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ABSTRACT
The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) is a pre-project mis-

sion of JAXA to launch a large infrared observatory to the second Sun–Earth L agrangian liberation 
point (L 2). A uniq ue feature of the SPICA cryogenic system is a warm launch system using radia-
tive cooling and numerous mechanical coolers in orbit to cool the 2.5 m telescope to less than 8  K 
and its detectors to sub-kelvin temperatures. SPICA uses two sets of 1 K Joule–Thomson  (1K-JT) 
coolers and two sets of 4 K Joule–Thomson (4K-JT) coolers with three sets of double-stage Stirling 
(2ST) coolers, respectively used as pre-coolers for redundancy and reliability. Additionally, two 2ST 
coolers cool the telescope shield. The pre-coolers for 1K-JT cooler must be separated from 4K-JT 
cooler because of the influence of the pre-cooler’s failure and necessary pre-cooling temperatures 
for 1K-JT coolers lower than that for the 4K-JT cooler.

This paper describes improvement for continuity of cooling operation of SPICA cryogenic sys-
tems by adding refrigerant circulation systems. The added refrigerant circulation systems increased 
the redundancy and reliability of the SPICA cryogenic system. As additional effects, the pre-coolers 
are decreased. The arrangement limitations of the thermal link and heat ex changer assemblies are 
also decreased.

INTRODUCTION
The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) is proposed as the 

Japanese infrared observatory with the following scientific objectives: 1) to elucidate the birth and 
evolution of galax ies, 2) and planetary system formation processes. For these objectives, SPICA is 
ex pected to provide imaging and spectroscopic capabilities at 5–210 μm wavelengths with a 2.5 m 
telescope cooled to a temperature below 8  K and its detectors to sub-kelvin temperatures1, 2. A new 
concept for the SPICA cryogenic system is a warm launch approach, meaning that the scientific 
telescope assembly (STA) includes a 2.5 m telescope and that the focal plane instrument assembly 
(FPIA) is warm when launched, but that it cools in orbit. Figure 1 present the mechanical cool-
ing system used for the SPICA payload module1, 2. The telescope and the FPIA are cooled to deep 
space temperatures by multi-stage radiation and by numerous mechanical coolers. This system 
obviates the need to launch a large and heavy vacuum vessel. The scientific instruments of SPICA 
are SPICA Mid-infrared instruments (SMI), a SPICA far-infrared imaging spectrometer (SAFARI), 
and a Magnetic field explorer with BOlometric Polarimeter (B-BOP) . The operating temperature 
of SMI detectors must be lower than 2 K. From these perspectives, a 1 K Joule–Thomson (1K-JT) 
cooler in a mechanical cooler system is also used as a 1.7  K heat sink.
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The operational temperature of detectors in SAFARI must be 50 mK. A heat sink should be 
prepared to operate at a temperature lower than 4.5 K. Two sets of the 4K-JT cooler and two sets of 
the 1K-JT cooler are used for redundancy. The three double-stage Stirling coolers (2STs) are used 
respectively as pre-coolers of the 4K-JT and the 1K-JT cooler. SAFARI and B-BOP are proposed 
to use two sets of sub-K coolers to make 50 mK from a 1K-JT and 4K-JT cooler heat sink. The sub-K 
cooler consists of the adiabatic demagnetization refrigerator (ADR), which can provide 50 mK of 
operational temperature from 300 mK, and a 3He sorption cooler as a pre-cooler of the ADR. Two sets 
of the 4K-JT coolers are also used to cool the baffle surrounding the STA in addition to radiative 
cooling. Additionally, two sets of 2ST coolers are used to cool the telescope shield actively using 
radiative cooling. The 4K-JT and 2ST coolers are based on the developed model for ASTRO-H3. 
The 1K-JT cooler is regarded as an engineering model under environment and lifetime tests4.

P ROP OSE D RE F RIG E RANT CIRCUL ATION SYSTE M
Two types of newly conceived refrigerant circulation systems (RCS) for improving the con-

tinuity of cooling operations of SPICA cryogenic system are proposed as shown in Figure 2 and 
Figure 3. Although three pre-coolers are needed for the two sets of 4K-JT coolers (or 1K-JT coolers) 
in Figure 1, only two pre-coolers are used in Figure 2 and Figure 3.

