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Preface

PREFACE

This book, viz. Cryogenic Engineering: Software solutions – Part-II, is the second in the 
series on Cryogenic Engineering: Software Solutions.

This part is being published in two volumes, viz. Cryogenic Engineering: Software 
solutions – Part-II A and Part-II B. Part-II A contains the background theory, definitions 
and formulas and the problems solved with Engineering Equation Solver (EES). Part-II B 
contains problems solved with Mathcad. So, it is advisable that one refers to both the parts.

As with the Part-I of the series, which dealt with: Introduction and properties of cryogenic 
fluids and properties of materials at low temperatures, the focus is on the solutions of 
problems in cryogenic engineering using software such as Mathcad and Engineering Equation 
Solver (EES). Only the essential theory and summary of equations required for calculations 
are given at the beginning of the chapter.

Advantages of using computer software to solve problems are reiterated:

i)	 It helps in solving the problems fast and accurately 
ii)	Parametric analysis (what-if analysis) and graphical visualization is done very easily. 

This helps in an in-depth analysis of the problem.
iii)	Once a particular type of problem is solved, it can be used as a template and solving 

similar problems later becomes extremely easy.
iv)	In addition, one can plot the data, curve fit, write functions for various properties 

or calculations and re-use them.
v)	These possibilities create interest, curiosity and wonder in the minds of students 

and enthuse them to know more and work more.

This book, viz. Cryogenic Engineering: Software solutions – Part-II deals with the 
liquefaction of gases.

In this book: first, a thermodynamic background for cryogenic liquefaction is given; isenthalpic 
and isentropic expansion, pay-off functions for a liquefier and thermodynamically ideal 
liquefaction system are explained.
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Next, various cycles for liquefaction of gases are explained and the calculation formulas for 
the pay-off functions are given. The cycles dealt with are: simple Linde – Hampson (L-H)
system, pre-cooled L-H system, Linde dual pressure system, Claude system, Kapitza system, 
Heylandt system, cycles for liquefaction of Neon, Hydrogen and Helium, Collin’s Helium 
liquefier etc.

Finally, various types of heat exchangers, hear transfer correlations, calculation formulas and 
graphs for analysis by LMTD and NTU methods are given. And, Second Law analysis of 
the cryogenic systems is explained briefly.

Some data on commercial liquefiers for Air, Hydrogen and Helium are also given.

Many numerical problems are solved to illustrate the ease of computer calculations using 
Engineering Equation Solver (EES) and Mathcad software.

Useful data for Nitrogen, Hydrogen, Helium, Argon, Methane, Fluorine and Oxygen 
are generated from NIST website, i.e. http://webbook.nist.gov/chemistry/fluid/.

EES has built-in functions for properties of several gases, refrigerants and fluids (including 
cryogenic fluids). Therefore, it is very convenient to use EES in these calculations.

However, Mathcad does not have built-in functions for properties of gases, refrigerants 
and fluids.

So, Mathcad Functions were written for both saturation properties and superheat gas 
properties of above mentioned important cryogenic fluids, viz. Nitrogen, Hydrogen, 
Helium, Argon, Methane, Fluorine and Oxygen. These Functions were used in solving 
problems, illustrating the ease of using Mathcad in calculations and graphing.

Several Procedures/Functions are written in EES and Mathcad to simplify the standard 
and most required calculations, which, the students, teachers, researchers and professionals 
may find very useful.

S.I. Units are used throughout this book. Wide variety of worked examples presented 
in the book should be useful for those appearing for University, AMIE and Engineering 
Services examinations.

Acknowledgements: Firstly, I would like to thank all my students, who have been an 
inspiration to me in all my academic efforts.
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ABOUT THE SOFTWARE USED

Following three software are used while solving problems in this book series:

1.	Mathcad 7 and Mathcad 15 (Ref: www.ptc.com)
2.	Engineering Equation Solver (EES) (Ref: www.fchart.com), and
3.	EXCEL

For a brief introduction to Mathcad, EES and EXCEL see the chapter 1 of the following 
free ebook by the author:

“Software Solutions to Problems on Heat Transfer – CONDUCTION – Part-I”:  
http://bookboon.com/en/software-solutions-to-problems-on-heat-transfer-ebook
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3	� CRYOGENIC LIQUEFACTION 
SYSTEMS

Learning objectives:

1.	 In this chapter, topics on ‘cryogenic liquefaction systems’ are dealt with.
2.	First, a thermodynamic background for cryogenic liquefaction is given; isenthalpic 

and isentropic expansion, pay-off functions for a liquefier and thermodynamically 
ideal liquefaction system are explained.

3.	Various cycles for liquefaction of gases are explained and the calculation formulas for 
the pay-off functions are given. The cycles dealt with are: simple Linde-Hampson 
(L-H) system, pre-cooled L-H system, Linde dual pressure system, Claude system, 
Kapitza system, Heylandt system, cycles for liquefaction of Neon, Hydrogen and 
Helium, Collin’s Helium liquefier etc.

4.	Finally, various types of heat exchangers, hear transfer correlations, calculation 
formulas and graphs for analysis by LMTD and NTU methods are given. And, 
Second Law analysis of the cryogenic systems is explained briefly.

5.	Some data on commercial liquefiers for Air, Hydrogen and Helium are also given.
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6.	Many numerical problems are solved to illustrate the ease of computer calculations 
using Engineering Equation Solver (EES) and Mathcad software.

7.	Useful property data for Nitrogen, Hydrogen and Helium from NIST are given.
8.	EES has built-in functions for properties of several gases, refrigerants and fluids 

(including cryogenic fluids). Therefore, it is very convenient to use EES in these 
calculations.

9.	However, Mathcad does not have built-in functions for properties of gases, refrigerants 
and fluids. So, Mathcad Functions were written for properties of important 
cryogenic fluids, viz. Nitrogen, Hydrogen, Helium, Argon, Methane, Fluorine 
and Oxygen. These Functions were used in solving problems, illustrating the ease 
of using Mathcad in calculations and graphing.

10.	Several Procedures/Functions are written in EES and Mathcad to simplify 
the standard and most required calculations, which, the students, teachers, 
researchers and professionals may find very useful.

=======================================================================

3.1	 DEFINITIONS, STATEMENTS AND FORMULAS USED [1–9]:

3.1.1	� THERMODYNAMIC BACKGROUND: JOULE-THOMSON (J-T) OR 

ISENTHALPIC EXPANSION:

When a high pressure gas passes through a valve, capillary or restriction, its pressure drops 
and the temperature also drops, generally.

From the I Law of Thermodynamics, it can be shown that in this process the enthalpy 
remains constant.

