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ARTICLE INFO ABSTRACT

Handling Editor: L Luo When very low temperatures are needed for industrial applications, reverse Brayton cryocoolers can be adopted.
This paper reports the results of an energy analysis in which the performance of a Brayton cryocooler prototype

Keywords: was studied. The prototype is innovative in both the cycle configuration and the pressure and temperature levels.

Brayton cycle Moreover, nitrogen, an eco-friendly gas that is safe for people, was used as the working fluid.

Innovative configuration
Thermodynamic performances
Thermal heat recovery
Eco-friendly gas

Simultaneous measurements of the pressure and temperature at the inlet and outlet of the main thermody-
namic cycle components, nitrogen flow rate, and power consumption were taken during the experimental tests.
The prototype was tested at design operating conditions (maximum and minimum pressure of 18.5 and 8 bar
respectively, and minimum temperature of —120 °C), obtaining a cooling effect of 15.6 kW, a temperature
reduction rate at the turbine outlet of 8 °C min™, and a coefficient of performance of 0.29, which rises to 1.34
when including the waste heat (about 55 kW) that can be recovered at low temperatures (<100 °C). Also, a
sensitivity analysis was carried out by testing the prototype at different maximum pressure and minimum
temperature levels. The higher the maximum pressure, the higher the prototype performance is, and a minimum
temperature of about —140 °C was reached. Our findings demonstrated that the tested prototype shows great
promise for several industrial applications where low temperatures are required.

appropriate phase angles between the cold and hot ends. The main
equipment that makes up the regenerative cycles are a compressor and a

1. Introduction displacer piston, separated by an evaporator, a regenerator, and a
condenser. The maximum cooling effect is obtained when the same

The need for low temperatures for cooling and/or freezing purposes phase is reached between the flow and the pressure at the cold end. The
has allowed the growth and diffusion of cryogenic applications. working fluid is moved by the displacer piston between the cold and hot
Research in the cryogenic field has led to the development of two main ends of the regenerator, which recovers the expansion work. Among the
categories of cryocoolers which are based on recuperative cycles or most popular regenerative cycles are the Stirling and the Gifford-
regenerative cycles. McMahon (GM) cycles. The difference between them lies in the main
In a recuperative cycle, the working fluid flows between two fixed compression method, which takes place using a valveless compressor
pressure levels maintained by a compressor. All recuperative cycles (pressure oscillator) in the Stirling cycle, while a less expensive con-
share a separate flow heat exchanger to recover part of the heat between ventional compressor with inlet and outlet valves (or a scroll
the flows at different pressures. Typical recuperative cycles include the compressor) is used in the GM cycle. An alternative to the most common
Joule-Thomson (JT), Brayton, and Claude cycles. They differ in the regenerative cycles is the pulse tube cycle, in which the displacer piston
expansion process, for example in a JT cycle the working fluid expands is replaced by a pulse tube. This solution, by eliminating the displacer
through a valve (JT valve) or a capillary tube, while in a Brayton cycle, moving parts, considerably reduces vibrations, making it useful for
the expansion occurs in a turbine. The Claude cycle combines the pre- various applications. The tube is kept adiabatic, and the working fluid
vious ones, and the expansion phases are often divided with recuper- temperature varies according to the primary source of pressure oscilla-
ators. On the contrary, regenerative cycles are characterised by an tion (Stirling or GM). Table 1 highlights the pros and cons of some

oscillatory flow. The pressure levels are not fixed but vary according to
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Nomenclature

EH Electric heater

EM Electric motor

HX1 Heat exchanger (aftercooler)

HX2 Heat exchanger (intercooler)

HR Heat exchanger (recuperator)

K1 Reciprocating compressor

K2 Centrifugal compressor

Pen Electric heater power [kW]

Ppy1 Released heat in the HX1 heat exchanger [kW]
Ppyo Released heat in the HX2 heat exchanger [kW]

T1 Turbine
Regulation valves
X, Measured parameters

Energy 290 (2024) 130095

cryocooler examples.

1.1. State of the art in cryocoolers applications

Research has made it possible to achieve promising results both in
terms of the feasibility and reliability of cryocoolers. Table 2 reports
examples of cryocooler applications developed in recent years. Among
the sectors most affected by the diffusion of cryocoolers are certainly
those of space applications and superconductors, which operate at
temperatures lower than 80 K by usually adopting helium as the working
fluid. In 2011, Choi et al. [6] studied the cool-down characteristics of a 3
T superconducting magnet using a helium cryocooler in a two-stage GM
cycle, reaching 1 W at 4.5 K. Other recent applications concern the
studies by Qiao et al. (2021) [7], which developed a helium Stirling
cryocooler for superconductors cooling capable of providing 1048 W at
77 K with a relative Carnot efficiency equal to 26.1 %. The same system,

AX; Uncertainty of the measured parameters A 4
AY Uncertainty of the derived parameters optimised by thg authors,.was able to r.ea'lch 130.2 W at 20 K without
thermal load, with a relative Carnot efficiency equal to 27.2 %. In the
field of space cryogenics, applications require very low temperatures,
Table 1
Comparison between recuperative and regenerative cycles.
Type Cycle Working fluid Temperature range Pressure Advantages Disadvantages Ref.
[K] Range
[bar]
Recuperative  Joule - Nitrogen 30-80 150-200 Small size Low cooling capacity [1]
Thomson Nitrogen/Hydrocarbon Low mass Low compression
Low vibration Efficiency
Brayton Neon, Helium 65-280 1-3 High reliability High production costs [2]
High thermodynamic High mass and size
efficiency
Expansion work recovery
Claude Neon, Helium, Nitrogen/ 6-70 1-3 Low compression ratio High production costs [2]
Hydrocarbon Expansion work recovery High mass and size
High vibration
Regenerative  Stirling Helium 20-300 10-35 Reduced size and mass Low lifetime [3]
Easy maintenance Low cooling capacity
High efficiency High vibration
Gifford- Helium 3-150 5-30 Low production cost High maintenance costs [4]
McMahon High reliability
Pulse tube Helium 3-200 10-30 No moving parts Low cooling capacity [5]
Low power consumption High cost of tubes
Low vibration Performance depends on the
tube length
Table 2
Examples of cryocoolers applications.
Application Fluids Cycle Temperature [K] Cooling capacity [W] Relative Carnot efficiency [%] Ref.
Superconductors Helium Two Stage GM 4.5-50 1-27 - 6]
Helium Stirling 77 1048 26.1 [71
Helium Stirling 20-77 130.2-274.8 27.2 [8]1
Space Superfluid Helium - 1.3-2 60-100 [9]
Helium (4He) Brayton 20 20-80 23-26 [10]
Helium (*He) for Stirling Hybrid Stirling - JT 1-3 14.7-18.7 103 - [11,12]
Helium (®He) for JT
Helium (“He) Joule-Thomson 2.39 41073 - [13]
Infrared detectors Helium Two Stage GM 80-122 290-390 5-9 [14]
Neon Pulse Tube 35-75.1 29 - [15]
Electronic devices Methane or Nitrogen Joule-Thomson 101-138 8-13110°3 - [16]
Helium Stirling 80 350 26.8 [17]
Gas liquefaction Helium Two Stage GM 4.2 1.5 - [18]
Nitrogen/Hydrocarbon Joule-Thomson 90 10 [19]
Nitrogen Pulse Tube 52-110 46.6-129.2 21 [20]
Road transport Air Brayton 220-240 3.4-9.510° 41 (real) [21,22]
Food freezing Air, Nitrogen Brayton 120-150 3.5-16,10° 6 - 30 (real) [23,24]
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thus reducing the cooling capacity. In Hirabayashi’s work [8], the use of
a superfluid helium tank made it possible to reach 60 W at 2 K for the
AKARI satellite, with an expected lifetime of about one year. The need
for longer space missions has introduced the use of mechanical cryo-
genic cycles. In 2014, Deserranno et al. [9], in collaboration with NASA,
optimised a Brayton cryocooler to produce liquid hydrogen [10] in
orbit, providing 20 W at 20 K with a relative Carnot efficiency of 23 %.
In a recent work conducted in 2021, Zhang and Dang [11] tested a
Stirling-JT hybrid cycle implementation capable of delivering 14.7 mW
at 1 K for the next generation of space quantum information technology.
Similarly, Liu et al. [12] have developed a compact cryocooler based on
a hybrid cycle consisting of a four-stage JT cycle precooled by a
two-stage pulse tube cycle. The results achieved in the laboratory
demonstrated a cooling capacity of 4 mW at 2.4 K. A pulse tube cry-
ocooler was also used for boil-off gas reliquefaction in liquid natural gas
tanks [13].