F l ow Diagram of  P rop osed Ref rigerant Circ ul ation Sy stem
Figure 2 portrays a Type 1 system flow diagram with two refrigerant circulation systems 

(RCSs) added independently to two sets of a 4K-JT cooler with a pre-cooler. The 4K-JT cooler 
can be replaced by 1K-JT cooler in Figure 2. The RCS facilitates heat ex change between the JT 
cooler and the pre-cooler. One RCS comprises two circulation pumps, two sets of two-stage heat 
ex changer (C-HEX 1 and 2), and two sets of two-stage heat ex changers (J-HEX 1 and 2), which 
ex change heat between the JT cooler and the RCS. These four two-stage heat ex changers and a 
pre-cooler can be connected by long stainless tubing with small diameter and thin walls to reduce 
heat conduction loss. Six  latch type solenoid valves and four pressure transducers are eq uipped in 
adding the two RCSs. When the mass flow rate (mc) in the RCS is close to the mass flow rate (m) 
of JT cooler, the circulation pump can be operated by only several watts of input power to the pump 
because there is no large pressure drop as there is with the orifice in the JT cycle.

F igure 1. Mechanical cooling system for SPICA payload module.
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Figure 3 is a Type 2 system flow diagram with the two added refrigerant circulation systems 
(RCSs) without a circulation pump, two pre-coolers, and a JT heat ex changer system with two JT 
compressor systems. In Figure 3, the 4K-JT cooler can be replaced by a 1K-JT cooler. The RCS 
comprises two sets of two-stage heat ex changer (C-HEX 1 and 2) and one set of two-stage heat 
ex changer (J-HEX 1 and 2). These three sets of two-stage heat ex changers and two pre-cooler can 

F igure 2. Type-1 flow diagram of proposed refrigerant circulation systems.

F igure 3. Type-2 flow diagram of the proposed refrigerant circulation systems.
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be connected by long stainless tubing with small diameters and thin walls to reduce heat conduc-
tion loss. The Type 2 system uses one JT compressor system to circulate the refrigerant instead of 
the circulation pump in Figure 2. Twelve latch-type solenoid valves and two pressure transducers 
are eq uipped when adding the RCS. In the Type 2 system, the working gas in the RCS and JT 
cooler, ex cept the pre-cooler, must be the same.

Op erational  Desc rip tion of  P rop osed Ref rigerant Circ ul ation Sy stem
Nominal operation of the Type 1 system is done independently with the 4K-JT cooler and re-

frigerant circulation system (RCS) with the latch type solenoid valves V 3 and V 6 closed.  W hen a 
JT compressor system or a pre-cooler in a 4K-JT cooler has trouble, then the 4K-JT cooler is halted, 
then the normal 4K-JT cooler with a RCS is operated by itself with increased input power. W hen a 
circulation pump has trouble, the latch type solenoid valves V 3 and V 6 are opened. Then the normal 
circulation pump is operated alone for the two refrigerant circulation systems.

The JT compressor system 1 uses the 4K-JT cooler and JT compressor. System 2 uses the RCS. The 
nominal operation of the Type 2 system is for each pre-cooler and the RCS independently with latch-type 
solenoid valves V 1, V 3, V 6, and V 8  closed. If the JT compressor system 1 has trouble, then JT compres-
sor system 2 is changed to use the 4K-JT cooler. One normal compressor of JT compressor system 1 is 
useful for the RCS with valves V 2, V 5, V 7 , and V 9  closed. W hen one pre-cooler of two pre-coolers has 
trouble, then the troubled pre-cooler is stopped. The normal pre-cooler with an RCS is only operated with 
increased input power. In case the pre-cooler 1 has trouble, the latch type solenoid valves V 4 and V 12 are 
closed. If pre-cooler 2 has trouble, latch type solenoid valves V 10 and V 11 are closed.

COMP ARISON W ITH SP ICA ORIG INAL  AND P ROP OSE D TYP E S
Table 1 presents a summary of comparison with the mass and power consumption of the 4K-JT system 

and 1K-JT system of SPICA originally in Figure 1 and proposed Type 1 and Type 2 in Figures 2 and 3. 