Joule-Thomson coefficient is defined as:

Obviously, 

µJT > 0 to produce a temp drop as the pressure drops,

µJT < 0 for a temp increase as the pressure drops, and

if µJT = zero, then there is no change in temp as the pressure drops through the J-T valve.
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Hydrogen, helium, and neon have negative J-T coefficients at ambient temperature; therefore, 
these gases have to be pre-cooled to temperatures below their respective ‘max. inversion 
temperatures’, if they have to produce cooling upon expansion in a J-T valve. Following 
graph illustrates this [7]:

Inversion curve:

Pressure vs Temp curves at constant enthalpies for a gas look as follows [1]:
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Note from the above graph that constant enthalpy curves go through a maximum. Locus 
of these maximums is called ‘Inversion line’ (3 in fig. above) and the point where this 
inversion line cuts the y-axis (i.e P = 0) is known as ‘Max. inversion temp.’ Note that 
Inversion line divides the P-T graphs in to two regions, viz.:

i)	 Region of cooling upon expansion, i.e. J-T coeff. > 0, is to the left of the Inversion 
curve (region 1 in fig. above),

ii)	Region of heating upon expansion, i.e. J-T coeff. < 0, is to the right of the Inversion 
curve (region 2 in fig. above).

And, on the Inversion curve, J-T coeff. is zero.

Also note that for cooling to occur during a J-T expansion, the initial temp must be below 
the max. inversion temp.
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Following Table gives max. inversion temperatures for a few gases:[2]

Note from the above Table that max. inversion temps for Neon, Hydrogen and Helium are 
below the room temp (300 K); therefore, these three gases will have to be pre-cooled to a 
temperature below their respective max. inversion temperatures to produce cooling upon 
a J-T expansion.

Joule-Thomson Inversion curves for a few common gases are shown below: [2]
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We have, for J-T coeff. by definition [1]:

From Thermodynamics, we can show that:

where v is the sp. volume.

Now, for a ‘perfect gas’, we have:

p. v = R. T,

and, we get, J-T coeff. for a Perfect gas as:

Note that J-T coeff for a Perfect gas is zero, i.e. a Perfect gas will undergo no temperature 
drop during a J-T expansion.

For a ‘Real gas’ which is represented by the Van der Waal’s equation, we have:

where ‘a’ is a measure of intermolecular forces and ‘b’ is a measure of the finite size of 
the molecules.

Here, a and b are calculated in terms of the critical temp (Tc) and critical pressure (Pc) 
of a given gas:
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It is important to remember proper units while using the Van der Waal’s equation.

Units:

p…N/m^2
v…m^3/kg.mol
T…K
R = Universal gas constant = 8314.4 Nm/kg.mol.K
a…Nm^4/(kg.mol)^2
b…m^3/kg.mol
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Values of Van der Waal’s constants a and b, and pressure and temp at critical point for 
some gases are given below [8]:

Some Tables give values of a and b in different Units. Then, following conversion factors can be 
used (remember: 1J = 1Nm):

J-T coeff for a Van der Waals gas is obtained as[1]:

For large values of sp. volume, above eqn can be approximated to:
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Inversion temp for a Van der Waal’s gas is given by:

And, the max. inversion temp is the temp on the inversion curve at p = 0, and is given by:

3.1.2	 THERMODYNAMIC BACKGROUND: ISENTROPIC EXPANSION [1]:

Isentropic expansion coeff is defined as:

From Thermodynamics, and using Maxwell’s equations:

The term (∂v/∂T)p in the above eqn is equal to β.v where β is the volumetric coeff of 
expansion. This is positive for all gases, and T and cp are also positive; so, isentropic expansion 
coefficient is always positive, i.e. isentropic expansion (say, through an expansion engine) 
will always produce a temp drop.

For a perfect gas, pv = RT, and we get:
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For a Van der Waal’s gas, one can show that:

which is positive since v > b.

In a liquefier, both the above methods of cooling are used, i.e. isentropic cooling in an 
expansion engine in the beginning and isenthalpic expansion in an expansion valve in the 
final stages.

3.1.3	 PAY-OFF FUNCTIONS FOR A LIQUEFIER:

Three pay-off functions are defined[1]:

•	 Work required per unit mass of gas compressed: -W/m (J/kg)
•	 Work required per unit mass of gas liquefied: -W/mf (J/kg)
•	 Fraction liquefied, y = mf/m
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Then, obviously, W/m = (W/mf) * y

Note: -ve sign in the above equations only indicates that work is going in to the system.

Another parameter, i.e. Figure of Merit (FOM) is defined to compare the same system of 
liquefier for different fluids.

FOM is defined as the theoretical minimum work required divided by the actual work 
required for the system:

FOM = Wi/W = (Wi/m) / (W/mf)
FOM has a value between 0 and 1.

In an actual liquefier/refrigerator system, following performance parameters of components 
affect the overall performance of the system:

•	 Compressor and expander adiabatic efficiencies
•	 Compressor and expander mechanical efficiencies
•	 Heat exchanger effectiveness
•	 Pressure drops and
•	 Heat transfer to/from the system

3.1.4	� WORK REQUIRED FOR LIQUEFACTION IN A THERMODYNAMICALLY 

IDEAL SYSTEM [1]:

A thermodynamically ideal liquefier system is shown below, along with its T-s diagram.
In the ideal system, all the gas compressed is liquefied.
1-2: isothermal compression to a required high pressure
2-f: isentropic expansion, such that all the compressed gas is liquefied after expansion
Applying the I Law to the entire system, neglecting changes in P.E. and K.E., we get [1]:
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Ideal work of liquefaction for a few gases, starting from 300 K, 101.3 kPa are given below [1]:

Above mentioned ‘Ideal liquefaction system’ is not practically possible since:

i)	 Because of the nature of T-s diagram, the pressure required would be extremely high
ii)	The isentropic expansion in an expansion engine to the liquid point is impractical 

in the presence of two-phase fluid
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3.1.5	� SIMPLE LINDE-HAMPSON SYSTEM FOR LIQUEFACTION OF GASES OTHER 

THAN NEON, HYDROGEN AND HELIUM [1, 9]:

Schematic diagram and the T-s diagram for the system are shown below:
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In the above:

1-2: Isothermal compression in the compressor
2-3: Cooling to a low temp in the heat exchanger, by heat exchange with the returning 
cold stream
3-4: J-T expansion in the expansion valve, resulting in liquefaction (4)
g-1: returning cold gas stream in the heat exchanger
Applying the I Law to the whole system (except the compressor):

Or, the liquid yield is given by:

Note that h1 and hf are determined by the ambient conditions; and the variable in our 
control is h2.
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It can be shown that for maximum yield, the point 2 must lie on the Inversion curve. 
For air, with the ambient at 294 K, this pressure is about 400 atm, but actual systems use 
about 200 atm.

Remember that to produce cooling, temp before J-T expansion should be below the Max 
inversion temp.

