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Abstract: Cryogenic liquefaction systems has greater importance in recent years due to the application of cryogenic fluids in
engineering and other scientific researches on different parts of worlds. The main scope of this systems includes the design,
development and improvement of various components in order to provide the best working conditions. A designer has to fix
parameters such as number of heat exchangers, working pressures and flow diversions etc. as they play important role in heat
transfer. Exergy analysis considered as a useful method to analyse and optimize the design and operation of these liquefaction
systems. This study concentrates on exergy analysis of cycles commonly used for the liquefaction of gases in order to evaluate
and compare their performance under given working conditions and system component efficiencies. The cycles considered are
simple Linde-Hampson cycle, Claude cycle and Collins cycle respectively. Systematic evaluation of important operating
parameters has been done to determine the exergy destructions in components as well as in the entire cycles. Compressor
pressure, expander flow rates are some of the parameters considered during the analysis. The process flow diagrams, simulations
of these cryogenic cycles are done with the help of the simulation tool Aspen HYSYS™. All calculations are done at steady state
and the results hence obtained. Detailed exergy-based analyses are performed upon the various processes and the exergy
destruction in each component also found.
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1. INTRODUCTION

Cryogenics is the science that involves study of very low temperatures. Low temperatures usually obtained by using liquefied
gases such as liquid nitrogen or liquid Helium. Therefore, liquefaction of gases is an important area for cryogenic technologies.
There are two main methods for producing low temperature refrigeration namely Joule-Thomson expansion and expansion
engine. The first method is the Joule-Thomson expansion and utilizes the Joule-Thomson effect to produce low temperatures. The
second method employs an expander to produce low temperature. In most of the liquefaction systems the gas is compressed to a
high pressure, cooled in the counter-current heat exchanger, and expanded through a J-T valve. Exergy analysis considered as one
of the important tools for predicting the performance of liquefaction cycles. Thermodynamic irreversibility of the cycle, which is
defined by the second law of thermodynamics as entropy generation and loss of exergy, provide a direct measure of the rate of
liquefaction or capacity of refrigeration of a cycle. The major factors that contribute to the thermodynamic irreversibility are: heat
transfer in heat exchanger across a finite temperature difference, other thermal irreversibility such as flow mal distribution, heat
inleak and axial conduction in heat exchangers, pressure drop in piping and heat exchangers, isenthalpic expansion in Joule-
Thomson valve, finite stages of compression, inefficiencies in expanders, inappropriate flow rates and operating pressures etc. In
case of liquefaction cycles, the losses are distributed among different components throughout its operating temperature range. The
irreversibility’s can be avoided by expander-based systems rather than different precooling systems.

1. LITERATURE REVIEW

Atrey, M. D [, (1998) presented a cycle simulation for the Collins helium liquefaction cycle with six heat exchangers and two
reciprocating expanders. It highlights the concept of an optimum mass flow rate through expanders for the liquefier. Wagner, U
(121 (2000) reviews the possible process solutions for liquid nitrogen pre-cooling and their particularities. Five principle solutions
with their main characteristics for the process arrangement of the precooling with liquid nitrogen have been presented. Kanoglu,
M [, et al., (2008) states that Cryogenic temperatures can be obtained by liquid expansion, Joule-Thompson expansion, and
expansion engine. This paper presents an analysis of the thermodynamic cycles commonly used for the liquefaction of gases in
order to evaluate and compare their performance under various conditions and system component efficiencies. The cycles
considered are simple Linde cycle, precooled Linde cycle, Claude cycle, and Kapitza cycle. Devender, K. Mishra, R. S [, (2014)
deal with energy exergy comparative analysis of two cryogenics systems (i.e Linde Hampson and Claude) in terms of second law
efficiency and the output ( which in form of liquefaction mass ) of gases, The numerical computation was carried out for above
systems and it was conclude that by joining extra accessories in system make a system efficient in output result but in other hand
making system large , its cost and as well as useful energy destruction of overall system are degraded which seen in from of low
second law efficiency. According to Rahul ©l et al. (2015) Liquid nitrogen precooling is widely used in helium
liquefier/refrigerator for increased liquefaction as well as providing initial cool-down up to 80 K. The advantages are reduction in
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plant size and in number of equipment. In this paper, through parametric analysis of some reported configurations using Aspen
HYSYS® V7.3, design decisions for adopting a precooling scheme for given helium plant has been presented. Results have been
analysed for the adopted plant configuration to arrive at conclusion regarding optimum configuration for precooling in the helium
plant. Devender, K Bl et al., (2017) conducted complete thermo analysis of pre-cooled Linde system is carried out and various
results are predicted. The effect of some various parameters like refrigerant mass flow ratio and compressor pressure on system
with six different gases is studied by applying computational numerical technique. Effect of these parameters on system conclude
that the system works good near 200 bar pressure and refrigerant mass flow ratio of 0.03 is suitable for system showing high
second law efficiency and Liquefaction mass ratio and low work done per liquefaction mass ratio. Mishra, R. S [ et al., (2018)
presents, the validation of Linde system, Pre-cooled Linde system, Claude, Kapitza, Haylandt and Collins system in terms of
system performances. In this paper exergy analysis of cryogenics systems with different gases, Collins system is evaluated on the
basis of pressure ratio, compressor outlet temperature, and expander mass flow ratio.