Number
Mass
(kg)

Power
 (W )

Number
Mass
(kg)

Power
 (W )

Number
Mass
(kg)

Power
 (W )

Pre-cooler (2ST) 3 30 229 .5 2 20 163 2 20 163
JT compressor system 2 sets 24 144 2 sets 24 144 2 sets 24 7 8
JT heat ex changers 2 sets 12 0 2 sets 12 0 1 set 6 0
L atch type magnetic valve 6 3 0 12 6 0 12 6 0
Pressure transducer 8 4.4 4 10 5.5 5 9 4.9 5 4.5
Circulation pump 0 0 0 2 7 6 0 0 0
Circulation heat ex changers 0 0 0 2 sets 8 0 2 sets 9 0
Driver of pre-cooler (2ST) 3 21 154.6 2 14 9 8 .0 2 14 9 8 .0
Driver of JT cooler (JTC) 2 22 8 5.3 2 22 8 6.3 2 22 63.4
Driver of circulation pump 0 0 0 2 0.4 24 0 0 0

Total 116.4 617 .3 118 .9 526.3 106.0 406.8

Number
Mass
(kg)

Power
 (W )

Number
Mass
(kg)

Power
 (W )

Number
Mass
(kg)

Power
 (W )

Pre-cooler (2ST) 3 30 18 4.5 2 20 143 2 20 143
JT compressor system 2 sets 48 144 2 sets 48 144 2 sets 48 7 8
JT heat ex changers 2 sets 12 0 2 sets 12 0 1 set 6 0
L atch type magnetic valve 6 3 0 12 6 0 12 6 0
Pressure transducer 8 4.4 4 12 6.6 6 9 4.9 5 4.5
Circulation pump 0 0 0 2 7 6 0 0 0
Circulation heat ex changers 0 0 0 2 sets 8 0 2 sets 9 0
Driver of pre-cooler (2ST) 3 21 140.2 2 14 9 1.5 2 14 9 1.5
Driver of JT cooler (JTC) 4 44 124.0 4 44 126.0 4 44 106.6
Driver of circulation pump 0 0 0 2 0.4 24 0 0 0

Total 162.4 59 6.6 166.0 540.5 152.0 423.7

Components of
4K-JT system

SPICA Original in Fig. 1 Proposed Type-1 in Fig.2 Proposed Type-2 in Fig. 3

Components of
1K-JT system

SPICA Original in Fig. 1 Proposed Type-1 in Fig.2 Proposed Type-2 in Fig. 3

Tab l e 1. Comparison of SPICA original to two proposed types. C21_113 5The proposed Type 1 increases the mass 2.2%  and decreases the power consumption 12.1%  to the SPICA 
originally. The mass and the power consumption of the proposed Type 2 is decreased by 7 .5%  and 31.6%  
respectively to SPICA originally. The proposed Type 2 has a slightly more complicated configuration, but 
it presents important benefits in terms of its mass and power consumption.

Parasitic heat loss through the cylinder of our double-stage Stirling cooler (2ST) was measured. 
The parasitic heat loss was typically 800 mW at the 85 K first-stage temperature and 200 mW at the 
19  K second-stage temperature. These numbers are comparable to the cooling capacity of the 2ST. 
Therefore, the present plan for the mechanical cooler system shown in Figure 1 uses three sets of 
2ST for 4K-JT and 1K-JT coolers, respectively, for redundancy. When one 2ST presents difficulty 
and halts, one of two nominal 2STs must reject the parasitic heat loss, also one 2ST is used for the 
JT cooler as a pre-cooler. However, the proposed refrigerant circulation system uses only stainless 
tubing with small diameter and thin walls for thermal connection between the heat ex changers of 
JT cooler and the cold stages of the pre-cooler. Because the tubing can be long, the heat conduction 
loss can be of 1/100 to 1/1000 of the parasitic heat loss through the 2ST cylinder, which is a benefi-
cial arrangement for the limitation of thermal links and decrease of the heat ex changer assemblies.

THE RMAL  BAL ANCE  ANAL YSIS OF  RE F RIG E RANT CIRCUL ATION SYSTE M

Thermal design by heat balance analysis to attain optimum design of 4K-JT or 1K-JT cooler 
was investigated and presented in an earlier report5.