Numerous cryogenic applications also regard industrial sectors at
temperatures in the range of 30-180 K. Among these sectors, infrared
detectors are certainly relevant. Interesting results were achieved by
Jakob and Lizon [14], who developed a two-stage GM helium cryocooler
designed for visible light transmittance instruments capable of providing
cooling capacities between 290 and 390 W at temperatures of 80-122 K
(5-9% relative Carnot efficiency). Recent developments in infrared en-
ergy management were instead achieved in 2021 by Guo et al. [15],
where a cryogenic system based on a neon-powered pulse tube cry-
ocooler was able to deliver from 2 to 9 W in a temperature range of
35-75 K. The general electronic devices sector is also becoming
increasingly attractive for the development of ad-hoc cryocoolers. For
example, a micromachined JT cryocooler was designed by Derking et al.
[16] for small electronic devices needing a cooling effect in the range of
101-138 K (8-131 mW of cooling capacity). This system, with di-
mensions of 60 x 10 x 0.7 mm, uses nitrogen as a working fluid. An
alternative solution for higher cooling capacities adaptable to electronic
devices is the free-piston Stirling cryocooler developed by Zhu et al.
[17], which is based on a helium cycle and capable of delivering 350 W
at 80 K. The authors, thanks to a parametric optimisation of the devel-
oped prototype, reached a Carnot cycle efficiency of 26.8 %, also pro-
posing the solution for the gas liquefaction sector. In fact, gas
liquefaction is particularly widespread in the application of cryogenic
cycles at industrial levels. The need for gas liquefaction is shared by
numerous industrial sectors, starting from metal and steel ones, up to
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those of the food industry. Depending on the gas to be liquefied,
different cryogenic cycles can be adopted. Using five two-stage GM
cryocoolers with a capacity of 1.5 W at 4.2 K, Xu et al. [18] managed to
optimise the production of liquid helium up to the liquefaction rate of
83 L per day. A system designed for the liquefaction of gases such as
nitrogen, argon, oxygen or methane was developed by Dorosz et al. [19]
using a single-stage JT cryocooler capable of delivering 10 W at 90 K.
The authors developed a system made of mass-produced components to
limit costs and encourage the reproducibility of the system on a large
scale. Also, a pulse tube refrigerator for natural gas liquefaction was
developed by Deng et al. [20]. The system, able to work in the tem-
perature range of 52-110 K with a cooling capacity of 46.6-129.2 W,
manages to reach a relative Carnot efficiency of 21 %, and compared to
traditional liquefiers, its lightness and size certainly make it competitive
in the gas liquefaction sector. Recuperative cycles based on the reverse
Brayton plant configuration have also been studied and tested for road
transport refrigeration systems [21,22]and food freezing [23,24].

Fig. 1 highlights the potential of the main cryocoolers analysed in
terms of efficiency and temperature levels, highlighting the main fields
of application. Fig. 1 also shows the families of refrigeration cycles that
do not fall within cryocoolers, such as vapor compression, absorption
cycles and Hampson-Linde cycles.

1.2. Advances and limits of Brayton and reverse-Brayton cycles in
cryogenics applications

Among the various thermodynamic cycles harnessed for cryogenic
purposes, the Brayton cycle and its reverse variant have emerged as
noteworthy contenders. These cycles, traditionally associated with
power generation and gas compression, have found a unique niche in the
world of cryogenics, driven by their efficiency and adaptability. This
section delves into the utilisation of Brayton and reverse-Brayton cycles
in cryogenic systems, shedding light on their evolution and significance.
To provide context, after having explored the broader landscape of
thermodynamic cycles in cryogenic applications, the distinctive role
played by Brayton cycles in achieving efficient and reliable cryogenic
applications is now showcased.

In cryogenic applications, Brayton and reverse-Brayton cycles have
demonstrated several advantages [25], both in closed and open cycles
[26]. Notably, Chang and Cha [27] highlighted the flexibility and
optimisation potential of reverse-Brayton cycles using gaseous helium

300 - Vapor compression cycles
250 Vapor absorption cycles
Road
transport
200 F
)
= Brayton
I~ cycles Hampson-Linde cycles
g Pulse Tubes
=150 cycles (GM-Type)
2 . Food Gas .
g Stirling freezing Liquefaction
e cyclés i
100 - Electronic
Devices
Claude i i ;
cycles ; Pulse Tubes cycles Infrared Defectors
L s (Stirling-Type)
50 b Superconductors
Giffc |
McMabi
% c-Thomson
cycles cycles Space
0 L L L L L E L L L L 1 L L L L L L L
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Efficiency [% of Carnot Cycle]

Fig. 1. Map of the main cryogenic and refrigeration cycles.
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for cryogenic refrigeration, particularly in cooling superconducting
magnets [28]. Bian et al. [29] discussed the efficiency gains and
cost-effectiveness of Brayton cycles with LNG and helium in a novel
hydrogen liquefaction process, emphasizing the importance of
balancing efficiency, capital costs, and operational requirements. These
cycles are known for their reliability and continuous operation, which
are crucial in processes like cryogenic coolant production, ensuring
consistent cooling [30]. Conklin et al. [31] underscored the safety and
efficiency advantages of using nitrogen-based fluids in space power
generation applications, given its non-flammable and lower
mass-to-power ratio. Closed Brayton cycles have also proven critical for
when it is necessary to maximize the compactness of cooling systems for
power conversion units in space and underwater applications [32].
Moreover, Hou et al. [33] provided a comprehensive review of the ad-
vancements in reverse Brayton cycle cryocoolers, emphasizing the effi-
ciency improvements achieved through advanced configurations,
including the use of gas bearing in the turbo expander. These advan-
tages, supported by scientific literature and engineering practices, make
Brayton and reverse-Brayton cycles versatile and efficient choices for a
range of cryogenic applications.

Along with the development of Brayton cycles, nitrogen has emerged
as a valid working fluid in cryogenic applications due to its distinct
advantages [34]. Notably abundant and cost-effective, nitrogen is
readily available [35]. Its non-flammable and non-toxic nature enhances
safety in confined cryogenic environments. With a wide operating
temperature range spanning from its boiling point at —196 °C (—321 °F)
to ambient temperature, nitrogen is versatile and suitable for both
moderate and extremely low-temperature applications [36]. This
versatility, combined with favourable thermodynamic properties that
contribute to cycle efficiency, makes nitrogen an efficient choice [37].
Furthermore, its minimal environmental impact and compatibility with
cryogenic materials underscore its role as an environmentally friendly
and reliable working fluid in cryogenic systems [38].

