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Abstract: This study presents energy and exergy analyses conducted on a Gifford-McMahon cycle refrigerator.
Through detailed numerical simulations, the performance of the refrigerator is thoroughly assessed, with a
particular focus on energy and exergy losses. The obtained results are compared with Sankey and Grassman
diagrams, providing visual representations of energy and exergy flows within the system. The localization of
exergy losses is carefully analysed to identify key areas for optimization aimed at enhancing efficiency and
power output. By pinpointing sources of exergy destruction, targeted improvements can be implemented to
maximize the overall performance of the refrigerator. Overall, this research contributes to a deeper
understanding of the thermodynamic behaviour of Gifford-McMahon cycle refrigerators and provides
valuable insights for optimizing their performance in practical applications.
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1. Introduction

The Gifford-McMahon refrigeration cycle [1-5] is a thermodynamic process used for low-
temperature refrigeration, often in cryogenics. It involves the compression and expansion of gas
through a system of coupled piston-cylinders along with heat transfer through heat exchangers. This
cycle is particularly effective in achieving extremely low temperatures, such as those required for gas
liquefaction and other cryogenic applications. This cycle is commonly used in various cryogenic
applications, including the liquefaction of gases like hydrogen. The ability of the Gifford-McMahon
cycle to efficiently achieve temperatures below 20K has positioned it as a pivotal technology in
cryogenic applications such as liquefaction of gases, superconductivity, and low-temperature
research. Beyond its traditional cryogenic uses, recent advancements have sparked interest in
harnessing the cycle’s capabilities in emerging energy sectors. This article aims to provide a
comprehensive overview of the Gifford-McMahon cycle’s principles and operation, highlighting its
potential applications in energy-related fields. We explore how the cycle’s unique thermodynamic
characteristics make it an attractive candidate for various energy conversion and storage
technologies, including liquefied natural gas (LNG) production, hydrogen liquefaction, and
renewable energy storage. Through a detailed analysis of the cycle’s performance and efficiency, we
aim to elucidate its advantages and limitations starting from a thermodynamic and exergy analysis.
Additionally, we discuss recent research endeavors and technological innovations aimed at
optimizing and enhancing the Gifford-McMahon cycle for broader energy applications. Overall, this
article seeks to contribute to the understanding of the Gifford-McMahon cycle’s role in shaping the
future of energy systems and inspire further exploration into its potential in advancing sustainable
energy solutions. In particular, the Gifford-McMahon cycle could be used to liquefy tiny amounts of
hydrogen, for example in jewelers and gold factories. In fact, this gas has always been used in
goldsmithing. Historically, it has been used in welding, for example for chains. In addition, hydrogen
is used to remove stains and clean metals of oxides.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Gifford- Mc-Mahon Thermodynamic Cycle

A thermodynamic analysis of the operation of the chiller is therefore necessary [6]. The
examination begins by considering the piston at the lower point in state 5 (Figure 1) with pressure
Ps=Ps, temperature Ts and mass ms=PsV /RTs, with V extensive volume common to the hot and cold
chamber.

Figure 1. Gifford-McMahon thermodynamic cycle of commercial machines.

When the Li inlet valve opens, the cylinder does not move while the pressure rises sharply to Pa
(compressor discharge pressure) with a first mass injection, reaching state 7. During the
transformation, the energy of the gas in the hot chamber increases by the amount A(mCvT)=lo Am so
that the group

m(C,T — C,T) = cost 1)

remains constant, i.e., for the equation of state

T
P (1 - y—o) = cost 2)
T
Therefore, state 7 assumes the temperature
_ _ YTsToll
17 = rea-n e ®

and the pressure P7=Pa.
In addition, the mass contained in the hot chamber at the end of the compression is

m7=PaV/RT7 4)

Then the cylinder rises, expelling the gas from the upper chamber and beginning to fill the cold
chamber B where the temperature Ts prevails. A second injection of gas from the valve mixes with
the helium escaping from chambre A. The total mass of mixed gas, which is equal to the filling mass
of the cold chamber, is therefore.

