feed the JT

stage with this sorption cell.

7.3.1 Experimental Set-up

In Figure 7.11 is depicted the experimental set-up and the gas flow path during the four

phases of the compression cycle. Let us note that to obtain a continuous supply of

nitrogen to the JT stage using a single sorption cell, a gas cylinder was coupled to the

circuit to supply a gas flow whenever it not possible.

• Heating Phase During this phase, the sorption cell is not ready to supply a stream

of nitrogen gas to the JT stage, since it is increasing its temperature to build up

pressure from 1 bar to 20 bar. So, the JT stage has to receive nitrogen from the gas

cylinder. The internal pressure of the cell, P3, is higher than P1 and lower than

P2, therefore, the check-valves C 1 and C 2 are passively closed and, then, the cell

is being heated at constant quantity. The two mass flow meters (M1, M2) should

indicate the same reading.

• Releasing Phase Due to continuous heating, the pressure of the cell exceeds

20 bar and the check-valve C 1 opens: the valve V 1 is manually closed and the cell

releases a steady flow of gas towards the JT stage (by controlling the heating rate).
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Figure 7.11: Compression cycle test experimental procedure, the red thick line corre-
sponds to the flow path during each phase. Note that this test now includes a pair of
check-valves to ensure the correct flow direction.
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The flowmeter M2 should indicate the same reading as before, whereas M1 falls

to zero.

• Cooling Phase When is no longer possible to provide a stable stream of gas at

20 bar, the cooling phase must start and the valve V 1 must be reopened to feed

the JT stage via the gas cylinder. Then, as soon as the temperature of the sorption

cell decreases, the pressure P3 decreases below 20 bar and the check-valve C 1

passively closes. The cell is again operating at constant quantity and decreasing

its pressure down to 1 bar. The two mass flow meters (M1, M2) should indicate

again the same reading.

• Adsorbing Phase When the cell’s pressure, P3, is low enough to open the check-

valve C 2 (P3 < P2), the cell is ready to adsorb the gas flowing out the JT stage.

Being the adsorbing phase the slowest of all, the sorption cell is not able to adsorb

with the same rate as it flowing out from the JT stage, since it would need to

operate at 10 bar, instead of 20 bar, to match both sorption cell intake and orifice

discharge rate, as visible in Figure 7.9a. However, by keeping the exhaust valve V 2

opened and PH = 20bar, it is possible to release the excess gas to the atmosphere

which was not adsorbed by the cell. The flowmeter M1 should still indicate the

expected flow rate at 20 bar and M2, a reading, ideally, close to zero. When is no

longer possible to adsorb, i.e. when M1 and M2 indicate the same reading, the

adsorbing phase is completed. Note that by keeping this valve open it will force

the low pressure line to the atmospheric pressure during the whole process.

Figure 7.12 shows the components (sorption cell, check-valves and JT stage) re-

quired for this compression cycle test mounted on the cooling plate. This set-up allows

to test and drive the JT stage using only one sorption cell by following the different steps

indicated in Figure 7.11 and described in the previous paragraphs.
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Figure 7.12: Pictures of the system built to perform the compression cycle test. The
top right picture shows the thermal shroud used to protect the sorption cell and the JT
stage from the RT thermal radiation, they are thermalized at the cooling plate and the
shroud’s temperature was measured to be ≈ 125K during operation. The check-valves
are thermally insulated from the cooling plate and assembled in a small aluminum
interface containing two small resistors and a thermocouple to control at a temperature
higher than 260 K that prevents leakage, particularly, in the reverse direction.
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7.3.2 Results and Discussion

Figure 7.13 shows the temperature (plot a) and pressure (plot b) behavior during two

and half compression cycles. Each compression cycle had an average runtime of 8 h

and 24 min which is similar to the slow dynamics obtained earlier (Table 7.3) and the

average range of temperature of the sorption cell was between 162 K and 318 K.
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Figure 7.13: Compression cycle test results: a) shows the temperature profile over the
two and half compression cycles, the sorption cell cycled between 160 K and 320 K; b)
shows the pressure profile of the low and high pressure lines and as well as the internal
pressure of cell (dashed blue line). The squared labels refers to the beginning/ending of
each phase: A → B , heating; B →C , releasing; C → D , cooling; and D → A, adsorbing.

At instant A, the sorption cell is closed and its temperature increased by applying,

in average, 45 W, until, at instant B , the pressure of the cell (P3) is greater than that of

the high pressure line (P1). Therefore, the check-valve in the forward direction (C 1) to

the JT stage opens and starts to release a flow of nitrogen towards the JT stage (releasing

phase). Figure 7.14 shows the B2 →C2 releasing phase in detail, the upper plot shows

the pressure profile of the cell and of the HP line, while the bottom plot shows the mass

flow meter readings during the same period.
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Figure 7.14: Releasing phase in detail between instants B2 and C2, coming from the
results shown in Figure 7.13. The upper plot shows the pressure profile of the cell (P3-
dashed blue) and the high-pressure line (P1-red); the bottom plot shows the mass flow
meter readings M1 (coming from the high pressure cylinder) and M2 (output of the
system) during the the same period.

Let us insist on some specific points during this releasing phase (B2 →C2):

• Before instant B2 and as visible in the bottom plot of Figure 7.14 (flowmeter M1,

dark blue line), the nitrogen flow is being supplied by the gas cylinder.

• Before instant B2, it is visible in the upper plot that the pressure of the cell (dashed-

blue) is increasing due to heating.

• At instant B2, P3 becomes greater than P1, so, the high-pressure check valve

opens and the gas cylinder valve (V 1) is manually closed, therefore and as visible,

the M1 flow reading falls down to zero.

• Meanwhile, between B2 and C2, the LP flow meter (M2) continues to measure the

same flow as it had previously (≈ 6.2mgs−1), indicating that the flow of nitrogen

is actually being delivered into the JT stage through the sorption cell. We will see

later that to this releasing phase is effectively associated a cooling power.

• By integration of the M2 flow meter reading data, around 38.9 L of nitrogen were

released by the sorption cell during this phase. This quantity is equivalent to

2.17 mol, which matches the expected value calculated in Figure 7.10.

130



7 . 3 . C O M P R E S S I O N C Y C L E T E S T

• Between B1 and C1 (another releasing phase), the sorption cell releases 2.20 mol

and, thus, showing a good coherence between cycles. Let us note that at instant

B1 (first passive check-valve opening) a pressure higher than 24 bar was needed

to force the valve opening. This anomaly was interpreted as some sticking of this

valve and does not occurred on the following B points. For instance, as shown in

Figure 7.14, for the B2 point, P3 never becomes higher than P1.

At instant C , it is no longer possible to maintain a stable pressure in the HP line, so,

the gas cylinder valve is manually reopened, the heating of the sorption cell is turned

off and the GGHS is switched from OFF to ON to start the cooling phase of the sorption

cell. During the cooling phase (C → D), the pressure in the cell roughly decreases from

20 bar down to 1 bar. At instant D , as soon as the pressure of the cell is sufficiently

below the LP line, the LP check-valve (C 2) passively opens and the sorption cell starts

to adsorb. Figure 7.15 shows an adsorbing phase in detail, the upper plot shows the

pressure profile of the cell and of the LP line, while the bottom plot shows the mass flow

meter readings during the same period.
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Figure 7.15: Adsorption phase in detail between instant D1 and A2 coming from the
results shown in Figure 7.13. The upper plot shows the pressure profile of the cell (P3-
dashed blue) and the low-pressure line (P2-green); the bottom plot shows the mass
flow meter readings (M1 and M2) and the mass flow rate towards the sorption cell in
red.
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Let us insist on some specific points during this adsorbing phase (D1 → A2):

• During this phase (D1 → A2), the JT stage is always supplied by the gas cylinder

(M1 flowmeter).

