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a b s t r a c t

METIS, the Mid-Infrared E-ELT Imager and Spectrograph, is one of the proposed instruments in E-ELT
(European Extremely Large Telescope). Its infrared detectors require multiple operating temperatures
below 77 K. Therefore, active coolers have to be deployed to provide sub-liquid-nitrogen (sub-LN2) tem-
perature cooling. However, the sensitive imaging optical detecting system also demands very low levels
of vibration. Thus, the University of Twente proposed a vibration-free cooling technique based on phys-
ical sorption. In this paper, we describe the baseline design of such a sorption-based Joule-Thomson
cooler chain for the METIS instrument, that is able to deliver cooling powers of 0.4 W at 8 K, 1.1 W at
25 K and 1.4 W at 40 K from a 70-K heat sinking. This design is based on working fluid selection, cascad-
ing cooler stages and operating parameter optimization. Also, the performance of the resulting cooler
design is analyzed.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The European Extremely Large Telescope (E-ELT) is a revolu-
tionary new ground-based telescope for optical/near-infrared
range, proposed by the European Southern Observatory (ESO).
The primary mirror of E-ELT will be 39.3 m in diameter and is com-
posed of 798 hexagonal segments, each 1.45 m wide, but only
50 mm thick. With its unprecedented large eye on the sky, E-ELT
will gather 15 times more light than the largest optical telescopes
operating at the time of its development and vastly advance astro-
physical knowledge and allow for detailed observations of among
others the first objects in the universe and planets in other star sys-
tems [1].

E-ELT will have several scientific instruments, and it will be
possible to switch from one instrument to another within minutes.
Eight different instrument concepts and two post-focal adaptive
modules are currently being studied. METIS, the Mid-infrared E-
ELT Imager and Spectrograph, is one of those proposed instru-
ments, and will offer imaging and spectroscopy over the wave-
length range of 3–14 lm, covering the L, M and N bands [2,3].
The operating temperature levels of the imaging, dispersing and
detecting sub-systems of the instrument are determined by METIS
radiometric performance. The detectors require approximately
40 K and 8 K for the L/M and N band, respectively [2]. The temper-
atures of the optics, opto-mechanical components, and the thermal
radiation shield are driven by their contribution to the overall
noise budget that needs to be lower than the contributions from
telescope and atmosphere. Performance analysis yields maximum
allowable temperatures of 85 K for all cold modules, except for
the N-band imager, which has to be cooled to below 30 K [2]. Fur-
thermore, in configuration trade-offs, the number of different tem-
perature levels has been reduced to four, being listed in Table 1. A
separate liquid nitrogen (LN2) bus system will cool the radiation
shield and a thermal backbone. All 85 K units will be thermally
attached to that backbone. The three lower temperature levels,
i.e. 40 K, 25 K and 8 K, will be provided by cryocooler(s). The
respective heat loads at these temperature levels are also shown
in Table 1.

As mentioned in the cryogenic solution tradeoff study [4], a key
factor in the design of METIS is limiting the level of vibrations
introduced at the detectors by the cooling system. Conventional
cooling solutions such as Stirling or pulse-tube coolers have
mechanically moving parts and require dedicated design with
associated extra risks and costs to reduce the vibrations at the
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Nomenclature

Latin letters
D diameter [m]
C thermal capacity [J K �1]
f s safety factor [–]
f w welding factor [–]
G Gibbs free energy [J]
g specific Gibbs free energy [J kg�1]
h specific enthalpy [J kg �1]
m mass [kg]
_m mass flow rate [kg s �1]
ncell number of the compressor cell [–]
p pressure [Pa]
_Q heat-flow rate (Power) [W]
qc specific cooling energy [J kg �1]
R thermal resistance [K W �1]
T temperature [K]
t time [s]
vadd;L additional parasitic volume per cell length [m3 m�1]

Greek letters
a porosity [–]
d thickness of the component [m]
�Carnot carnot efficiency [–]
g thickness of the component [m]
ry yield strength [Pa]

Subscripts
amb ambient
CD cool-down
CONT container
cyc compression cycle
e electrical
ec end cap of the container

H2 hydrogen stage
He helium stage
HS heat-sink
h high temperature/pressure
i intermediate
in input
l low temperature/pressure
l liquid
N2 nitrogen
Ne neon stage
opt optimized
para parasitic
preC pre-cooling
pump nitrogen pump
sc sorption compressor
sor sorber
sv saturated vapor
t true (density)
v vapor
w wall of the container

Abbreviations
CHX cold-tip heat exchanger
CFHX counter flow heat exchanger
COP coefficient of performance
CS cold stage
E-ELT European Extremely Large Telescope
GGHS gas-gap heat switch
JT Joule-Thomson
JTR Joule-Thomson restriction
LN2 liquid nitrogen
METIS Mid-infrared E-ELT Imager and Spectrograph
preHX pre-cooling heat exchanger

Table 1
Required temperature levels and heat loads of METIS cryogenic units.

METIS units Required Max. temperature (K) Heat load (W)

N-Band Detectors 8 0.4
N-Band Imager 25 1.1
LM-Band Detectors 40 1.4
LM-Spectrometer <85 –
LM-Imager <85
Cold Calibration Unit <85
Cold Calibration Unit <85
Fore Optics <85
Radiation Shield <85
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detector level. Failure to properly reduce vibrations can lead to a
significant reduction in the optical performance of the instrument.
Equally important is the short-term temperature stability of the
cooling system at the cryogenic interfaces to prevent calibration
errors due to changing detector temperatures. Furthermore, relia-
bility is directly linked to the availability of the instrument. A
low vibration level, high reliability and long lifetimes can be real-
ized by using sorption-based compressors.