Compressor work requirement is obtained by applying the I Law to the compressor:

And, heat transferred in compressor for isothermal compression:

And, the work required:

Then,
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Performance of Linde-Hampson system using different fluids, (with p1 = 101.3 kPa (1 atm), 
T1 = T2 = 300 K (80 F), p2 = 20.265 MPa (200 atm), heat exchanger effectiveness = 100%, 
compressor overall efficiency = 100%), is given in the following Table [1]:
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3.1.6	 PRE-COOLED LINDE-HAMPSON SYSTEM [1,9]:

Recall that for the simple Linde-Hampson system, the liquid yield is given by:

Since h1, hf are fixed by ambient conditions, we can increase the liquid yield by decreasing 
h2, i.e. by reducing the temp at point 2, i.e at the inlet to the heat exchanger. Such a pre-
cooled system and its T-s diagram are shown below:

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

29

Cryogenic liquefaction systems

Here, we have:

1-2: Isothermal compression
2-3: Cooling in the first heat exchanger by the auxiliary refrigeration system
3-4: Cooling in the J-T heat exchanger
4-5: Expansion in the J-T valve
g-1: return path of gas

Applying the I Law to the system containing the two heat exchangers, expansion valve, 
liquid receiver and the auxiliary refrigerant expansion valve, we get:

Defining the refrigerant flow-rate ratio r as:
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where mr is the mass flow rate of auxiliary refrigerant, solving for liquid yield y, we get:

The second term in the above eqn represents the improvement in the liquid yield because 
of pre-cooling.

And, the max. liquid yield is:

where h3 and h6 are at the point d at the boiling point of the refrigerant.
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Fig. below shows variation of y with r for different p2, for Nitrogen with p1 = 0.1 MPa 
and T1 = 293K [1]:

Compressor Work:

Assuming the main compressor to be reversible and isothermal, and the auxiliary compressor 
to be reversible and adiabatic, work required per unit mass of gas compressed is:

The last term in the above eqn is the additional work due to auxiliary compressor (approximately 
10% of the total work requirement.)

3.1.7	 LINDE DUAL PRESSURE SYSTEM [1,9]:

In this system, the gas is compressed in 2 stages. While there is saving in work of compression, 
liquid yield is reduced slightly.
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Since in the simple L-H system, the liquid yield is a small fraction of the gas compressed, 
not all the gas is expanded to the lowest pressure, but some is expanded to an intermediate 
pressure. We save the work required since for an isothermal compression, work requirement 
depends on the pressure ratio, i.e.

Wc = R T1 ln(p2/p1)

Schematic diagram and the T-s diagram for the system are shown below:
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We have:

1-2: compression to intermediate pressure
2-3: compression to high pressure, after a return stream is added
3-4: cooling in the heat exchanger
4-5: expansion to an intermediate pressure, where some of the gas is liquefied. Liquid/vapor 
separated in the liquid receiver, and vapor returned to second compressor
6-7: liquid from the first liquid receiver is expanded through the second J-T valve to the 
second liquid receiver
g-1: cold vapor returned through the heat exchanger

Applying the I Law to the heat exchanger, two liquid receivers and the two J-T valves, we 
get the liquid yield for this system as:

where, i is the intermediate flow rate ratio, viz.

where mi is the mass flow rate of intermediate pressure stream at point 8, and m is the 
total mass flow rate through high pressure compressor.

In the above eqn for y, the second term represents the reduction in the liquid yield as 
compared to the simple L-H system.

Applying the I Law to the two compressors, we get the work requirement per unit mass 
of gas compressed in the high pressure compressor:

From the above eqn, we see that the work required is reduced by the second bracketed term, 
as compared the simple L-H system.

In practical systems, i is of the order of 0.8; so, the reduction in work requirement more 
than offsets the reduction in liquid yield.
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Work required to liquefy unit mass of Air in the Linde dual pressure system, with p1 = 
0.1 MPa, T1 = 300 K, p3 = 20 MPa, is shown below [1]:

Note: In both the above modifications of the simple L-H system, work requirement per 
unit mass of gas liquefied is less as compared to that for the simple L-H system.

3.1.8	 CLAUDE SYSTEM [1, 9]:

Claude cycle uses an expander for cooling by isentropic expansion of the gas, which gives 
a larger temp drop than for an isenthalpic expansion, for the same pressure ratio. However, 
in the final liquefaction stage, a J-T valve has to be used since expander can not have two-
phase flow through it.
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Following figures show the schematic diagram and the T-s diagram for Claude system:
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Here, we have:

1-2: isothermal compression (to about 40 atm)
2-3: cooling in the first heat exchanger
At point 3, approx. 60% to 80% is diverted to be expanded in an expander, and then re-
united with the return stream below the second heat exchanger.
3-4: cooling in the second heat exchanger
4-5: cooling in the third heat exchanger
5-6: expansion in J-T valve
g-1:return of the cold vapor through the three heat exchangers

In large Claude systems, the work output of expander is utilized to compress the gas; but, 
in small systems, expander work is dissipated in a brake. However, whether the expander 
work is utilized or not, does not affect the liquid yield; it affects only the compressor net 
work requirement.
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Applying the I Law to system consisting of all the components except the compressor, we get:

Now, define the expander flow rate ratio, x:

Then, we get the liquefaction fraction, y as:

Second term in the above eqn represents the improvement over the simple L-H system.

Compressor work:

If the expander work is not utilized, this is the same as for the simple L-H system. i.e.

However, if the expander work is used in compressing the gas, then:

where, Wc is the compressor work, We is the expander work, and W is the net work required.

Applying I Law to the expander, we get the expander work as:

Then, the net compressor work required is:
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Obviously, the last term in the above eqn represents the reduction in work requirements 
due to utilization of expander work.

From the above eqn we see that to calculate W, we need to know h3, i.e. temp T3, just 
before entering the expander.

For given high pressure p2 and expander flow rate ratio x, there is an optimum T3 which 
will make the work requirement a minimum.
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For such a case, work requirement per unit mass liquefied (W/mf) vs expander flow 
rate ratio for different p2, for Air are shown below [1]:

3.1.9	 KAPITZA SYSTEM [1, 9]:

The schematic diagram of this system is shown below:

This is a modification of Claude system.

Note the following points:

•	 Third or low temp heat exchanger in the Claude system is eliminated
•	 A rotary expansion engine is used instead of reciprocating one
•	 First heat exchanger is a set of two parallel regenerators, used alternately, which 

also serve to purify the incoming gas
•	 Usually operated at low pressures, of the order of 7 atm.
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3.1.10	HEYLANDT SYSTEM [1, 9]:

This system is mostly used in high pressure liquefaction plants for Air.

Following is the schematic diagram of this system:
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Here, the first heat exchanger of Claude system is eliminated.

High pressure of the order of 200 atm is used (for Air).

