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Exergy has proved to be a useful tool to analyze and optimize the design and operation of many systems.
Some studies on helium refrigerators and liquefiers based on exergy are available in literature. In this
paper, systematic evaluation of important operating and geometric parameters has been done to
determine the exergy destructions in components as well as in the entire cycle of Collins helium
liquefiers. Grassmann diagram of exergy flow has been shown to be of immense help in understanding
relative importance of different components used in the system. Compressor pressure, expander flow
rates, heat exchanger surface area are some of the parameters optimized considering both presence and
absence of pressure drop in the heat exchangers. Non-dimensionalization of parameters makes the
results applicable to plants of any capacity. Exergy-analysis based on Second Law proves to be far
superior to the First Law based energy analysis in designing of the helium plant as the former is holistic
in approach and capable of deriving some additional conclusions. Results derived on Collins cycle may be
applicable in large-scale helium liquefiers by providing basic understanding of the influence of
components on the plant performance and reasonable initial guess values in their design and simulation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

With recent developments in the area of high-energy physics,
installations such as Particle accelerators, Colliders, Tokamaks etc
widely came into being and as a result, the requirements for large-
scale helium liquefaction plants also have increased. These helium
plants are highly energy-intensive due to two reasons: (i) As the
final refrigeration temperature is very low (normal boiling point of
helium is 4.2 K), even the minimum theoretical power needed to
remove every kilowatt of heat is very large, and (ii) the total
quantity of heat (kW) to be removed from large installations (at
4.5 K and below) is usually very large. This makes the large helium
plant a highly power-consuming device, where a savings of even
a few percent by suitable design may make it an attractive propo-
sition. Though energy efficiency stands out as the most desirable
attribute to be taken up for maximization, there could as well be
other objective functions, such as, weight, volume, reliability etc. to
undertake studies for optimization of a helium plant. While
designing helium plants, the system configuration as well as the
component parameters such as efficiency of expander, effective-
ness of heat exchangers, operating pressures of components,
distribution of flow among the components etc., have to be prop-
erly selected to achieve the maximum possible efficiency.
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Thermodynamic irreversibility of the cycle, which is defined by the
Second Law of Thermodynamics as entropy generation and loss of
exergy (or useful work), 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 maldistribution, 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 helium liquefaction cycles, the losses are distributed among
different components throughout its operating temperature range,
say 300 and 4.2 K. The amount of exergy remaining with the liquid
output is a direct measure of the rate of liquefaction for a given
input power (input exergy).

In order to reduce the thermodynamic irreversibility in the
cycle, Collins [1] used expander- based cooling stages that replaced
the LN, and LH; pre-cooling stages of the first helium liquefaction
cycle by Kammerlingh Onnes [2]. Collins cycle is the basic cycle as
far any commercial helium liquefaction system is concerned. Later,
there have been modifications on this basic cycle, such as replacing
the reciprocating engine-based expanders by turbines and
arrangement of the turbines in series [3]. Wet expanders replaced
JT (Joule-Thomson valves) [4] or expander-JT combinations have
been employed as final liquefaction stage [5]. System efficiency has
also been improved by adding more number of expander stages,
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modifying arrangements of expanders to match the enhanced
performances of compressors, expanders and heat exchangers [6]
etc.

The present day large-scale helium liquefiers, therefore, have
such features in their configurations which are similar, and at the
same time, many others which are dissimilar to Collins Cycle. Thus,
Collins cycle, which is composed of two reverse Brayton stages
(henceforth referred to as refrigeration stages) as a cascade and
a final JT or wet-expander liquefaction stage, still remains the basis
for designing helium liquefaction cycles. A reverse Brayton stage
consists of two heat exchanges and one expander, wherein the
higher temperature heat exchanger is used for pre-cooling the
working fluid before it is near-isentropically expanded in the
expander and returns as cold low-pressure stream through the
second heat exchanger. The lower temperature heat exchanger is
used for absorbing the load which the reverse Brayton Cycle is
meant to be used for. A large-scale helium liquefaction cycle is
obtained by incorporating more number of refrigeration stages to
the basic cycle. Therefore, the optimum values of operating and
geometric parameters and their ranges obtained using Collins cycle
may act as a guide in deciding the initial design values for large
cycles. Determination of the number of refrigeration stages,
arrangement the expanders, requirement of surface area for each
heat exchanger in a large cycle have to be initiated from the results
obtained from the analysis of Collins cycle. Adoption of this
approach is thus expected to reduce the efforts of designing large-
scale helium liquefier which has complex cycle configuration with
large number of components, its performance being dependent on
the geometric and operating parameters of these components.

Studies made by the authors based on First Law energy analysis
brought out some of the optimum parameters for helium liquefiers in
a Collins cycle [7—9]. However, the First Law is concerned only with
the conservation of the quantity of energy and cannot determine the
degradation in the quality of energy. Exergy-based analysis has the
potential to identify the amount of thermodynamic irreversibility
associated with the whole cycle as well as with each component.
Thus, an optimization of any system can be performed by selecting
the configuration, mass flow rates, operating pressures etc. such that
they all contribute to the minimization or maximization of the
objective function, namely, exergy destruction or exergy efficiency of
the system respectively. In any liquefaction/refrigeration plant, there
is no direct power input given to the cold box. Instead, it utilizes the
exergy supplied by the compressor at the inlet to the cold box. Power
is consumed in the compressor alone. The job of the cold box for
a liquefier is an efficient utilization of the input exergy associated
with high-pressure gas to get as high as liquid exergy (exergy asso-
ciated with the amount of liquid produced) as possible. Exergy effi-
ciency of the plant is thus defined as the ratio of liquid exergy to the
exergy input to cold box. Reduced exergy destruction is manifested in
terms of either increased liquid production or reduced power
consumption (reduced input exergy) or both.

Earlier researchers have discussed the application of exergy
analysis in evaluating certain other cryogenic processes [10—14]. A
number of exergy studies have been reported in the literature on
helium plants. Trepp [15] is a pioneer to apply exergy as a tool for the
analysis of helium cycles. He discussed on the various exergy losses
in cycles, particularly in heat exchangers and expanders. Thir-
umaleshwar [16] presented enthalpy—exergy diagram for helium
and used the diagram to analyze a helium refrigerator based on
reverse Brayton cycle. From his study, the distribution of exergy
losses in main components of any helium liquefaction/refrigeration
cycle such as, compressor, cooler, expander, heat exchanger etc, can
be obtained. He also compared the exergy destructions due to
pressure drop and due to finite temperature difference in a heat
exchanger. Exergy analysis on different helium refrigerator cycles

with more number of expanders provided the exergy destruction in
the cycle components at various temperature levels [17—20]. Hub-
bell and Toscano [21] presented the losses at individual components
for a two-expander helium liquefaction cycle and reported that
more than 50% of the loss occurs at the compressor. They have also
given the distribution of losses among different heat exchangers
and other cold box components. These studies present estimations
of component exergy destructions for different configurations of
helium liquefaction cycles. However, as configuration of each cycle
may change depending on application or objective function
considered, exergy losses estimated and the optimum operating
conditions determined for one cycle may not be directly applicable
for the design or improvement of another cycle unless some
correlations between them are established. It may also be observed
that most of the studies have been made on helium refrigerators
with only a handful among them on liquefiers and many optimum
operating points for refrigerators may not be the same as those of
liquefiers [22] due to important differences between them with
regard to return mass flow rate and ultimate cold utilization.