As described herein, to attain optimum thermal design of refrigerant circulation systems (RCSs), 
heat balance analysis is conducted. For that analysis, the thermal cycle flow diagram presented in 
Figures 2 and 3 are divided into two sections, one shows the area around second-stage heat ex chang-
ers (C-HEX2, JHEX2) and the second stage of the pre-cooler and the other shows the area around 
first-stage heat exchangers (C-HEX1, J-HEX1) and the first stage of the pre-cooler

The working gas of refrigerant circulation systems are assumed to be the same as that in the 
JT cycle. It is defined as the mass flow rate (mc) and constant pressure (Pc).

Heat b al anc e anal y sis around sec ond- stage heat ex c hangers and the p re- c ool er
The heat ex change capacity (Q 2) of J-HEX2 and the heat ex change capacity (Q p2) at the second 

stage of the pre-cooler are given by the following eq uations.
　    Q 2 =  m (h4－h5) =  mc (hc7 －hc6)        (1)
　    Q p2 =  mc (hc5－hc6)          (2)

Heat exchange efficiency ηJ2 of the heat ex changer (C-HEX2) is ex pressed by enthalpy as shown below.
ηc2 =  (hc8 －hc7 ) / (hc4－hc7 )        (3)

From eq uation (3), h c8  is ex pressed as shown below.
　　　          hc8  =  (1－ηc2) hc7 ＋ηc2 hc4　       (3a)

Heat balance of the heat ex changer (C-HEX2) is ex pressed as
　　            hc8 －hc7  =  hc4－hc5 .        (4)

From eq uation (3) and eq uation (4), h c5 is ex pressed as
hc5 =  (1－ηc2) hc4＋ηc2 hc7  .       (5)

Subtracting eq uation (1) from eq uation (2), the following eq uation is obtained.
       Q p2－Q 2 =  mc (hc5－hc7 )         (6)

Substituting eq uation (5) into eq uation (6), one obtains the following eq uation.
Q p2－Q 2 =  mc [(1－ηc2) hc4－ηc2 hc7  hc7 ] =  mc (1－ηc2) (hc4－hc7 )    (7 )

Heat balance analysis around first-stage heat ex c hangers and the p re- c ool er
The heat ex change capacity (Q 1) of J-HEX1 and the heat exchange capacity (Qp1) at the first 

stage of the pre-cooler are given by the following eq uations.
　  Q 1 =  m(h2－h3) =  mc (hc4－hc3)        (8 )
　  Q p1 =  mc (hc2－hc3)          (9 )
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ers (C-HEX2, JHEX2) and the second stage of the pre-cooler and the other shows the area around 
first-stage heat exchangers (C-HEX1, J-HEX1) and the first stage of the pre-cooler

The working gas of refrigerant circulation systems are assumed to be the same as that in the 
JT cycle. It is defined as the mass flow rate (mc) and constant pressure (Pc).

Heat b al anc e anal y sis around sec ond- stage heat ex c hangers and the p re- c ool er
The heat ex change capacity (Q 2) of J-HEX2 and the heat ex change capacity (Q p2) at the second 

stage of the pre-cooler are given by the following eq uations.
　    Q 2 =  m (h4－h5) =  mc (hc7 －hc6)        (1)
　    Q p2 =  mc (hc5－hc6)          (2)

Heat exchange efficiency ηJ2 of the heat ex changer (C-HEX2) is ex pressed by enthalpy as shown below.
ηc2 =  (hc8 －hc7 ) / (hc4－hc7 )        (3)

From eq uation (3), h c8  is ex pressed as shown below.
　　　          hc8  =  (1－ηc2) hc7 ＋ηc2 hc4　       (3a)

Heat balance of the heat ex changer (C-HEX2) is ex pressed as
　　            hc8 －hc7  =  hc4－hc5 .        (4)

From eq uation (3) and eq uation (4), h c5 is ex pressed as
hc5 =  (1－ηc2) hc4＋ηc2 hc7  .       (5)

Subtracting eq uation (1) from eq uation (2), the following eq uation is obtained.
       Q p2－Q 2 =  mc (hc5－hc7 )         (6)

Substituting eq uation (5) into eq uation (6), one obtains the following eq uation.
Q p2－Q 2 =  mc [(1－ηc2) hc4－ηc2 hc7  hc7 ] =  mc (1－ηc2) (hc4－hc7 )    (7 )