• At instant D1, immediately after the LP check-valve opening, the LP flowmeter

(orange line), located on the exhaust pipeline, falls rapidly to zero, while the HP

pressure flow (blue line) remains constant. This is an indication that the nitrogen

gas leaving the JT stage is being fully adsorbed by the sorption cell, note that the

JT stage is still being supplied from the gas cylinder.

• Between 6 h to 7 h, since the LP flow reading is close to zero, we can conclude

that the sorption cell is able to adsorb with the same rate as it is flowing out of

the JT stage.

• After 6 h and 45 min, some gas flow is detected at M2: from that moment on,

the sorption cell would need a higher cooling rate to match the adsorption rate

corresponding to the nitrogen flow crossing the JT valve.

• The gas flow into the sorption cell can be calculated as the difference between

the flowmeter readings: M1−M2 (thick red line, bottom plot of Figure 7.15).

• By integration of (M1− M2), the gas quantity adsorbed by the sorption cell is

obtained. Such a procedure leads to an adsorbed quantity of 2.16 mol, a value

very close to the quantity released by the sorption cell.

• Let us note that, after instant A2, the cell contains up to 2.16 mol. Then, with its

volume closed, its temperature increased between A2 and B2, and, afterwards,

between B2 and C2, the sorption cell precisely released the same quantity as it

adsorbed before, this shows the good coherence between cycles.

• Between D2 and A3 (another adsorbing phase) the sorption cell adsorbed 2.03 mol.

Again, the absorbed amount matches with the other active phases of sorption cell.

During the two and half compression cycles (A1 → B3), the JT stage was alternatively

fed by a gas cylinder or through the sorption cell, with a more or less constant flow. Let

us focus on the JT stage performance, which independently from the source of nitrogen,

successfully sustained liquefaction through throttling. Figures 7.16 and 7.17 shows the

JT stage temperatures and the heat load applied on the evaporator during the same test

run shown in Figure 7.13. These data were used to determine the cooling power of the

system.

Although some instabilities occur during this long 20 h run, we can see in Figure 7.17

that the evaporator is receiving liquid nitrogen during the whole experiment, apart from

two anomalies where it dried out: one at 4 h, caused by loss of control; and another one

at 16 h, for unknown reasons. Let us note that that the system seemed to be more unsta-

ble by operating the JT stage at 20 bar compared to the operation at 40 bar. Therefore,

it was more difficult to adjust the heating power of the evaporator to determine the
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cooling power of the cycle. In any case, a sustained liquefaction was obtained over 20 h

with an average cooling power of 96.5 mW, although lower than expected (166 mW).
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Figure 7.16: Temperatures in the JT stage during the compression cycles shown in
Figure 7.13. The values indicated in the legend correspond to the average value.

Let us also remind that during the releasing phases of the sorption cell, the JT stage

was being completely fed by the sorption cell. In Figure 7.17 it can be seen that the JT

stage worked as desired during these periods, in particular by successfully maintaining

a constant temperature in the evaporator. We have also showed with this characteriza-

tion that this system has a very coherent behavior, providing the expected amount of

gas under this operating conditions at 20 bar.
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Figure 7.17: Evaporator temperature and heat load profile of the JT evaporator during
the compression cycles shown in Figure 7.13.

7.4 Conclusions

Let us summarize the main results obtained during these tests using one single adsorp-

tion cell:

• We succeeded to put a system consisting of a single sorption cell coupled to JT

stage running for two and half compression cycles. During three phases of the

compression cycle (cooling, adsorbing and heating), the JT stage was being pow-

ered by an external source and during the releasing phase, the JT stage was di-

rectly receiving a nitrogen gas flow from this sorption cell.

• Due to the poor thermal dynamics of the cell, the initial 10 mgs−1, corresponding

to the 1.5 W, was not possible to obtain. Then, to overcome this limitation and

test the installed compressor cell integrated with the JT stage, we had to reduce

the working high pressure from 40 bar to 20 bar to match the slow dynamics of the

cell. Although it did not compromise this test, this adjustment led to a decrease

of the cooling power from 1.5 W to 0.1 W.
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• By integrating the flow meters data, we showed that during the two and half

cycles the gas flow balance was coherent between cycles: what was adsorbed,

was released later. In addition, this released/adsorbed quantity (∆n = 2.1mol)

was close to what was expected from the adsorption data shown in Figure 7.10.

• During this compression cycle test, we verified that both check-valves operated

as expected. Let us note however, as expected, they needed a special interface in

order to maintain their temperatures above 260 K, as visible in Figure 7.12.

• Although volume buffers, required to damp pressure fluctuations in both high

and low pressure lines of the system, were not needed for this test, these buffers

would be most likely needed if we had more sorption cells operating in parallel,

since significant pressure fluctuations could occur between the various phase

transitions.
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CHAPTER 8
Conclusions

8.1 Final Remarks

To answer the needs of vibration-free cooling solutions for Earth observations missions

in the temperature range of 40 K to 80 K, we proposed a solution consisting in two par-

allel Joule-Thomson stages, each one powered by a single-stage sorption compressor.

After a trade-off analysis, nitrogen and neon were selected as the adequate fluids.

Adsorbent Materials Characterization Considering the stringent requirements and,

particularly, the weak interaction of neon with porous materials, we started to look for

and investigate alternative adsorptive materials showing good capture of neon. After

an initial screening of the materials that showed good adsorption capacities and that

were commercially available, three MOF compounds were identified as viable solutions

(UiO-66, Co3(ndc)3(dabco) and HKUST-1). The adsorption capacity of these three ma-

terials was measured with neon over a wide range of temperature and pressure (77 K to

500 K and 0 bar to 100 bar). Unfortunately, these materials showed limited adsorption

capacities of neon and do not allowed us to proceed with an operating solution at 40 K

meeting the requirements of the project. In the case of nitrogen, the HKUST-1 material

was found adequate to proceed with the development of a configuration at 80 K.

The results coming from this adsorption characterization allowed us to numerically

obtain the optimum operating parameters of the nitrogen cooler through an optimiza-

tion tool developed for the whole system (from the radiator to the JT’s cold finger). After

some trade-off analysis, a solution using two radiators was envisaged and required the

sorption compressor to cycle between 165 K to 360 K (1 bar to 40 bar) to provide a stable

mass flow rate of 10.8 mgs−1 to sustain the JT stage operation at 80 K (Chapter 4).
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Joule-Thomson Cold Stage Design and Demonstration The JT stage was then de-

signed and it consisted in a 2 m long counter-flow heat exchanger, a 14µm orifice re-

striction and a copper evaporator able to confine the liquid under micro-gravity envi-

ronment through capillary forces. Each component was carefully characterized and

worked as expected. The whole JT stage was initially assembled without the evaporator

and tested. It ran over 30 h while providing a sustained liquefaction with an average

cooling power of 1.67 W, working as intended. Then, the evaporator was integrated

into the JT stage and tested by rotating the test cryostat. We demonstrated that this JT

stage is working against gravity, the liquid being confined by superficial tension effect

in the evaporator. This test validated a correct operation in micro-gravity environment

(Chapter 5).