Expansion engine flow rate ratio is approximately 0.6, entry temp to expander being about 
21 deg. C, thus reducing the lubrication problems in the expander.

3.1.11	COMMERCIAL AIR LIQUEFACTION SYSTEMS:

Large Air Separation Units are specified in terms of Tons per day (TPD) of O2 or N2 (or, 
other gases).

Conversions from TPD to other units of flow rate for various gases are done very conveniently 
using the following Table / calculator [10]:
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For example, 1000 Nm^3/h is equivalent to:
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And, to find equivalent of 1 metric Ton per day of Oxygen, enter 1 under ‘Oxygen Metric 
tons/day’ and press enter. We immediately get figures in terms of Tons per day, liters per 
day and gallons per day:

And, similarly, find equivalent of 1 metric Ton per day of Nitrogen:

And, to find equivalent of 1 metric Ton per day of Argon:

Finally, for CO2:
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Generic Air separation flow diagram [10]:
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Cryogenic Nitrogen Plant [14]: 

Cryogenic Oxygen Plants [15]:
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Specifications of some typical plants from Universal Industrial Gases, Inc. are shown 
below [10]:

�

Specifications of some low pressure, large air separation plants (10,000 to 50,000 
m^3/h of GOX and GAN) are given below [11]:
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Tonnage Air separation plants from Linde Engineering [12]:

These are plants that are individually designed for the specific demands of customers. These 
plants can produce oxygen, nitrogen, argon, krypton, xenon, helium and neon. Daily 
oxygen production capacities are between 450 tons (13,000 Nm³/h) and 7,000 tons 
(200,000 Nm³/h).

Largest multi-train separation plant in Mexico:

Specs: Capacity: 63,000 t/d of N2 (17,500 t/d oxygen equivalent), commissioned in 
2000 for Pemex:

See the photo below:
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For a large steel works in China:

See the photo below:

For a large steel works for the Pearl GTL project in RAS Laffan, Qatar:

Capacity: Total 30,000 MTD Oxygen, or, 860,000 Nm^3/h (eight trains), commissioned 
in 2010:
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See photo below:
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Large and medium sized Air separation plants by Peiyang Chemical Eng. Co. (PCC), 
China [13]:

3.1.12	PRE-COOLED LINDE-HAMPSON (L-H) SYSTEM FOR NEON AND HYDROGEN:

L-H systems are generally suitable for small scale liquefaction plants. Usually pre-cooled with 
liquid nitrogen to ensure that the gas is cooled much below the max. inversion temperature 
before it enters the Linde-Hampson part of the liquefier.
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Schematic diagram of the system is shown below [1]:

In small systems, LN2 pre-cooling may be done using LN2 from a separate dewar.

Applying the I Law to the last part of L-H system for Hydrogen (i.e. J-T heat exchanger 
and the LH2 bath), we get the liquid yield:
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To find the LN2 requirements, apply the I Law to the whole system excepting the two 
compressors, and we get:

Now, define the nitrogen boil off rate per unit mass of H2 (or Neon):

Then, solving for z from previous two equations:
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And, LN2 boiled away per unit mass of H2 (or Neon) is:

Observe that liquid yield can be improved by lowering temp T4. This is done by lowering 
the pressure in the LN2 bath. Practical limit to this is the freezing point of LN2 = 63.2 K

Following figure shows the (z/y) plotted against the pre-coolant bath temperature [1]:
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3.1.13	CLAUDE SYSTEM FOR NEON AND HYDROGEN [1]:

Following is the schematic diagram of Claude system, with LN2 pre-cooling:

With pre-cooled Claude system for H2, FOM is 50% to 75% higher as compared to pre-
cooled L-H system.

3.1.14	HELIUM REFRIGERATED SYSTEM FOR HYDROGEN LIQUEFACTION [1]:

The schematic diagram is shown below.

Here, a LN2 bath as well as an auxiliary helium refrigeration system are used for pre-
cooling the hydrogen gas. As a result, lower pressures can be used in the hydrogen loop (3 
to 8 atm). Helium gas pressure may be about 10 atm. Work requirement is about 60476 
kJ/kg liquefied. FOM is about 0.11, including the work required to produce LN2.
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3.1.15	ORTHO-PARA- HYDROGEN CONVERSION IN THE LIQUEFIER [1]:

Hydrogen exists in two molecular forms: ortho-H2 and para-H2.

In ortho-H2, the two protons of the H2 molecule possess the spin in the same direction, 
and in para-H2, the spins are in opposite directions as shown below:

Mixture of o-H2 and p-H2 at high temps is called normal hydrogen, and it has 75% o-H2 
and 25% p-H2, by volume.

Equilibrium mixture of o-H2 and p-H2 is called equilibrium hydrogen (e-H2). Concentration 
of o-H2 and p-H2 in equilibrium hydrogen depends on temp. At the normal boiling point 
of hydrogen, e-H2 has a composition of 0.21% o_H2 and 99.79% p-H2, i.e. practically 
all p-H2.

Concentration of p-H2 in equilibrium H2 at different temps is shown in following Table [1]:

Now, during the liquefaction of H2, temp falls from say, 300 K to 20.3 K, and the 
conversion of ortho-H2 to para-H2 does not occur instantaneously, but occurs in a slow 
process. However, if this conversion occurs in the LH2 storage dewar, there will be a very 
high boil-off loss, since the conversion of o-H2 to p-H2 is exothermic reaction. So, the 
method is to use a catalyst to speed up the process of conversion from o-H2 to p-H2 during 
the liquefaction itself.
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Following is the schematic of the two possible arrangements [1]:

In the above, (a) is the single expansion valve arrangement and (b) is the double expansion 
valve arrangement. The second arrangement gives approximately 20% higher liquid 
hydrogen yields.

Catalysts used are: hydrous ferric oxide, chromic oxide on alumina particles, charcoal and 
silica gel, or nickel based catalysts. Of these, hydrous ferric oxide is the most effective.
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3.1.16	EXAMPLE OF COMMERCIAL HYDROGEN LIQUEFIER [16]:

LH2 plants from Linde kryotechnik: Capacities of Linde Kryotechnik hydrogen liquefiers 
range from 150 l/h more than 20,000 l/h. See the Table below:
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Linde pamphlet states: “For liquefaction capacities over 1000 l/h, the necessary refrigeration 
for cooling and ortho-para conversion of the hydrogen is attained by means of a hydrogen 
Claude process, i.e. at the cold end of the process the H2 feed gas can be combined with 
the H2 of the refrigeration process.”

A photo of a 300 m^3 LH2 storage tank (from Linde) is shown below:
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3.1.17	COLLINS SYSTEM FOR HELIUM LIQUEFACTION [1]:

This is a modification of Claude system. In Claude system, one expansion engine is used 
whereas in Collins system two or more expansion engines are used.