Fig. 1 shows a schematic and an artist impression of a typical
sorption-based Joule-Thomson (JT) cooler. It is composed of a sorp-
tion compressor and a JT cold stage: the sorption compressor ther-
mally compresses the working fluid, providing a stable DC flow via
the check valves and pressure buffers; the cold stage utilizes a typ-
ical JT expansion to generate refrigeration. Apart from a few pas-
sive valves, a sorption-based JT cooler contains no moving parts,
thus generates no vibrations, and has a long lifetime. It also gives
flexibility in the integration with the instrument. For the sub-
liquid-nitrogen (sub-LN2) temperature cooling in the METIS
instrument, the vibration-free cooling technology based on sorp-
tion coolers is proposed, which has been developed for over a dec-
ade at the University of Twente in collaboration with Airbus
Defence and Space Netherlands [5–8].

Based on the requirements discussed above, a system-level
baseline design of the cooler chain is made. Some preliminary
results of this design have been presented in previous conference
papers [9–11]. However, we have corrected and improved the cal-
culation model from time to time during the development result-
ing minor adaptations. In this paper, we present not just the final
results but also the detailed design procedure of the METIS cooler
chain. The baseline design process is discussed in the following
section and has five major steps: First in Section 2.1, helium,
hydrogen and neon are selected as the working fluids for the
respective cooler stages; Then, an optimum cascade layout for this
multi-stage JT cooler (Section 2.2) and a baseline design of the
sorption compressor (Section 2.3) is determined; Next (Section 2.4),
a quasi-static model with suitable design assumptions and simpli-
fications is used to optimize the operating parameters of the
cooler; Finally (Section 2.5), estimations of the cooler performance
and size are generated based on the optimized operating parame-
ters. Next in Section 3, alternative hydrogen-stage configurations
and the technical feasibility of the sub-LN2 heat sink are discussed.
Before closing this paper with conclusions in Section 5, an experi-
mental demonstration plan for the further development of the
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Fig. 1. (a) A schematic and (b) an artist impression of a sorption Joule-Thomson cooler.
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METIS cooler is proposed in Section 4, based on the results of the
baseline design.
2. Baseline design process for the METIS cooler

2.1. Selection of the working fluids

Usually, for a JT cooler operating at a specific cooling tempera-
ture, multiple working fluids can be chosen. Thus, selecting the
most suitable working fluid is generally the first thing to do in
the design of a JT cooler system [12,13]. The options for the METIS
instrument are limited because of the relatively low operating
temperatures: neon is the only choice for cooling at 40 K; neon
and hydrogen can both be used in the range of 25–31 K, but hydro-
gen is preferable with regard to the coefficient of performance
(COP) and the specific cooling energy (qc , cooling energy per unit
mass of the adsorbent material during a cycle) [13]; 8 K can be only
achieved by helium.

Since 8 K is above the critical temperature of helium, there is no
liquid forming in the cold-tip heat exchanger (CHX) and special
attention should be paid to the design temperature stability of that
8 K heat exchanger. Furthermore, optimum performance of the
helium JT cooler requires precooling lower than 20 K which can
be provided by hydrogen.

In summary, neon, hydrogen and helium have been selected as
the working fluids to obtain cooling at 40 K, 25 K and 8 K respec-
tively, resulting in three sub-stages arranged in an optimum cas-
cade layout and discussed in more detail in the next section.
2.2. Cascade layout for the multi-stage JT cooler chain

Unlike traditional mechanical compressors that operate at
around 300 K, a sorption compressor usually operates at cryo-
genic heat-sink temperature. Thus, the METIS sorption compres-
sors can be heat-sunk at the LN2 cooled METIS platform which
in this design is a LN2 bath at 70 K. Usually, multi-stage JT coolers
are arranged in a parallel configuration [14,15] considering both
thermal efficiency and practical complexity. As an alternative
depicted in Fig. 2, the helium stage and neon stage could be
arranged in series by sinking the helium sorption compressor at
40 K, cooled by the neon stage. Reducing the heat-sink tempera-
ture to 40 K significantly improves the performance and reduces
the size of the helium stage. The disadvantage is that in that case
more cooling power is required at the neon stage. This kind of
configuration should be selected only if the neon stage is efficient
enough so that the gain in the helium stage is more than the cost
in the neon stage. However, the COP of the neon stage is very lim-
ited, around 1–2%, while the gain factor of the helium stage per-
formance by changing the heat-sink temperature from 70 K to
40 K is less than a factor of 4. Thus, although the input at the
helium-stage compressor is reduced by a factor 4, the input at
the neon-stage compressor increases by more than one order of
magnitude. Therefore, it is wise to operate the helium stage at
70 K to keep the overall system more efficient. Based on such
analysis, a conceptual design of the METIS cooler chain was deter-
mined [9], as shown in Fig. 3.

The helium stage is driven by a single-stage sorption compres-
sor unit and uses four counter-flow heat exchangers, followed by a
Joule-Thomson Restriction and a cold heat exchanger. In order to
facilitate the maximum achievable performance, pre-cooling heat
exchangers are applied at 40 K, 25 K and 15 K. The efficiency of
the helium stage is maximized by reducing the lowest precooling
temperature as low as possible. The limiting factor in this respect
is the required low pressure in the hydrogen evaporator related
to the pressure drop in the hydrogen return line. At 15 K the boiling
pressure of hydrogen is 0.13 bar that we consider a minimum. Fur-
thermore, at lower temperatures the hydrogen in the high-
pressure line has a higher risk of freezing. Extensive experience
on a 15 K hydrogen sorption cooler was well accumulated during
an earlier project at the University of Twente [8]. The hydrogen
stage provides not only the 25 K temperature level required by
the METIS instrument but also the 15 K precooling for the helium
stage. Because of the low pressure in the evaporator a high com-
pression ratio will be required and thus a two-stage sorption com-
pressor is anticipated for this stage. Finally, a neon-operated stage
delivers the required cooling power at 40 K. This stage uses a
single-stage compressor and its cooling capacity is split into cool-
ing of the METIS L/M-detectors and precooling of the helium and
hydrogen stages.
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2.3. Baseline design of the sorption compressor