Detailed Sorption Compressor Cell Design and Integration The sorption compres-

sor cell was designed by AST and integrated in the laboratory of cryogenics. It was

necessary to design and build a new cryostat, which included a 450 mm diameter alu-

minum cooling plate that provides cooling by a continuous supply of liquid nitrogen

to the parts under testing. The signal conditioning, acquisition and control used a

programmable FPGA from NI.

The selected check-valve, after an initial screening, was tested as a function of tem-

perature in the required pressure range. Such testing confirmed that they require tem-

peratures higher than 240 K to operate correctly. Therefore, a special interface in alu-

minum was built, loosely coupled from the cooling plate and equipped with a temper-

ature control to keep the check-valves operating at the required temperature level.

In parallel, a gas gap heat switch prototype was designed using hydrogen as the con-

ducting gas and integrated with a sorption pump filled with the metal hydride ZrMn2Hx

to manage the heat-switch thermal conductance for temperatures higher than 150 K.

By using this metal hydride, we were able to vary the GGHS’s thermal conductance

from 7.6 mWK−1 to 1100 mWK−1, just by controlling the temperature of the sorb pump.

However, the final version of the GGHS (the one with the interface for the sorption

cell) was not successful, as the metal hydride did not absorbed hydrogen. Therefore,

to avoid delays in the project development, this GGHS’s exchange gas was replaced

with nitrogen and its sorb pump charged with activated charcoal. Obviously, such an

alternative solution corresponds to a longer cooling time of the sorption cell due to the

lower thermal conductivity of nitrogen compared to the hydrogen gas.

Due to some misconception in the design and electrostatic aggregation of the MOF

powder, the filling procedure of the sorption cell with HKUST-1 was a difficult task and

led to void factor of 57% (expected 54%). The coupling procedure between the GGHS

and the cell, using the shrink-fitting technique, also presented some difficulties (partial
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coupling). Actually, the many complications and setbacks throughout the integration

of the first compressor cell, prevented the construction of the remaining cells due to

limited time and available resources. But, it did not hinder the progress of the project,

as the functional characterization of one sorption cell was still possible (Chapter 6).

Single-Cell Functional Characterization After successful integration of the first sorp-

tion cell it was possible to start its functional characterization, although by changing

some operating parameters, for instance, reducing the cold plate temperature down to

117 K, to compensate the worse performance of the nitrogen GGHS when compared to

the one using hydrogen.

The adsorption behavior of the filled sorption cell was measured in the 130 K to

380 K temperature range and 1 bar to 50 bar pressure range. The adsorption capacity of

this sorption cell charged with HKUST-1 was in line with the previous characterization.

This MOF compound also showed good stability, since it remained in contact with air

and moisture for a long period without pumping during the filling procedure. To test

its functionality, this cell was cycled between 160 K to 330 K. A slower dynamics than

expected was obtained (+63% cycle period), which can be partially attributed to the

poor performance of the GGHS, for reasons currently unknown.

So, to demonstrate the operation of the JT stage powered by this sorption cell, after

some trade-off, the working high pressure had to be reduced down to 20 bar to match

with the discharge rate of the implemented orifice on the JT stage and, thus enabling it

to demonstrate both sub-systems operating together.

During the compression cycle test, we successfully sustained liquefaction with a

cooling power of 96.5 mW at 77 K up to 19 h, the JT part being alternatively fed by the

sorption cell or by an external gas source. We also observed that the amount of gas

entering and leaving the sorption cell between consecutive cycles was very coherent

and its value very similar to the expected (Chapter 7).

Let us remind that the cooling power obtained in this characterization was far from

its initial objective (1.5 W at 80 K) due to the limitations of the installed sorption cell. For

instance, the reduction of the working high pressure down to 20 bar and consequent

expansion in the two-phase region, as expected, it greatly impacts the efficiency of

the cooler. However, if the thermal path between this cell and the cold source was

greatly improved (for instance, by implementing the hydrogen GGHS with the adequate

interface), it would enable to perform a compression cycle with a higher cooling and

heating rate and, thus, providing an operation with the desired cooling power.
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8.2 Lessons Learned and Future Work

The development of even more sophisticated sensors for Earth observation missions

will surely continue to rely on cryogenics, therefore, the demand for cooling solutions

without vibrations will very probably increase. We hope that the work presented in this

dissertation has generously contributed to the development of new cooling solutions

and has started to pave the way towards the search and characterization of new ad-

sorption class materials that can answer to the diverse needs existing in the scientific

community and also serve as a source of inspiration for new technological advances.

However, some lessons learned during this work and future perspectives are notewor-

thy before finishing this dissertation:

• The development of a cooling solution meeting the requirements of the project,

even only with a single nitrogen stage, proved to be quite challenging. However,

we believe that it is important to continue looking and studying new sorbent

materials within the very large portfolio of MOFs in order to proceed with the

development of the neon stage. Let us remind that the HKUST-1 was the available

solution at the time and it was not necessarily the best solution (within the MOFs

portfolio for nitrogen adsorption). A material with a greater sorption capacity will

greatly improve the overall performance of the VFC.

• As already mentioned throughout this work, many complications ocurred during

the integration of the first sorption cell. The internal heaters of the cell were

not robust enough, since one of them had a short-circuit a couple of times and

prevented us to let the cell reach higher temperatures. For safety reasons and

to have the required power to heat up the cell, nine Kapton heaters were placed

on the external surface of the sorption cell and worked quite well, in fact, their

integration guaranteed a good thermal homogeneity of the cell during heating.

Therefore, the external heating solution should be evaluated in the integration of

the remaining sorption cells, since it brought some advantages.

• Regarding the shrink-fit coupling, it is undoubtedly a delicate procedure that can

compromise the functioning of the sorption cell. However, it is mandatory that

the tolerances of the parts are properly respected to avoid further complications.

It would also be of value that the thermal conductance (contact resistances) of

these pieces were studied in a dedicated experimental set-up.

• The filling procedure of the spherical sorption cell was longer than desired and

rather complex. In the end, it ended up being not so close of the expected mass
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value (large void volume) and, hence reducing the amount of gas available for cir-

culation by 22%. So, it is mandatory to reduce these empty volumes, as it deeply

affects the overall performance. A solution would start by rethinking the filling

procedure to turn it more efficient and reliable. Let us note that the sorption cell

design was initially intended for an operation at 100 bar. Since this working pres-

sure was reduced to 40 bar after the numerical optimization, from a mechanical

point of view, the possibility of having a filling port larger than the current one

should be evaluated.

• The next developments of the thermal heat switches should include the metal

hydride ZrMn2Hx to enable the use of hydrogen, so that the thermal dynamics

of the cells may be greatly improved. As demonstrated in a GGHS prototype,

it achieved good results, working in the desired temperature range and with a

thermal conductance ratio compatible with our needs. It should be noted that

this material is highly reactive with air, therefore, the filling procedure of the sorb

pump will still need some improvements in order to guarantee its correct and

desired functioning. Let us note that a heat switch working in this temperature

range can also find applications in other systems.

• It is still possible to study the current system (sorption cell + JT stage) under the

expected operational parameters, by changing the orifice restriction accordingly.

This would allow for further characterization of this sorption cell, however with

lower cooling power than required.