Heat balance analysis around first-stage heat ex c hangers and the p re- c ool er
The heat ex change capacity (Q 1) of J-HEX1 and the heat exchange capacity (Qp1) at the first 

stage of the pre-cooler are given by the following eq uations.
　  Q 1 =  m(h2－h3) =  mc (hc4－hc3)        (8 )
　  Q p1 =  mc (hc2－hc3)          (9 )
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C21_113 6Heat exchange efficiency ηJ1 of the heat ex changer (C-HEX1) is ex pressed by enthalpy as shown below.
ηc1 =  (hc9 －hc8 ) / (hc1－hc8 )        (10)

Heat balance of the heat ex changer (C-HEX1) is ex pressed as
　　        　hc9 －hc8  =  hc1－hc2         (11)

From eq uation (10) and eq uation (11), h c2 is
　hc2 =  (1－ηc1) hc1＋ηc1 hc8         (12)

Subtracting eq uation (8 ) from eq uation (9 ) yields the following eq uation.
Q p1－Q 1 =  mc (hc2－hc4)         (13)

Substituting eq uation (12) and eq uation (3a) into eq uation (13) produces the following.
Q p1－Q 1 =  mc [(1－ηc1) hc1＋ηc1 (1－ηc2) hc7  － (1－ηc1 ηc2) hc4]   (14)

Inv estigation of  rel ational  eq uations f or hc 4 and hc 7

Eq uation (7 ) and eq uation (14) are composed from enthalpy (hc1), enthalpy (hc4) and enthalpy 
(hc7 ). Therein, enthalpy (hc1) represents the circulating pressure (Pc) and supply inlet temperature 
(Tc1) of the heat ex changer (C-HEX1), which are given as initial analysis conditions.

Given that the working gas in the refrigerant circulation system and JT cooler ex cept for the 
pre-cooler are the same, the heat exchange efficiency ηJ2 of the heat ex changer (J-HEX2) is ex pressed 
by enthalpy as shown below.

ηJ2 =  (hc7 －hc6) / (h4－hc6)        (15)
From eq uation (15), eq uation (1) is ex pressed as three relations of Q 2 shown below.

　　     Q 2 =  m (h4－h5) =  mc (hc7 －hc6) = mc ηJ2 (h4－hc6)      (1a)
Eliminating h4 and hc6 from the three relations to leave hc7  and h5 for Q 2 in eq uation (1a), h c7  yields 

the following ex pression.
               hc7  =  h5＋Q 2 [1/m＋ (1－1/ηJ2)/mc]       (16)

Under the condition described above, heat exchange efficiency ηJ1 of the heat ex changer 
(J-HEX1) is also ex pressed by enthalpy as shown below.

ηJ1 =  (hc4－hc3) / (h2－hc3)        (17 )
From eq uation (17 ), eq uation (8 ) is ex pressed as three relations of Q 1 shown below.

　  Q 1 =  m (h2－h3) =  mc (hc4－hc3) = mc ηJ1 (h2－hc3)      (8 a)
Eliminating h2 and hc3 from the three relations to leave hc4 and h3 for Q 1 in eq uation (8 a), h c4 is ex -

pressed as presented below.
               hc4 =  h3＋Q 1 [1/m＋ (1－1/ηJ1)/mc]       (18 )

DE MONSTRATION OF  THE RMAL  BAL ANCE  ANAL YSIS OF  RCS

Demonstrations of heat balance analysis of RCS for the 4K-JT cooler and the 1K-JT cooler 
were performed.

Figure 4 shows the cooling capacities (Q p1 and Q p2) at each stage of the pre-cooler shown against 
the mass flow rate (mc) of the refrigerant circulation system with efficiency (ηc1 and ηc2) of the re-
frigerant circulation exchangers (C-HEX 1 and 2) and efficiency (ηJ1 and ηJ2) of the heat ex changers 
(J-HEX 1 and 2) as parameters. From ex perimental data obtained from the 4K-JT cooler lifetime test, 
the mass flow rate (m), temperatures (T1, T3, T5, T7 ), heat loads (Q 1, Q 2, Q 3) of each stage, and JT 
supply pressure (PH) are fixed respectively as 2.43 NL/min (=7.24 gr/s), 293 K, 90 K, 18 K, 4.5 K, 
250 mW , 150 mW , 40 mW , and 1.6 MPa for thermal balance analysis. Results presented in Figure 4 
are calculated under the condition that the inlet temperature (Tc1), the mass flow rate (mc), and pressure 
(Pc) in the refrigerant circulation system are selected respectively as 29 3 K, 2.43 NL /min, and 0.4 MPa.