The design of the sorption-compressor cell is based on the con-
cept used in a 4.5 K helium cooler [6] and 14.5 K hydrogen cooler in
previous studies [8]. As schematically illustrated in Fig. 4, the cell
consists of a cylindrical, thin-wall container that is filled with acti-
vated saran carbon pills. Saran carbon is a type of carbon that is
well studied and has been used successfully in the earlier develop-
ments at the University of Twente. The heater is placed at the cen-
ter of the carbon, and a small gas channel is drilled in the carbon to
reduce the axial pressure drop. A filter is used to prevent any car-
bon particles from flowing into the cold stage causing clogging. A
gas inlet tube connects the container to the gas lines outside of
the cell. Two support spacers made of Inconel alloy hold the con-
tainer, to maintain a gap between the sorption container and the
heat sink. This narrow gap can act as a gas-gap heat switch (GGHS).
The gas pressure in the gap can be varied to yield relatively high or
low thermal conduction between the container and the heat sink.
In this way, the container can be thermally isolated from the heat
sink during the heating phase of the cell, and it can be thermally
connected to the heat sink during the cooling phase of the cell. This
pressure variation is carried out with the gas-gap actuator, a small
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piece of sorber material that is encapsulated at the end of a thin-
wall tube (GGHS tube). The GGHS tube establishes a weak thermal
contact to the heat sink and thus cools the gas-gap sorber material
so that it adsorbs gas from the gap, thus realizing thermal isolation
between container and heat sink. By heating the gas-gap sorber
material, gas is desorbed into the gap and a good thermal contact
between container and heat sink is re-established.

The selection of the right adsorbent material and conductive gas
for the GGHS depends on the heat-sink temperature, the gas-gap
size and the desired ON/OFF conductance ratio. Saran carbon and
nitrogen were considered first, but the thermal conductance of
the ‘‘ON” state was limited due to the poor thermal conductivity
of nitrogen. Using hydrogen significantly improves the GGHS per-
formance because hydrogen has a much higher thermal conductiv-
ity and thus allows for faster cycling of the cells. However,
hydrogen hardly adsorbs onto the saran carbon at around 70 K.
Therefore, in the baseline design, a small piece of ZrNi is used as
an actuator that is cycled between 60 �C and 177 �C. This GGHS
actuator is encapsulated at the end of the GGHS tube whose size
is well optimized not just to limit the thermal conduction loss to
the heat-sink but also to cycle fast enough. It is possible to build
an ‘‘ON” state of 200 Pa and an ‘‘OFF” state of 0.1 Pa in the gas gap.

The compressor cells are thermally attached to a cryogenic heat
sink, such as a cold platform or a cryogen bath. It will be realized by
a dedicated LN2 loop since LN2 is also used for cooling the optics of
the METIS instrument on E-ELT. The heat-sink temperature is crit-
ical to the performance and the size of the system. Generally, the
lower the temperature and the higher the pressure, the more gas
is adsorbed on the activated carbon. Therefore, as the heat-sink
temperature decreases, the efficiency of the sorption compressor
increases, while both the size and mass reduce. It is possible to
vary the sink temperature in a range of 64–74 K by reducing the
pressure. The effect of the heat-sink temperature on the cooler per-
formance is investigated in Section 3.2.

2.4. Operating parameter optimization

2.4.1. Sorption cooler modeling
A thermodynamic quasi-static model was built for optimizing

the operating conditions and for estimating the performance of
the METIS cooler on system level. As shown in Fig. 5, first the
inputs to the model are defined such as operating conditions, cool-
ing requirements, efficiency of heat exchangers, compressor-cell
geometries, and relevant material properties. Next, the sorption
compressor module evaluates the sorption compressor perfor-
mance. This performance includes the required input heat per
cycle and the fluid mass transferred during a cycle both normalized
to the mass of the activated carbon. In parallel the required mass
flow rate is determined by the JT-CS (JT cold-stage) module. Com-
bining the outputs of these two modules, the model generates the
total input power into the system, the required mass flow rate and
the total coefficient of performance (COP) of the cooler. A sub-
module associated with the GGHS is used for generating the esti-
mation of the input power, cooler size and required mass flow rate.

2.4.2. Assumptions and simplifications
In order to have an estimation of the cooler size that is more or

less dominated by the size of the sorption compressor, it is neces-
sary to introduce the cycle time. To simplify the model, a few
assumptions are made:

1. The cylindrical container filled with the activated carbon is con-
sidered as a lumped capacity. The temperature and the pressure
within the carbon are uniform according to this assumption. It
is reasonable as long as the heating is slow, and the diameter
of the cell is small.

2. The cycle time is assumed to be twice that of the cool-down
time. Usually, the cool-down time is much longer than the heat-
ing up time. Therefore, this assumption results in a worst-case
estimation of the compressor size.

3. Heat is only flowing in radial direction from the cell including
the carbon, the container, and the heater through the gas gap
to the heat sink.

4. A constant temperature difference DTl;HS between the heat sink
and the sorption container at its minimum operating tempera-
ture (Tl) is assumed.