• The remaining cells must be built taking into account the suggestions mentioned

in the paragraphs above. Each one of them would have to go through a quali-

fication and integration campaign similar to the first cell. Finally, the cryostat

should be prepared to receive the four sorption cells and then test the compres-

sor’s quadrature operation while feeding the JT cooler.
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APPENDIX A
GGHS article

The design, construction and tests of three GGHSs prototypes resulted in a rather ex-

tensive work. Its detailed description was considered too large to be included in this

dissertation; so, the whole work can be consulted here as a first version of an article to

be submitted to Cryogenics (journal).
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Abstract 

A prototype of a compact hydrogen gas gap heat switch (GGHS), built using the difference in 

the linear thermal expansion coefficients of copper and stainless steel, was designed to work in 

the temperature range of 150 K to 400 K. Using hydrogen, nitrogen and helium as working gas, 

a gap of 18 micrometers was measured. With hydrogen, an ON/OFF switching ratio higher than 

100 was obtained at 150 K. A sorption pump was integrated to the GGHS and filled with the 

metal hydride ZrMn2 to overcome the very low adsorption of hydrogen with activated carbon, 

material frequently used to manage the pressure in the gap.  This solution allowed to reach both 

ON and OFF states by varying its temperature between 150 K and 300 K. The results obtained 

suggest that the proposed design allows for the development of tunable hydrogen heat switches 

while keeping the assembly very simple and sturdy. 
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1. Introduction 

The cryogenic heat switches are devices able to vary their thermal conductance by several 

orders of magnitude [1]–[3]  and are fundamental pieces of some dynamic cryogenic systems. 

For instance, they have been used for a long time in adiabatic demagnetization refrigerators [4], 

they would be useful to (de)couple redundant cryocoolers of the system to be cooled [5], they 

were also used in the Herschel satellite for thermal management of the 3He cryocooler [6] and 

also attached to high enthalpy reservoirs for cryogenic thermal energy storage units [7], [8]. In 

these two last applications, Gas Gap Heat Switches (GGHS) were developed: they consist in 

two highly conducting blocks, usually copper, separated by a narrow gap. Introducing gas into 

this gap at a pressure corresponding to the viscous regime (mean free path  << gap length ) 

leads to a highly conducting state (ON state), whereas pumping it down to the molecular regime 

( >> ) allows to drastically reduce the conduction between the two blocks. Actually, in a 

GGHS, this very low conducting state (OFF state) is usually limited by the thermal conductance 

of the mechanical support of the blocks, in parallel to the block-gap-block thermal path, that 

maintains the two blocks separated and aligned [9]. The main benefits of a GGHS are that no 

mobile parts are needed, avoiding problems due to complicated mechanisms or material fatigue. 

Thanks to these advantages, they are very suitable for cryogenic systems in which long lifetimes 

are expected without any maintenance as in satellites, for instance. 

In a GGHS, the shorter the gap, the greater the ON thermal conductance. In “usual” GGHS, 

gap lengths as small as 100 m were obtained thanks to precise machining and somewhat 

delicate alignment procedures. Recently, a technique based on the difference in the linear 

thermal expansion coefficients (CTE) between the copper blocks and the stainless-steel (SS) 

mechanical support was used to obtain smaller gap lengths (down to 17 m) without the need 

of such complicated procedures [10], [11]. GGHSs built using such technique were tested and 

showed good features in the 4 K to 300 K temperature range. However, one issue with this 

technique is that such small gaps were obtained through a soft soldering procedure (180 °C) to 

join the stainless-steel support to the copper blocks, and the poor mechanical properties of this 

joint turns out this device not reliable if submitted to high vibration levels, as it occurs during 

the launch of a satellite, for instance.  

In this paper, we describe a dilatation GGHS to be integrated between a sorption compressor 

cell and a heat sink at a temperature of 150 K. As this sorption cell temperature has to vary in 

the 160 K to 400 K range, such a  GGHS offers the ability to thermally (de)couple these two 
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parts and, thus, to optimize and control the dynamics of the heating and cooling phases of the 

sorption compressor [12]. 

After a brief description of how were calculated some basic features of such devices, we show 

the thermal characteristics of a dilatation GGHS entirely assembled with a new brazing process 

at 650 °C, turning it much more structurally robust than the earlier. Thermal conductance 

measurements were performed in the temperature range of 100 K to 300 K with hydrogen, 

nitrogen and helium gas to determine experimentally its gap length and its thermal conductance 

as a function of pressure to obtain the characteristic OFF to ON transition. For low temperature 

GGHS, the gas gap pressure management is usually obtained by using a small adsorption pump 

(referred as “cryopump” on the following) filled with activated carbon: the very low pressure 

(OFF state) is reached by cooling it; whereas on heating, gas is desorbed and the ON state can 

be achieved.  Unfortunately, a cryopump for both helium and hydrogen (the highest conducting 

gases, so, the most suitable for GGHS) is limited to the low temperature range, typically below 

20 K for helium and 40 K for hydrogen, very far from our 150 K heat sink temperature. As 

already experienced [7, 8] or proposed [15], another way to pump hydrogen gas down to 

suitable pressures to achieve the switching action of a GGHS (typically below 10-1 mbar) is H2 

adsorption using adequate intermetallic materials. In the second part of this article, the features 

of a GGHS integrating a cryopump filled with the intermetallic compound ZrMn2 are described 

and compared to what was expected in the 150 K to 300 K temperature range. 

 

2. Dilatation GGHS and Experimental Set-up 

2.1 Dilatation GGHS Principle 

The ONOFF switching mechanism of a dilation GGHS is based on the same principle of an 

usual GGHS, the difference being that the gap is obtained thanks to the CTE difference between 

the material used for the supporting shell (stainless steel) and the two conducting blocks 

(copper) [11]. In the devices presented in this paper, these two copper blocks are cylindrical 

and are maintained face-to-face thanks to a Stainless Steel Supporting Shell (SSSS), consisting 

in a thin wall tube (Figure 1a). The SSSS length is such that it allows physical contact between 

the copper blocks after mounting: the gap between the copper blocks is then null before brazing 

and must be kept as short as possible, ideally null, during the brazing process. After brazing 

and during cooling, due to the higher CTE of copper in respect to stainless steel, the total length 

of the copper blocks becomes shorter in comparison with that of the SSSS and a gap is formed 

(Figure 1b). One advantage of such technique is that it requires a much simpler manufacturing 
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and assembly procedure, since the gap is “naturally” obtained and the delicate machining and 

alignment procedures to prevent contact between the copper pieces in usual GGHS are avoided. 

 

Figure 1: Cross-sectional schematic view of a dilation GGHS at the brazing temperature (left) 
with the copper blocks in contact, and after brazing and during cooling (right) where a gap, ∆, 
naturally appears due to the difference in the CTE of copper and stainless-steel. 
 
Such dilatation GGHSs were built and tested between 20 K and room temperature with relative 

success [10], [11]: below 80 K, where CTE become negligible, a gap length of 17 m was 

obtained, significantly longer than the 6 m previously calculated [9]. Due to the gap formation 

technique, the soldering/brazing temperature, 𝑇 , should be as low as possible to minimize the 

gap appearing due to the device cooling from 𝑇  down to room temperature. In [10], a common 

soft-soldering was used with a melting point of 180°C to reduce this effect. However, at that 

time, such soldering procedure was performed on a workbench and the external surface of the 

SSSS was exposed to air and naturally cooled by convection, so, remaining over a significant 

length at a temperature lower than that of the copper blocks: after soldering and during 

cooldown, the SSSS contracted less than expected, explaining why the gap length was found 

significantly longer than calculated (6 m at 80K), assuming a homogeneous temperature 

during soldering. Despite this issue, such device was tested with helium and nitrogen gas and 

its thermal features found in good agreement with developed thermal models. However, for 

some applications, as its integration in a satellite thermal bus, such soft soldering cord is not 

mechanically strong enough to withstand the high levels of vibration. Consequently, a new 

dilatation GGHS was built using a silver brazing procedure (𝑇 = 650°C) that turns out this 

mechanical joint sturdier. Moreover, to minimize de gap, special care was taken to avoid 

temperature inhomogeneity during brazing, as occurred previously. 
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2.2. Gap length calculation 

Three slightly different dilatation gas gap heat switches were built (GGHS #1, #2 and #3). Their 

main parts (Figure 2) are cylindrical and their geometrical characteristics shown in Table 1. The 

cylindrical copper blocks were machined from “normal” copper (RRR between 50 and 100). 

