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Abstract

A mathematical model was developed for Collin system and second law (energy-exergy analysis) is carried out by considering
different input parameters. It was observed that the Second law efficiency of Collin system is 17.29 % and COP is 0.8687 when input
at ambient condition and compressor pressure is 15 bar, but both start decreasing with further increases of compressor pressure
whereas liquefaction mass ratio and Total work done is increases with increase in compressor pressure. Increase in Intermediate
mass ratio of expander decrease the COP ,increase the second law efficiency, total work done and liquefaction mass of helium.
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1. Introduction

Cryogenics has been an important area of refrigeration because
of its application in industrial and commercial utilization, and
many scientific and engineering researches are going on by
using low temperature liquefied gases. Cryogenics isa branch
of physics which deals with the achieving very low
temperatures (below the 173 K.) and study their effects on
matter .Cryogenic study presents broad goals for cryogenic
support for various gas liquefaction systems. Due to industrial
revolution, various issues like cost, efficiency and reliability
are the challenges factors in employment of cryogenic support
technology. In past many fantastic claimhave been made as to
the degree of improve performance achieved by employing
cryogenics technology. Cryogenic engineering is the
application of low temperatures that cannot be observed on
Earth or in the atmosphere around earth under natural
conditions to practical problems .In refrigeration, the
temperature from -100°C to -273°C (or absolute Zero) are
treated as low temperatures and Cryogenics is the science
connected with reaching and applying temperatures below
120K (-1530C) Today for achieving cryostat we uses many
fluid but in due course some fluid considered as the main fluid
to achieve cryostat and the temperature range of cryostat
mostly depend upon the fluid we uses in apparatus.

2. Literature Review

Rijo Jacob Thomas [1] done exergy analysis to system on large
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helium liquefier to get optimum parameters for geometric
design. (l.e.compressor pressure, expander flow rates, heat
exchanger surface area) by considering presence and absence
of pressure drop (both) in the heat exchangers.

Ibrahim Dincer [2] is presented comprehensive exergy analysis
of a multistage cascade refrigeration cycle used for natural gas
liquefaction, which is a cryogenic process. The multistage
cascade cryogenic system is described and an exergy analysis
of the cycle components and the minimum work required for
liquefaction are provided Rijo Jacob Thomas, etal, [3]
concluded that When one Brayton stage is split into two
modified Brayton stages in the liquefacation of helium system
without changing HX area is showed improvement and when
two Brayton stages are combined to make one modified
Brayton stages, the system performance deteriorates

W. K. Erdt, [4] pointed out the Linde helium refrigeration
system combined an extremely compact construction by
arranging three expansion turbines in the temperature region
below 20 K, and one of which expands to roughly saturated
liquid and obtained during more than one year of operation and
observed that the results of system performance
measurements, remarkably for good cycle efficiency
Yongliang Li, Xiang Wang and Yulong Ding, [5] proposed
optimization methodology for thermodynamic design of large
scale gas liquefaction Systems. This methodology take care of
expander cycle design of liquefaction processes. Low exergy
still the problem in all system of cryogenics .Various research
methodology like computational, experimental can be done to
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improve the efficiency Moses Minta, Joseph L. Smith Jr. (6)
used “Entropy Flow Optimization Technique in the Helium
Liquefaction Cycles

3. Thermodynamic Model

The main fluids to achieve very low temperature are methane,
oxygen, nitrogen, neon, hydrogen and helium.
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Figure 1: Block diagram of modified Helium liquefaction system

4. Mathematic modeling of Improved Collin system for
liquefaction of Helium

R$ =' Helium', P, =1, T, =77, Ty = 298, P, = 11
T, =T,
rx=07,11=01,12=01,x =% r1 ="t

m m

r2="2 Py =P, P, =P,m=10,T; =T,
x():O

Wey = mgq * (hy — heq)
Wep, = Mgy * (hy — hey)
Wex = my * (hx - hex)

EdWe1 = (mel * Ty * (53— Sel))
EdWe2 = (mez * Ty x (54 — Sez))
EdWex = (mx * Ty * (S — Sex))

m
f
y=—
m
Compressor

VI/C=m*(T1*(51—52)—(h1—h2))
Wnet=m+Wel+WeZ+VVex

Work done per mass of gas — % =7
Work done per mass of lig gas — % =T
f
hi—hf
cop =(—=
Grt)