Following these simplifications, the cool-down time is calcu-
lated by considering the sorption cell as a thermal RC system that
consists of the thermal resistance via the GGHS (RGGHS) and the
thermal capacity of the sorption container (CCONT) and the carbon
(Csor) cycling between a high temperature of Th and a low temper-
ature of Tl, expressed as,

tCD ¼ ln
Th � THS

DTl;HS

� �
RGGHS CCONT þ Csorð Þ ð1Þ

ehere tCD is the cool-down time, Th is the high temperature (also
referred as regeneration temperature in many literatures), THS is
the heat-sink temperature, and DTl;HS is the temperature difference
between the low temperature of the sorption cycle and the heat-
sink temperature. The cycle time can be then expressed as,

tcyc ¼ 2tCD ð2Þ
and the required carbon mass (msor) and the number of compressor
cells (ncell) for the METIS cooler result as,

msor ¼
_mtcyc
Dxtot

ð3Þ

ncell ¼ msor

1� að Þqsor;tVCONT

& ’
ð4Þ

in which _m is the required mass flow rate, Dxtot represents the
working fluid mass transported in each cycle by unit mass of the
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Table 2
Design margins and assumptions for the operating condition optimization.

Parameter Value Unit Description

vadd;L 2.0 cm3/m Additional void volume per unit cell length in each cell
DTl;HS 3.0 K Difference between the heat-sink temperature and the cell minimum operating temperature
tcyc 2 � tCD s Cycle time is taken as twice the duration of the cool-down phase

D _Qc 25 % Margin of the cooling power, added to the required cooling powers

D _QpreC 25 % Margin of the pre-cooling power, added to the required pre-cooling powers

D _Qin 10 % Margin of the input power, applied after all the other margins

Table 3
Baseline dimensions and operating parameters for the sorption compressor cell.

Parameter Value Unit (W) Description

Dia. of the carbon 10–17.5 mm Diameter of the carbon
Len. of the carbon 50 cm Length of the carbon (cell)
Width of GGHS 500 lm GGHS width, distance between the container and the heat-sink
Gas of GGHS Hydrogen – –
ON pres. of GGHS 200 Pa Filling pressure of the GGHS when it is ON
OFF pres. of GGHS 0.1 Pa Vacuum pressure of the GGHS when it is OFF
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sorbent material, a is the porosity of the activated carbon and qsor;t

is the true density of the carbon.
The JT-CS is assumed to be ideal, which means perfect CHFXs,

preHXs and CHXs, as well as an isenthalpic expansion through
the JTR. In the optimization, the thermal mass of the container
wall, container end caps, and activated carbon in the sorption com-
pressor cells that are temperature dependent were taken into
account. The thickness of the container wall was calculated by,

dw;CONT ¼ f s
f w

pmaxDCONT

2ry
ð5Þ

and the thickness of the container end cap was given by,

dec;CONT ¼ DCONT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f s
f w

pmax

2ry

s
ð6Þ

A safety factor (f s) of 2.5 and a welding factor (f w) of 0.7 were cho-
sen. A minimum thickness of 250 lm was set for the container wall,
and of 2.0 mm for the container end caps considering the technical
difficulty.

In addition to the porosity of the carbon, an extra void volume
per unit cell length of 2.0 cm3/m was assumed for each cell, repre-
senting voids within the tubing, filter and gaps. DTðl;HSÞ was set to
be 3 K, while the cycle time is twice the cooling down time as men-
tioned before. The temperature difference between the boiling
neon and the evaporator outside was assumed to be 0.5 K, and
0.1 K for the hydrogen stage. There are many additional loss factors
that will deteriorate the performance of the cooler. In the system
design phase, 25% margins were added to the requirements of
the net cooling powers and precooling powers to cover the addi-
tional losses in the JT-CS. Furthermore, the required input power
was increased by 10% to incorporate parasitic terms such as the
input power for cycling the GGHS and other losses in the sorption
compressor. Table 2 lists the assumptions and margins used in the
optimization.

The baseline dimensions and operating parameters are pre-
sented in Table 3. An estimation of compressor size and number
of cells can be generated as input to the further detailed design
of the cooler chain.
2.4.3. Optimization results
In our cooler-chain design, the input heating power was mini-

mized by optimizing the operating parameters, including the
heat-sink temperature THS, the high temperatures Th of the
sorption-compressor cell, and the unknown pressures, referred as
ph; pi and pl in Fig. 3. In this section, the three stages are considered
separately.



Table 4
Requirements for the helium stage of the METIS cooler.

Input parameters Output parameters Results (THS ¼ 70 K)

Cooling temp. Tc;He 8 K Low/High pres.a ph;He/pl;He 14.1/7.6 bar
Gross coolign power _Qc;He 0.5 Wb High temp.a Th;He 107.5 K

Pre-cooling temp. TpreC;1;He 40 K Mass flow rate _mHe 105.8 mg/s
TpreC;2;He 25 K Pre-cooling powers _QpreC;1=2=3;He 134.2/190.1/333.6 mW

TpreC;3;He 15 K Input power _Qin;He 630.5 W

a Parameters to be optimized.
b ð0:4required þ 0:1marginÞ W
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2.4.3.1. Helium stage. The optimization process was started with
the helium stage, because the cooling powers required for the neon
and hydrogen stages not only depend on the heat loads from the
METIS instrument but also on the pre-cooling power levels needed
by the helium stage. Table 4 presents the relevant constraints,
operating parameters to be optimized and the corresponding out-
puts for a heat-sink of 70 K.

On a pressure-enthalpy (p-h) diagram, in the range 7 K to 16 K,
the JT cycle of the helium cold stage is shown in Fig. 6. Here, the
enthalpy is strongly dependent on the temperature but only
weakly on the pressure, as the helium gas is still quite ‘‘ideal”. Con-
sequently, the isotherms in the p-h diagram are almost vertical,
and it is hard to create significant enthalpy difference by an isen-
thalpic expansion, resulting in a low cold-stage efficiency. Because
also the helium adsorption on saran carbon above 50 K is quite lim-
ited, resulting in a relatively low sorption compression efficiency
results. The overall COP of the helium stage is, therefore, expected
to be low and a large number of cells are required.