The supporting shells were obtained from a commercial tube (GGHS #1) or machined by us 

(GGHS #2 and #3). To avoid long thermal response times during the characterization tests, one 

of the copper blocks (hot side) was designed as short as possible to reduce its mass and, 

therefore, the length to be considered for dilatation and thermal conductance calculus is mainly 

the cold block one. The GGHS #2, shown in Figure 2, includes a small cryopump connected by 

a 20 mm length stainless steel capillary (further details in Section 4). 

Contrarily to the procedure used in the previous versions of the dilatation GGHS [10], to avoid 

a significant temperature difference between the copper blocks and the SSSS during brazing, 

the whole device was heated up to the brazing paste melting point temperature (𝑇 = 650°C) in 

a temperature-controlled oven filled with nitrogen gas.  

 

Figure 2: Dilation GGHS #2 rendered image (left side) and as built (right side). The red arrow 
points to the location of the “pinch-off” sealing. This sealed switch is the one used to obtain the 
results “Sealed Desorption/Absorption” displayed in Figure 8. 

 
Considering the GGHS geometry, if the two copper blocks are in contact at 𝑇 , while 

considering the entire length of the SSSS also at the same temperature during this procedure, 

the gap length (T) at a temperature T can be calculated as follows: 

 

 
(T) = 𝐿 𝛼 (𝑇) − 𝛼 (𝑇)  𝑑𝑇 

 
Equation 1 
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where 𝐿  is the length of the SSSS at  𝑇 , 𝛼  and 𝛼  are the CTE of copper and stainless steel, 

respectively.  

Table 1: GGHS geometrical characteristics and expected thermal performance at 150 K with 
hydrogen as the exchange gas. 
 

                           GGHS number 
Feature 

#1 #2 #3 

GGHS total length 24.8 mm 29 mm  34 mm 

Inner copper block length (LCu=Lo) 17.0 mm 17.0 mm 17.0 mm 

Inner copper block diameter 17.5 mm 24.8 mm 25.0 mm 
Face to face area (A) 2.41 cm2 4.83 cm2 4.91 cm2 

Mass 64.0 g 167.4 g 160.1 g 
SSSS external diameter 18.92 mm 26.26 mm 26.27 mm 

SSSS thickness 110 m 130 m 114 m 
SSSS length (LSSSS) 18.8 mm 18.8 mm 18.8 mm 

𝛼  (300 K) [16] 16.6x10-6 

𝛼  (300 K) [16]  15.4x10-6 

Gap  at 150 K  15 m 
Gas-gap conductance (H2)  1.60 W/K 3.21 W/K 3.27 W/K 

Cu block conductance  5.23 W/K 10.5 W/K 10.7 W/ K 
K-ON  1.23 W/K 2.46 W/K 2.50 W/K 

K-OFF (SSSS) 3.9 mW/K 6.3 mW/K 5.6 mW/K 
ON/OFF ratio 3.2× 10  3.9× 10  4.5× 10  

 

The linear expansion coefficients obtained from various databases (NIST [16], Matweb [17], 

Touloukian [18]) present small differences and, the gap length depending on the difference of 

two very similar CTE coefficients (Table 1), these discrepancies can lead to quite different gap 

length: for instance, a relative uncertainty of 1% on each CTE leads to a gap uncertainty of 

40%. So, in such conditions, a precise (T) calculation becomes quite challenging. Then, to 

obtain a rough approximation of the gap values, we decided to calculate it by considering the 

NIST values for copper and SS316 in the temperature range of 4 K to 300 K and keeping 

constant the differential CTE from room temperature up to the 650°C. This calculation leads to 

the (T) displayed in Figure 3 ( = 0 line). The experimental gap determinations obtained 

with various gases, as explained in the following section, are presented on the same figure, and 

show that this crude extrapolation may not be so far from reality. In any case, below 90 K, the 

calculated gap length is almost constant, reflecting that, as for most metals, the CTE of copper 

and SS become residual in this temperature range. In the range 100 K to 300 K, the NIST data 

lead to a linear behaviour of the gap length variation with temperature (nearly constant  for 
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both metals in this range). Usually, for temperatures higher than 300 K, the CTE tends to 

increase. Then, extrapolating this linear behaviour for higher temperatures would mean, for 

instance, that this increase is equal for both materials. Using this rough extrapolation, the gap 

obtained at 150 K would be about 15.2 m (considering  = 0 at 650°C). If for any mechanical 

reason (e.g. high roughness, solid impurities between the two blocks, parallelism defect of the 

copper blocks) the gap at the brazing temperature  = (T ) is not zero, the final gap will be 

obtained by adding o to the calculated values of Figure 3. 

 

Figure 3: Gap length ∆(𝑇) as a function of temperature considering 𝐿 =17 mm and various 
values for the gap length 𝐨 at 𝑇 . The symbols represent the experimental gap determination 
for GGHS#1-3 using various gases as explained in Section 2.3.  
 
2.3 Experimental Setup and Thermal Conductance Determination 

The experimental setup is very similar to those used in previous GGHS characterizations [9], 

[10]. The long copper block (cold block) is thermally coupled to the cold finger of a 4 K 

Gifford-McMahon cryocooler and three previously calibrated thermometers are thermalized to 

the copper block and to the cryopump (if any); one small heater (1.2 k electronic resistor) is 

attached to the shorter copper block (hot block) to create a heat flux across the switch; for 

GGHS #2, another resistor was placed on the cryopump to control its temperature. A short 

stainless-steel capillary is brazed to the cold block and ends by a female connector. For 

GGHS#1 and #3, a 1-meter long SS capillary, ended by the male part, links the inner part of 

the switch to a room temperature gas manifold for gas management and pressure measurements. 

For GGHS #2, as depicted in Figure 2, a small portion of soft copper capillary is placed between 
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the long SS capillary and the male connector: Pinching this portion will allow to permanently 

seal the device (Cf.  Section 4.2) and turn it easily autonomous. To precisely measure the 

thermal conductance, the cold block temperature, 𝑇 , was kept constant and various heat loads, 

𝑄,̇  were applied on the hot block (𝑇 ) while keeping, in most cases, Δ𝑇 =  𝑇 − 𝑇  below 

10 K. At equilibrium, the corresponding temperature 𝑇  was measured and the thermal 

conductance 𝐾 is then calculated as the slope of 𝑑�̇�/𝑑𝑇 . Such method allows to minimize 

errors due to some parasitical heat loads or small calibration imperfections. However, this 

method imposes equilibrium states that can be very long to be reached if the thermal 

conductance decreases. Then, to speed up the conductance measurements as a function of the 

cryopump temperature, 𝑇 , a dynamic method, similar to that used for specific heat 

determination [8], [9], was used and lead to the results of Figure 8. In such a method, the hot 

block temperature is maintained slowly drifting, keeping Δ𝑇 around 10 K, by applying some 

external heating for instance, and its temperature variation 𝑇 (𝑡) is recorded. By (numerical) 

time derivative,  𝑑𝑇 𝑑𝑡⁄ , �̇�  is calculated and the thermal conductance can be obtained as: 

 

 𝐾(𝑇)(𝑇 − 𝑇 ) = �̇� − 𝐶�̇�  Equation 2 
 

where 𝐾(𝑇) is the mean conductance between 𝑇  and 𝑇 , �̇� is the heat input applied to the 

hot block (considered much higher than parasitical heat load) and 𝐶 is the hot block heat 

capacity. Which is calculated using its mass ( 33 g) and the NIST data for copper [16]. 