1.1. Problem statement

From the review of literature, it is evident that there is still
a need for detailed studies on Collins cycle using exergy as an
effective tool whose results may easily be extrapolated and applied
for generating the initial design-guidelines for large-scale helium
liquefaction plants.

Therefore, this study attempts:

i) To explore the scope of using exergy analysis in optimizing
Collins helium liquefaction system in terms of its operating
pressure, mass flow rate diversion through expanders, heat
exchanger surface area with and without the effects of pres-
sure drop considered.

ii) To identify the aspects where exergy analysis is superior to
the First law based energy analysis.

iii) To determine if there is a correlation in heat exchangers
between the optimum surface area considering pressure drop
and the saturation surface area without considering pressure
drop.

iv) To determine the suitability of employing exergy analysis as
a tool for the design of large-scale helium liquefaction plants.

The results obtained in this study are applicable for the particular
system considered for analysis. However, Collins cycle has less
number of components and thereby, less number of parameters to
handle than a large-scale real helium plant does. It makes the
analysis simpler and provides more clear understanding of the
processes and of the effects of parameters on the overall plant
performance. If the correlations between different parameters are
established from the analysis of Collins cycle, it could well be
extended as initial guess values for large-scale cycles. It is not
possible to predict the exact optimal design in advance for a larger
system based on the results of a smaller (less number of compo-
nents) system. However, analyses on smaller systems may give a fair
idea on the starting values of a more complicated system design
often necessitating only fine-tuning, resulting in reduced time
involved in the design and analysis. Therefore, although the results
obtained from the Collins cycle may not be directly applicable to
a large cycle per se, the trends are likely to give the designer a clear
direction of improvement in terms of configuration and component
efficiency that would result in further overall decrease of the loss of
exergy in the processes involved. This approach may be more
realistic than taking up large-scale helium liquefaction cycles for
analysis right from the starting of the design process.
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2. Methodology

An exergy based analysis has been performed on Collins helium
liquefaction cycle. The schematic and the temperature-specific
entropy (T-s) diagrams for the selected cycle have been shown in
Fig. 1.

2.1. Assumptions

The study has been performed on the basis of the following
assumptions:

1) The system is at steady state;

2) The efficiencies of components like compressor and expanders
do not vary with pressure, temperature and mass flow rate;

3) Heat transfer coefficient of heat exchangers do not vary with
pressure, temperature or mass flow rate.

4) Heat inleak and other thermal irreversibilities, such as axial
heat conduction, flow maldistribution, non-counterflow
configurational effect etc., have been taken into account in
effective UA of heat exchangers.

5) The effects of heatinleak into the pipelines have been neglected.

2.2. Solution procedure

Collins cycle is dependent upon the components and operating
parameters for its performance. The behavior of these parameters is
intertwined and can be better understood with the use of process
simulators. A commercial process simulator, Aspen HYSYS® V7.0,
has been selected for the study. Process simulators usually have the
flexibility of operation, capacity to produce results at a good speed
and also have tools for performing sensitivity analysis, optimization
studies etc. For generating the thermo-physical properties of
helium in this simulator, the widely accepted 32-parameter
modified BWR EOS (Equation of State) has been used [23].

2.3. Validation of the simulator

In order to validate the simulator, an actual plant has been
simulated using Aspen HYSYS® V7.0 and the results of the simulation
have been compared using the plant operation data which provides
deviation of less than 1% [24,25]. The equipment models in Aspen
HYSYS® V7.0 have been validated for a temperature range from 300 K

2.4. Methodology for analysis

The general equation for exergy balance is written as:
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where, Term I represents the exergy transfer associated with the
heat transfer, Q is the rate of heat transfer across a boundary (kW)
where Tj (K) stands for any instantaneous temperature, Ty (K)
represents the temperature of reference state. Exergy transfer
accompanying the work interaction (Term II) equals the electrical
or mechanical work W (kW). Terms IIl and IV of the equation
correspond to the exergy transfer accompanying the mass crossing
the system boundaries at the inlet and outlet of any system.
Exergy transfer accompanying the mass flow is given as:

EXFLOW = Fn X ex (2)

where, m represents the mass flow rate crossing the system
boundaries, (kg/s); ex represents the exergy per unit mass flow, (kJ/
kg) and is defined as; ex = [(h—ho)—To(s—So0)]. h and s correspond to
the specific enthalpy and specific entropy of a fluid respectively.
Similarly, hg and sg are the specific enthalpy and specific entropy
respectively at the reference condition Tp and Py. For this case
To = 300 K and Py = 1.013 bar.

Exergy destruction, which is term V in Eq. (1), occurs due to
thermodynamic irreversibility associated with the process and is
expressed as:

E xpest = ToA Sgen, (3)

where A Sggy represents the rate of entropy generation (kW/K).
When the exergy balance equation given as Eq. (1) is applied to
the control volume drawn across the cycle as shown in Fig. 1, it gives:

L] L] L]
m comp(€Xp —exy/) = mp(ex; —exy:) +Mmgxpy (€x3 — eXqy:)

+ M gxpa (€Xs — eXg ) + E XpEst_coLbpox (4)

where, r;lcoMp and m exp are the rate of mass flows through
compressor and the expander respectively (kg/s), m 1 is the rate of
liquid produced (kg/s), ex represents specific flow exergy values (k]/
kg) at various state points as marked in Fig. 1. EXpgst corprox
denotes for the total exergy destruction in the cold box shown by
the control volume drawn in Fig. 1.