It is clear to see that the highpressure at the JTR inlet (i.e., the ver-
tical coordinateof point 8 in Fig. 6) shouldnot be increasedabove the
inversion point where the Joule-Thomson coefficient ð@T=@pÞh is
zero (i.e. about 8 K and 14 bar). Further increase of the high pressure
will only shift the JT expansion line (greendashed line in Fig. 6) to the
right, resulting in a lower enthalpy difference between points 9 and
10, and consequently in less cooling power.

The total COP of the helium stage as a function of the low pres-
sure and the high pressure is presented in Fig. 7, with THS of 70 K. It
shows that the optimum high pressure for helium is around 14 bar
(ph;opt ¼ 14:1 bar).

The same optimization process was performed for various heat-
sink temperatures in a range of 66–77 K. The required input power
and overall COP, as well as the number of sorption cells and the
mass of the carbon, decreases significantly with reducing heat-
sink temperature, as shown in Fig. 8. Therefore, it is attractive to
operate the sorption compressors at the lowest attainable heat-
sink temperature. This will be discussed in more detail in
Section 3.2.

Fig. 8 also illustrates the required number of cells and the
required mass of the carbon with different outer diameters of the
carbon. The diameter of the carbon is used as an input for calculat-
ing the RGGHS;CCONT and Csor in the simplified RC model discussed in
Section 2.4.1. Diameters from 10 mm to 17.5 mm were investi-
gated. In general, a smaller cell can be cycled faster resulting in less
required carbon. But the lower carbon mass per cell leads to a lar-
ger number of cells, which greatly increases the system complexity
and reduces the reliability.

2.4.3.2. Hydrogen stage. The relevant input parameters of the
hydrogen stage as well as the optimized operating parameters
are listed in Table 5. As the hydrogen stage is driven by a two-
stage sorption compressor, the intermediate pressure has to be
optimized together with the high pressure while the individual
high temperatures for both stages are optimized as well.

With 0.1 K margin, the boiling-point temperatures of the cool-
ing stages are 24.9 K and 14.9 K, corresponding to boiling pressures
of 3.14 bar and 0.123 bar, respectively. A double expansion of the
high-pressure flow is used as shown in Fig. 3, but other configura-
tions may also be applied. Some alternative concepts are consid-
ered in Section 3.1. The cooling cycle in the double-expansion
configuration is plotted on a p-h diagram in Fig. 9. The high-
pressure flow (23.7 bar) expands to 3.1 bar and partly liquefies
(4–5). The liquid evaporates providing cooling at 24.9 K (5–6).
Then the flow leaves the 25 K cold HX into the third CFHX,
where it is partly liquefied (6–7) by transferring heat to the cold
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Table 5
Requirements for the hydrogen stage of the METIS cooler.

Input parameters Output parameters Results (THS ¼ 70 K)

Cooling temp., 1 Tc;1;H2 (25–0.1) K Intermediate/High pres.a pim;H2
/ph;H2

1.8/23.7 bar
Cooling power, 1 _Qc;1;H2 1.38 Wbþ1:25 � _QpreC;2;He

c High temp.a Th;1=2;H2
135.3/166.0 K

Cooling temp., 2 Tc;2;H2 (15–0.1) K Mass flow rate _mH2
8.4 mg/s

Cooling power, 2 _Qc;2;H2 1:25 � _QpreC;3;He
c Pre-cooling power _QpreC;H2

1504.2 mW

Pre-cooling temp. TpreC;H2 40 K Input power _Qin;H2
157.4 W

a Parameter to be optimzied.
b ð1:1required þ 0:28marginÞ W
c _QpreC;2;He and _QpreC;3;He are taken from the results of helium stage calculation.
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counter-flow low-pressure gas within the CFHX. In the second
expansion, the pressure drops to 0.123 bar, and a temperature of
14.9 K is reached (7–8). The cold two-phase fluid then vaporizes
by taking the cooling load from the precooling HX of the helium
stage (8–9). For a single JT expansion with specific required cooling
power, the minimum flow rate is achieved when fully saturated
vapor leaves the evaporator. However, in this double expansion
configuration with a constant flow rate for both cooling stages,
one cannot establish fully saturated vapor at both outlets of the
evaporators at the same time with certain cooling loads. The flow
rate is determined by,
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;

_Qc;2;H2

hsc;Tc;2 � h8

 !
ð7Þ
where subscript ‘‘sv” indicates a fully saturated vapor. As a result,

there is an additional cooling power D _Qc;j2f1;2g at one of the two
temperature levels.

Like the helium stage, a similar optimization process was car-
ried out for hydrogen stage at a heat-sink temperature of 66–
77 K, the cooler performance and its size (in terms of carbon mass
and number of cells) are presented in Fig. 10. Since, at around 70 K,
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the hydrogen adsorption on saran carbon is much higher than that
of helium, the hydrogen compressor efficiency is 6–8 times greater
than that of the helium compressor. Consequently, the hydrogen
stage needs significantly fewer cells and less carbon. Despite the
fact that the required cooling power is three times that of the
helium stage, the hydrogen-stage input power is just a quarter of
that of the helium stage. Furthermore, similar to the helium stage
the hydrogen-stage input power decreases significantly as the
heat-sink temperature decreases.

It must be noted that most enthalpy difference for cooling in the
hydrogen stage is achieved by precooling at 40 K (‘‘2–3” in Fig. 9).
The pre-cooling power needed is about 1.5 W. This power will be
rejected to the evaporator of the neon stage, increasing its cooling
capacity requirement by more than a factor of two, as compared to
the METIS instrument requirement.

2.4.3.3. Neon stage. The relevant constraints of the neon stage as
well as the operating parameters to be optimized and the corre-
sponding outputs are listed in Table 6.

The neon stage is a single JT cold stage without any precooling.
The cooling temperature is set to be 39.5 K, with a margin of 0.5 K
below the required 40 K. Thus the low pressure is fixed at the cor-
Table 6
Requirements for the neon stage of the METIS cooler.