Figure 5 presents the respective cooling capacities (Q p1 and Q p2) at each stage of the pre-cooler 
shown against the mass flow rate (mc) of the refrigerant circulation system with efficiency (ηc1 and ηc2) 
of the refrigerant circulation exchangers (C-HEX 1 and 2) and efficiency (ηJ1 and ηJ2) of the heat 
ex changers (J-HEX 1 and 2) as parameters. From our design data of the 1K-JT cooler, the mass 
flow rate (m), temperatures (T1, T3, T5, T7 ) and heat loads (Q 1, Q 2, Q 3) of each stage, and JT supply 
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pressure (PH) are fixed respectively as 1.0 NL/min (=2.23 gr/s), 293 K, 90 K, 15 K, 4.5 K, 120 mW, 
8 0 mW , 10 mW  and 0.7  MPa for thermal balance analysis. Results shown in Figure 5 are calculated 
under conditions in which the inlet temperature (Tc1), the mass flow rate (mc), and pressure (Pc) 
in the refrigerant circulation system are selected respectively as 29 3 K, 1.0 NL /min, and 0.2 MPa.

Both Figures 4 and 5 show that the efficiency (ηJ1 and ηJ2) of the heat ex changers (J-HEX 1 and 2) 
has no influence on cooling capacities (Qp1 and Q p2) at each stage of the pre-cooler. The efficiency 
(ηc1 and ηc2) of the refrigerant circulation ex changers (C-HEX 1 and 2) must be greater than 9 8 %  
to our 2ST as a pre-cooler.

CONCL USIONS
This report has described a refrigerant circulation system (RCS) designed to improve the conti-

nuity of the SPICA cryogenic system cooling operations when the pre-cooler or JT cooler becomes 
troublesome or shows degraded performance. The added refrigerant circulation system enhances 
the redundancy and reliability of the SPICA cryogenic system. As additional effects, the number of 
pre-coolers and the power consumption are decreased. The arrangement limitations of the thermal 
link and heat ex changer assemblies are also decreased.

Investigation conducted using theoretical analyses based on enthalpy balance was conducted to 
elucidate aspects of the refrigerant circulation system. Relational ex pressions between the cooling 
capacities (Q p1 and Q p2) at each stage of the pre-cooler, the mass flow rate (m) of the JT cooler, 
and the mass flow rate (mc) of the refrigerant circulation system with the efficiency (ηc1 and ηc2) of 
the refrigerant circulation exchangers (C-HEX 1 and 2) and the efficiency (ηJ1 and ηJ2) of the heat 
ex changers (J-HEX 1 and 2) are introduced.

Results obtained from demonstrations of the RCS for the 4K-JT cooler and 1K-JT cooler show 
that the efficiency (ηc1 and ηc2) of the refrigerant circulation ex changers (C-HEX 1 and 2) must be 
greater than 9 8 %  to our 2ST as a pre-cooler.

Refrigerant circulation systems (RCSs) are anticipated for use as a key cryogenic apparatus for 
use in future astronomy missions such as SPICA, with multi-cooling systems that include numer-
ous mechanical coolers.
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F igure 5. Demonstration analysis of RCS for the 1K-JT cooler.
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C21_113 6Heat exchange efficiency ηJ1 of the heat ex changer (C-HEX1) is ex pressed by enthalpy as shown below.
ηc1 =  (hc9 －hc8 ) / (hc1－hc8 )        (10)

Heat balance of the heat ex changer (C-HEX1) is ex pressed as
　　        　hc9 －hc8  =  hc1－hc2         (11)

From eq uation (10) and eq uation (11), h c2 is
　hc2 =  (1－ηc1) hc1＋ηc1 hc8         (12)

Subtracting eq uation (8 ) from eq uation (9 ) yields the following eq uation.
Q p1－Q 1 =  mc (hc2－hc4)         (13)

Substituting eq uation (12) and eq uation (3a) into eq uation (13) produces the following.
Q p1－Q 1 =  mc [(1－ηc1) hc1＋ηc1 (1－ηc2) hc7  － (1－ηc1 ηc2) hc4]   (14)

Inv estigation of  rel ational  eq uations f or hc 4 and hc 7

Eq uation (7 ) and eq uation (14) are composed from enthalpy (hc1), enthalpy (hc4) and enthalpy 
(hc7 ). Therein, enthalpy (hc1) represents the circulating pressure (Pc) and supply inlet temperature 
(Tc1) of the heat ex changer (C-HEX1), which are given as initial analysis conditions.