Rearrangement of Eq. (4) gives:

. . . . . m L — m E)(Pl
to 2.2 K in helium plants by Deschildre et al. [26]. The simulation o (ex, —exy) = (exy —exy) —< (ex3 —exy)
models have also been validated by checking the relative errors of ' COMP m comp
mass and energy balances of each component and the entire system. m expo E XpEST COLDBOX
The tolerances have been kept as: Temperature: 0.001 K, pressure: ———(exs —exg) ————"—
0.0001 bar, flow rate: 0.0025 g/s, enthalpy: 0.01 W, entropy: 0.01 W/ m comp m comp
K, composition: 0.0001 and vapor fraction: 0.001. (5)
T
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Fig. 1. Schematic and T-s diagrams of the Collins helium liquefaction cycle (Broken line encloses the control volume).
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The liquid yield (y) on the basis of exergy may be written as:

[ ]
_omp exp—exy Aexgxpr
y== = ex, —exy Py ex
m comp L 1 L 1
AeXExpz
— Xpxpr——22 X 6
EXP2ox — exy) DEST_COLDBOX (6)

where, expest_corpgox iS the specific exergy destruction in all the
components (except those of the expanders, which are taken care
of in Term Il and IIl on the RHS) inside the control volume as shown
in Fig. 1 on the basis of total compressor flow, xgxp; and xgxp; are the
fractions of compressor flow diverted through the expanders,
Aexgxp; and Aexgxpy represent the change in specific exergy in the
expanders.

Term I in RHS of Eq. (6) represents the contribution compressor
towards liquid yield and is a positive quantity. Term II and Il of RHS
represent the exergy utilization in expanders EXP1 and EXP2,
respectively. Finally, term IV in RHS stands for the exergy
destruction in all components except that in the expanders. It may
be noted that as the work produced by the expanders is not utilized
in the cycle [27], the same has been shown as Term Il and III of RHS.

It may be observed that all the terms in the RHS of Eq. (6) are
positive quantities. While the term I on the RHS represents creation
of exergy by the compressor m comp(€xy — exq), the terms Il and III
are the consumption of exergy in the expanders and term IV is the
destruction of exergy due to the thermodynamic irreversibility in
all components in cold box (except the expanders). This has been
clearly depicted using the Grassmann diagram later. It may be
noted that this concept of exergy utilization and destruction is
unique to the Second law and cannot be brought out by the First
Law based energy analysis.

When the energy balance is taken across the control volume
drawn in Fig. 1 and the yield for Collins cycle is derived by Barron
[28], it may be written that:

mp  hy—h U ey Ahgxpy 7)

B hexp
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m comp
where, h represents for the enthalpy values at various state points
as marked in the figure (kJ/kg), xgxp stands for fraction of
compressor flow through expander and Ahgxp represents the
enthalpy drop provided by the expanders (kJ/kg).

As a matter of comparison between energy and exergy analyses,
it may be observed that Term I in the RHS of Eq. (7) which is
considered as the compressor contribution to the liquid yield, is
negative in the case of helium. Therefore, on the basis of the First
Law based yield equation, the only contributors to liquid yield are
term Il and Il which represent the work extraction (or refrigeration
produced) in the expanders EXP1 and EXP2 respectively.

Net exergy output of the cold box = my (ex; — exy,) (8)

Net exergy input to cold box = m (exy — exyr) (9)

The above-mentioned exergy input js created by the compressor
(COMP) which consumes a power of W coup (kW). Therefore,

b 0
W comp = m (exy — exy) + EXpest_comp (10)
where, Expgst comp is the exergy destruction taking place in
compressor.

Therefore, the exergy efficiency of the cold box may be defined
as:

my (ex; — exy, N
NEx_COLDBOX = M x 100% (11)
m (exy — exy)

The exergy efficiency of the compressor is defined as:

m (exy — exy, .
NEx_coMP = M x 100% (12)

W comp

where, \;V comp is the gross electrical work input to the compressor
(KW).

However, in large helium cycles the expander work may be
recovered and that wjll result in the reduction of W ¢oyp to the net
power requirement W copp_ner (KW):

W comp_ner = W comp — W xp (13)
where, W exp (KW) is the sum of work of all the expanders in the
cycle.

In the present case, however, the gross and the net work input to
the compressor are the same as the expender work is not utilized.
Therefore, the overall exergy efficiency of the cycle is defined as:
L]
my(ex; —exy)
NEx.CYCLE = MEx.COMP X MEx.COLDBOX = — 5 x 100%  (14)
W comp

Thomas et al. [29] has shown that Eq. (14) is the Figure of Merit
or Carnot efficiency of a liquefaction cycle as proposed by Barron
[28]. .

The exergy destruction in the cycle (E Xpgst_cycie) may be
defined as the sum of exergy destructions in all its constituting
components including the compressor. When E Xpgst corpgox
stands for the total exergy destruction in the cold box (except the
expanders) and E Xpgst_comp represents the exergy destruction in
compressor.

L] L] L] L]
EXpest cvcie = E Xpest_cotpsox +E Xpest comp +EXpest exp - (15)

Overall exergy efficiency of the cycle may be defined in terms of
the exergy destruction in the cycle as:

Ex
NEx_CYCLE = {1 - (M)} x 100% (16)
W comp

2.5. Parameters considered

The parameters considered for the study are compressor
discharge pressure, mass flow through expanders, expander effi-
ciency and added surface area to basic area of heat exchangers with
and without the considerations of pressure drop.

The surface area requirement of a heat exchanger may be rep-
resented by effective UA which is the product of overall heat
transfer coefficient (U) and the heat transfer area (A) of a heat
exchanger taking into account all thermal irreversibility in a real
heat exchanger, such as flow maldistribution, axial heat conduction
through the metal as well as the process fluid, heat inleak, non-
counter flow configuration effects etc. In other words, when
inserted into an ideal counterflow equation relating effectiveness-
NTU, effective UA would produce the actual effectiveness of
a heat exchanger.

In the study, the effective UA of heat exchanger has been pre-
sented in non-dimensional form as ‘Nondimensional effective UA’.

Nondimensional effective UA = UA/I:n coMpCP (17)

We assume U to be constant for all heat exchangers in spite of
variations in mass flow rates and fluid properties. In the present
definition of non-dimensional UA, it is always divided by a constant
value which is the rate of heat capacity of the fluid at the suction of
the compressor (ﬁ1 compCp), where the mass flow rate and specific
heat cp are calculated at the compressor suction condition of 300 K
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Flg 2. Grassmann dlagram for Collins helium liquefaction cycle for a selected operating condition [Ps = 1.01 bara, isothermai comp =

m EXP1 = =m exp2 = 0. 4m comp» €uxs = 0.97 | [ Broken lines enclose control volumes].

and atmospheric pressure. This non-dimensionalization allows one
to use the results obtained in the present analysis to design helium
liquefaction plants of any capacity.