Input parameters

Cooling temp. Tc;Ne (39–0.5) K
Cooping power _Qc;Ne 1.75 Wbþ1:25 � ð _QpreC;1;He þ _QpreC;H2 Þc

a Parameter to be optimzied.
b ð1:4required þ 0:35marginÞ W
c _QpreC;1;He and _QpreC;H2 are taken from the results of helium and hydrogen stage calcu

In
pu

t p
ow

er
 (k

W
)

0

0.15

0.3

0.45

C
el

l n
um

be
r (

-)

0

5

10

15
D

sor
 = 10.0 mm D

sor
 = 12.5 mm

Heat-sink tempera
66 67 68 69 70 71

C
ar

bo
n 

m
as

s 
(k

g)

0

0.3

0.6

0.9
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responding boiling pressure of 13.6 bar which is relatively high
allowing the use of a single-stage sorption compressor. Therefore,
the optimization is quite straightforward. Fig. 11 gives the major
results of the neon-stage optimization. Compared to the helium
and hydrogen stages, the neon stage has to provide a much higher
cooling power. Fortunately, the COP of the neon stage is a lot
higher than that of the other two because of the better adsorption
characteristics and the near-critical compression.

2.5. Overall METIS cooler performance and size

Table 7 summarized the optimized parameters in the baseline
design. The heat-sink temperature is assumed to be 70 K (further
discussed in Section 3.1). The helium stage determines the overall
input power and size of the system. It operates over a small pres-
sure ratio (only 1.85) but consumes more than 60% of the total
input power (631W) and requires 34 cells with a carbon diameter
of 15 mm and cell length of 50 cm (a rough estimation on system
level). The hydrogen stage uses a two-stage sorption compressor
to compress the hydrogen from 0.12 bar up to 23.7 bar with an
input power of 157 W. The neon stage requires a quite high opti-
mum high pressure of almost 96 bar and it requires 243 W input.
Output parameters Results for THS ¼ 70 K

High pres.a ph;Ne 95.9 bar
High temp.a Th;Ne 149.2 K
Mass flow rate _mNe 169.3 mg/s
Input power _Qin;Ne 243.0 W
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Table 7
Overview of the optimized operating parameters for the METIS cooler chain.

Parameters Unit Helium Hydrogen Neon
1st stage/2nd stage (Overall)

COPtot % 0.08 1.3 1.6
COPcompr % 1.6 9.6/7.4 (8.3) 3.7
COScs % 5.0 15.5 41.9
_Qin W 630.5 70.8/86.6 (157.4) 243.0
_m mg/s 105.8 8.6 169.3
_QpreC mW 134.2 @ 15 K 1504.2 @ 40 K –

190.1 @ 25 K
333.6 @ 40 K

pl bar 7.6 0.123/1.8 (–) 13.57
ph bar 14.1 1.8/23.7 (–) 95.9
Th K 107.5 132.5/165.3 (–) 149.2
THS K 70 70/70 (–) 70
Ncell;15�500 mm – 34 2/3 (5) 5
msor;15�500 mm kg 3.29 0.19/0.29 (0.48) 0.48
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In total, the cooler chain requires 1031W input at 70 K (taking into
account 25% margins in (pre) cooling powers and 10% margin
added to the resulting input power).
3. Discussions

3.1. Alternative hydrogen-stage configuration

The hydrogen stage in the METIS cooler chain has to provide
cooling at 25 K and 15 K. There is a variety of possible configura-
tions for the hydrogen stage to achieve these two cooling levels,
as shown in Fig. 12. One straightforward configuration is to arrange
two separated stages in parallel (SSP) like Fig. 12(a). Two stages
operate independently so that optimum high pressures can be
found for each stage. However, it requires five CFHXs and two pre-
cooling stages, which results a bulky system. In order to reduce the
complexity and size of the system, the hydrogen stage can be also
realized by a dual-pressure Linde-Hampson configuration. The
central idea is related to the dual-pressure liquefier of Carl von
Linde [16], in which the high-pressure fluid experiences two suc-
cessive isenthalpic expansions (also called double expansion).
Based on this basic dual-pressure Linde-Hampson configuration
(DPLH), there are three variations available for the METIS hydrogen
stage as shown in Fig. 12(b), (c) and (d), referred to as DPLHV1,
DPLHV2 and DPLHV3. The first version, DPLHV1, adds an additional
CFHX between the two evaporators to further cool the saturated
liquid at the intermedium pressure before it expands via the sec-
ond JTR. In DPLHV2, the flow is separated before the first expansion
and the second expansion happens between the high and low pres-
sures rather than between the intermediate and low pressures in
DPLHV1. DPLHV1 and DPLHV2 both require triple-flow CHFXs,
which are complicated to design and manufacture. Therefore,
DPLHV3 is proposed for the METIS baseline design that cancels
the intermediate-pressure line. The advantage is to simplify the
CFHXs and reduce the cold stage size. However, it requires more
input power to compress all the flow from the low to the high pres-
sure. Given the cooling requirement obtained for the hydrogen
stage in Section 2, the high pressure was optimized to obtain min-
imum input for all these four configurations and the cold stage per-
formances with the optimum high pressures are listed in Table 8.