A considerable example of coupling a Brayton cycle using nitrogen as
the operating fluid is the study conducted by Olumayegun et al. [39],
where the advantages of this solution were highlighted in terms of ef-
ficiency, safety, and plant size. Cao et al. [40] also relied on a novel
nitrogen re-liquefaction cascade process based on a reverse-Brayton
cycle, numerically studying different configurations of heat ex-
changers in the cryocooler. The authors obtained promising results in
terms of reducing the mass-flow rate of the working fluid and lowering
operating costs. The coupling of a Brayton cycle with nitrogen as the
working fluid showed remarkable flexibility in the study by Chen et al.
[41], who demonstrated how this type of plant solution was suitable for
integration with other conventional cycles for the cascade recovery of
LNG cryogenic energy, including renewable solar resources. Choi et al.
[42] also highlighted the competitiveness that a nitrogen Brayton cycle
could have in terms of cycle efficiency, compared to the conventional
solutions of steam Rankine cycles. The authors numerically highlighted
how a detailed turbine design led to a reduction in components size,
without compromising cycle efficiency.

In conclusion, nitrogen-based Brayton and reverse-Brayton cycles
have found diverse applications in cryogenics, ranging from super-
conducting magnet cooling to LNG production and space power gener-
ation. The studies highlighted in this review underscored the efficiency
gains, safety advantages, and potential for optimisation in these appli-
cations. Nevertheless, challenges persist, such as operating temperature
limitations and engineering complexities, which necessitate ongoing
research to address these issues and unlock the full potential of nitrogen-
based cryogenic cycles.

Although the use of Brayton cycles for cryogenic applications,
combined with the exploitation of nitrogen as a working fluid, seems to
be promising in many ways, there still remain some critical issues that
need new research and more in-depth studies. In particular, the analysis
conducted showed that:
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e The solutions proposed in the literature for nitrogen Brayton cycles
have a strong experimental gap. Most studies focus on numerical
design proposals and optimisations, which are not supported by
experimental evidence. The need for the prototyping of the numer-
ically proposed solutions is therefore necessary for development in
this area.
Studies in the literature have little versatility and are often focused
exclusively on niche applications with complex large-scale replica-
bility. The deployment of nitrogen-based Brayton cycles needs
broader proposals that can be adapted to different cryogenic indus-
trial settings, improving the scalability of these cycles across multiple
applications.

e The cryogenic powers tested for nitrogen Brayton cycles hardly exceed
cooling capacities above a few hundred watts, reaching cryogenic
temperatures under steady state conditions. These conditions further
limit the deployment of such systems in industrial settings.

1.3. Aims of this work

This paper presents the results of an experimental campaign in which
the performance of a nitrogen-based Brayton cryocooler prototype (Bc-
prototype), suitable for several industrial applications at low tempera-
tures, was tested. The Bc-prototype can operate at a maximum and
minimum pressure of 18.5 and 8 bar respectively, and a minimum
temperature of —120 °C (design conditions) by providing a cooling ef-
fect of 15.6 kW and about 55 kW of heat. A sensitivity analysis was also
carried out by testing the prototype at different pressure and tempera-
ture levels. Nitrogen, which is an eco-friendly gas that is safe for people
gas, was selected as the working fluid to comply with the guidelines of
the European Commission (e.g. Green Deal).

The strength of the Be-prototype lies in its configuration, which was
designed to be suitable for different operating conditions and industrial
scenarios (e.g. food industry), and on the combination of pressure and
temperature levels, which guarantees high performance. An example of
a possible application is indeed the one presented by the Authors in 2022
[24], where the Be-prototype was used in a quick-freezing plant of fine
meat at very low temperatures to increase the meat shelf life [43-45].

2. Materials and methods

To overcome the limitations of the Brayton cycles presented in the
literature analysis (e.g., cooling effect range and versatility), an innovative
Bce-prototype was designed and tested. The Be-prototype involves new
features regarding the scheme configuration, the temperature and pres-
sure levels, and the adopted working fluid. Moreover, the Be-prototype
was designed to be adopted by several industrial applications. A feasi-
bility study was conducted by the Authors [46], and a cycle modelling
framework developed to identify efficient operative settings and to assess,
via sensitivity analysis, how energy performance is affected by the tem-
perature and pressure levels. The design temperature at the Be-prototype
turbine outlet was set to —120 °C as a requirement of a project in which
the final aim was to freeze different kinds of food products at very low
temperatures [24]. The pressure level was selected according to the
feasibility study and data of the Bc-prototype components (no turboma-
chineries were ad-hoc designed in order to limit the costs). No brands of
the Be-prototype components can be reported in the manuscript.

2.1. Design of the Brayton cryocooler prototype

Nitrogen was used in the Be-prototype cycle since it is a very safe,
robust and eco-friendly working fluid [47]. Indeed, nitrogen does not
have problems related to humidity or solidification at the design
Bce-prototype operating temperatures. This simplifies the Bc-prototype
layout as no specific equipment is required to remove humidity from
the working fluid, thus also reducing operation and maintenance costs.

The Be-prototype and its layout are reported in Fig. 2. The main Be-
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prototype components are one reciprocating compressor (K1), one
electric motor (EM) connected to K1 and controlled by a variable speed
drive, one turbine (T1) whose shaft drives a centrifugal compressor (K2),
two heat exchangers where nitrogen rejects heat (HX1 and HX2), one
electric heater (EH) to simulate the heat exchanger where nitrogen ab-
sorbs heat (cooling effect), and one heat exchanger used as a recuperator

Energy 290 (2024) 130095

(HR) which allows the nitrogen to be precooled before expanding in the
turbine, thereby reducing the turbine outlet temperature without
increasing the expansion ratio. Cold water at about 14 °C, available
where the Be-prototype was assembled and tested, was used to cool HX1
and HX2. The adopted turbine - centrifugal compressor configuration is
also known as the bootstrap unit.

N2 Supply E

Cooling Water

V3 v
N2 Discharge e @ @
4—9%- Ol AN
Va4 separator | Active ||
2 3 4 carbon

~—D<—
Cooling Water g

2 -®
[
g
€
Components S
EH |Electric heater
EM |Main electric motor "
HR [Recuperator - Cold Box ) ' Z (
HX1 |Heat exchanger - cooling water
HX2 |Heat exchanger - cooling water
K1 |Main compressor unit Line A: 18,5/ 17.5 bar
K2 |Bootstrap compressor Line B: 7.6 /7.5 bar
T1 |Turbine - Cold Box Line C:9.3/9.0 bar Ip
8

Fig. 2. The Brayton cryocooler prototype installed in the laboratory environment (a) with the functional design diagram of the main components and monitoring

sensors (b).
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When the electric motor starts driving the reciprocating compressor
(K1), the V1 valve of the by-pass circuit (see Fig. 2b) opens and the V2
valve closes, while the V3 and V4 valves are used to regulate the ni-
trogen flow rate (supply and discharge) and thus the reciprocating
compressor operating pressure. The electric motor and valves are
automatically adjusted by the Bc-prototype control panel where the
operating pressure is set. When the reciprocating compressor operates in
steady-state conditions at its minimum speed, the V1 and V2 valves start
closing and opening simultaneously and slowly.