As one parameter is varied, other parameters have been kept
constant at certain ‘base values’ which are as follows: Efficiency of
each of the expanders, ngxp1 = nexpz = 70%, Fraction of total
compressor mass flow diverted through each of the expanders
m EXP1 = m exp2 = 0.4, Effectiveness of each of the heat exchangers,
epxs = 0.97. The suction pressure of the compressor has been kept
atmospheric, P = 1.01 bara. The isothermal efficiency of the
compressor is 55%, which is expected for oil-injected screw
compressors, when a compression process has 3 stages of equal
pressure ratios and the same inlet temperature of 300 K for all
stages [30]. The final discharge pressure of the compressor has been
kept at Pq = 22 bara. The effects of each of the selected parameters
on exergy destruction and/or exergy efficiency are presented for
the components, the cold box as well as for the whole cycle.

2.6. Exergy analysis and thermoeconomics

Exergy analysis of a system aims at maximizing the exergy
output of a system for a given exergy input, or in other words, the
exergy efficiency needs to be maximized. In order to achieve this
objective, exergy destruction at each component has to be mini-
mized, which often calls for increasing thermal and hydraulic
efficiency of individual component and process. This, in turn,
demands increase of design and input cost. For example, exergy
destruction in a heat exchanger can be reduced by decreasing the
temperature difference among fluids by increasing heat exchanger
surface area. However, this would increase the capital investment
of the plant. Exergy loss arising from the pressure drop in a pipeline
can be reduced by increasing the diameter and smoothness of the
tube, which again calls for increasing the investment. An increase in
efficiency of expander would reduce exergy destruction. However,
it would require sustained investment in design improvement and
consequent associated cost.

As the exergy is the input and output parameters in thermo-
dynamic analysis of a system based on exergy, it is possible to

55%, NExP1 = 70%,

NeExP2 =

assign a cost (in terms of capital, operating and maintenance cost)
per unit of exergy associated with input and output of each
component, sub-system or the whole system. This approach, called
Thermoeconomics based on exergy analysis or “Exergoeconomics”
would help to design a plant based on cost consideration. In this
way, the thermodynamic performance of a system can be evaluated
along with the cost involved [31].

2.7. Grassmann diagram for Collins cycle

Only a little more than half of the work input to compressor is
utilized by the compressor in increasing the level of exergy from
the state of its input to the output. The output exergy from the
compressor is the input exergy to the cold box and majority
portion of this exergy is lost in various components due to
thermal irreversibility and pressure drop. Only a small portion of
this input exergy is obtained back as expander work, which, in
majority of the cases, is not utilized in the cycle. The remaining
exergy that comes out of the cold box is output exergy which is
the flow exergy associated with the liquid withdrawn. The
Grassmann diagram is a graphical representation of the flow of
exergy in any system and therefore, is also known as the exer-
gy—flow diagram. It illustrates how a part of the input exergy
supplied to a system is destroyed (or utilized) in the successive
stages of the processes. It gives various exergy interactions in the
system as well as the input—output relationships among the
components inside the system showing the destruction of exergy
(loss). Thus Grassmann diagram provides a clear understanding
about the processes and a direction to improve the performance.
It may be very useful in understanding helium liquefiers where
stream splitting, mixing and recirculation make the system quite
complex [32].

2.7.1. Method of construction

The Grassmann diagram for Collins helium liquefaction cycle,
which operates between a wide temperature range of 300 K- 4.2 K
with a number of re-circulating streams, has been generated and
shown in Fig. 2. Corresponding schematic diagram of the selected
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cycle is also shown. Broken lines have been used to enclose the
control volumes. Contrary to Fig. 1, control volumes have been
drawn around 3 sections of the cycle in Fig. 2. The first two sections
include two heat exchangers and one expander each and are called
pre-cooler stages. The last section contains one heat exchanger and
the Joule-Thomson valve, called liquefaction stage or Joule-
Thomson stage (Cold End). The following steps have been per-
formed to generate the diagram:

Step 1: For a selected operating condition, flow exergy values at
various state points of the cycle as well as the work and heat
interactions have been calculated.

Step 2: The input as well as the output exergy of each compo-
nent have been found and exergy balance has been applied to
calculate the exergy utilization and/or destruction in each
component.

Step 3: The width of each exergy flow has been drawn propor-
tional to its magnitude. In order to distinguish between the
exergy associated with the HP (high-pressure) streams and that
with the LP (low-pressure) streams, they are shaded differently.
Step 4: In the diagram, the white portions indicate the compo-
nents and the exergy destruction taking place inside each
component has been shaded as black. It may be noted that in the
diagram the input to any component is on its left side and
output on the right side. The recycle streams that flow from
right to left have been shown with a return arrow.

Step 5: Grassmann diagram starts with the exergy addition in
the compressor station (COMP) where power is consumed.
COMP in the diagram represents a multistage compressor
system with inter-coolers and after-cooler. The total exergy
destructions taking place in all the components inside the
compressor station together is marked as the exergy destruction
in COMP.

Step 6: For the heat exchangers (HX1 to HX5), the exergy is
supplied by both HP and LP streams and therefore, they are
shown on the left side of each HX block in the diagram. Simi-
larly, in the outlet both the HP and LP streams carry away the
exergy and have been shown on the right side.

Step 7: In case of the expanders EXP1 and EXP2, a part of the
input exergy is converted to useful works and have been sepa-
rately marked in the diagram. They are shown to have exited the
control volume.

Step 8: There is no work production by JT and only the input and
output exergy flows are marked for Joule-Thomson stage (Cold
End).

Step 9: The exergy destruction due to mixing in the mixers MIX1
and MIX2 are negligible and are not shown in the diagram.
Similarly, the exergy destruction in the phase separator (SEP) is
also negligible.

Step 10: The final output of the cycle, which is the exergy
associated with the liquid drawn, is shown at the end of the
diagram on the extreme right.

3. Results and discussions

3.1. Exergy expenditure in Collins cycle on the basis of Grassmann
diagram

The following observations may be made from Fig. 2:

e More than 88% of the input exergy or the power supplied to the
cycle has been dissipated in the different components and only
less than 12% is available as the output liquid exergy.

e Out of all the components, exergy destruction is the highest in
COMP (45%). Therefore, the exergy supplied to the cold box

after the isothermal compression process is only about half of

compressor power input. It may be noted that the exergy

efficiency of isothermal compression process is the same as the
isothermal efficiency of the compressor which has been spec-
ified as 55% for the simulation.

In ranking of exergy destruction, expanders come next to the

compressor in the cycle. More than 20% of the supplied exergy

to cold box is destroyed in two expanders. Though operating at
different temperature levels, the exergy destructions in both
the expanders are almost equal (10% each). It may be noted that
exergy destruction occurs in expanders due to deviations from

100% isentropic efficiency. For this study, both the expanders

have the identical isentropic efficiency of 70% and, conse-

quently, the same exergy destructions. As the work of
expanders is not utilized in the cycle, total exergy loss in

expanders increase to about 23%.