Given that the working gas in the refrigerant circulation system and JT cooler ex cept for the 
pre-cooler are the same, the heat exchange efficiency ηJ2 of the heat ex changer (J-HEX2) is ex pressed 
by enthalpy as shown below.

ηJ2 =  (hc7 －hc6) / (h4－hc6)        (15)
From eq uation (15), eq uation (1) is ex pressed as three relations of Q 2 shown below.

　　     Q 2 =  m (h4－h5) =  mc (hc7 －hc6) = mc ηJ2 (h4－hc6)      (1a)
Eliminating h4 and hc6 from the three relations to leave hc7  and h5 for Q 2 in eq uation (1a), h c7  yields 

the following ex pression.
               hc7  =  h5＋ Q 2 [1/m＋ (1－1/ηJ2)/mc]       (16)

Under the condition described above, heat exchange efficiency ηJ1 of the heat ex changer 
(J-HEX1) is also ex pressed by enthalpy as shown below.

ηJ1 =  (hc4－hc3) / (h2－hc3)        (17 )
From eq uation (17 ), eq uation (8 ) is ex pressed as three relations of Q 1 shown below.

　  Q 1 =  m (h2－h3) =  mc (hc4－hc3) = mc ηJ1 (h2－hc3)      (8 a)
Eliminating h2 and hc3 from the three relations to leave hc4 and h3 for Q 1 in eq uation (8 a), h c4 is ex -

pressed as presented below.
               hc4 =  h3＋Q 1 [1/m＋ (1－1/ηJ1)/mc]       (18 )

DE MONSTRATION OF  THE RMAL  BAL ANCE  ANAL YSIS OF  RCS

Demonstrations of heat balance analysis of RCS for the 4K-JT cooler and the 1K-JT cooler 
were performed.

Figure 4 shows the cooling capacities (Q p1 and Q p2) at each stage of the pre-cooler shown against 
the mass flow rate (mc) of the refrigerant circulation system with efficiency (ηc1 and ηc2) of the re-
frigerant circulation exchangers (C-HEX 1 and 2) and efficiency (ηJ1 and ηJ2) of the heat ex changers 
(J-HEX 1 and 2) as parameters. From ex perimental data obtained from the 4K-JT cooler lifetime test, 
the mass flow rate (m), temperatures (T1, T3, T5, T7 ), heat loads (Q 1, Q 2, Q 3) of each stage, and JT 
supply pressure (PH) are fixed respectively as 2.43 NL/min (=7.24 gr/s), 293 K, 90 K, 18 K, 4.5 K, 
250 mW , 150 mW , 40 mW , and 1.6 MPa for thermal balance analysis. Results presented in Figure 4 
are calculated under the condition that the inlet temperature (Tc1), the mass flow rate (mc), and pressure 
(Pc) in the refrigerant circulation system are selected respectively as 29 3 K, 2.43 NL /min, and 0.4 MPa.

Figure 5 presents the respective cooling capacities (Q p1 and Q p2) at each stage of the pre-cooler 
shown against the mass flow rate (mc) of the refrigerant circulation system with efficiency (ηc1 and ηc2) 
of the refrigerant circulation exchangers (C-HEX 1 and 2) and efficiency (ηJ1 and ηJ2) of the heat 
ex changers (J-HEX 1 and 2) as parameters. From our design data of the 1K-JT cooler, the mass 
flow rate (m), temperatures (T1, T3, T5, T7 ) and heat loads (Q 1, Q 2, Q 3) of each stage, and JT supply 
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pressure (PH) are fixed respectively as 1.0 NL/min (=2.23 gr/s), 293 K, 90 K, 15 K, 4.5 K, 120 mW, 
8 0 mW , 10 mW  and 0.7  MPa for thermal balance analysis. Results shown in Figure 5 are calculated 
under conditions in which the inlet temperature (Tc1), the mass flow rate (mc), and pressure (Pc) 
in the refrigerant circulation system are selected respectively as 29 3 K, 1.0 NL /min, and 0.2 MPa.