At the V2 valve opening, some of the nitrogen flows into the turbine
and undergoes an expansion stage, reducing its pressure and tempera-
ture. Also, the nitrogen expansion develops mechanical work to drive
the centrifugal compressor (K2). The V2 valve opening must be properly
controlled and adjusted to avoid turbine overspeed (a suitable value is
between 65,000 and 70,000 rpm). According to the monitored speed
and outlet temperature (cycle minimum value) of the turbine, the V2
valve is automatically controlled. The by-pass circuit is also used to
avoid nitrogen flowing into the turbine in case of malfunctioning or
during the Be-prototype shutdown. Before the expansion phase in the
turbine, the nitrogen undergoes cooling in the aftercooler (HX1), which
is installed downstream of the reciprocating compressor (K1), and then
in the recuperator (HR).

After the expansion phase and before entering the centrifugal
compressor (K2), the nitrogen flows at low temperature in the electric
heater (EH) where the cooling effect is simulated by providing heat, and
then in the recuperator (HR) to absorb heat from the nitrogen entering
the turbine. At the turbine start-up, the electric heater is kept off to
reduce the time required to reach the desired turbine outlet tempera-
ture. When the electric heater is turned on to stabilise the cycle at the
desired turbine outlet temperature, the reciprocating compressor is
regulated to operate the Bc-prototype at steady-state conditions in terms
of pressure and nitrogen flow rate too.

Since cooling a gas during compression is advantageous in terms of
the work-input requirements, an intercooler (HX2) was installed be-
tween the two compressors to reduce the nitrogen temperature before
entering the reciprocating compressor. The heat rejected by the nitrogen
in the aftercooler (HX1) and intercooler (HX2) can be recovered to
significantly increase the performance of the Bc-prototype.

Fourteen probes, connected to the electric panel, were used to
measure the temperature (type T thermocouple - IEC 60584-1, +0.5 K)
and pressure (KELLER 23SX pressure transmitter, +0.1 % of full scale) at
the inlet and outlet of the Be-prototype components as shown in Fig. 2b.
Please notice that the nitrogen temperature measured at the recipro-
cating compressor outlet is affected by the lubricating oil temperature,
which is used to cool the cylinders heads, which could not be measured.
An oil filter was installed downstream of the reciprocating compressor to
minimise the presence of oil in the turbine. The nitrogen mass flow rate
was measured downstream the V2 valve (Flow sensor, CS IN-
STRUMENTS VA 550, +1 % of measured value). The power input of the
electric motor and of the electric heater were measured using a HOBO
UX120 data logger (+0.1 % of full scale) connected to a split-core AC
current sensor and to a WattNode 208/240 VAC 3 phase (4+0.05 % of full
scale). This means that when the V1 and V2 valves are opened simul-
taneously, only a fraction of the nitrogen mass flow rate is measured.
However, the energy performance of the Be-prototype is analysed only
when the V1 and V2 valves are fully closed and opened respectively.

2.1.1. Design specifications and performance evaluation of the Bc-prototype
The main design data of the Be-prototype presented in § 2.1 can be
summarised as:

o A turbine outlet temperature of —120 °C. This value was selected for
quick-freezing purposes in the food industry sector [23,24,43].

e A reciprocating compressor outlet pressure of 18.5 bar.

e A nitrogen flow rate of 0.52 kg s .
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e An electric heater power between 0 and 16 kW, which is used to
simulate the cooling effect.

e A cycle Coefficient of Performance (COP) equal to 0.25 without
considering the heat rejected in the aftercooler (HX1) and in the
intercooler (HX2) that could be recovered.

The overall performance of the thermodynamic cycle deployed by
the Be-prototype was summarised through the performance indicators of
COP and TER. The COP parameter only considers the cooling effect over
the total electrical energy expenditure, while the parameter named TER
(Total Efficiency Ratio) considers the sum of the useful effects (cooling
and heating) over the entire system and the total electrical energy
expenditure calculated over a defined period. The COP and TER pa-
rameters are calculated using Egs. (1) and (2) as follows

T
[ P

cop=_ ¢))

T

/ P..dt
0

and
T T T
/ Pepdt + / Py dt + / Podt
TER =" L 0 )
Pendt

0

where Py, is the electric heater power [kW], that is the cooling effect,
over the considered time period T (yellow lines in Figs. 3-8), Pyy; and
Pryo is the released heat [kW] in the HX1 and HX2 heat exchangers
respectively over the time period T. Table 3 reports further design
specifications of the Bc-prototype components.

In the experimental setup adopted in this study, temperatures,
pressure, nitrogen mass flow and electrical power were directly evalu-
ated by specific measurement devices. The enthalpy instead was
retrieved by using NIST REFPROP® Version 9.1, referencing the nitro-
gen gaseous properties [48]. The thermal capacity, COP and TER were
derived from dedicated equations. The uncertainty AY of the derived
parameters was evaluated using Eq. (3) [49]:

3

where AX; represents the accuracy of the directly measured parameters
X, for a total number N of parameters involved in the derived evaluation.
The accuracy of the instruments and the uncertainties quantities
involved in the experimental tests are collected in Table 4. The
maximum uncertainty for the derived parameters is +2.3 %.

In order to evaluate the specific performance within the thermody-
namic cycle, the performance of each component was assessed by using
the conservation of energy for one-inlet one-outlet control volume with
one-dimensional flow. The steady-state conditions were considered as
well as the heat losses across the components, while the potential and
kinetic energy terms were neglected. The steady-state form of the energy
balance was used to describe the thermodynamic model of each cycle
component. In the case of both the compressors and the turbine, the
energy balance can be expressed using Eq. (4) as follows

W = mn X |houl - hin| (4)
where W is the net rate of energy transfer by work across the machinery

[W], m, is the nitrogen mass flow rate [kg s_l], and (hoyt — hin) accounts
for the difference in the nitrogen specific enthalpy [kJ kg1 between
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the outlet and inlet points. The specific enthalpy is a function of both
temperature and pressure which, at the machinery outlet, depend on
isentropic efficiency #n (see Appendix A) and pressure ratio p
respectively.

Regarding the heat exchangers, the net heat rate across the heat
exchangers [W] can be expressed using Eq. (5) as follows

Q = I’i’l“ X |h0ul - hinl (5)

where, at the outlet of the heat exchangers, the temperature and pres-
sure depend on the effectiveness ¢ and pressure drop Ap respectively.

The enthalpy and entropy of the nitrogen were evaluated as a
function of the monitored temperature and pressure and by using the
NIST reference fluid thermodynamic and transport properties database
(REFPROP) for the Matlab® software [50].

2.2. Experimental tests

Two experimental tests were carried out to verify the Be-prototype
performance as a function of different operating conditions.

2.2.1. Design operating conditions

The first test aimed at comparing the real performance of the Be-
prototype with the design ones. Therefore, the Be-prototype was set to
operate at steady-state conditions as reported in § 2.1.1 and Table 3.

2.2.2. Sensitivity analysis

A sensitivity analysis was performed to evaluate how and to what
extent the maximum pressure and minimum temperature of the Bc-
prototype affect its performance. The sensitivity analysis was divided
into two tests as follows:

e Pressure test. Four pressure levels were tested at the reciprocating
compressor outlet, which are 12.8, 13.4, 14.9 and 16.4 bar. To
compare the experimental results when operating at different pres-
sure levels, the turbine outlet temperature was kept constant as much
as possible at —85 °C by varying the electric heater power. The
adopted turbine outlet temperature was higher than the design one
(—120 °C) but this was necessary to operate at steady state condi-
tions according to the pressure level and electric heater power. Since
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the pressure test was not carried out at design conditions, the pres-
sure levels were selected to guarantee the safety of the operating
conditions of the turbine (maximum rotating speed) and a stable
turbine outlet temperature.