Following is the schematic diagram with two expansion engines:

Note: Above system does not use LN2 pre-cooling. With LN2 pre-cooling, LHe production 
will be increased.
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Applying the I Law to all the components except the helium compressor, we get:

where,

Δhe1, Δhe2, are the enthalpy drops in expanders 1 and 2 respectively.

Typical values are: p2 = p3 = 14 atm,

For expander 1: x1 = 0.25, inlet temp = 60 K, exit temp = 28.9 K,
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For expander 2: x2 = 0.5, inlet temp = 15 K, exit temp = 7.8 K, and 

Liquid yield = y = 0.12

With the use of LN2 pre-cooling, liquid yield can be almost tripled.

3.1.18	COMMERCIAL LIQUID HELIUM PLANTS [1]:

As examples, plants produced by Linde Kryotechnik are given below:

Their standard L series covers liquefiers up to a capacity of 290 l/h (equivalent to a refrigeration 
capacity of 900 W at 4.4 K), and higher capacity liquefiers are custom made for research.

For the L series, following are the specifications:

Standard Scope of Supply:

The standard helium liquefier/refrigerator comprises of:

•	 Vacuum insulated cold box, either with integrated automatic purifier (L280) or 
transfer line connection to/from the cryostat (LR280)

•	 Control cabinet with operator panel, removable from the cold box
•	 Aluminium plate-fin heat exchangers with LN2 pre-cooling facility
•	 Two TED dynamic gas bearing turbo expanders
•	 Oil injected recycle compressor, air or water cooled
•	 Oil removal system/gas management panel
•	 Coaxial transfer line from liquefier to dewar (only L280)

Options:

•	 Pure helium gas buffer
•	 Line drier
•	 LHe storage dewar and decant line
•	 Standard installation kit
•	 Recovery system
•	 Spare parts
•	 Maintenance contract
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For Research, Science and Industry, Linde Kryotechnik supply the following He liquefiers/
Refrigerators:
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3.1.19	HEAT EXCHANGERS AND HEAT TRANSFER CORRELATIONS [1]:

Fig. Plate-fin exchanger
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Fig. Giaque-Hampson heat exchanger,  

with the outer shell and insulation removed.

Collin’s heat exchanger:

Here, the exchanger consists of several concentric copper tubeswith an edge-wound copper 
helix wrapped in the annular spaces of the tubes. The helix is soft soldered to both sides of 
the annular space. The helix acts as a fin to extend the heat transfer surface of the annulus. 
The Collins HX shown below has four concentric tubes with the copper helix wound around 
three of the tubes. High pressure stream flows in the inner passages while the return, low 
pressure stream flows in the outer passages.
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Important dimensionless numbers:

Prandtl Number:

where µ is fluid viscosity, cp is fluid sp. heat, and kt is the fluid thermal conductivity.

Colburn J factor:

where hc is the film heat transfer coeff, G is the mass velocity, given by mass flow rate per 
unit cross-sectional flow area, i.e.

where Aff = π * D2 / 4 for flow in a circular tube.
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Nusselt Number:

where De is the equivalent diameter of flow passage = inside diameter D for a circular tube.

Reynolds Number:

Friction factor:

where ρ is fluid density, gc conversion factor in Newton’s second law of motion.

Correlations for flow inside circular tubes:

For Laminar flow, NRe < 2300:

where De = D, and fluid properties evaluated at bulk or mixed-mean temp.

For Turbulent flow, NRe > 3000:

where Dh is the diameter of the helix for tubes wound as in Giauque-Hampson exchanger 
(for straight tubes, Dh = ∞), and fluid properties evaluated at mean film temp Tm = (Tb + 
Tw) / 2 where Tb is the bulk fluid temp and Tw is the wall temp.
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Friction factor correlations:

For flow inside smooth tubes:

For Laminar flow, NRe < 2300:

For Turbulent flow, 2300 < NRe < 5000: 

For Turbulent flow, NRe > 5000: 

For flow inside tubes of non-circular sections:

Above equations of circular sections can be used, but with D = De, the equivalent dia.

For heat transfer, De is given by:

where Aff is the area of cross-section, A is area through which heat is being transferred.

For ex. for a square tube heated on all the 4 sides:

where a is the length of one side.

For friction factor correlations:

where Aw is the wall area wetted by the fluid.
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Ex. for an annulus:

where D1 and D2 are the inner and outer diameters of the annulus respectively.

For flow normal to the bank of tubes (as in the low pressure stream of Giauque-Hampson 
HX), following correlations apply:

For banks of staggered tubes, 2000 < NRe < 3.2 * 104:

with the Reynolds No. defined as:
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Where D0 is the outside diameter of the tubes, Gmax = mdot / Amin; Amin is the minimum 
flow area between the tubes. Fluid properties are evaluated at the mean film temp, Tm = 
(Tb + Tw) / 2.

For banks of tubes in line (as in the low pressure stream of Giauque-Hampson HX), 
2000 < NRe < 3.2 * 104:

with the Reynolds No. defined as for the previous eqn.

For flow across tubes, friction factor is defined as follows:
For flow outside tubes:

where N is the total no. of tubes in line across which the fluid flows.

For staggered tubes, NRe = De. Gmax /µ > 1000:

where XT is the transverse pitch/tube outside dia.

For inline tubes, NRe = De. Gmax/µ > 1000:

where XL is the longitudinal pitch/tube outside dia. and,
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Definition of longitudinal and transverse pitch is illustrated in the following figure:

For Collins Heat Exchanger surface:

For heat transfer:

For 400 < NRe < 104:

where equivalent dia, De = 4 * (free volume) / (wetted area).

Free volume is the volume of the annulus with the volume of fins excluded, and the wetted 
area is the entire internal area of the annulus, including the surface area of the fins.
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For friction factor:

For 400 < NRe < 104:

where equivalent dia is the same as for heat transfer correlation.
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Compact Heat exchangers [24]:

�

Plate-fin exchangers:

Heat transfer and friction characteristics are specific to a given plate-fin heat exchanger, and 
are determined experimentally.

Data for a large number of compact heat exchangers (such as: plate-fin surfaces, tube-fin 
surfaces, dimpled, flattened tube banks etc.) are presented by Kays and London [22].

As an example, typical correlations for heat transfer and friction calculations for plate fin 
surfaces with straight fins, 0.31 in high, 0.006 in thick, 12.5 fins per inch, and
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for 500 < NRe < 104, are given below:

jH and f are presented in the form of plots against NRe.

Typical plots for two types of compact heat exchanger surfaces are shown below:

�
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Fin effectiveness, surface effectiveness and overall coeff of heat transfer:

Fins are used to extend the area of heat transfer; however, 100% of fin area is not effective 
since there is some temperature gradient along the fin due to its finite thermal conductivity.