m2=PaV/RT2 4)
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while the total mass introduced into the chiller through the inlet valve is m=m2-ms.
After the mixing process (at the inlet of the regenerator) the mass m: of gas is then in state 1 with
a pressure Pi=Pa and a temperature T1 obtained from the energy balance equation

m2Ti=m7+(mz-m7) To (5)

so what

I
T,=T,+To— = (6)
T
The production of entropy A Sprod,1 in the upper chamber A can be calculated by observing that:
a) a mass ms enters the thermodynamic conditions Ps, Ts of entropy s,

b) a mass m=m>-ms in state 0, with entropy so enters, through the lamination valve,

c) the mixed mass mz in the state 1 with s1 comes out of the thermodynamic system

We therefore obtain

ASproan = M3Sy — (Mg — Ms5)So — MsSs 7)

The gas, passing through the regenerator, passes from the temperature T1 to T2 with Ti=Ts+AT
and T>=T+AT; the thermal difference AT between the round trip is related to the efficiency of the
regenerator itself by the
Ty —Ts _ AT

=1-
Ty | T -T, ®)

E =

The entropy production related to the transmission of heat inside the regenerator can be
calculated considering that:

1) a mass mz in state 1 enters the outward journey and exits in state 2 with temperature T2 and
pressure Pa,

2) the mass m2 on the return enters the condition of state 4 and exits in state 5. We then obtain

IoTs
ASproa2 = Ma[(s3 = 51) + (55— 54)] = m,Cp lnﬁ )]
1lp

At the outlet of the regenerator, the mass m2 of helium in state 2 fills the cold chamber, with the
piston in the top dead center.

When the exhaust valve is opened, the gas expands rapidly into the lower chamber and some of
it escapes. The expansion of helium in this chamber can be considered isentropic (S5=S2), so the
depletion law

PVY = cost (10)
applies. Hence with simple steps,

pA\MY

m=m;|— 11

z (P2> =

where m and P were intermediate between 2 and 3. At the end of the expansion in the cold

chamber there is a mass
PgV

™3 = 1 (12)

of gas in state 3, characterized by pressure P; = Pzand temperature
Ty = T,N0 M /"a=1, (13)
The leakage of the mass (mz-ms) of gas occurs (at variable temperature) with fluid dynamic
irreversibility: therefore, it induces a development of entropy. The production of elementary entropy

due to the irreversible adiabatic expansion of a mass dm of gas from the generic pressure P (in the
cold chamber) to the pressure PB is given by
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4
P m
dSproq = —R1n (P_s) dm = —Ryln (m_3> dm (14)
in total we have
ms m
48 r0q3 = —Ry f In (m—) dm = Rm,[y(IT~7 — 1) +In 1| (15)
my 2

Subsequently, because of the piston motion, the residual gas also exits the cold chamber. The
entire mass ms of helium is considered to participate in the refrigeration effect, and it heats up to the
temperature Ts (state 4). As a result, the useful amount of heat is

Q = myCp(Tp — T2) + R(myT, — m3T3) (16)

this process is also irreversible due to the temperature difference between the current
temperature of the fluid and Ts. Finally, in the conditions of state 4, helium passes through the
regenerator again, leaving it at temperature Ts and pressure unchanged Ps (state 5); A portion of mass
ms (usually very small) fills the hot chamber, while the remaining portion of mass m is ejected. The
above reports allow to calculate the characteristics of the fluid states inside the chiller, the gas masses
and the entropy productions once the operating temperatures Ta and Ts, the pressures Pa and Ps and
the volume V of the chambers are assigned.

3. Case Study

The cryogenic generator under consideration, manufactured by Galileo Vacuum Tec (GVT), is
designed to achieve operating temperatures significantly below 20K, making it suitable for hydrogen
liquefaction. This generator operates using gaseous helium in a closed circuit, without the need for
“liquefied gases.”

The cryocooler consists of two main units:

-The compressor group, identified by GVT as D2A, supplies compressed helium to the
refrigeration unit. It comprises a hermetic compressor with a power output of 2kW, a refrigerant gas-
liquid heat exchanger for cooling the gas after compression, and two series-connected filters for gas
purification.