Temperature test. When the pressure test was completed by operating
the Be-prototype in steady-state conditions at a maximum pressure of
16.4 bar and a minimum temperature of —85 °C, the temperature
tests began. Specifically, the maximum pressure was kept constant at
16.4 bar and the electric power reduced, thus causing a temperature
reduction at the turbine outlet. A minimum temperature lower than
—140 °C was reached at the turbine outlet.

The inlet pressure of the reciprocating compressor was about 9 bar
during all tests.

3. Results and discussion

This section reports the results of the data monitored during the
experimental tests. For each test, the time-temperature and time-
pressure plots are reported for the reciprocating compressor and the
bootstrap unit (turbine and centrifugal compressor) together with tables
where the Be-prototype performance is summarised.

3.1. Design operating conditions

Figs. 3 and 4 report the pressure and temperature data at the inlet
and outlet of the reciprocating compressor (K1), turbine, and centrifugal
compressor (K2). The experiment took about 45 min, including the
reciprocating compressor start-up and the cycle cooling phases.

At the reciprocating compressor start-up, area -A- in Figs. 3-4, the V1
and V2 valves were opened and closed respectively, thus the nitrogen
flowed inside the by-pass circuit. When the reciprocating compressor
reached a stable condition in terms of operating pressure at both outlet
(about 16.4 bar) and inlet (about 9 bar), which means a pressure ratio of
1.82, the V1 and V2 valves started closing and opening simultaneously
(event #1 in Figs. 3-4). At the V2 valve opening, part of the nitrogen
flow rate flowed into the turbine (expansion phase, see Fig. 4a and b)
and the cycle cooling phase began (area -B- in Figs. 3-4). This latter
phase lasted about 15 min in which the cycle control panel
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Fig. 3. Data monitored at the inlet and outlet of the reciprocating compressor. Part a) refers to the pressure data while part b) refers to the temperature data. The
yellow solid lines represent the data used to evaluate the Bc-prototype performance at design operating conditions. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Data monitored at the inlet and outlet of the turbine and centrifugal compressor. Parts a) and b) refer respectively to the pressure and temperature data of the
turbine, while parts ¢) and d) to the pressure and temperature data of the centrifugal compressor respectively. The yellow solid lines represent the data used to
evaluate the Be-prototype performances at design operating conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

automatically regulated the V1 and V2 valves according to the speed and
outlet temperature of the turbine. The temperature reduction rate at the
turbine outlet was on average 8 °C min. Fig. 4c and d report the
pressure and temperature data of the centrifugal compressor, which
provided a pressure ratio of 1.13 thanks to the mechanical work pro-
vided by the turbine. When the turbine outlet temperature reached
about —120 °C (Fig. 4b), the electric heater was switched on (event #2
in Figs. 3-4) to get a steady-state condition in terms of the cycle mini-
mum temperature. At the electric heater start-up, the V1 and V2 valves
were fully closed and opened respectively, and the nitrogen flow rate
gradually increased, using the V3 valve to the design value of 0.525 kg
s~L. According to the nitrogen flow rate increment, the outlet pressure of
the reciprocating compressor increased until reaching the design value
of about 18.5 bar with a pressure ratio equal to 2.06.

The data highlighted in yellow in area -C- of Figs. 3-4 refer to the Bc-
prototype when considered to be operating at design steady-state con-
ditions in terms of pressure and temperature. Then, the selected data
was averaged, and the results reported in Table B1 (see Appendix B)
together with the enthalpy [kJ kg~'] and entropy [kJ kg~! K~] values.
The enthalpy and entropy were obtained by using the NIST tables in the
Matlab environment. The Bc-prototype performance, evaluated ac-
cording to Egs. (2) and (3) and Egs. (A.1-A.3), are reported in Table 5
and can be summarised as follows:

e The power provided by the electric heater to simulate the cooling
effect was 15.6 kW and the power required by the electric motor to
run the reciprocating compressor was 53.7 kW. Therefore, the COP
of the Be-prototype was equal to 0.29, which is higher (+16 %) than
the design performance reported in § 2.1.1. The electric motor power
was about 23 % lower than the design one.

A thermal power of 45.3 and 11.1 kW was rejected by the nitrogen in
the aftercooler (HX1) and intercooler (HX2) respectively at low
thermal level. For example, such a thermal power could be recovered
for pre-heating water, an operation largely used in the food industry
[51]. Considering both the cooling effect and the thermal power, the
TER of the Be-prototype is 1.34.

The isentropic efficiency of the reciprocating compressor (ny;) was
higher than the design one (+10 %). Please notice that the nitrogen
temperature measured at the reciprocating compressor outlet is
affected by the lubricating oil used to cool the cylinders heads; this
involves a difference between the computed isentropic efficiency and
the nominal one.

The isentropic efficiency of the bootstrap unit was lower than ex-
pected. In particular, the turbine (i71;) and compressor (1x,) effi-
ciency were 5 % and 9 % lower than the design values respectively.
The inlet turbine temperature was indeed lower than the nominal
one, thus causing a reduction in the expansion work and therefore
different working conditions from the expected ones.
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Fig. 5. Data monitored at the inlet and outlet of the reciprocating compressor during the pressure test. Part a) refers to the pressure data while part b) refers to the
temperature data. The yellow solid lines represent the data used to evaluate the Bc-prototype performance. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Data monitored at the inlet and outlet of the turbine and centrifugal compressor during the pressure test. Parts a) and b) refer respectively to the pressure and
temperature data of the turbine, while parts ¢) and d) to the pressure and temperature data of the centrifugal compressor respectively. The yellow solid lines represent
data used to evaluate the Be-prototype performance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 7. Data monitored at the inlet and outlet of the reciprocating compressor during the temperature test. Part a) refers to the pressure data while part b) refers to
the temperature data. The yellow solid lines represent the data used to evaluate the Bc-prototype performance. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Data monitored at the inlet and outlet of the turbine and centrifugal compressor during the temperature test. Parts a) and b) refer respectively to the pressure
and temperature data of the turbine, while parts c) and d) to the pressure and temperature data of the centrifugal compressor respectively. The yellow solid lines
represent the data used to evaluate the Bc-prototype performance. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Table 3
Design specifications of the Bc-prototype components.
Component Data
Reciprocating compressor Suction pressure [bar] 9
(K1) Suction temperature [°C] 20
Discharge pressure [bar] 18.5
Discharge temperature [°C] 90
Isentropic efficiency 0.7
Power [kW] 65
Turbine (T1) Suction pressure [bar] 17.5
Suction temperature [°C] —80
Discharge pressure [bar] 7.6
Discharge temperature [°C] -120
Isentropic efficiency 0.8
Centrifugal compressor Suction pressure [bar] 7.5
(K2) Suction temperature [°C] 15
Discharge pressure [bar] 9.25
Discharge temperature [°C] 45
Isentropic efficiency 0.6
Aftercooler (HX1) Type Shell and
tubes
Exchange surface [m?] 9
Maximum pressure [bar] 25
Design temperature [°C] -10/+230
Effectiveness 0.9
Power [kW] 12
Pressure drop (nitrogen side) 65
[mbar]
Size [cm] 20 x 35 x 20
Intercooler (HX2) Type Shell and
tubes
Exchange surface [m?] 13
Maximum pressure [bar] 25
Design temperature [°C] -10/+230
Effectiveness 0.96
Power [kW] 40
Pressure drop (nitrogen side) 30
[mbar]
Size [em] 26 x 35 x 20
Recuperator (HR) Type Shell and
tubes
Exchange surface [m?] 60
Maximum pressure [bar] 25
Design temperature [°C] —200/+100
Effectiveness 0.95
Power [kW] 60
Pressure drop (high pressure side) 50
[mbar]
Pressure drop (low pressure side) 150
[mbar]
Size [em] 50 x 40 x 70
Electric motor (EM) Type Squirrel cage
Circuit 3 phases
Power [kW] 70