Q =m=x* (hy — hy)

Edcomp = (m Ty * (s, — 5,) — (Q * (;-j)))

Btazna, = (((nf-nl)—n,*(sf_sl) . mf) . 100)

Whet
4.1 First Heat Exchanger( HX 1) analysis

TypeHX, s =' counterflow’
epsilonyy, = 0.85

T3 =Ty
Thi = TZ
Tis = Tco

thXl =m-—-—m,

Tho = T3

T, =T

Chpxs = Mhyxy * CProtfiyidy yy
C

cux1 = Mepxy * CPeoldfiyiay y,
Qux1 = Cth1 * (Thi - Tho)
Qux1 = CdotcHXl * (Tco - Tci)
g_max_HX1 = C_min_HX1 * (T_h_i — T_c_i)
epsilon_HX1 = q_HX1/q max.

Ntuyy,

= HX (TypeHX1$, epsilonyy, Cdoanx1' Cdotch, thu’)
Ntu_ HX1 = (G_HX1)/C Igll)}lil)

EXinyy, =m* ((hz —h3) — (To *(sy — 53)))
EXoutyy, = (m - mf) * ((h14 —hys) — (To * (S14 — 515)))
Edyy, = ((ExinHXl) - (Exouth))

4.2 Second Heat Exchanger( HX_2) analysis

TypeHX,s =' counterflow’
epsilonyy, = 0.85
First Mixing temperature"
Ty3 % (m - mf) =Mey * Ty +
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(m —my — mel) * Tyo

Mpy e, =M — Mgy — My
My, =M — M —Mmy

Chuxa = Mhyx, * CPhotfiuiay y,

C

cuxz = Mepxz * CPeoldfiyiayy,

Guxz = Chyy, * (T; — Ty)

Quxz = Ceyyy * (T3 — Ti2)

g_max_HX2 = C_min_HX?2 *

(T3 —-T12)

epsilon_HX2 = q_HX2/q max.

Ntuyy, = HX(TypeHX2$, epsilonyys, Cryyyr Copxnr thu’)
Ntu_HX2 = (G_HX2)/C_dot 111{1)}121

EXinyy, = (M — Mgy —my) * ((h3 —hy) — (T0 *
(s3 —s1)))

Eouty = (m = mp —my) « ((hiz = has) = (To »
(512 — 513)))

Edyy, = ((Exinyxz) - (ExoutHXz))

4.3 Third Heat Exchanger( HX_3) analysis

TypeHX35 =' counterflow’
epsilonyys; = 0.85
Ty =T

_ kj
{€n i = 1:004 [kg—K }
Mhpyys = M = Mep — Mgz — My
mdotCHX3 =M —Mmy —Meg — My
Cth3 = Mhppxs * CphOffluidHX3
Cepxs = Meyys * CDcoldfiyiay ys
Qux3 = ChHX3 * (T, —Ts)
quxs = CcHX3 * (T — Tho)
q_max_HX3 = C_min_HX3 * (T_4 —T_10)
epsilon_HX3 = q_HX3/q max.
Ntuyys = HX(TypeHX3$, epsilonyys, Cpyya Copyar ’_Ntu’)
Ntu_HX3 = (G_HX3)/C min.
ExinHX3 = (M —mgg — Mgy —My) *

((h4 —hs) — (To * (54 — 55)))

EXoutyys = (m My T Meq — mX) *
((hm —hyy) — (To * (519 — 511)))
Edpxs = ((Exion3) - (ExoutHX3))

4.4 Fourth Heat Exchanger( HX_4) analysis

TypeHX,s =' counterflow’
epsilonyy, = 0.85

_ K
Cpfluidhot = 5.192 [kgK]

First Mixing temperature
Tyo * (m — my — Me1) = Mgy * Top +

(m — My — Mgy — mez) * T

Mpyy, = M — Mg — My — My
Moy, =M — Moy — My — Mp — My,
Chpxs = Mhyxy * CPhot fruiay yy

Cepxa = Meyyy * CPcoldfiyiay y,

Qrxa = Cnyy, * (Ts — Te)

Qrxa = Ceyyy * (T9 - Tg)

qg_max_HX4 = C_min _HX4 * (T_5—T_g)

epsilon_HX4 = q_HX4/q max.