-The refrigerator, referred to as K1, is where the compressed, purified, and initially room
temperature gas from the compressor group completes the refrigeration cycle, generating the cooling
power (see Figure 2).

Helium gas
Return line

Helium gas
Supply line
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Figure 2. The single stage refrigerator K1.

The cycle occurs through the expansion of the gas, facilitated by the coordinated action of the
delivery and suction valves, along with a plunger driven by a 30W electric motor integrated into the
head of the group. The plunger, situated within the helium expansion zone, encloses an element
known as a regenerator, which plays a fundamental role in the realization of the thermodynamic
cycle.

The regenerator consists of a porous matrix with high thermal capacity, comprised of
approximately 800 brass or steel screens with very fine mesh (0.1mm). It enables the maintenance of
a temperature gradient, ranging from room temperature to cryogenic temperatures, in the direction
of gas expansion (see Figure 3a,b).

i
Exhaust - M
valve Ca 1
High X \ ! |
pressure 4 |
Low \ ” } H
pressure Iniet valve | ‘-‘\._EL
Regenerator

Regenerator

Cold room

(a) (b)

Figure 3. (a) Classic diagram of the cycle Gifford-McMahon. (b) Galileo version: displacer and
regenerator coincide.

Due to this property, the plunger is made of roulon, a special material with a practically
negligible coefficient of expansion.

The compressed helium at room temperature, coming from the compressor unit, enters the
expansion zone through the porous matrix, resulting in gradual cooling in accordance with [7,8].
During the compression phase, the helium flows in the opposite direction to the regenerator,
absorbing heat from it, and then returns to room temperature before re-entering the compressor unit.

The interface through which cryogenic power is available to the external environment is the
copper flange located at the end of the chiller. The machine operates on a cycle proposed by Gifford
and McMahon. This cycle, introduced at the end of the 1950s as a variant of the inverse Stirling cycle,
involves the fluid passing through the regenerator and evolving along two isochores, rather than the
two isovolumic transformations. A more detailed analysis of the thermodynamic behaviour of the
chiller is the focus of this study. The classic scheme is depicted in Figure 3a, while Figure 3b illustrates
the version developed by Galileo Vacuum-Tec, which involves aligning the displacer and
regenerator.

4. Exergy Cycle Analysis

The analysis of the chiller is conducted, in accordance with [9-13] by considering the intrinsic
irreversibility of the expansion/compression process within the cryogenic group K1, along with those
arising from a thermal jump during the displacer’s round trip. Factors such as friction, displacer
movement work, and losses due to imperfect thermal insulation are intentionally omitted from the
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analysis for simplicity. Additionally, the fluid is idealized as a perfect gas with specific heat assumed
to be independent of temperature.

The chiller is treated as an open system undergoing non-steady-state operation, wherein, during
each cycle, a mass m of helium compressed at pressure Pa and ambient temperature Ta (state 0) is
subsequently expelled at a lower pressure Ps and a temperature Ts near room temperature (state 5).

The energy balance and entropy equations, applied to the chiller for a duty cycle, are derived,
with mechanical energy terms being neglected for simplicity.

mlls — o) = a7
m(Ss — Sp) = 7?_3 + Asprod (18)

while the consequent exergy balance equation can be written

T,
m(ls = 1) = Q (72 = 1) + TaASyroq (19)
B

in these equations with Q and A S prod are given respectively the (quantity) amount of heat
associated with refrigeration and the entropy production per cycle with I, S, I* the enthalpy, entropy
and exergy (flow) per unit mass of the fluid. The temperature of the neutral state corresponds to the
ambient temperature. For the purposes of exergy analysis, the inlet exergy is the difference between
the flow exergy entering the cryocooler (state 0) and the fictitious state that would occur if the fluid
exited at a pressure lower than Ps but with a temperature equal to the ambient temperature.