Though, the flow through the JT is only half of that through an

expander, about 6% of the supplied compressor work is lost as

exergy destruction in JT and this shows that it is a highly
irreversible component. The exergy is destroyed in JT due to
isenthalpic expansion of gas through the valve restriction. It

may be observed that the exergy destructions in mixers (MIX)

and, phase separator (SEP) have been considered to be

negligible.

e Sum of the exergy destroyed in all the five heat exchangers
together constitutes about 14% of the total supplied power. Out
of this, 60% occurs in HX1 and HX3 together. HX1 and HX3 are
the heat exchangers whose HP stream outlets are the inlet
flows to EXP1 and EXP2 respectively. The exergy losses in HX2,
HX4 and HX5 are comparable, with HX5 contributing the least.
Exergy destruction in heat exchangers occurs due to two
factors: i) heat transfer across finite temperature difference and
ii) pressure drop. Wide difference between hot and cold
streams temperatures at any point in heat exchangers occurs
due to finite UA and/or due to imbalance in the heat capacity
rates of the streams. The Grassmann diagram shows only the
exergy destruction due to heat transfer across finite tempera-
ture difference. The effect of pressure drop on heat exchanger
performance, however, is presented in a later subsection:

o Improvement of exergy of HP flow is obtained by utilizing the
exergy associated with returning (or the re-circulated) LP
streams which are outlet streams from expanders and the ]JT.
The amount of exergy associated with the HP stream at the
inlet of JT determines the output of pre-cooler stages.

3.1.1. Discussions on utility of Grassmann diagram

With the aid of Grassmann diagram, the role of each component
of the cycle viz. compressor, expanders, heat exchangers, JT etc. and
also the interactions between them are clearly depicted. Since the
First Law is concerned about the conservation of energy, a similar
heat flow (energy flow) diagram for cold box would have equal
width throughout and would not reveal the thermodynamic irre-
versibility that is evident in the Grassmann diagram based on
exergy flow. Different methods may be attempted to reduce the
exergy destructions in the components of the cycle. It is apparent
that the improvement in component efficiency reduces the exergy
destruction in the component. However, there are always practical
limits in achieving very high efficiencies of components and in
many cases the operational parameters or the configuration may
have to be optimized to reduce the total exergy losses of the system.

3.1.2. Compressor
Increasing the number of compression stages with inter-coolers
and after-coolers increases isothermal efficiency and reduces
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exergy losses in the compressor. Another possibility of reducing the
exergy loss in compression process is by performing it at lower
temperatures, for instance, at 80 K using liquid nitrogen pre-
cooling. Practical aspects of developing a 80 K cold compressor
have been reported in the literature [33].

3.1.3. Expander

In spite of the difference in operating temperatures, the exergy
destructions in the expanders are almost equal, and this shows the
need to design them to be equally efficient. In larger plants, where
the expanders produce significant amount of work, the work may
be recovered from expanders to reduce the net work requirement
of cycle. However, it may be noted that even if it is utilized, it will
not improve the exergy efficiency of cold box (as the extracted
expander work exits the control volume of the cold box). However,
it would increase the overall exergy efficiency of the cycle. The
replacement of Joule-Thomson valve by less irreversible compo-
nents like expanders would reduce the exergy loss. For Collins
cycle, the improvement in rate of liquefaction with replacement of
JT with expander is expected to be about 30% [4].

3.1.4. Heat exchanger

It has been observed from the Grassmann diagram that about
14% of the supplied power (exergy) is lost in the HXs as exergy
destruction. In case of heat exchangers, even in the ideal ones with
zero temperature of approach (which corresponds to the First Law
efficiency of 100% for HXs), substantial exergy is lost due to the
difference of temperatures between the fluids. The gap in the
temperature profile occurs due insufficient heat transfer area and
due to unequal heat capacity rates for the heat exchanger streams.
Therefore, improvement of exergy efficiency in heat exchangers
may be accomplished by: i) Addition of more heat transfer area and
ii) Matching of heat capacities by adjusting the rate heat capacity of
fluid streams. Addition of surface area to HXs improves the effec-
tiveness of HXs and brings the temperatures closer so as to obtain
zero temperature of approach. The second option may be accom-
plished either by changing the operating pressure of the streams
(which changes the specific heat) or by adjusting the mass flow
rates of the HX streams. The detailed exergy analysis on the heat
capacity imbalance in helium liquefaction system has been pub-
lished in reference [29]. The variation of specific heat is particularly
significant in HXs working below 10 K. A change in the configura-
tion of large-scale plants involving arrangements of the expanders
and increasing the number of refrigeration stages would alter the
ratios of mass flow rates in heat exchangers and reduce the exergy
losses. It is also important to ensure that there is no temperature-
cross inside the heat exchanger causing a violation of the Second
Law of Thermodynamics.

Thus, Grassmann diagram grades the components in terms of
their exergy losses and reveals their potentials in improving the
overall performance of the entire system through exergy analysis
and reduction of the exergy losses in them.

3.2. Effect of variation in compressor discharge pressure on cycle
performance

Compressor discharge pressure (Pq) determines both the ther-
modynamic performance and the energy requirement of the cycle.
In this section, Pq has been varied within a wide range of pressures
between 4 and 34 bara and its effects on exergy efficiencies of
compressor, cold box and cycle have been presented in Fig. 3.

The following observation may be made from Fig. 3:

o Exergy efficiency of the compressor is almost constant at 55% at
all the pressures. It may be noted that for the simulation, the
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isothermal efficiency of the compressor has been kept constant
at 55%. The isothermal efficiency of a compressor is the same as
its exergy efficiency.

e The exergy efficiency of the cold box increases with increasing
compressor discharge pressure up to 22 bara and deceases
beyond it. Exergy efficiency of the cycle which is the product of
exergy efficiency of cold box and compressor, therefore, follows
a similar trend as that of cold box (as the exergy efficiency of
compressor is constant).

e There is a sharp reduction in exergy efficiency when
compressor discharge pressure exceeds 28 bara. As the pres-
sure increases beyond 28 bara, the condition (T & P) of the inlet
stream to JT becomes such that the isenthalpic expansion in JT
results in reduced liquefaction which in turn affects the exergy
efficiency of the cold box as well as the cycle.

It may be concluded that there is a range for compressor
discharge pressure, within which the cycle may be operated. For the
selected configuration, maximum exergy efficiency is obtained at Pyq
between 18 and 22 bara. The First Law based energy analysis on
Collins cycle also yielded similar results [7]. It may also been seen
that many of the practical large-scale helium liquefaction plants
operate between 18 and 22 bara [34—37]. Therefore, while designing
large-scale helium liquefaction plants, a compressor discharge
pressure of about 22 bara may be considered as a good initial esti-
mation. The design pressure for a practical system may be fine-tuned
on the basis of the performance of practically available compressors,
expanders etc. and also on the economic considerations.