For the cooling temperatures of 24.9 and 14.9 K, the corre-
sponding evaporation pressures are 3.143 and 0.123 bar. In the
SSP configuration, the optimum high pressure can be obtained
for both stages. It, therefore, results in highest efficiency (lowest
input) and lowest flow rate compared with the other configura-
tions. In three variations of dual-pressure Linde-Hampson configu-
rations, the high pressure for the 14.9 K cooling is determined
either by the evaporation pressure of the 24.9 K cooling (for
DPLHV1 and DPLHV3) or by the high pressure of the 24.9 K cooling
(for DPLHV2). The DPLHV1 has the same optimum high pressure as
the 24.9 K stage in the SSP because the evaporation pressure of
24.9 K cooling (3.143 bar, the intermedium pressure) is very close
to the optimum high pressure (3.21 bar) for the 14.9 K cooling. In
its evaporator, 85% of the fluid flows returns to the warm end while
the rest of the fluid continues to the next JT restriction via CFHX-3
to produce cooling at 14.9 K. The performance of DPLHV2 is very
similar to the DPLHV1 since the flow rate for the 14.9 K cooling
stage is much smaller than that for the 24.9 K stage. DPLHV3 is
the least efficient configuration. It also requires higher high pres-
sure that will consequently be even less competitive with respect
to the efficiency once the compressor is considered.

The performance of the SSP, DPLHV1 and DPLHV2 are close, and
clearly superior to the DPLHV3. Therefore, we recommend investi-
gating these three alternative configurations for the further design.
To decide which configuration can best be used, the sorption com-
pressor, the sizes and complexity of the cold stage and the manu-
facturing feasibility have to be considered and compared in more
detail.
3.2. Heat-sink temperature

As mentioned in Section 2.4.3, a lower heat-sink temperature
can significantly reduce the input power and size of the sorption
compressor. In this section, we discuss the method to realize a
colder (<77 K) heat-sink for the METIS cooler and analysis the over-
all energy consumption for providing the heat sink by LN2.

The METIS optics will be cooled by an LN2 line and it is planned
to use part of that line as an LN2 bus for heat-sinking the sorption
compressor. Fig. 13(a) schematically illustrates a conventional
open-loop LN2 system. The LN2 can be produced by large air sep-
aration plant somewhere else and transported to the E-ELT site, or
provided by a small-scale liquefaction facility on-site. It is possible
to facilitate decreasing the pressure of the LN2 resulting in a lower
boiling temperature, i.e. a lower heat-sink temperature. However,
in such an open loop, the evaporated nitrogen is vented and a vac-
uum pump is required for reducing the vapor pressure. Such oper-
ation wastes large amounts of cold energy and because of this
inefficiency large amounts of LN2 need to be supplied.

As an alternative, a closed-loop LN2 design as shown in Fig. 13
(b) is highly recommended for METIS, since it shows great thermo-
dynamic and economic efficiency compared to the open-loop sys-
tem [17]. In such closed-loop system, a powerful cryogenerator,
such as a Stirling SPC-4 cooler, installed away from the METIS plat-
form is utilized to re-condense the evaporated nitrogen vapor and



Table 8
Cold-stage performance comparison between different configurations.

Inputs
Working fluid Hydrogen Warm end temp., K 73
Cooling temp., K 24.9/14.9 Pre-cooling temp., K 40
Cooling power, W 1.61/0.42 Effectiveness of CFHXs 100% for all

Outputs
Configuration SSP DPLHV1 DPLHV2 DPLHV3
ph;opt , bar 35.98/3.21 35.98 35.58 45.49
DGin , W 4.49(3.58 + 0.91) 5.37(4.47 + 0.90) 5.40(4.47 + 0.93) 9.78
_QpreC@40 K, W 1.20(1.19 + 0.01) 1.49 1.49 1.39

_m, mg/s 5.01/0.92 6.24(5.32 + 0.92) 6.27(5.31 + 0.96) 5.57

Compr.2Compr.1

25 K

15 K

40 K

(a) SSP

Compr.2 Compr.1

25 K

15 K

40 K

(b) DPLHV1

Compr.2 Compr.1

25 K

15 K

40 K

(c) DPLHV2

Compr.2 Compr.1

25 K

15 K

40 K

(d) DPLHV3

Fig. 12. Alternative configurations for the hydrogen stage in the METIS cooler. (a) Separated stages in parallel (SSP); (b), (c) and (d) are three variations of dual-pressure
Linde-Hampson (DPLH) configurations.
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Fig. 13. Schematic of the conceptual LN2 bath/bus for the heat-sink of the sorption compressor in the METIS cooler: (a) an open-loop system, in which the evaporated cold
nitrogen gas (GN2) is directly ventilated to the ambient; (b) a closed-loop system, in which a cryogenerator is used to condense the cold GN2.
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recirculate the LN2. A LN2 pump is used for circulating the nitro-
gen, of which the power consumption is negligible compared with
that of the cryogenerator and the sorption cooler chain.

Based on the closed-loop LN2 system, the required overall input
power for the LN2 cooling system (sorption cooler chain plus the
additional capacity of the LN2 system for heat-sinking) of the
METIS instrument was calculated based on different heat-sink
temperature. The overall input is breakdown into two parts:

(1) The input power for the sorption cooler:
The input power to the sorption compressor is calculated in
Section 2.4.3, and it is plotted as a function of the heat-sink
temperature in Fig. 14. The sorption cooler power consump-
tion decreases about 6%/K as the heat-sink temperature
decreases. It directly determines the required LN2 flow rate
which is presented in Fig. 14 as well.

(2) The input power for the cryogenerator to condense the LN2:
An extensive cryocooler survey [18] shows that the relative
Carnot efficiency gRel;C for 60–80 K cooling is in the range of
5–20%, strongly depending on the cooler type and cooling
capacity. Stirling cooler with large capacities are expected
to have high efficiency and suitable capacity for application
in METIS. Fig. 15(a) shows the specification of a typical cryo-
generator SPC-4 provided by Stirling Cryogenics B.V. [19],
based on which the relative Carnot efficiency can be
obtained as shown in Fig. 15(b).