1. OBJECTIVE OF THESTUDY

The main objective of the study is to evaluate the liquefaction cycles for 1.Nitrogen 2. Helium. This will be carried out by:

*  Performance evaluation of various parameters of Liquefaction cycles using simulation tool Aspen Hysys

* Calculation of Liquefaction fractions, exergy efficiencies, exergy destruction in each components

* Investigations on the Effect of discharge pressure, best flow diversion, component efficiency etc. on the liquefaction fraction,
exergy efficiencies, exergy destruction

V. METHODOLOGY

A Exergy Analysis: Energy analysis is based on the first law of thermodynamics which embodies the principle of
conservation of energy and is the traditional method to assess the performance and efficiency of energy systems and processes.
Since Energy is conserved an energy balance for a general system or process may be written as
Energy input —Energy output = Energy accumulation
By contrast, an exergy balance can written as
Exergy input — Exergy output — Exergy consumption = Exergy accumulation
Exergy rate balance for a control volume in steady-state flow can be expressed as
ZQ;( _%) -W +3m; €ri — YT, ere — Expgsr =0
eg=h—hy —To(s —sp)
If there is a single inlet and a single exit, denoted by i and e, respectively the equation reduces to

. T . . .
20, (1 - T_(;) —W +m(es —ep.) — Expgsr =0
Where, i is the mass flow rate. The term is ( es; — e, ) evaluated using equation given below
eri — ere= (hy —he) — To(S; — Se)

B. Simulator: Aspen Hysys solves the critical engineering and operating problems that arise throughout the lifecycle of
a process, such as designing a new process, troubleshooting a process unit or optimizing operations of a full process like a
Rankine cycle plant. The process simulation capabilities of Aspen Hysys enables engineers to predict the behaviour of a plant
using basic engineering relationships such as mass and energy balances, phase and chemical equilibrium, with reliable
thermodynamic data, realistic operating conditions and the rigorous Aspen Hysys equipment models, they can simulate actual
plant behaviour.

V. RESULTS AND DISCUSSIONS

A Linde Cycle

Fig. 1 Schematic of the Linde liquefaction cycle

Linde cycle is the simplest of all the liquefaction system and considered as the second used to liquefy the gases. A schematic of
Linde system is shown in figure The Nitrogen gas is first compressed from ambient conditions to a point of higher pressure by
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reversibly and isothermally. The efficiency of compressor and both the expander are kept constant at 75%, where mass flow rate
total is 1 kg/s, heat exchanges are given a constant effectiveness of 0.97, N2 is compressed from 1 bar to 200 bar, the heat
exchanger is given a pressure drop of 1 bar for high pressure stream and 0.1 bar for the return stream, J-T expands Nz to 1.2 bar.
Process flow diagram of a Linde cycle modelled in Aspen Hysys by the above conditions is shown in Fig. 2.
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Fig. 2 Process flow diagram of Linde liquefaction cycle in process simulator
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Fig. 3 Effect of discharge pressures on fraction of liquid produced in Linde cycle
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Fig. 4 Effect of variation of compressor discharge pressure on exergy efficiency of Linde cycle.
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Fig. 5 Exergy destruction in each component as percentage of total exergy destruction in cold box.
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B. Claude Cycle