3.2.1. Effect of compressor discharge pressure on exergy
destructions in components

Variation in compressor discharge pressure is expected to
change the performance of each component and consequently, the
exergy destruction in each of them. The variations in output exergy,
expander work and the exergy destruction in all the cold box
components with increasing compressor discharge pressure have
been presented as percentage of total gross exergy input to the cold
box (Fig. 4). The exergy destructions in other components of the
cold box being negligible, the sum of the exergy destructions in
HXs, EXPs, JT, along with the expander work and the output liquid
exergy constitutes the total exergy input to the cold box. Therefore,
along any vertical line, the sum of the Y-values of the curves is 100%.
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The following observations may be made from Fig. 4:

e The exergy destructions in heat exchangers and expanders have
opposing trends. As Pq4 increases (up to 28 bara), the exergy
destruction in HXs decreases and that in EXPs increases. At
compressor discharge pressures less than 10 bara, heat
exchangers are the most exergy destructive component. At
pressures above 10 bara, expanders surpass the heat exchangers
as the most exergy destructive components. For any given Py,
the total exergy destruction in HXs and EXPs together is always
more than 60% of the exergy input to cold box.

The variation in exergy destruction in JT is comparatively less;

however, the performance of JT becomes at its best at Py near

10 bara. With further increase in Py, the exergy destruction in JT

increases. Therefore, JT pressure should preferably be about 10

bara.

e The sum of the work output from the expanders remains
almost constant with increase in Pgq up to 28 bara.

e Keeping other constraints in consideration, the compressor
discharge pressure of cycle may be selected such that the output
exergy is as high as possible. Taking into account the variations
in each quantity, there is noticeable improvement in the output
exergy with increase of Pq up to 28 bara. This finding has also
been brought out from a detailed study on energy analysis [7].

Exergy destruction in each component is presented as
percentage of the total exergy input to cold box and its effect on the
variation of Pq has been plotted against a logarithmic scale in the x-
axis as shown in Fig. 5. Exergy losses in each component of the cycle
may provide a better understanding on the effects of compressor
discharge pressure.

The following observations may be made from Fig. 5:

e With increase in compressor discharge pressure up to 28 bara,
the exergy destruction in HX1, HX3 and HX5, which determine
the inlet temperature to expansion devices, decreases. For
EXP1, EXP2, HX2 and HX4 the exergy destruction increases. For
JT, its exergy destruction increases significantly beyond Pg = 10
bara.

e The rate of decrease in exergy destruction in HX1 and HX3 is
higher than the rate of increase in HX2 and HX4. The exergy
loss in HX5 decreases substantially with increase in Pq. Total
exergy loss in all HXs together decreases with increase in Pq up
to 28 bara (as it has been seen in Fig. 4).
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e Both the low and high temperature expanders (EXP1 and EXP2)
have almost equal exergy destructions between 4 and 28 bara.
This may also be observed in Grassmann diagram.

. Flow through JT is 0r11y half of that through an EXP
(m EXP = = 0.4m comp and mJT = 02m comp)- Yet, the exergy
destruction in JT is comparable to that in expanders (for
instance, at 28 bara, destruction is 12% for JT and 18% for EXPs.
This proves the fact that JT is a highly irreversible component.

e When the compressor discharge pressure is at its optimum
value of Pq = 22 bara, arrangement of components in the
decreasing order of exergy destruction is: EXP1, EXP2, JT, HX1,
HX3, HX2, HX4 and finally HX5.

e For all components, except the very low temperature compo-
nents of JT and HX5, the variations of exergy destructions in
components are almost linear in the semi-log graph. indicating
that the variations are almost proportional to logarithm of
compressor discharge pressure.

JT is an inherently irreversible component and the variation in
exergy losses in JT is not proportional to the logarithm of P4. In HX5,
apart from the imbalance in mass flow rate, the exergy loss is also
due to the heat capacity mismatch which arises from the imbal-
ances in specific heat values of the heat exchanger streams. It may
be noted that at low temperatures (where HX5 is operating),
specific heat of helium is a strong function of temperature as well as
pressure [29].

3.3. Combined effect of variations in expander flow and compressor
discharge pressure

3.3.1. Optimum fraction of compressor flow diverted through
expanders

Apart from the compressor discharge pressure, another impor-
tant factor that decides the cycle performance is the amount of
compressor flow diverted through the expanders. The optimum
flow that has to be passed through the expanders is difficult to
predict as it is dependent on a number of interdependent
parameters.

In a heat exchanger, as depicted by the Grassmann diagram, the
exergy of the HP forward stream increases by utilizing the exergy of
the return LP stream. However, as more flow is diverted through
EXP, the amount of exergy associated with the return LP stream
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increases and the exergy associated with the input HP stream to HX
decreases. Depending on the amount of the diversion through the
expanders, it may lead to a net decrease of HP output exergy. As the
exergy associated with the inlet stream to JT determines the liquid
output, a higher exergy output from the last heat exchanger HX5
would increase the liquid yield of the plant. This may be accom-
plished by optimizing the widths of the recirculation streams
(amount of the exergy re-circulated) at each temperature levels as
shown in the Grassmann diagram. The optimum expander flow is
also influenced by the variation in compressor discharge pressure.
Therefore, the combined effect of expander flow and Pq has been
studied and is depicted in Fig. 6. When varying the total expander
flow, the flow through each expander is kept equal.
The following observations may be made from Fig. 6.

e With increase in flow through expanders from 70% to 90%, the
maximum exergy efficiency for the cold box is obtained when
80% of the compressor flow is diverted through the expanders.

e For each expander flow, there exists a particular value for Pq
that gives the maximum exergy efficiency. The optimum Py
values are about 24 bara, 22 bara and 14 bara for expander flow
rates of 70%, 80% and 90% of the compressor flow respectively.

e When 90% flow is diverted through EXPs, the optimum

compressor discharge pressure decreases to 14 bara with

a decrease of the value of corresponding maximum exergy

efficiency. Similarly for 70% EXP flow, the optimum Py increases

to 24 bara. Therefore, for a given configuration, there is

a combination of pressure and expander flow that provides the

maximum exergy efficiency for the cold box.

Exergy efficiency is very sensitive to compressor discharge

pressure when expander flow rate is more than the optimum

value of 80%. The curves for 70% and 80% expander flow rates
are flatter near its peak when compared to the 90% case.