Both Figures 4 and 5 show that the efficiency (ηJ1 and ηJ2) of the heat ex changers (J-HEX 1 and 2) 
has no influence on cooling capacities (Qp1 and Q p2) at each stage of the pre-cooler. The efficiency 
(ηc1 and ηc2) of the refrigerant circulation ex changers (C-HEX 1 and 2) must be greater than 9 8 %  
to our 2ST as a pre-cooler.

CONCL USIONS
This report has described a refrigerant circulation system (RCS) designed to improve the conti-

nuity of the SPICA cryogenic system cooling operations when the pre-cooler or JT cooler becomes 
troublesome or shows degraded performance. The added refrigerant circulation system enhances 
the redundancy and reliability of the SPICA cryogenic system. As additional effects, the number of 
pre-coolers and the power consumption are decreased. The arrangement limitations of the thermal 
link and heat ex changer assemblies are also decreased.

Investigation conducted using theoretical analyses based on enthalpy balance was conducted to 
elucidate aspects of the refrigerant circulation system. Relational ex pressions between the cooling 
capacities (Q p1 and Q p2) at each stage of the pre-cooler, the mass flow rate (m) of the JT cooler, 
and the mass flow rate (mc) of the refrigerant circulation system with the efficiency (ηc1 and ηc2) of 
the refrigerant circulation exchangers (C-HEX 1 and 2) and the efficiency (ηJ1 and ηJ2) of the heat 
ex changers (J-HEX 1 and 2) are introduced.

Results obtained from demonstrations of the RCS for the 4K-JT cooler and 1K-JT cooler show 
that the efficiency (ηc1 and ηc2) of the refrigerant circulation ex changers (C-HEX 1 and 2) must be 
greater than 9 8 %  to our 2ST as a pre-cooler.

Refrigerant circulation systems (RCSs) are anticipated for use as a key cryogenic apparatus for 
use in future astronomy missions such as SPICA, with multi-cooling systems that include numer-
ous mechanical coolers.
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ABSTRACT

Over the past 55 years, Cryomech has been a leading supplier of low-temperature cryogenic
solutions for industrial and laboratory applications. Many of these solutions begin with a paper concept to
fulfill the needs of a diverse application challenge.  Involvement in this industry has provided a unique
window into some of the world’s most cutting-edge cryogenic applications. In this paper, we explore
three of these diverse and scientifically challenging applications of cryogenic cooling.  In particular,
applications in ground-based telescopes, helium recovery solutions for MEG cryostats, and
superconducting technology. Specific examples in each of these areas will describe both the application
and the cryogenic technology used to support the application.

INTRODUCTION

Cryomech was founded in 1963 by William E. Gifford during the early years of his career at Syracuse
University as a professor of Mechanical Engineering. Since its inception, Cryomech has operated with a
special focus and a unique culture of saying yes to challenges that have continuously empowered us to
partner with innovators across diverse fields of applications. Many of Cryomech’s products have matured
from early prototypes that were developed to solve specific heat removal needs. Cryomech now boasts
over 30 standard cryocooler models, covering a temperature range from 2.8K to 120K. Despite the wide
selection of standard cryocoolers, Cryomech still maintains the ability to further customize per application,
including a diverse selection of liquefiers and reliquefiers. With this experience, Cryomech is distinctly
positioned to collaborate with thought leaders in pioneering unique solutions for the next generation of
cryocooling needs.

CRYOCOOLER APPLICATIONS IN GROUND-BASED TELESCOPES

Introduction of Ground-Based Telescopes

Ground-based telescopes enable the study of the visible and invisible regions of the universe from
Earth. Despite the challenges presented by Earth’s atmosphere, the ever-expanding technology of ground-
based telescopes is an extensive research field, especially when compared to their space-based counterparts.
The development and deployment costs of ground-based telescopes are significantly less than space
telescopes, and they provide the versatility to simultaneously conduct interdisciplinary studies at a relatively
high pace. Perhaps the most beneficial factors are the ease of physical access, ease of repair, and ability to
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