TypeHX,s,
NtuHx4 = HX< yp 48

Ntu_HX4 = (G_HX4)/C r;&?
ExinHX4 = (M — Mgy — Mgy — M) *

((hs —hg) — (To * (S5 — 56)))

ExoutHX4 = (m Mgy — My — My — meZ) *

((hs — hy) — (To * (sg — 59)))

Edyxs = abs ((Exing,) = (EXoutyy,))
hg = hs
Sg = 58

Heat Exchanger “C"

my * hy + myy x HFy = MyNevop * hvaccin +my * hy

miy = mLNevop
Enthalpy of Fusion
HFy = Enthalpyfusion(Nitrogen)
Sex = Sx
Temperature of liquid nitrogen
T, =77

Separator

(m_mel_mez_mx)*h7=mf*hf
+(m—mel—mez—mf—mx)*hg

(mg *Sg — (mg + mf) *57)
Edse, = abs| To * + (mg*hg‘mf*hf

To
my = (m—mel — My, —mf—mx)
J-T Valve
he = h;

x =1

ExinVal = (M — Mgy — Mgy —My) *
((he —ho) — Ty * (s — So))
Exout,,al = (M — Mgy — Mgy —My) *
((h7 —hy) =Ty * (s — 50))

Ed,, = abs(ExinVal - Exoutml)

Ed
Edcompu =(—=2"% )% 100
% EdHEimpsys
Wor = _Edwe, ), 100
1% EdHEimpsys

epsilonygys, Chyyyr Copyyar NEU

)

)
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EdHeimpsys
— Edwey
Wesq, = (Ed £100
° Heimpsys
Ed
Edyx % = ( HX1 )* 100
EdHEimpsys
Ed
Edyx,% = ( X )* 100
EdHeimpsys
Ed
Edyxs% = <¢> * 100
EdHEimpsys
Ed
Edyxs% = ( HX4 )* 100
EdHEimpsys
Ed
Edyg% = ( vat ) * 100
EdHemesys

Edgep% = (”—") %100

EdHeimpsys
EdHeimpSys = Edcomp + E‘CIWE1 + EdWez +

EdWex + EdHXl + EdHXZ + Ede3 +
Ede4_ + Edval + Edsep

In Non-ideal gas any variable can be defined by two other
dependent variable on them:

anon—idealgas = fx(b' C)

Table 1: Variable Table (Collin improved system)

Variable Variable | Variable
(a) Gas (b) (c)
ho R$ To P;
hy R$ T P,
h, R$ T, P,
So R$ To P;
S1 R$ T; Py
S, R$ h, P,
S3 R$ T P,
h R$ Ts P,
Sy R$ Xo P
hg R$ Xo P,
Sg R$ X, P,
hg R$ X1 P
Ty R$ hs P;
Teq R$ S3 P;
he R$ Te1 Py
Se1 R$ Tel hel
Ty R$ Sy P;
he; R$ Tez Py
Se2 R$ Py ey
Sy R$ T, P,
Tex R$ Sex Pl
h, R$ T, P,

hvacc_in R$ Tx Pl

co(Wf)uxa R$ T, P,

cp(cf)uxa R$ Ti4 Py
Cmin - Chot_HXl Ccold_HXl

co("f)nux2 R$ T3 P,

cp(cf)uxz R$ Ti4 Py
Cmin R$ Chot_HXZ Ccold_HXZ

cp(hf)nxs R$ T, P,

cp(cf )nxs R$ Ty3 Py
Cmin R$ Chot_HX3 Ccold_HX3

c(hf)hxa R$ Te P,

co(cf)nxa R$ Ty Py
Cmin R$ Chot_HX4 Ccold_HX4

he R$ Te P,

Se R$ Te P,

s R$ he P,

Sy R$ T, P,

h, R$ T, P,

Ss R$ T P,

hs R$ Ts P,

hq R$ Ty Py

So R$ Ty P;