Simultaneously, by varying (slowly) also the cryopump temperature 𝑇  between 150 K and 

400 K (Section 4) and using Equation 2, the measurements of the GGHS conductance during 

the OFFON transition is obtained in only one run (typically one day). Though this method is 

not as precise as that using static conditions, it allows a much faster characterization since the 

long stabilization times of the hot block temperature and of the cryopump are not required. 

From previous measurements [10], the contribution of the thermometer, the heater and other 

small pieces to the hot block heat capacity were estimated to be equivalent to 3 g of copper, 

value found coherent after comparing the dynamic results to the static ones. 

 
3. Experimental Results (without cryopump) 

3.1 ON Thermal Conductance and Gap Length Determination 

The ON state conductance of the GGHS, 𝐾 , is obtained when the gas in the gap is in the 

viscous regime, characterized by a thermal conductivity independent of the pressure. To 
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confirm if such regime is achieved, it is then experimentally verified that two 𝐾  

determinations at different pressures give the same results. Figure 4 shows the ON thermal 

conductance of the GGHS #2 in this regime for three different gases. The pressure in the heat-

switch used for these measurements was kept constant and measured at room temperature (450 

mbar, 520 mbar, 620 mbar for H2, He and N2 respectively).  

 

Figure 4: Experimental thermal conductance 𝐾  of GGHS #2 using various exchange gases. 
Note the higher conductance values with hydrogen for T>150 K. 
 

To obtain the gap length from these results, the ON conductance must be divided into two major 

contributions: 

 𝐾∆, arising from the gas thermal conduction through the gap. 

 𝐾 , coming from the conduction along the copper block, which can be calculated as 

𝑘 × 𝐿 𝐴⁄  (𝑘 : copper thermal conductivity [16], 𝑘 : face-to-face area of copper 

blocks).  

Considering these two thermal path in series, 𝐾∆ can be calculated as 𝐾∆ = 𝐾 × 𝐾 (𝐾⁄ −

𝐾 ) and, in the viscous regime, the gap length is given by ∆ = 𝑘 × 𝐴 𝐾∆⁄  (𝑘  : gas 

thermal conductivity values [19]). ∆(𝑇) was calculated from the 𝐾 (𝑇) experimental values 

of GGHS#1-3 and these results are displayed in Figure 3 to be compared with the expected 

results (∆ = 0 line). In the same chart, are also plotted two other lines (∆ = 3.3 m, ∆ =

17.1m) representing ∆(𝑇) calculated from the differential CTE, as previously described, but 

only differing by a vertical shift ∆  which corresponds to a non-zero gap value at the brazing 



 11

temperature 𝑇 . These ∆  values were adjusted to describe the experimental results for the gap 

length.  Some remarks are noteworthy: 

 Within the experimental errors, the experimental gas gap determination is independent 

of the exchange gas, which validates our data analysis. 

 The results for two different GHHS (#1 (squared) and #3 (stars)) are identical and not 

far from the  ∆ = 0 prediction. This could indicate that ∆  is effectively null for these 

two switches but that the extrapolation for the 300 K to 900 K temperature range of the 

CTE coefficients leading to a linear dependence of ∆(𝑇) in this range is not valid. For 

instance, the obtained value of ∆  could be explained by an increase of the differential 

CTE, 𝛼 (𝑇) − 𝛼 (𝑇) , in the extrapolated temperature range. Let us mention that 

the relatively small values of ∆  (3 m) could also be compatible with some 

mechanical imperfections that may occur during the manufacture or assembly of the 

parts, which would prevent a full contact between the two copper surfaces when the 

brazing procedure begins. The fact that ∆  is similar for the two devices would be a 

coincidence. 

 On the other hand, the data obtained for the GGHS#2 (circles) corresponds to a large 

shift (∆  17 m) which, most likely, can be attributed to some troubles that occurred 

during its manufacture and/or brazing, leading to a real large gap at the brazing 

temperature. 

 

3.2 OFF Thermal Conductance 

To obtain the lowest conductance state (OFF state), the pressure between the two blocks must 

be low enough to reach the ballistic (or molecular, or Knudsen) regime in which the conduction 

through the gas becomes linear with pressure. In this regime, the thermal conductance through 

the gas-gap can becomes much lower than that through the SSSS. Then, in this condition, the 

heat load �̇�(𝑇 , 𝑇 ) through the GGHS is given by: 

 
�̇�(𝑇 , 𝑇 ) =

𝐴

𝐿
𝑘 (𝑇)𝑑𝑇 

 
Equation 3 

 

where 𝐴  represents the cross-sectional surface of the SSSS and 𝑘  is the thermal 

conductivity of the stainless steel. The results of this equation for GGHS#2 are displayed in 

Figure 5 as a function of ∆𝑇 = 𝑇 − 𝑇  (solid line, “model SS”) with 𝑇 = 150 K. 
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In the same figure are also displayed the corresponding experimental data of �̇�(∆𝑇) for the 

GGHS#2 in the OFF state obtained by two ways. The first one (circle symbols) is obtained on 

the GGHS#2 before the cryopump functionalization (i.e. no absorption material inside): the 

inner volume of the device was connected directly to the vacuum (< 10-4 mbar) existing in the 

vacuum jacket of the cryocooler. This configuration leads to a very low pressure in the gap and 

thus ensures that the OFF state is reached. On the other hand, the squared symbols correspond 

to data obtained with the same GGHS after the installation of the operational cryopump (right 

side of Figure 2) filled with an intermetallic material and sealed by pinching off the soft copper 

capillary with a charge of gas H2 that allows to reach the ON state if heated (further details in 

Section 4). For these measurements, the cryopump temperature is maintained at 150 K, 

temperature at which the intermetallic compound is expected to reduce drastically the H2 

pressure. These two sets of data show that either with the device sealed or not, the OFF-state 

performance is similar in both scenarios, showing that the cryopump is able to ensure the OFF 

state. For ∆𝑇 ≤ 60 K (dashed blue line), both results agree with the model, leading to an OFF 

conductance of approximately ≈ 8.4 mW/K. For higher ∆𝑇, the discrepancy between the data 

and the model can be explained considering the radiative heat transfer between the copper 

blocks.  For instance, the simple Stefan-Boltzmann equation, �̇� = 𝜀𝜎𝐴(𝑇 −𝑇 ), using an 

emissivity, 𝜀= 0.35 and an exchange surface 𝐴 equal to the cross-sectional area of the copper 

blocks, leads to the red dot-dashed line in very good agreement with experimental data. Similar 

agreements were found for GGHS #1 and #3. 