Fin-area effectiveness for plate fins and straight fins is given by:

where

In the above,

kf = thermal conductivity of the fin material,

δ = Vf / Af = Volume of fin/Surface area of fin,

Lf = Length of fin if one end of fin is free, or one-half the fin length if the fin is attached 
at both ends.

Surface effectiveness:

If the total heat transfer area is A0, then:

A0 = Af + Ap, where Af = fin surface area, and Ap = bare (or prime) surface area.

Prime surface area is 100% effective.

Then, if the surface effectiveness is η0, we can write:

Then, surface effectiveness is given by:

Note that effective heat transfer area is: η0.A0
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Overall coeff of heat transfer:

Denoting the warmer stream by subscript ‘h’ and cooler stream by subscript ‘c’, the overall 
coeff of heat transfer based on the warm-side heat transfer area A0,h is given by:

In the above eqn, we have neglected the thermal resistance of separating surface. Also, if 
no fins are used on a surface, its surface effectiveness is unity.

3.1.20	HEAT EXCHANGER ANALYSIS:

There are two approaches:

Effectiveness-NTU method, and Log-mean-temp-difference approach.

Temperature variations which can occur in a heat exchanger are shown below:
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Summary of calculation equations for Effectiveness-NTU method are given below:

By definition,

Effectiveness, ε = actual energy transfer / max. possible energy transfer = Q / Qmax, i.e.

And,

No. of heat transfer Units, NTU = U. A / Cmin

where U is the overall heat transfer coeff, A is the area of heat transfer and Cmin is the 
minimum of capacity rates of the two fluids. Capacity rate is mass flow rate of the fluid 
multiplied by sp. heat of that fluid.(= mdot * cp).
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For a counter-flow heat exchanger (see fig. c above):

where CR = Cmin / Cmax

Two special cases of counter-flow exchanger are:

balanced operation (i.e. Cmin = Cmax, or CR = 1), and

phase change on one side (i.e. Cmax = ∞, or CR = 0).

For these two cases, we have:

For a parallel-flow heat exchanger (see fig. d above):

For balanced operation, in parallel flow:

For condensation or boiling on one side:

i.e. when there is a phase change on one side, it does not matter if the flow arrangement 
is counter-flow or parallel flow.
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Cross-flow heat exchanger:

Here, fluids flow perpendicular to each other.

Typical cross-flow arrangements are shown in the figure below. Here, note that a fluid is 
said to be ‘mixed’ when it is not confined to flow in a definite channel, such as a tube. A 
fluid is ‘unmixed’ when it is confined to flow within a definite channel.

Effectiveness-NTU graphs for some heat exchangers are shown below [23]:

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

84

Cryogenic liquefaction systems

84

Download free eBooks at bookboon.com Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://s.bookboon.com/EOT


CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

85

Cryogenic liquefaction systems

It is shown later that these graphs are reproduced very easily with either EES (see 
Prob.3.2.39 to 3.2.42), or Mathcad (see Prob.3.3.20 to 3.3.35).

Summary of Effectiveness relations [23]:
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Log-mean-temp-difference (LMTD) approach [23]:

Recollect that heat transfer between the two fluid streams in a heat exchanger can be 
written as:

Q = U A ΔTm, where U is the overall heat transfer coeff, A is the area of heat transfer and 
ΔTm is the mean temp difference between the two fluid streams.

ΔTm has to be used since, generally, the temp difference between the streams is not constant 
along the length of the heat exchanger. See the fig. below:
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It is found that the mean temp difference is a logarithmic expression, and therefore, it is 
also known as Logarithmic Mean Temp Difference (LMTD).

For parallel flow and counter-flow heat exchangers, we have, for LMTD:

Remember that ΔT1 and ΔT2 are the max and min temp differences in the heat exchangers, 
as shown below:

Note: When ΔT1 = ΔT2 = ΔT, say, then the LMTD is given as: LMTD = ΔT

For cross-flow and multi-pass Shell and Tube heat exchangers:

Here, the LMTD is calculated as follows:

First find out the LMTD as if the flows were counter-flow.
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Then, apply a correction factor F, determined from the following graphs, represented as 
functions of two temperature factors P and R, defined as follows:

And, actual LMTD is:

where F is determined from following graphs:
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3.1.21	SECOND LAW ANALYSIS (OR, EXERGY ANALYSIS) [25, 26, 27]: 

Summary of definitions, statements and formulas used, essential for problem solving 
only are given below:

‘Availability’ or ‘Available energy’ or ‘Exergy’: 

For a heat engine, we know from II Law that all the heat available can not be converted to 
work, and some amount of heat is necessarily to be rejected to the sink. So, the amount of 
heat rejected is the ‘unavailable part’ of the energy and the Wmax obtained is the ‘available 
part’ of the energy.

Thus, by definition: ‘A system delivers the max. possible work as it undergoes a reversible 
process from the specified initial state to the state if its environment, that is, the ‘dead state’. 
This is the ‘useful work potential’ of the system at the specified state and is called ‘Exergy’.

Exergy of heat:

For a heat engine, if heat Q is supplied at a constant source temp of TH and the environment 
is at T0, the exergy or the max. work output is:

Wmax = Q.(1- T0/TH)

i.e. Wmax = Q – T0. Δs, where Δs is the change in entropy in the process.

Also, the unavailable energy (or ‘anergy’) = T0 .Δs

For a refrigerator: if heat Q is absorbed at a constant source temp of Tz and the environment 
is at T0, the exergy or the min. work required is:

Wmin = Q / [Tz / (T0 – Tz)] = Q. [(T0 / Tz) – 1)]

i.e. Wmin = T0. Δs – Q, where Δs is the change in entropy in the process.

Exergy of Work: Exergy of work is work itself, since there is no thermodynamic restriction 
on its availability.

Exergy of Kinetic Energy and Potential Energy: Again, the exergies of K.E. and P.E. are 
the respective energies themselves.
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If heat is supplied at varying temperatures, i.e. at constant pressure:

Then, Available energy for a heat engine is easily calculated as follows:

Note that:

Heat supplied = cp. (T2 – T1) …J/kg = area 1-2-6-5-1

Unavailable energy = area 4-3-6-5-4 = T0. Δs = T0. cp .ln(T2/T1)…J/kg

Available energy = area 1-2-3-4-1

i.e. Available energy = area 1-2-6-5-1 – area 4-3-6-5-4

i.e. Available energy = cp. (T2 – T1) – T0. cp. ln(T2/T1)…J/kg

Note that in the above equations, temp should be in Kelvin.

If heat is supplied at varying temperatures, i.e. at constant pressure:
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Available energy for a refrigerator is easily calculated as follows:
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COP = Q / Wmin

Exergy of cold produced eqL = Q. (Tz – T0) / T0…when refrigerator temp is Tz

This exergy is negative, indicating that work has to be supplied.