The optimum expander flow diversion of 80% has also been
found using the energy analysis [7]. This implies that 20% of the
compressor flow should pass through the final liquefaction stage.
When increasing both compressor discharge pressure and total
expander flow beyond their optimum values, there is sudden drop
in exergy efficiency and this shows the importance of the careful
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Fig. 6. Effects of variation of compressor discharge pressure on cycle performance for
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selection of operating parameters while designing any helium
liquefaction plant.

3.3.2. Optimum flow requirement for each expander of the cycle
When the effects of compressor discharge pressure and total
EXP mass flow have been calculated, the flow through each
expander has been kept equal. A study has been performed to
understand the effects of unequal flow through each of the
expanders and thereby, to find the optimum flow through them.
The total expander flow has been kept at the optimum total EXP
flow of 80% of the compressor flow. The cycle performance with
variations in compressor discharge pressure for 5 different flow
distributions between EXP1land EXP2, which are 30%—70%, 40%—
60%, 50%—50%, 60%—40% and 70%—30%, have been shown in Fig. 7.
The following observations may be made from Fig. 7:

e The maximum cold box exergy efficiency is obtained when the
total expander flow is equally divided between the EXP1 and
EXP2 (50%-50% case). However, there is no appreciable
reduction in the cold box exergy efficiency with 10% variations
from the 50%—50% case (40%—60% and 60%—40% cases).

e There is no change in the optimum operating pressures for the
cycle (P4 = 18 - 22 bara) with variations in the distribution of
flow between the expanders.

An earlier study based on the first law also found that the
maximum performance is obtained when the total expander flow is
equally distributed among the EXPs [7].

3.4. Effect of expander flow on exergy destruction in components

Change in mass flow rates through expanders alters the exergy
destruction in each component in cold box and this has been
plotted in Fig. 8. Exergy destruction in each component has been
presented as percentage of total exergy input to the cold box.

With increase in expander flow beyond the optimum value of
80% compressor flow, there is a sudden increase in the total exergy
destruction in the cold box (sum of exergy destructions in all the
cold box components).
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e With increase in flow through EXPs, the exergy destruction in
both expanders, EXP1 and EXP2 increases proportionally.
When increasing the flow through expanders, the flow through
JT decreases and there is almost a proportional decrease in JT
exergy loss.

e The increase in exergy loss in HX1 and HX3, which decide the
inlet temperature to expanders EXP1 and EXP2 respectively,
are very significant when compared to the other HXs.

e Exergy destruction in all HXs, except HX5, increases with
increase in EXP flow. With increased expander flow, there is
a significant reduction in the loss in HX5 which is due to the
reduction in JT flow. When JT flow becomes only 10% of the
compressor flow, the exergy destruction in HX5, therefore, is
almost negligible.

It may be concluded that with increase in expander flow beyond
the optimum value of 80% compressor flow, the exergy destructions
in those heat exchangers which decide the inlet temperature to
expanders increase substantially and this in turn increases the total
exergy destruction in cold box.

3.5. Effect of variation in expander efficiency on the exergy
efficiency

Apart from the expander mass flow, efficiency of expander is
also expected to have a significant impact on the performance of
liquefaction cycles. In order to study its impact on the exergy effi-
ciency of the cold box, expander efficiency is varied within a prac-
tically possible range, 50—85% as shown in Fig. 9. While varying the
isentropic efficiency of one expander, the other is kept constant at
70%.

It may be observed from Fig. 9 that the isentropic efficiency of
expander has almost linear relationship with cold box exergy effi-
ciency. When comparing the slopes, variations in isentropic effi-
ciency of EXP1 and EXP2 have almost similar influence on exergy
efficiency. This results helps to conclude that the expanders that
operate at different temperature levels have almost equal impor-
tance. Detailed expander studies based on the First Law also
brought out similar results [7,8].

It has been seen from the Grassmann diagram that a significant
amount of exergy input to cold box is destroyed in the heat
exchangers. Therefore, the final output of the helium cycle, to
a large extent, depends on the performance of the heat exchangers.
When performing the parametric studies discussed in the previous
subsections, the effectiveness of the heat exchangers are kept
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constant ateyys = 0.97. As surface area is added to a heat exchanger,
both its First Law and Second Law efficiencies increase and, as
a result, exergy destruction decreases.

However, when increasing the heat exchanger surface area, the
pressure drop in HXs increases, which adversely affects the cold
box exergy efficiency. The relationship between the increase in heat
exchanger size and pressure drop has been shown in Appendix I. In
order to understand the impact of pressure drop, heat exchanger
surface area or UA addition has been analyzed for two cases; i)
without PD (pressure drop) and ii) with PD in both HP and LP lines.
For studying the second case, it is assumed that there is a total
pressure drop of 0.4 bara in the HP line and 0.2 bara in the LP line
which are realistic values for practical plants [38—40]. The total
pressure drop in both HP and LP lines are apportioned among the
heat exchangers. When increasing UA of a heat exchanger, the
pressure drops in HP and LP streams are increased proportionally
from their respective base values (at effectiveness of 0.97, the base
non-dimensional effective UA values are 17.0, 4.3, 6.9, 1.4 and 1.1 for
HX1, HX2, HX3, HX4 and HX5 respectively).

The addition of surface areas to heat exchangers has been per-
formed in terms of non-dimensional effective UA and the results
have been plotted in Fig. 10.

The following observations may be made from Fig. 10:

e Adding UA to HX1 has the most prominent effect on cold box
exergy efficiency. This is true for both with PD and without PD
cases. Addition of UA to HX3 also has quite a significant influ-
ence on the exergy efficiency, though it is less in magnitude
than that of HX1. It may be reiterated that HX1 and HX3 are the
two heat exchangers that determine the inlet temperature to
expanders EXP1 and EXP2 respectively.

e When arranging according to the order of influence, HX1 is
followed by HX3, HX2, HX4 and finally HX5. This is true for
both with PD and without PD cases.

e When pressure drop in heat exchanger is not considered, the
cold box exergy efficiency gets saturated when the sizes
(surface area) of the heat exchangers exceeds certain value.
This value has been termed as saturation effective UA. The
saturation UA for HX1 is three times its base value; whereas for
HX3, it is at about 1.5 times its base value. For other HXs,
however, the increase is much less.
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drop may be good enough for the purpose of comparison of
performances between different options. However, it may be
good enough to use the saturation values of the heat exchanger
effective UA only as the initial guess values in simulation.