It results:
Py

m(l; — I;;) = mRT, In (P ) =mRT,;Inll (20)
B

equal to the work required to isothermally compress the fluid in an ideal compressor with

compression ratio I'T =Pa/Ps. The useful exergy flow is identified with Q[(Ta/Ts)-1] and therefore the

exergy efficiency of the chiller is

© (% 1) (21)
mRT, In Il

The exergy loss is, for us, the difference between the actual exit exergy (state 5) and that of the
sham state considered above m(IZ — I};).

The other exergy losses are all attributable to irreversibility. The contributions to entropy
production are as follows:

- A Sprod1 due to the irreversible compression of the gas contained in the hot chamber A and its
mixing with the gas sent to the compressor;

- A Sproa2 due to the thermal transmission inside the regenerator;

- A Sproas due to fluid dynamic irreversibility caused by the abrupt escape of the cold chamber
gas following expansion;

- A Sproda due to the thermal transmission between the external body and the fluid.

The result is:

ASprod = ASprod,l + ASprod,Z + ASprod,3 + ASprodA (22)

The present analysis is developed with a different criterion from that of other authors [14] and
therefore the results are different mainly due to the different weight attributed to losses in the
regenerator.

At this point we can draw the Sankey and Grassmann diagrams of the K1 cryocooler. As for the
Sankey diagram, which results from the energy analysis, it is shown in Figure 4a.
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Figure 4. (a) Energy Diagram or Sankey diagram. (b) Exergy diagram or Grassmann diagram.

As has already been pointed out, frictional irreversibility, which is not entirely negligible, has
not been considered. In fact, the seal between the cooler piston and the cylinder is made by means of
a non-lubricated roulon ring. However, this irreversibility due to friction are compensated by the
small 30W electric motor that determines the motion of the piston, the opening and closing of the
inlet and outlet valves, by means of a small crankshaft.

Only the incoming and outgoing enthalpies and the cryogenic power are shown in this energy
diagram. The effects due to the compression of the gas and the high-temperature exchanger are
outside the considered control volume. The Grassmann diagram, the result of the exergy or
“entropic” analysis of the implant [9] is shown in Figure 4b. From the exergy diagram it can be seen
that once the incoming exergy is unitary and with a regenerator efficiency of 98.5%, the phenomena
that induce the most significant losses are: fluid regeneration (46%) and Joule-Thomson adiabatic
expansion (33%). On the contrary, the decrease in the availability function due to the heat transfer of
cold cell B (4%) and to compression and mixing in the hot chamber (1%) are practically negligible.
Completely irrelevant (less than 0.1%) is the exergy returned to the compressor: for this reason it has
been neglected.

A comparison of the two diagrams by Sankey and Grassmann shows how much more
explanatory the latter is. Therefore, the use of exergy, is useful [9,10].

This diagram allows you to have useful information to be able to better perform a realistic
simulation.

In fact, after validating the mathematical model with the help of experimental data, an
investigation was conducted on the sensitivity of the machine to the variation of the various
parameters: the numerical code was used, varying only the efficiency of the regenerator.

It can be seen that a reduction of 0.1% in the efficiency of the regenerator is sufficient to have a
COP that is an order of magnitude smaller (see Table 1).
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Table 1. Exergy loss depending of regenerator efficiency.
€ Exergy
Ps  Pa Ts Ta DT CompressionRegene- Joule-Th. Heat
(%) .. . . C.O.P-Efficiency
(bar) (bar) (K) (K) (K) And mixing ration ExpansionTransfer
Regenerator (%)
21 5 96 29 0 1 0.96 0.00 33.21 14.06 0.017 51.76
21 5 96 29 1 99.65 1.05 16.82  33.24 936 0.013 39.50
21 5 96 2% 2 99.31 1.15 32.09  33.26 6.28 0.009 27.21
21 5 96 29 3 98.97 1.25 46.09  33.29 447 0.005 14.90
21 5 96 29 4 98.50 1.34 58.98  33.32 3.78 0.0009 257

On the contrary, the losses found in the adiabatic expansion in the hot chamber B are
independent of the variation of the operating conditions and marginally influence the “exergy
efficiency” of the machine.