Table 4
Test devices with accuracy and derived uncertainties of main parameters.
Parameter Device type Device model Accuracy/
Uncertainty
Temperature [K] T-type IEC 60584-1 +0.5K
thermocouple compliant
Pressure [bar] Pressure KELLER 23SX +0.1 % FS
transducer
Mass flow, [kg Flow sensor CS INSTRUMENTS VA +1 % of
s 550 measured value
Power [W] Power meter HOBO UX120 +0.5 % FS
Power [W] Power meter WattNode 208/240 +0.05 % FS
VAC 3-phase
Enthalpy [kJ [48] NIST REFPROP +0.1 %
kg1 Version 9.1
Thermal - Derived +1.6 %
capacity [W]
COP [—] - Derived +2.1 %
TER [-] - Derived +2.3%

11

Energy 290 (2024) 130095

Table 5
Be-prototype performance when operating at design steady-state conditions.
These results were obtained by using the data reported in Table B1.

Pressure and temperature limits (Ppax, Tmin) =

Components (18.6 bar, — 120.5 'C)

Power [kW] Efficiency [—]
Reciprocating compressor (K1) Wi = 46.72 g, = 0.772
Turbine (T1) W = 15.05 N = 0.764
Centrifugal compressor (K2) Wk = 14.04 ke = 0.548
Aftercooler (HX1) Quxi = 4532 ¢enx1 = 0.976
Intercooler (HX2) Quxo = 11.14 eaxe = 0.793
Recuperator (RH1) Qrin = 61.12 eru1 = 0.952
Electric heater (EH) Wgn = 1519 —
Electric motor (EM) Wim =53.68 ¢=0.870"
Nitrogen flow rate [kg s 0.525
CcoP 0.290
TER 1.342

! This includes motor efficiency and mechanical transmission efficiency.

e The heat exchangers, including the recuperator, have high effec-
tiveness in line with the expected one.

e The electric motor efficiency (87 %) includes both the electrical ef-
ficiency and the mechanical transmission efficiency.

Under design conditions, operating between a temperature of
—120.5 °C at the turbine exhaust and a temperature of 9.5 °C at the heat
sink, the Be-prototype achieved a relative Carnot efficiency of 24.70 %,
demonstrating good performance when compared with Brayton cycles
[23].

3.2. Sensitivity analysis

A sensitivity analysis was carried out to evaluate how the Bc-
prototype performances is affected by the maximum pressure and min-
imum temperature levels.

3.2.1. Pressure test

The experiment took about 2.5 h including the reciprocating
compressor start-up, the Be-prototype cooling phase, and the tests at
four different pressure levels. Figs. 5 and 6 report the monitored data of
the pressure and temperature at the inlet and outlet of the reciprocating
compressor, turbine, and centrifugal compressor.

Since a problem occurred at the cooling water supply circuit of the
aftercooler and intercooler (a valve was not fully opened), the recipro-
cating compressor start-up and the Bc-prototype cooling phases took
about 60 min (area -A- and -B- in Figs. 5 and 6). However, the problem
was fixed and the water flow rate in the heat exchangers reactivated;
indeed, it can be seen in Figs. 5 and 6b (area -B-) that the temperature
profile suddenly drops. The data reported in areas -A- and -B- of Figs. 5
and 6 was obtained by using the same control logic of the Be-prototype
that was explained before in § 3.1.

The pressure test was carried out at four different pressure levels:
12.8,13.4,14.9 and 16.4 bar. The yellow lines in area -C- of Figs. 5 and 6
represent the data of the pressure and temperature used to evaluate the
Be-prototype performances. The data refers to about 10 min of moni-
toring when the Be-prototype was operating at steady-state conditions,
and their average, together with the enthalpy and entropy values, are
reported in Tables B.2-B.5. The inlet pressure of the reciprocating
compressor (Fig. 5a) and the turbine outlet temperature (Fig. 6b) were
kept constant at about 9 bar and —85 °C respectively.

The Bc-prototype performance as a function of four different
maximum pressure values is reported in Table 6 and can be summarised
as follows:
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Table 6

Bc-prototype performance when operating at steady-state conditions during the pressure tests (see yellow solid lines in Figs. 5-6). These results were obtained by using
the data reported in Tables B.2-B.5.

Pressure and temperature limits Pressure and temperature limits Pressure and temperature limits Pressure and temperature limits

Components (Pmax; Tmin) = (12.8 bar, — (Pmax; Tmin) = (13.4 bar, — (Pmax; Tmin) = (14.9 bar, — (Pmax> Tmin) = (16.4 bar, —
85.6 C) 85.7°C) 85.3°C) 85.7°C)
Power [kW] Efficiency [—] Power [kW] Efficiency [—] Power [kW] Efficiency [—] Power [kW] Efficiency [—]
Reciprocating compressor (K1) Wia = 13.44 ng, = 0.688 Wia = 15.43 ngp = 0.733 Wia = 21.38 g1 = 0.759 Wia = 28.49 g = 0.777
Turbine (T1) W =5.10 nm = 0.713 W1 = 6.43 np; = 0.782 W =913 N = 0.779 W = 13.54 np = 0.789
Centrifugal compressor (K2) Wka = 5.00 ke = 0.635 Wk2 = 6.13 ke = 0.575 Wk = 8.65 ke = 0.586 Wko = 12.84 ke = 0.600
Aftercooler (HX1) Quxn = 13.42 eax1 = 0.975 Qux1 = 15.06 egx1 = 0.979 Quxi = 20.93 egx1 = 0.970 Quxi = 28.10 eux1 = 0.983
Intercooler (HX2) Qux2 = 5.37 enxe = 0.888 Qux2 = 5.76 enxe = 0.890 Quxz = 7.66 enxe = 0.861 Quxe = 11.34 euxe = 0.874
Recuperator (RH1) Quin =25.79  erm1 = 0.949 Qrn = 26.51 ery1 = 0.974 Qrun = 28.21 ern1 = 0.966 Qun =29.24  erm1 = 0.968
Electric heater (EH) Wen = 6.09 - Wiy = 6.76 - Wiy = 9.32 - Wiy =13.89 -
Electric motor (EM) Wem = 1875 ¢ =0.7170 Wem = 2024 ¢ =0.7620 Wem = 2579 ¢ =0.8290 Wem = 33.8 (=0843"
Nitrogen flow rate [kg s'] 0.291 0.311 0.360 0.407
COP 0.325 0.334 0.361 0.411
TER 1.327 1.363 1.470 1.578

! This includes motor efficiency and mechanical transmission efficiency.

Table 7

Bc-prototype performance when operating during the temperature tests (see yellow solid lines in Figs. 7-8). These results were obtained by using the data reported in
Tables B.6-B.8.