 

Figure 5: Heat load through GGHS#2 versus ∆𝑇 = 𝑇 − 𝑇  in the OFF state, 𝑇 = 150 K. 
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3.3 ONOFF Transition 

In general, in such GGHS, the ONOFF transition is controlled by varying the pressure, P, in 

the gap thanks to heating/cooling a cryopump containing a material able to desorb/adsorb the 

working gas. The correct operation of this actuator is then dependent of the adequate adsorptive 

capacities of the pair gas/adsorbent in the targeted operating temperature range. That is why the 

variation of the GGHS #2 thermal conductance 𝐾(𝑃) in respect to the working gas pressure has 

been carefully measured without adsorbing material in cryopump. This conductance was 

measured for 𝑇 = 150 K in the pressure range 4 × 10  mbar to  800 mbar for both H2 and 

N2, the results (symbols) are displayed in Figure 6. The experimental results are also fitted to a 

previously developed thermal model where the gas gap conductance in the intermediate regime 

is calculated by considering a contribution of both ballistic and viscous conduction regimes 

[20]. For the ballistic regime, the accommodation coefficients, which are dependent of the gas 

and of the surface material, were obtained by fitting the experimental results and were found to 

be 0.38 and 0.83 for hydrogen and nitrogen gas, respectively, in line with previous works [15]. 

The resulting fits of the thermal conductance are displayed as lines in Figure 6. 

 

Figure 6: Measured thermal conductance 𝐾(𝑃) as a function of pressure for GGHS #2 using 
hydrogen (circle) and nitrogen (square) as exchange gas. The solid lines correspond to the fit 
of the conductance using an accommodation coefficient of 0.38 for hydrogen and 0.83 for 
nitrogen. 
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As expected, in the high pressure regime, the GGHS conductance (~1350 mW/K for H2 and 

~215 mW/K for N2) does not depend on pressure and is the same as previously obtained in the 

viscous regime measurement at 150 K (Figure 4). On the other hand, at low pressure, the gas 

gap conductance becomes very low and the SSSS ensures the main thermal path leading to both 

pressure and gas independent OFF constant value ( 7.1 mW/K). Between these two extreme 

states, the smooth transition ONOFF is very well described by our model for both H2 and N2 

gas. Considering these results, the cryopump adsorbent material required to obtain the 

ONOFF switching action must be able to vary the gap pressure by four orders of magnitude: 

from 100 mbar at high temperature to  0.01 mbar for 𝑇 =150 K. 

 

4. GGHS driven by a metal hydride cryopump 

4.1 ZrMn2 Preparation and Characterization 

As previously explained, the ON thermal conductance is strongly dependent on the thermal 

conductivity of the working gas. From this point of view, helium and hydrogen are the best 

choices. However, both gases require low temperatures to be sufficiently adsorbed by a 

cryopump filled with activated charcoal, typically 20 K for helium [7] and 50 K for hydrogen 

[21], [22] temperatures not in accordance with the present requirements (base temperature at 

150 K). Nevertheless, in the case of hydrogen another possibility is to use the ability to be 

reversely adsorbed and desorbed in metal hydrides, which can occur at temperatures a priori 

compatibles with our goal [15]. Let us note that intermetallic hydrides have already been used 

in the space scientific mission Planck, from ESA, to build a hydrogen sorption compressor [23] 

and for hydrogen storage in a thermal energy storage unit working at 15 K [14]. In the present 

application, to avoid a cryopump working at high temperatures, the hydrogen desorption 

leading to the ON state should occur up to 400 K, whereas adsorption, leading to the OFF state, 

needs an equilibrium pressure of 0.01 mbar (Figure 6) for 𝑇 ≥ 150 K. Despite the extensive 

investigation performed on materials for H2 absorption, only few data are available in this 

temperature and pressure range; taking into account these criteria, the intermetallic ZrMn2H2 

(hydrogenate form) seems to be the most appropriate choice (Figure 7 solid lines) [15], [24].   

The ZrMn2 intermetallic materials were prepared by arc melting a mixture of 99.9% pure metals 

under argon atmosphere. Due to the high vapor pressure of manganese, and to compensate their 

possible losses by evaporation during melting, a 10-20% excess of this metal was considered. 

After each melting procedure, the sample was turned out and re-melted again for three times to 
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obtain a homogeneous material. Powder X-ray diffraction patterns were collected at room 

temperature from fine powdering the samples and using Cu K radiation with a 2-step size of 

0.02º from 10º to 70º. The analysis of the diffractograms indicate that the samples are mainly 

constituted by ZrMn2 (~95% vol.) with minor amounts of Mn (~5% vol.). Following the process 

described in [25], [26], the activation of ZrMn2 under H2 was made at 50 bar under pure 

hydrogen on a stainless steel (316) plug & flow type reactor (continuous type reactor). A 

pressure controller to manage the reactor internal pressure and a mass flow controller to adjust 

the hydrogen flow (50 cm3/min) were used. The following procedure was employed:  

i) Reactor purge at atmospheric pressure with hydrogen (50 cm3/min; 30 min);  

ii) Raise of pressure until 50 bar; 

iii) Raise of temperature until 600 ºC; 

iv) At 600 ºC for 1h;  

v) Decrease of temperature until room temperature, maintaining the pressure at 50 bar; 

vi) Release of pressure until atmospheric pressure.  

This treatment was repeated three times. A nitrogen-filled glove box (O2 and H2O content < 

3 ppm) was used to handle the activated samples. 

A rudimentary experimental setup was built to check if the pressure-temperature equilibrium 

curve of this material was compatible with our requirements in the 150 K to 400 K range. The 

setup consisted in a 0.5 cm3 SS cell filled with ≈ 2 g of ZrMn2 and connected to a  26 cm3 

volume at room temperature. A thermocouple type K and a heating resistor was thermally 

coupled to this cell to manage its temperature. This cell is slowly introduced in a partially filled 

liquid nitrogen Dewar or heated in this N2 atmosphere to obtain a characterization over the 

temperature range of interest. The equilibrium pressure is measured by two different pressure 

transducers (0-13 mbar, capacitance sensor and 0-20 bar, piezoresistive sensor). 

Figure 7 shows the obtained results for two different batches compared to literature data [15], 

[24]. Despite their rough character, these measurements showed that the equilibrium pressure 

𝑃(𝑇) seems significantly higher compared to the literature, further studies should be carried out 

to verify these results. Let us note that these measurements were performed with a [H]/[Mn] 

(total number of hydrogen atoms / total number of manganese atoms) ratio of about 60% to 

avoid saturation of ZrMn2 by hydrogen. Some measurements performed in the 300 K to 400 K 

temperature range (not shown) indicate that, at constant temperature, the equilibrium pressure 

increases as the [H]/[Mn] ratio increases; once again, a more rigorous characterization is needed 
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to determine if such increase is intrinsic to this compound or if monophasic samples would lead 

to an independent equilibrium pressure with hydrogenation, as far saturation is not reached as 

it is the case, for instance, for a LaNi5 (LaNi5H5) compound [27]. However, even with this 

equilibrium pressure being higher than expected, this material seems to fulfill our needs: 

0.01 mbar is reached at a temperature of 140 K and 100 mbar around 290 K. So, it was decided 

to use this material for the hydrogen cryopump. 

 

Figure 7: Equilibrium pressure-temperature curve of two synthetized batches of the metal 
hydride ZrMn2Hx and comparison with literature. 
 

4.2 Results with ZrMn2 cryopump 

As depicted in Figure 2, a small cryopump was coupled through a short SS capillary (≈ 30 mm) 

to the cold block of GGHS #2. This cryopump was thermalized to the same part by a copper 

thermal link to speed up its cooling. Its volume was around 0.08 cm3 and charged with 260 mg 

of ZrMn2 (batch #2) in an argon-filled glove box. For the first characterizations, the small 

copper portion was not pinched and the GGHS was connected to the room temperature gas 

manifold to charge it with hydrogen gas. Three different hydrogen fillings were tested using 

low [H]/[Mn] ratio to turn more favorable the OFF state at 150 K. 