Finally, it is observed that the amount of gas that remains in the hot chamber A (after the exhaust
valve is closed), which recirculates in the next cycle and which mixes with the gas coming from the
compressor, is always negligible. In fact, it represents about 0.8% of the total gas that completes the
cycle (see Table 1) Through this analysis

Theoretically and experimentally, we have found some conclusions that are congruent with
other experimental works [15-18]: indeed, the regenerator is the most critical part of the machine.

5. Exploring the Gifford-McMahon Cycle: Critical Considerations.

In this section, we delve into a detailed analysis of the Gifford-McMahon refrigeration cycle,
considering both numerical values obtained from real-world tests and theoretical comparisons to
elucidate its performance characteristics and practical implications. The numerical values presented
below are extracted from actual test data archived by the GVT Company, providing insights into the
operational parameters of the cycle. These values include operating pressures of 21 and 5 bar,
temperatures of 296 and 9.6 K, and a regenerator efficiency of 98.5%. Despite the seemingly low
coefficient of useful effect of this machine, averaging 0.017, it is essential to contextualize its efficiency
relative to other thermodynamic cycles for a more comprehensive assessment of its performance. For
instance, comparing the Gifford-McMahon cycle’s coefficient of performance (COP) to that of an
inverse Carnot cycle operating between 9.6 and 296 K reveals a COP of approximately 0.033.

This intrinsic COP is primarily attributed to the substantial temperature differential of around
300 degrees between the heat sources. Furthermore, evaluating the efficiency of the Gifford-
McMahon cycle relative to the ideal Carnot cycle allows us to gauge its exergy efficiency, a critical
parameter in assessing its thermodynamic performance.

This ratio typically ranges between 0.4 and 0.5, indicating that the Gifford-McMahon
refrigeration machine achieves approximately half of the maximum efficiency theoretically possible.
However, it is important to note that achieving temperatures close to absolute zero remains the
primary objective for such machines. Moreover, the capability of the Gifford-McMahon cycle to
operate efficiently under low thermal power conditions, such as 10 W at temperatures around 30 K,
underscores its practical significance, aligning with design specifications and real-world
requirements. By critically evaluating these considerations, we gain a deeper understanding of the
Gifford-McMahon cycle’s performance limitations, its intrinsic efficiency, and its potential for future
optimization and application in various thermal engineering contexts.

6. Conclusions

The paper contributes to a deeper understanding of the thermodynamic behavior of Gifford-
McMahon cycle refrigerators and provides valuable insights for optimizing their performance in
practical applications. Ongoing research aimed at analyzing the cycle’s performance and expanding
its applicability in evolving energy world. Through this comprehensive analysis, the author aims to
offer a holistic understanding of the Gifford-McMahon refrigeration cycle, its implications across
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various domains, and the avenues for future exploration and innovation focusing on the possible
application of Gifford-McMahon cycle for hydrogen liquefaction.

By means of a theoretical analysis based on the data obtained from a real refrigerator, the
performance is thoroughly assessed, with a particular focus on energy and exergy losses. The
obtained results are compared with Sankey and Grassman diagrams, providing visual
representations of energy and exergy flows within the system. The localization of exergy losses is
carefully analyzed to identify key areas for optimization aimed at enhancing efficiency and power
output.

The capability of the Gifford-McMahon cycle to operate efficiently under low thermal power
conditions, such as 10 W at temperatures around 30 K, appears to be really interesting and the COP
of the Gifford-McMahon refrigeration machine achieves approximately half of the maximum
efficiency theoretically possible with ideal Carnot inverse cycle.

Nomenclature

R helium gas constant [J/kgK]
I specific enthalpy [J/kg]

I* specific flux exergy [J/kg]
Q Extensive heat [J]

q specific heat [J/kg]

S Extensive entropy [J/K]

s Specific entropy [J/kgK]
V Extensive volume [m?3]

v Specific volume [m3/kg]
v=Cp/Cv

D2A compressor group,

K1 chiller
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