Pressure and temperature limits (Ppax, Tmin) =
(16.4 bar, — 94.9°C)

Components ax; Imin) =

Pressure and temperature limits (Pmgyx, Tmin) =
(16.4 bar, — 133.4°C)

Pressure and temperature limits (Pp,
(16.4 bar, — 112.8 °C)

Power [kW] Efficiency [—] Power [kW] Efficiency [—] Power [kW] Efficiency [—]
Reciprocating compressor (K1) Wi = 29.77 g1 = 0.765 Wia = 31.86 = 0.753 Wia = 35.36 N = 0.741
Turbine (T1) W = 1254 N = 0.774 Wi = 10.69 N = 0.741 W =873 = 0.709
Centrifugal compressor (K2) Wko = 12.33 ke = 0.528 Wk = 10.08 ke = 0.519 Wxo = 8.18 ke = 0.516
Aftercooler (HX1) Qux1 =29.42  enx1 = 0.984 Quxi =31.40  emx1 = 0.974 Quxi =34.77 ¢enx1 = 0.983
Intercooler (HX2) Quxz = 1076 emx> = 0.866 Quxz =840  €mx2 = 0.847 Qux> =6.28  €mxe = 0811
Recuperator (RH1) Qrin = 35.46 eru1 = 0.953 Qrun = 48.53 eru1 = 0.945 Qrin = 66.58 eru1 = 0.921
Electric heater (EH) Wen =12.84 - Wgn = 1091 - Wen = 8.77 -
Electric motor (EM) Wem =35.20 ¢ =0.846(1) Wem =37.39 ¢ =0.852) Wiy = 4117 ¢=0859"
Nitrogen flow rate [kg s~1] 0.417 0.439 0.475
COP 0.365 0.292 0.213
TER 1.506 1.356 1.210

! This includes motor efficiency and mechanical transmission efficiency.

e The data can be compared as the turbine outlet temperature and
reciprocating compressor inlet pressure were kept constant as much
as possible at —85 °C and 9 bar respectively.

The power required by the electric motor to run the reciprocating
compressor increased from 18.8 to 33.8 kW (+79.8 %) when
increasing the cycle maximum pressure from 12.8 to 16.4 bar (+28.1
%). However, the COP of the Bc-prototype significantly increased
from 0.325 to 0.411 (+26.5 %).

The increment in the COP values, when operating at high pressure, is
due to both a higher electric heater power supply, which simulates

heater power was reduced (event #3 in Figs. 7 and 8). Since the
maximum pressure was kept constant at 16.4 bar (Fig. 7a), a tempera-
ture drop at the turbine outlet occurred after each electric heater power
reduction (Fig. 8b). Specifically, the electric heater power was reduced
from 13.9 to 8.8 kW (—36.9 %). The data used to evaluate the Bc-
prototype performances was highlighted in yellow in area -B- of
Figs. 7 and 8, and the average values reported in Tables B.6-B.8.

Table 7 shows the Bc-prototype performance, which can be sum-
marised as follows:

the cooling effect, and to a higher isentropic efficiency of the recip-
rocating compressor and turbine (close to the design ones). The
isentropic efficiency of the centrifugal compressor was on average
equal to 0.6.

e The TER of the Be-prototype, thus including the heat that could be

e The electric heater power was first reduced from 13.9 to 12.8 kW
(—7.6 %), and then to 10.9 (—21.5 %) and 8.8 (—36.9 %) kW. The
average temperature at the turbine outlet thus decreased from —85
to —95 (-11.8 %), —113 (-32.9 %), and —133 (-56.5 %) °C
respectively (Fig. 8b). Please notice that the turbine outlet temper-

recovered in the aftercooler (HX1) and intercooler (HX2), increased

ature was not constant during the test as the electric heater power
from 1.327 to 1.578 (+18.9 %).

was insufficient to get steady-state conditions, therefore the data was
averaged. A minimum temperature at the turbine outlet of about
—140 °C was reached.

The temperature reduction rates at the turbine outlet were 1.4, 2.4
and 3.1 °C min~! when operating with an electric power heater of
12.8, 10.9 and 8.8 kW respectively.

The COP of the Bc-prototype decreased significantly during the
temperature test. In particular, the COP was 0.411 (Table 5) when
operating at a minimum temperature of —85 °C and then decreased
to 0.365 (—11.2 %), 0.292 (—29 %) and 0.213 (—48.2 %) according

3.2.2. Temperature test

The temperature test was carried out after the pressure test without .
turning off the Bc-prototype. In the temperature test, the maximum
pressure of the cycle was kept constant at 16.4 bar. The pressure and
temperature data in the -A- area of Figs. 7 and 8 refers to the Bc-
prototype when operating at a maximum pressure of 16.40 bar and a
minimum temperature of —85 °C.

The temperature test took about 30 min and began when the electric
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to the reduction of the turbine outlet temperature. The TER also
decreased from 1.578 (Table 5) to 1.506 (—4.6 %), 1.356 (—14.1 %)
and 1.21 (—23.3 %).

o The turbine isentropic efficiency decreased with the reduction of the
outlet temperature until a value of about 0.71 (—10.1 %). Further-
more, the isentropic efficiency of centrifugal compressor was very
low and almost constant at 0.52.

4. Conclusions

Reducing the temperature at low values is very energy consuming,
and nowadays energy consumption is one of the major policy drivers for
many governments. This paper reports both the description of a Brayton
cryocooler prototype, designed for several industrial applications when
temperatures in the range 140-180 K are required, and the data from an
experimental campaign where it was tested. To be able to accurately
identify and give evidence of the real prototype performance, a first test
was conducted at design operating conditions, which are:

e A maximum and minimum pressure of about 18.5 and 8 bar
respectively.

e A minimum temperature of —120 °C.

o A cooling effect of about 16 kW.

The pressure range and configuration, with a reciprocating
compressor downstream of the bootstrap unit, of the prototype are
innovative when compared to standard Brayton cryocoolers operating in
the 140-180 K temperature range. The data shows that the coefficient of
performance at design conditions is 0.29 without considering about 55
kW of waste heat that can be recovered at low temperatures (<100 °C).
Moreover, the adopted working fluid is not air, as adopted in many
literature works, but nitrogen, in order to avoid any condensation
phenomena. The prototype could be used for several industrial appli-
cations such as liquefaction, air conditioning, medical purposes (e.g.
covid-19 vaccine storing), and also in the food industry to freeze
different food products at very low temperatures as we presented in
Ref. [24].

A sensitivity analysis was also carried out to evaluate how and to
what extent the prototype performance is affected by the operating
conditions. The results demonstrate that:

e The higher the maximum pressure, the higher the prototype per-
formance is. Please consider that the suction nitrogen pressure of the
reciprocating compressor was kept constant at about 9 bar. This set
up is innovative and prevents the plant from possible ambient air
infiltration.

e A temperature of about —140 °C was reached at the turbine outlet.

The prototype could have reached a temperature lower than —140 °C

but the experiment was stopped to prevent any possible issues with

the bootstrap unit (turbine and centrifugal compressor), which is the
most expensive component of the prototype (about 70,000 €).

The centrifugal compressor has a very low isentropic efficiency.