Thus, the input power to the cryogenerator to condense the LN2
for heat-sinking the sorption cooler chain can be evaluated by,

_QLN2 ¼
_Qc;HS

gRel;C�Carnot
ð8Þ

where �Carnot is the Carnot efficiency between THS and Tamb and _Qc;HS

is the effective cooling power of the LN2 bath/bus at THS, i.e. the
latent heat of the LN2, that is written as,

_Qc;HS ¼ _ml;2 hv � hlð Þ ¼ _mLN2 h3 � h1ð Þ ð9Þ
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The overall energy consumption for the LN2 system of METIS is
calculated as a function of the heat-sink temperature, see Fig. 16.
The cryogenerator consumes by far the largest part of the input
power which is obvious since the sorption cooler input power is
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Fig. 16. Energy consumption rate for the LN2 cooling system of the METIS instrument as a
power is broken down into two parts: the input power for the sorption cooler; the power
red numbers at the top of the bars indicate the required number of cells of the sorption
dissipated at the heat sink and thus has to be cooled by the cryo-
generator. As shown in Fig. 16, the overall energy consumption
can be reduced by selecting a lower heat-sink temperature. Such
strategy also reduces the size of the cooling system (less sorption
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function of the controlled heat-sink temperature. The required overall energy input
required to produce the LN2. These two parts are considered in detail in the text. The
compressor based on carbon dimension of 1.5 ⁄ 50 cm.
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compressor cells and less LN2 flow rate). Finally, we chose 70 K as
the heat-sink temperature for the baseline design (as shown in
Section 2.5).

The method discussed in this section gives a fair, rough estima-
tion of the required input power for the LN2 cooling system of the
METIS instrument. In the next level design where the system is fur-
ther specified, the above method shall be used again to find the
relationship between the heat-sink temperature and the energy
effectiveness of the overall system. Size, cost and complexity of
the system shall be also considered in a further detailed trade-off
to eventually determine the optimum heat-sink temperature.

4. Demonstration plan for the METIS cooler

Based on the results of the baseline design, the helium stage
was identified as the most critical stage with respect to the energy
efficiency and size. Therefore, it was decided to demonstrate the
feasibility with respect to efficiency in a full-scaled helium JT cold
stage and in a scaled helium-stage sorption compressor. Further-
more, the neon stage was considered as a good example for
demonstrating the integration of the sorption compressor and
the JT cold stage. Therefore, three setups are planned to demon-
strate the sorption JT cooler technology for such a large ground
application and to validate the design:

1. Full-scale 8 K helium JT cold stage. This demonstrator is repre-
sentative of the helium stage in the METIS cooler chain in terms
of cooling power, cooling temperature and mass flow, but it is
driven by a mechanical compressor. Precooling is supplied by
a conventional mechanical cooler. The aim is to validate the
cold-stage performance, in particular regarding the 15–8 K
CFHX, the 8 K CHX, and the JTR.

2. Scaled helium sorption compressor. The second demonstrator is
a scaled version of the helium compressor in the METIS cooler
chain, which contains sorption compressor cells of sizes repre-
sentative for METIS and operates with the same heat-sink tem-
perature as the METIS cooler. However, the number of cells is
limited to about one tenth of the METIS helium compressor.
The aim is to validate the performance of the helium sorption
compressor, in particular regarding COP, cell size, and the
dynamic behavior of the sorption compressor.

3. Scaled 40 K neon sorption cooler. This is a complete neon-stage
prototype cooler establishing about one-fourth of the required
cooling power of the neon stage cooler for METIS. The purpose
is to demonstrate a full-functional sorption cooler and validate
the design of the critical components.

5. Conclusions

A sorption-based JT cooler was proposed for the sub-LN2 tem-
perature cooling in the METIS instrument. The detailed design pro-
cess at system level for developing such cooler is described in this
paper. In the conceptual baseline design of the METIS cooler chain
three stages are thermally linked in parallel and provide cooling at
8 K (helium), 25 K (hydrogen) and 40 K (neon). By using a quasi-
static model combined with suitable design margins and assump-
tions, the operating conditions (e.g. high pressures, regeneration
temperatures and heat-sink temperature) were optimized and
the cooler performance as well as the size were evaluated. The
helium stage determines the overall input power and size of the
system. It operates with a small pressure ratio (only 1.85) but con-
sumes more than 60% of the total input power. The hydrogen stage
uses a two-stage sorption compressor to compress the hydrogen
from 0.12 bar to 23.7 bar. The neon stage requires a quite high
optimum high pressure of almost 96 bar. In total, the cooler chain
requires 1.03 kW of input power at a heat-sink temperature of 70 K
(taking into account 25% margins in (pre) cooling powers and 10%
margin added to the resulting input power).

Four alternative configurations for the hydrogen cold stage were
discussed: three versionswith a double expansion thus establishing
two temperature levels, one at 25 K and one at 15 K, and the fourth a
combination of two separate sorption coolers. The configuration
used in the baseline design (double expansion in the high pressure
line with a single return line) was selected because of its high sim-
plicity and compactness. The other alternatives, however, have a
higher efficiency and, therefore, suggest that all aspects, coupling
to the sorption compressor, the sizes and complexity and the man-
ufacturability shall be considered in a further trade-off to decide
what configuration should be used in the METIS cooler chain.

In addition, a conceptual design of the pumped LN2 bus for
heat-sinking the sorption compressors was presented. Based on
such a heat-sink system, the relationship between the heat-sink
temperature and the overall energy consumption of the LN2 cool-
ing system were then analyzed. Finally, 70 K was selected as the
heat-sink temperature for the baseline design.

With respect to the results of the baseline design, the helium
stage was identified as the most critical stage with respect to the
energy efficiency and size. Also, the neon stage was considered
as a good example to demonstrate the integration of the sorption
compressor and the JT cold stage. Therefore, three demonstration
setups are planned for demonstrating the sorption JT cooler tech-
nology for such a large ground application and to validate the
design: (1) full-scale 8 K helium JT cold stage, (2) scaled helium
sorption compressor and (3) scaled 40 K neon sorption cooler.
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