3.1.22	AVAILABILITY (OR EXERGY) IN STEADY FLOW SYSTEMS [25]:

Let the initial conditions of the flow system be p1, T1, Z1. Let this state be reduced to 
atmospheric or ‘dead state’ denoted by p0, T0, Z0 (= 0), through an ideal process. Then,

In many systems, changes in K.E and P.E. can be considered as negligible. Then,

This is also known as exergy of mass flow.

i.e.

Irreversibility:

Irreversibility is defined as:

Irreversibility is also known as ‘degradation’ or ‘dissipation’.

Note: Expression for Irreversibility is the same for both the flow and non-flow processes.
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We have, per unit mass:

Second Law efficiency, ηII[27]: Thermal efficiency for heat engines and coefficient of 
performance for refrigerators are based on the first law of thermodynamics and referred to 
as the first-law efficiencies.

Second-law efficiency is defined based on II Law:

The second-law efficiency for a heat engine is defined as the ratio of the useful work output 
to the maximum possible work output (for work-producing device, such as turbine), or the 
ratio of the minimum work input to the actual useful work input (for work-consuming 
device, such as compressor).

For refrigerators or heat Pumps, it is defined as the ratio of the actual COP to the COP of 
reversible process. For mixing chambers, the second-law efficiency is defined as the ratio of 
the exergy recovered to the exergy supplied.

Summarizing:

Device Second Law efficiency, ηII

Heat engine ηth / ηrev

Work producing device (ex: Turbine) Wu / Wrev

Work consuming device (ex: Compressor) Wrev / Wu

Refrigerators/Heat pumps COP / COPrev

Mixing chambers/heat exchangers Exergy recovered / Exergy supplied
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For an adiabatic turbine:

For a turbine the second-law efficiency is defined as:

where Wu is the actual useful work and Wrev is the reversible work.
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From an energy balance, neglecting kinetic and potential energy differences compared to 
the enthalpy change of the fluid, we get:

The reversible work for adiabatic turbine, the reversible work equals the difference of the 
flow exergies at the inlet and the exit:

Then, second-law efficiency of an adiabatic turbine is given by:

Similarly, second-law efficiency of a compressor is:

For heat exchangers and mixing chambers, their second-law efficiencies are given as the ratio 
of exergy recovered to exergy supplied.
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For a heat exchanger: the second-law efficiency is:

where mcold and mhot are mass flow rates of cold and hot fluids respectively. And, ef stands 
for exergy of flow.

Similarly, second-law efficiency of a mixing chamber is:

Here, m1 and m2 are mass flow rates of hot and cold fluids respectively. And, ef stands for 
exergy of flow, as usual. Then, second Law efficiency is:
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Summarizing:

Device Second Law efficiency, ηII

Adiabatic turbine

Adiabatic compressor

Heat Exchanger (non-mixing)

Adiabatic Mixing chamber
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Exergy balance:

Exergy balance is written for each component of a system to find out the relative magnitudes 
of ‘exergy losses’ in those components so that corrective action can be taken to reduce the 
losses.

Writing the exergy balance for components of a steady flow system, such as compressors, 
turbines, throttle valves, heat exchangers etc is as follows [6]:

Remember:
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3.2	 PROBLEMS SOLVED WITH EES:

“Prob. 3.2.1 Calculate the isentropic temp drop for different gases, expanding from 20 atm, 
300 K to 1 atm.”

Solution:

First write an EES Procedure to find out the isentropic temp drop for any fluid, when it 
expands from initial pressure Pi and temp Ti to a final pressure Pf:

$UnitSysystem SI kPa K kg kJ

PROCEDURE Tdrop_isentr(FLUID$, P_i,T_i, P_f:T_f, DELTAT_s)

“Finds the Temp drop for isentropic expansion from Pi, Ti to final pressure Pf.”

“Inputs: FLUID$, P_i,T_i, P_f:…Pressures in kPa, Temp in K”

“Outputs: T_f (K) and DELTAT_s (deg.)”

s_i:=Entropy(Fluid$,T=T_i,P=P_i) “[kJ/kg-K]”

s_f:= s_i “[kJ/kg-K]”
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T_f: =Temperature(Fluid$,s=s_f,P=P_f ) “[K]”

DELTAT_s: = T_i – T_f

END

“=====================================================================”

Now, use the above Procedure to find the isentropic temp drop for different fluids:

“Data:”

T_i=300 “[K]”

P_i= 20 * 101.325 “[kPa]”

P_f = 101.325 “[kPa]”
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“Calculations:”

CALL Tdrop_isentr(‘Air’, P_i,T_i, P_f:T_f_air, DELTAT_air)

CALL Tdrop_isentr(‘Nitrogen’, P_i,T_i, P_f:T_f_N2, DELTAT_N2)

CALL Tdrop_isentr(‘Oxygen’, P_i,T_i, P_f:T_f_O2, DELTAT_O2)

CALL Tdrop_isentr(‘methane’, P_i,T_i, P_f:T_f_CH4, DELTAT_CH4)

CALL Tdrop_isentr(‘Helium’, P_i,T_i, P_f:T_f_He, DELTAT_He)

CALL Tdrop_isentr(‘Hydrogen’, P_i,T_i, P_f:T_f_H2, DELTAT_H2)

CALL Tdrop_isentr(‘Neon’, P_i,T_i, P_f:T_f_Ne, DELTAT_Ne)

CALL Tdrop_isentr(‘Argon’, P_i,T_i, P_f:T_f_Ar, DELTAT_Ar)

Results:

Isentropic temp drops for various fluids such as Air, Nitrogen, Oxygen, Methane, Helium, 
Hydrogen, Neon and Argon are shown above. Also, the final temp attained after expansion 
from 20 atm, 300 K to 1 atm is shown for each gas.

“Prob. 3.2.2 Calculate the isenthalpic temp drop for different gases, expanding from 20 atm, 
300 K to 1 atm.”
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Solution:

First write an EES Procedure to find out the isenthalpic temp drop for any fluid, when it 
expands from initial pressure Pi and temp Ti to a final pressure Pf:

$UnitSysystem SI kPa K kg kJ

PROCEDURE Tdrop_isenthalpic(FLUID$, P_i,T_i, P_f:T_f, DELTAT_h)

“Finds Temp drop for isenthalpic expansionfrom Pi, Ti to final pressure Pf.”