However, most of the prototype components were not realised ad hoc

for the prototype but they were selected on the market.
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Based on the presented results, it can be concluded that the prototype
has a high energy performance and overcomes the limits presented by
other works in the literature (e.g. humidity condensation). The proto-
type also makes it possible to recover large amounts of waste heat at a
low temperature level, which is a huge advantage for applications in the
food industry. The prototype performance could be further increased by
an ad hoc design of both the bootstrap unit and reciprocating
compressor. This would make it possible to improve the expansive phase
and to better recover the work produced by the turbine. The trans-
mission losses between the reciprocating compressor and the electric
motor could be reduced and the oil used to lubricate the reciprocating
compressor cooled by using water. Therefore, the coefficient of perfor-
mance at design conditions could exceed the 0.3 value.
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The isentropic efficiency of the compressors (#,) and turbine (5,) are defined as

:houl.is(Tis-,p) - hin(Tvp)
¢ houl(T7p) - hiﬂ(T7p)

and
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_ houl(Tvp) — hi“(T7p)
houLis(Tis7p) - hin(Tvp)

where ho, ;s is the outlet enthalpy [kJ kg’l] at isentropic conditions, he, is the outlet enthalpy [kJ kg’l] and hy, is the inlet enthalpy [kJ kg’l].
The heat exchangers effectiveness ¢ is defined as
hOUl(Tap) - hi“(T7p)

S M) A-3)

(A.2)

where Ahy,, is the maximum enthalpy difference [kJ kg '] obtained if the temperature of the hot fluid exiting the heat exchanger is equal to the
temperature of the cold fluid entering the heat exchanger.

Appendix B. This Appendix reports the average values of the data monitored (pressure and temperature) during the tests

Table B.1
Thermodynamic parameters of the Be-prototype when operating at design steady-state conditions (see Figs. 3-4 and Table 5).

Points Pressure [bar] Temperature [°C] Enthalpy [kJ kg’l] Entropy [kJ kg’1 K’l]
1 9.06 20.26 302.48 6.16
2 18.60 105.91 391.47 6.22
3 18.20 98.10 383.24 6.20
4 18.17 16.98 296.91 5.94
5 17.81 —89.18 180.49 5.44
6 7.95 -120.53 151.83 5.50
7 7.87 —94.53 180.52 5.68
8 7.82 14.73 296.94 6.19
9 9.16 40.40 323.69 6.23
1

Point numbers are reported in Fig. 2b.

Table B.2
Thermodynamic parameters of the Be-prototype when operating at a maximum pressure of 12.8 bar during the pressure test (see Figs. 5-6 and Table 6).
Points ) Pressure [bar] Temperature [°C] Enthalpy [kJ kg™!] Entropy [kJ kg™! K]
1 9.01 16.32 298.33 6.15
2 12.81 60.77 344.52 6.19
3 12.72 58.65 342.29 6.18
4 12.70 16.61 296.18 6.04
5 12.42 —67.52 207.54 5.68
6 8.14 —85.63 190.02 5.72
7 8.11 —70.09 210.96 5.83
8 8.09 15.02 299.60 6.19
9 9.09 33.82 316.77 6.21
1

Point numbers are reported in Fig. 2b.

Table B.3
Thermodynamic parameters of the Bc-prototype when operating at a maximum pressure of 13.4 bar during the pressure test (see Figs. 5-6 and Table 6).
Points Pressure [bar] Temperature [°C] Enthalpy [kJ kg’l] Entropy [kJ kg’1 K’I]
1 9.06 16.18 298.17 6.15
2 13.42 63.97 347.80 6.19
3 13.31 60.67 344.33 6.18
4 13.30 14.98 295.91 6.03
5 13.02 —64.41 210.66 5.69
6 8.05 —85.72 189.98 5.72
7 8.03 —66.53 211,71 5.83
8 8.00 14.09 296.96 6.18
9 9.13 33.73 316.68 6.21
1

Point numbers are reported in Fig. 2b.

Table B.4
Thermodynamic parameters of the Be-prototype when operating at a maximum pressure of 14.9 bar during the pressure test (see Figs. 5-6 and Table 6).
Points ) Pressure [bar] Temperature [°C] Enthalpy [kJ kg™'] Entropy [kJ kg ! K1]
1 9.15 17.54 299.59 6.15
2 14.88 74.77 358.99 6.19
3 14.77 70.48 354.47 6.18
4 14.75 15.70 296.33 6.00
5 14.47 —57.15 217.96 5.69
6 7.84 —85.26 192.59 5.73
7 7.80 —59.72 218.48 5.87

(continued on next page)
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Table B.4 (continued)

Points Pressure [bar] Temperature [°C] Enthalpy [kJ kg~ '] Entropy [kJ kg ! K1
8 7.77 14.63 296.85 6.19
9 9.20 37.74 320.88 6.22

1 Point numbers are reported in Fig. 2b.

Table B.5
Thermodynamic parameters of the Be-prototype when operating at a maximum pressure of 16.4 bar during the pressure test (see Figs. 5-6 and Table 6).
Points Pressure [bar] Temperature [°C] Enthalpy [kJ kg™'] Entropy [kJ kg™! K]
1 9.16 17.80 299.86 6.15
2 16.37 85.25 369.87 6.19
3 16.22 80.07 364.40 6.18
4 16.20 15.10 295.35 5.97
5 15.90 —51.54 223.50 5.69
6 7.62 —85.72 190.22 5.74
7 7.59 —-53.91 224.34 5.91
8 7.53 13.95 296.19 6.20
9 9.21 44.24 327.73 6.24
Table B.6

Thermodynamic parameters of the Be-prototype when operating at an average minimum temperature of —94.9 °C during the temperature test (see
Figs. 7-8 and Table 7).

Points Pressure [bar] Temperature [°C] Enthalpy [kJ kg 1] Entropy [kJ kg 1K 1]
1 9.12 17.78 299.85 6.15
2 16.40 86.55 371.24 6.20
3 16.21 81.50 365.92 6.19
4 16.20 15.11 295.36 5.97
5 15.89 —63.53 210.32 5.63
6 7.71 —94.88 180.24 5.68
7 7.67 —67.44 211.03 5.84
8 7.61 13.86 296.07 6.19
9 9.17 42.25 325.65 6.24
1

Point numbers are reported in Fig. 2b.

Table B.7
Thermodynamic parameters of the Be-prototype when operating at an average minimum temperature of —112.8 °C during the temperature test (see
Figs. 7-8 and Table 7).

Points ) Pressure [bar] Temperature [°C] Enthalpy [kJ kg™'] Entropy [kJ kg™! K]
1 9.11 17.64 299.70 6.15
2 16.38 87.52 372.27 6.20
3 16.19 82.41 366.89 6.198
4 16.17 15.11 295.37 5.97
5 15.85 —86.38 184.83 5.50
6 7.96 —-112.75 160.48 5.55
7 7.92 —-91.19 185.33 5.68
8 7.87 13.73 295.87 6.18
9 9.19 35.80 318.84 6.21
T

Point numbers are reported in Fig. 2b.

Table B.8
Thermodynamic parameters of the Be-prototype when operating at an average minimum temperature of —133.4 °C during the temperature test (see
Figs. 7-8 and Table 7).

Points Pressure [bar] Temperature [°C] Enthalpy [kJ kg’l] Entropy [kJ kg’1 K’I]
1 9.10 17.49 299.55 6.15
2 16.44 89.15 373.99 6.20
3 16.18 84.08 368.66 6.19
4 16.16 15.20 295.47 5.97
5 15.81 -111.97 155.30 5.33
6 8.30 —133.41 136.92 5.39
7 8.26 -119.97 155.38 5.47
8 8.20 13.50 295.55 6.17
9 9.18 30.04 312.77 6.19
1

Point numbers are reported in Fig. 2b.
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