hio R$ T1o Py

S10 R$ T1o Py

hyq R$ Ty Py

S11 R$ Ty, Py

I, R$ Tiz P,

S12 R$ Ty, Py

hus R$ T3 P,

S13 R$ Ti3 Py

hyy R$ Ty P,

S14 R$ Ty P,

s R$ Ty P,

S15 R$ Tis Py

5. Results and Discussions

In this system, performance of improved Collin system was
analyzed on the basis of cycle pressure ratio and expander flow
ratio. Fig. 2 shows the variation in COP and second law
efficiency with the cycle pressure ratio. It has been seen that
cycle second law efficiency first increase and then suddenly
starts to decrease up to cycle pressure ratio 25. On the other
hand, COP is continuously decreasing as shown in fig.2.
Maximum second law efficiency and COP is found to be
54.19% and 0.07558, respectively.
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Fig.3 indicates net work done and mass liquefaction rate with
the cycle pressure ratio. Maximum liquefaction mass flow rate
and net work done is found to be 0.5643kg/s and 7627kJ. Fig.4
illustrates the specific heat of hot fluid in all heat exchanger
with the cycle pressure ratio. It has been analyzed that specific
heat of hot fluid in HX3 continuously increasing with the cycle
pressure ratio of 9 to 27. While the specific heat of hot fluid in
HX2 and HX1 slightly increasing. Apart from this, specific
heat of hot fluid in HX4 is continuously decreasing for the
prescribed cycle pressure ratio limit. Fig. 5 shows the variation
in NTU with the cycle pressure ratio. It has been seen that NTU
in HX1 remain a constant value and NTU in HX2 first
increasing slightly, and then continuously shows the
decreasing behavior followed by the graph of NTU in HX2.
Finally, the NTU in HX4 increasing sharply first up to cycle
pressure ratio 11 and then suddenly decreasing up to minimum
value. Fig.6 demonstrates the variation in exergy destruction
rate in compressor, HX1, HX2, HX3, HX4, separator and
valve, respectively. Exergy destruction rate in compressor,
valve, HX2 and HX3 shows continuously increasing behavior.
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While separator and HX4 initially illustrates the increasing
trend and then continuously decreasing. Fig.7 shows the
variations in COP and second law efficiency with the expander
flow ratio. It has been observed that both COP and second law
efficiency both decreasing continuously and the maximum
value of COP and second law efficiency is found to be 0.07187
and 87.29%, respectively. Fig.8 indicates the variation in
liquefaction mass flow rate and net work done with the
expander flow ratio. It has been seen that liquefaction mass
flow rate continuously decreasing and net work done
continuously shows an increasing trend between the expander
flow ratios from 0.6 to 0.78. Fig.9 illustrates the variation in
specific heat of hot fluid in HX with the expander flow ratio. It
has been seen that specific heat of hot fluid in HX1 and HX3
shows the same value and it is continuously increasing. On the
other hand, specific heat of hot fluid in HX2 shows slightly
increasing behavior. While, specific heat of hot fluid shows a
decreasing trend with in limit of expander flow ratio. Fig.10
shows the NTU in HX1, HX2, HX3 and HX4 with the
expander flow ratio of 0.6 to 0.78. It has been seen that NTU
in HX1, HX2 and HX3 shows a decreasing behavior. On the
other side, NTU in HX4 continuously increasing first up to
0.69 and then its graph starts decreasing. Fig.11 and fig.12
shows percentage exergy destruction compressor, HX1, HX2,
HX3, HX4, valve and separator with the expander flow ratio.
It has been notice that percentage exergy destruction in
compressor up to 0.69 and then starts to decrease. It has been
observed that percentage exergy destruction in HX1 and HX2
continuously shows an increasing trend. While, percentage
exergy destruction in HX3, HX4, separator and valve has an
decreasing behavior between the prescribed limit of 0.6 t0 0.78

6. Conclusions

Following conclusions were made from investigation

(1) Exergy analysis is powerful tool of optimization. of
refrigeration systems which showed very low exergy
efficiency

(2) High exergy efficiencies (52% for hydrogen and 58% for
methane and nitrogen) are achievable on very general
consumptions

(3) At Different pressure values the system is analysied to find
best pressure ration for optimum number of stages for
liquefaction process

(4) More alternate arrangements of Helium cycle can be
explore to enhance its thermal efficiency
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