A schematic of Claude liquefaction system is shown in figure. The liquefaction was done by compressing the Nitrogen gas to
higher pressure by reversibly and isothermally. This high pressure gas is passed through first heat exchanger. Between 60 to 80
percent of gas is then diverted from main stream and expanded through an expander. This expanded gas is reunited with return
stream below second heat exchanger. The stream to be liquefied goes through the second and third heat exchangers respectively
and finally expanded through expansion valve to the liquid receiver.
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Fig. 6 Schematic of the Claude liquefaction cycle

For understanding the performance, the efficiency of compressor and both the expander are kept constant at 75%, where mass
flow rate total is 1 kg/s, heat exchanges are given a constant effectiveness of 0.95. N2 is compressed from 1 bar to 40 bar, the heat
exchangers is given a pressure drop of 0.1 bar for high pressure stream and 0.1 bar for the return stream, J-T expands Nz to 1.3
bar. Process flow diagram of a Claude cycle modelled in Aspen Hysys by the above conditions is shown in Figure 8. In order to
achieve isothermal compression a cooler is provided after the compression process.so the effect of isothermal compression is
achieved. A separator which is provided at the exit of the J-T is the component in which the liquid nitrogen is separated and
remaining gaseous Nitrogen fed back to cycle. RCY represent recycler which is used to provide initial guess values. For stating
the process some guess values has to be provided. Here the operation conditions to the inlet of each heat exchanges are given
some guess values provided through recycler. The effectiveness of the heat exchanger has to be fixed at 95%.In the software there
is no provision for providing the value of effectiveness directly. Adjuster (ADJ) and spreadsheet are provided for heat exchanger
in order to fix effectiveness
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Fig. 7 Process flow diagram of Claude cycle in process simulator
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Fig. 8 Effect of variation of compressor discharge pressure on the performance of Claude cycle.
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Fig. 9 Effect of variation of expander efficiency on the mass flow of liquid (60% Turbine efficiency)
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Fig. 11 Exergy destruction in each components in Claude cycle as a percentage of total exergy input

(considering different Turbine efficiencies)

C. Collins Cycle

In Collins system, the Helium gas is first compressed to pressure on the order of 22 bar and then passed through first heat
exchanger between 30 to 40% of gas is then diverted from mainstream, expanded through expanderl, and reunited with return
stream below the second heat exchanger. The remaining mainstream gas is then pass through second and third heat exchanger.
About 30 to 40% of gas is then diverted from mainstream and expanded in expander2, and reunited with return stream below
fourth heat exchanger. The remaining gas then pass through fifth heat exchanger and expanded in JT valve. Due to cooling effect
some liquid may be formed. The remaining low pressure gas returns to the compressor inlet to repeat cycle. This system mainly

operates between temperature ranges from 300K to 4.20K.
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Fig. 12 Schematic of the Collins liquefaction cycle

In order to analyse Collins cycle in its simplest form, the efficiency of compressor and both the expander are kept constant at
70%, where mass flow rate total is 1 kg/s, heat exchanges are given a constant effectiveness of 0.95, Helium is compressed from 1
bar to 22 bar, the heat exchangers are given a pressure drop of 1 bar for high pressure stream and a total 0.1 bar for the return

stream, J-T expands Helium to 1.2 bar. Process flow diagram of a Collins cycle modelled in Aspen Hysys by the above conditions
is shown in Figure 13.
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Fig. 13 Schematic of the Collins liquefaction cycle
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Fig. 14 Effect of variation of compressor discharge pressure on the performance of Collins Helium liquefaction cycle.
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Fig. 15 Exergy destruction in each component as percentage of total exergy destruction in cold box
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Fig. 16 Effect of variation of compressor discharge pressure on the best flow through each expander

VI. CONCLUSION
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Fig. 17 Comparative evaluation of cycles on the basis of exergy efficiency

. For Linde cycle, 300 bar discharge pressure is considered as optimum pressure. Further increase in discharge pressure
produces no noticeable change in liquid production.

. For Claude cycle maximum performance is obtained when 66 to 70% flow is diverted through the expander. Exergy
destruction in all components except expander is not changed with increase in efficiency of expanders

. For Collins cycle, 22 bar discharge pressure is considered as optimum pressure. Further increase in discharge pressure
produce no noticeable change in liquid production. Maximum performance is obtained when 40 % flow is diverted through the
expanders and the total flow is 80% and rest 20% JT flow. Considering Exergy destruction in all components, expander is the
most sensitive one and JT is the next. Equal flow distribution to the expanders gave maximum performance
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