The full GGHS functionality was tested by measuring the ONOFF transition curve by 

varying the cryopump temperature. The conductance results, obtained with the dynamic method 

(Section 2.3), are displayed in Figure 8 for these three hydrogen fillings. The “S-shaped” 



 17

curves, similar to those of Figure 6, indicates that, as expected, the H2 pressure in the gap 

increases with the cryopump temperature. At 𝑇 ≈ 150 K, the GGHS conductance reaches the 

OFF-state value (≈8 mW/K) for the 1.1 % and 5.4 % filling whereas, for the 16% filling, it 

seems not fully reached. In the transition regime, at a given temperature, the heat switch 

conductance clearly increases with the H2 quantity in the system, confirming that the 𝑃 − 𝑇 

equilibrium curve of this ZrMn2 material is then dependent of the adsorbed H2 quantity. For 

instance, at 𝑇 = 250 K and combining the data from Figure 7 and Figure 8, it can be deduced 

that the pressure in the switch is approximately 0.65 mbar, 1.1 mbar and 3.5 mbar for the 1.1%, 

5.4% and 16% filling ratios respectively. As already mentioned for the GGHS using activated 

charcoal [9], [20], such a characteristic can be useful as it allows to tune the ON and OFF 

switching temperatures in a certain range just by varying the H2 quantity in the system. 

 

Figure 8: Measured thermal conductance of the GGHS #2 as a function of the hydrogen 
cryopump temperature for different filling [H]/[Mn] ratios. 
 

Regarding the ON state (cryopump at high temperature), the thermal conductance reaches a 

constant value ( 1000 mW/K) for all H2 fillings, as expected for the viscous conduction 

regime. However, note that this value is slightly less than the value obtained without cryopump 

(1350 mW/K, referring to Figure 6). This fact could be explained by supposing that the gas 

desorbed from the ZrMn2 on heating it up to 330 K is not enough to reach the pressure needed 

to achieve a full viscous conduction. Comparing with the results displayed in Figure 6, this 

value of 1000 mW/K would correspond to a gas-gap pressure of 30 mbar whatever the H2 filling 
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ratio. This pressure value is rather small compared to the obtained 𝑃 − 𝑇 equilibrium curve 

(Figure 7), where this pressure is reached at  250 K. We looked without success for some 

experimental errors that could explain this discrepancy between these two ON state 

conductance values. Additional work is needed to understand if this issue is due to ZrMn2 

absorption characteristics or to another unknown reason. 

A significant hysteresis during a desorption-absorption cycle would further complicate the use 

of such GGHS, then its thermal conductance was determined in both heating and cooling of the 

cryopump using, approximately, the same heating/cooling rate (±12 K/hour). Figure 8 displays 

these results for the 16% filling in dashed and thick lines for absorption (cooling) and desorption 

(heating) respectively. Within the experimental error, no significant hysteresis was detected, 

and a similar conclusion was obtained for the other two filling ratios. 

In the framework of the future use of this device, we were more interested in avoiding high 

cryopump temperatures to reach the ON state rather than a very low OFF conductance, then we 

decided to seal the GGHS with a H2 quantity corresponding to the 16% filling ratio.  After this 

sealing, the new ONOFF curve was measured (green lines of Figure 8): its extreme 

conductance values of both ON and OFF conductance values remained similar to those 

measured before and no significant hysteresis is detected. The main difference between the 16% 

curve is that the S-shaped curve became significantly narrower (temperature axis): the 

intermediate region between +10% of the OFF value and -10% of the ON value was ≈105 K, 

110 K and 125 K for the 16%, 5.4% and 1.1% filling ratio respectively, and it decreased down 

to 80 K after sealing the GGHS. This result can be understood by accounting that, after the 

sealing, the hydrogen gas remaining in the SS capillary connected to the gas manifold is no 

longer included in the system. Then, less gas is needed to be absorbed to reach the OFF state 

and the pressure decreases faster as the cryopump is cooled. As already mentioned, the OFF 

state obtained with this sealed switch was characterized on a larger heating power range (Figure 

5) and the results are like those obtained by external gas pumping. The thermal characteristics 

of such sealed device shows that the main goal of this GGHS were fulfilled. 

Let us note that this resulting GGHS is not only able to toggle between two distinct conducting 

states. As a matter of fact, this not so reduced temperature interval of 80 K between these two 

extreme states can be easily used to turn this device into a tuneable thermal link able to vary 

smoothly its thermal conductance by more than two orders of magnitude.  
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5. Conclusions 

Three dilatation GGHSs were built and tested in the 150 K to 300 K temperature range. 

Contrarily to those presented in earlier works, the different parts were joint together by a high 

temperature silver brazing, which turns these devices more structurally reliable. Using an 

improved brazing procedure with temperature control to avoid inhomogeneities which may lead 

to greater gap lengths, gap length as short as 18 µm at 150 K were obtained in two devices due 

to the natural difference of the CTE between copper and SS. To obtain the highest possible ON 

state thermal conductance in this temperature range, the GGHS should use hydrogen gas and 

one of the devices was extensively characterized using such gas where a ON/OFF thermal 

conductance ratio of 145 was measured. To turn this device compact and autonomous, a 

hydrogen cryopump was integrated using the intermetallic ZrMn2Hx to allow the switching 

action of the GGHS just by controlling the cryopump temperature. Using such an alloy, we 

showed that both ON and OFF states can be obtained within the temperature range of interest 

(for 𝑇 ≥ 150 K). The sealed device, 260 mg of ZrMn2 in the cryopump, offers a 𝑇 𝑇⁄  

temperature of 170 K / 250 K. An extended study of this intermetallic material could lead to 

substantial improvements of the device and would show how tunable are its characteristics. 

Moreover, beyond ZrMn2, the extensive investigation performed on the materials suitable for 

H2 storage should be revisited to build a GGHS working at higher temperatures than that studied 

in this article, while keeping H2, the best conducting gas, as the transport medium.  
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APPENDIX B
Sips Parameters
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A P P E N D I X B . S I P S PA R A M E T E R S

Table B.1: Sips parameters of nitrogen on HKUST-1 adsorption isotherms.

T [K] C0 [molkg−1] n a[×10−3bar−1] Dev. [%]
130 25.724 4.129 1.0E+0 2.4
140 23.548 3.542 1.0E+0 3.0
150 20.826 2.583 1.0E+0 2.7
160 17.822 1.674 1.0E+0 1.3
170 16.963 1.452 658.6E-3 1.6
180 15.994 1.258 466.0E-3 1.9
190 15.339 1.130 328.3E-3 2.3
200 14.753 1.064 239.0E-3 2.1
220 13.999 1.063 121.2E-3 2.3
240 13.120 1.044 73.5E-3 2.3
260 12.532 1.040 45.6E-3 1.8
280 11.856 1.025 32.3E-3 2.1
300 11.864 1.048 21.6E-3 2.6
320 11.473 1.039 16.5E-3 2.6
340 10.862 0.998 14.3E-3 2.4
360 10.201 0.979 12.5E-3 2.8
380 9.529 0.960 11.3E-3 3.4
400 8.900 0.942 10.3E-3 3.9
420 7.613 0.885 11.2E-3 2.3
440 7.002 0.870 10.8E-3 3.2
460 6.574 0.864 10.1E-3 5.8
480 5.973 0.845 10.1E-3 6.9
500 5.432 0.822 10.1E-3 14.1
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APPENDIX C
Technical Drawings

Let us note that many pieces and their drawings were developed in collaboration with

Active Space Technologies and, therefore, cannot be published in this dissertation.
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