4. Conclusions

The following conclusions may be drawn from the exergy

analysis:

e Compressor discharge pressure should be kept between 18 and
22 bara for helium liquefaction cycles.

e 80% of the compressor flow should be diverted through the
expanders for highest performance of helium liquefiers.

e Total expander flow should be equally divided among the
expanders to obtain maximum liquefaction.

e Higher efficiencies should be sought for all the expanders
irrespective of their operating temperatures.

e It is more important to increase the size (from their base
values) of those heat exchangers that determine the inlet
temperature to expanders close to their optimum UA in order
to get significant improvement in rate of liquefaction.

e When considering pressure drop, the exergy efficiency initially

increases with UA addition. However, it decreases beyond

a particular magnitude of UA and the configuration has

a maximum efficiency at an optimum UA. For all heat

exchangers, exergy efficiency decreases beyond the optimum

value; however, for smaller heat exchangers, HX4 and HX5, the
drop in exergy efficiency is not significant after it reaches the
optimum value.

For cases where the PD is considered, as expected, the cold box

exergy efficiency is less than that without PD. However, the

relative effects of heat exchangers on the exergy efficiency with
addition of effective UA remain the same whether PD is
considered or not.

e The influence of pressure drop is highly significant on the
optimum UA values for the bigger heat exchangers HX1 and
HX3. For HX1, the optimum UA with PD is 60% less than that of
the saturation value of UA without considering PD; for HX3, it is
about 20% less. For HX2, the optimum UA value is almost the
same as the saturation UA value.

e As PD is taken into consideration, the optimum UA values of the
lower temperature heat exchangers HX4 and HX5 slightly
increases. It may be due to the fact that when PD is taken into
consideration, the liquid production decreases and therefore, the
return stream flow through the HXs increases. This would
considerably reduce the mass flow imbalance in lower temper-
ature heat exchangers. Therefore, when pressure drop is taken
into reckoning, HX4 and HX5 becomes more balanced and they
require more UA to reach the optimum conditions.

e There are indications that the sizes of the heat exchangers at
higher temperatures feeding to the expanders may be over-
estimated if saturation UA values are taken as their optimum
sizes. However, the magnitude of this overestimation would
decrease sharply as relatively lower temperature heat
exchangers are considered. If simulations are performed
without considering the effect of pressure drop, there may be
about 15% overestimation in the contribution of heat
exchangers in cold box efficiency. For the case of large-scale
liquefiers which involve a higher number of heat exchangers,
ignoring the pressure drop would reduce the complexity in
simulation process to a great extent. Results show that the
results of simulation of a cycle without considering pressure

These conclusions are identical to those already drawn with
energy analysis, as available in the literature. It proves the
authenticity of the analytical tool of exergy analysis in determining
performance of helium liquefiers. However, exergy based analysis
allows more conclusions to be drawn, as given below:

e The exergy flow diagram or the Grassmann diagram gives
avisual representation of exergy utilization as well as its loss in
the cycle. It can therefore be used to provide directions to
improve components as well as the cycle.

Calculation of exergy loss in heat exchangers provided more
insight into the temperature profiles of the streams and sug-
gested ways to make heat exchangers more balanced and more
effective so as to reduce exergy destructions in them.
Pressure drop influences the optimum effective UA values of
high temperature heat exchangers feeding to the expanders
more than those of lower temperature ones, though its impact
on the overall cycle efficiency may not be significant.
Calculations without considering pressure drop in the heat
exchangers may be good enough for comparing different cycles
and components.

Values of optimum effective UA with pressure drop for heat
exchangers at higher temperatures (leading to the expanders)
are less than that of their saturation values without pressure
drop. The difference, however, reduces sharply as the operating
temperature reduces. The pressure drop reduces the exergy
efficiency of the system.

Exergy analysis is more holistic in approach than the energy
analysis in the sense that it can calculate the effect of pressure
drop along with other thermal parameters. The performance of
Joule-Thomson valve also may be compared with other
components with the aid of Second Law, which is otherwise
not possible with any of the First law based tools.

It may be concluded that the exergy analysis is capable of
drawing more conclusions than offered by the First Law based
energy analysis and thereby provides a better and deeper under-
standing of the process. The major conclusions arising out of the
study may help in designing large-scale helium liquefaction cycles.
The results would be applicable to plants of any capacity because all
the independent and dependent parameters are presented in non-
dimensional terms.
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Appendix I

Heat transfer and flow friction for a heat exchanger may be
correlated as:

Goge __ JIf (A1)
20a,gAPsige Prﬁ,@ NTUgjge

where, APgjg. is the pressure drop in one side of heat exchanger, the
Colburn factor j represents the characteristic heat transfer coeffi-
cient and f is the Fanning friction factor.

The mass velocity, Gsige Which is defined as mass flow rate (ﬁl )
per unit cross sectional area (Ac) of one side of the heat exchanger, is
expressed as:

m .
Gsige = Aside = Pavgvavg (A2)

where, m is the mass flow rate, pavg and Vgyg are the average density
and velocity of stream respectively at one side of heat exchanger.

Prandtl number Prqye is the non-dimensional ratio of
momentum diffusivity to thermal diffusivity. The average of Prandtl
number is written as:

MaygCp_

The Number of Heat Transfer Units for one side NTUjqe is
defined as:

hAs

NTUgige = (Ad)

M siqeCp_avg

where, h represents the convective heat transfer coefficient for one

side, A; is the heat transfer surface area and cp_gg is the average

specific heat of the stream at the selected side of heat exchanger.
Eq. (A1) may be re-written as:

2/3
NTUgig0Prag G2 1,

APsize = 2(j/f )pavg

(A5)

The thermal resistance equation for a heat exchanger is written
as:

1 1 X 1

UA ~ (hAy), T ids (A, (A6)

where, x represents the thickness of the parting sheet between hot
and cold stream of heat exchanger. Considering that the metal
thermal conductivity, k is very high and assuming that
(hAs)1=(hAs)2, NTUige given in Eq. (A4) can be written in terms of
the product of the overall heat transfer coefficient U and heat
transfer surface area A as:

2UA

NTUgq, = (A7)

M sideCp_avg

Substituting Eq. (A7) in Eq. (A5):

(UA)PI%I{E G?ide (A8)

AP = - -
m sideCP—an(]/f)pavg

p_ (AP e (A9)
= AZc (/P
Ac Cp-avg(l/f)ﬂayg

As, (j/f) = 0.2 to 0.3 for most compact surfaces under turbulent
flow conditions for Reynolds number, Re > 2000 [41] and consid-
ering that within a heat exchanger, for small variations in stream
inlet temperatures, the changes in average fluid properties like
Pavg:Cp_avg and Prayg are negligible, then it can be written that:

AP o (UA) x M gige (A10)

Therefore, it may be concluded that on increasing the (UA) of
an heat exchanger there will be proportional increase in pressure
drop AP for streams on both sides of the heat exchanger, provided
the changes in mass flow rates are negligible.
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