“Inputs: FLUID$, P_i,T_i, P_f:…Pressures in kPa, Temp in K”

“Outputs: T_f (K) and DELTAT_s (deg.)”

h_i:=Enthalpy(Fluid$,T=T_i,P=P_i) “[kJ/kg]”

h_f:= h_i “[kJ/kg-K]”

T_f: =Temperature(Fluid$,h=h_f,P=P_f ) “[K]”

DELTAT_h: = T_i – T_f

END

“======================================================================”

Now, use the above Procedure to find the isentropic temp drop for different fluids:

“Data:”

T_i=300 “[K]”

P_i= 20 * 101.325 “[kPa]”

P_f = 101.325 “[kPa]”
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“Calculations:”

CALL Tdrop_isenthalpic(‘Air_ha’, P_i,T_i, P_f:T_f_Air, DELTAT_Air)

CALL Tdrop_isenthalpic(‘Nitrogen’, P_i,T_i, P_f:T_f_N2, DELTAT_N2)

CALL Tdrop_isenthalpic(‘Oxygen’, P_i,T_i, P_f:T_f_O2, DELTAT_O2)

CALL Tdrop_isenthalpic(‘Methane’, P_i,T_i, P_f:T_f_CH4, DELTAT_CH4)

CALL Tdrop_isenthalpic(‘Helium’, P_i,T_i, P_f:T_f_He, DELTAT_He)

CALL Tdrop_isenthalpic(‘Hydrogen’, P_i,T_i, P_f:T_f_H2, DELTAT_H2)

CALL Tdrop_isenthalpic(‘Neon’, P_i,T_i, P_f:T_f_Ne, DELTAT_Ne)

CALL Tdrop_isenthalpic(‘Argon’, P_i,T_i, P_f:T_f_Ar, DELTAT_Ar)
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Results:

Isenthalpic temp drops for various fluids such as Air, Nitrogen, Oxygen, Methane, Helium, 
Hydrogen, Neon and Argon are shown above. Also, the final temp attained after expansion 
from 20 atm, 300 K to 1 atm is shown for each gas.

Note that for Helium, Hydrogen and Neon, final temp Tf is higher than initial temp 
Ti upon expansion. This is due to the fact that the max. inversion temp for these fluids is 
lower than the initial temp before expansion, Ti = 300 K. See below the max. inversion temp 
for a few fluids:

Gas Max. inversion temp. (K)

Carbon dioxide 1500

Oxygen 761

Argon 722

Nitrogen 622

Air 602.78

Neon 250

Hydrogen 202

Helium 40

“Prob. 3.2.3 Compare the isentropic and isenthalpic temp drops for Nitrogen, expanding 
from 300 K and various pressures to a final pressure of 1 atm.”
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Solution:

“Data:”

T_i=300 “[K]”

{P_i= 20 * 101.325 “[kPa]”}

P_f = 101.325 “[kPa]”

“Calculations:”

CALL Tdrop_isentr(‘Nitrogen’, P_i,T_i, P_f:T_f_N2_s, DELTAT_s)

CALL Tdrop_isenthalpic(‘Nitrogen’, P_i,T_i, P_f:T_f_N2_h, DELTAT_h)

Results:
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Now, draw the graphs:
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“Prob.3.2.4 Nitrogen gas at 200 atm and 300 K is expanded in an expansion valve. Find 
out the temp drop and the average J-T coeff. for a final pressure of 100 atm. Then plot 
these quantities as the final pressure varies from 500 kPa to 10000 kPa, other conditions 
remaining the same.”

“Solution:”

“Data:”

T_i=300 “[K]”

P_i= 200 * 101.325 “[kPa]”

P_f = 100 * 101.325 “[kPa]”

“Calculations:”

CALL Tdrop_isenthalpic(‘Nitrogen’, P_i,T_i, P_f:T_f_N2_h, DELTAT_h)

DELTAP = P_i – P_f “kPa”

mu_JT = DELTAT_h/DELTAP “deg/kPa…J_T coeff.”

Results:

�
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To plot these quantities as the final pressure varies from 500 kPa to 10000 kPa, other 
conditions remaining the same:

First, compute the Parametric Table:
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Now, plot the graphs:
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“Prob.3.2.5 Helium gas at 200 atm and 300 K is expanded in an expansion valve. Find 
out the temp drop and the average J-T coeff. for a final pressure of 100 atm. Then plot 
these quantities as the final pressure varies from 500 kPa to 10000 kPa, other conditions 
remaining the same.”

“Solution:”

“Data:”

T_i=300 “[K]”

P_i= 200 * 101.325 “[kPa]”

P_f = 100 * 101.325 “[kPa]”

“Calculations:”

CALL Tdrop_isenthalpic(‘Helium’, P_i,T_i, P_f:T_f_He_h, DELTAT_h)

DELTAP = P_i – P_f “kPa”

mu_JT = DELTAT_h/DELTAP “deg/kPa…J_T coeff.”
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Results:

�

To plot these quantities as the final pressure varies from 500 kPa to 10000 kPa, other 
conditions remaining the same:

First, compute the Parametric Table:
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Now, plot the graphs:
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Note that there is temp increase during expansion from 200 atm to any lower pressure 
(i.e. ΔT is negative). This is due to the fact that the initial temp Ti before expansion 
(i.e. 300 K) is higher than the max. inversion temp of Helium, i.e. 40 K. For the same 
reason, the J-T coeff is also negative.

“Prob.3.2.6 Nitrogen gas at 200 atm and 300 K is expanded isentropically in an expansion 
engine. Find out the temp drop and the average isentropic expansion coeff. for a final 
pressure of 100 atm. Then plot these quantities as the final pressure varies from 500 kPa 
to 10000 kPa, other conditions remaining the same.”

“Solution:”

“Data:”

T_i=300 “[K]”

P_i= 200 * 101.325 “[kPa]”

P_f = 100 * 101.325 “[kPa]”
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“Calculations:”

CALL Tdrop_isentr(‘Nitrogen’, P_i,T_i, P_f:T_f_N2_s, DELTAT_s)

DELTAP = P_i – P_f “kPa”

mu_s = DELTAT_s/DELTAP “deg/kPa…isentr. expn. coeff.”

Results:

To plot these quantities as the final pressure varies from 500 kPa to 10000 kPa, other 
conditions remaining the same:

First, compute the Parametric Table:
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Now, plot the graphs:
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“Prob.3.2.7 Helium gas at 200 atm and 300 K is expanded isentropically in an expansion 
engine. Find out the temp drop and the average isentropic expansion coeff. for a final 
pressure of 100 atm. Then plot these quantities as the final pressure varies from 500 kPa 
to 10000 kPa, other conditions remaining the same.”

“Solution:”

“Data:”

T_i=300 “[K]”

P_i= 200 * 101.325 “[kPa]”

P_f = 100 * 101.325 “[kPa]”
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“Calculations:”

CALL Tdrop_isentr(‘Helium’, P_i,T_i, P_f:T_f_He_s, DELTAT_s)

DELTAP = P_i – P_f “kPa”

mu_s = DELTAT_s/DELTAP “deg/kPa…isentr. expn. coeff.”

Results:

To plot these quantities as the final pressure varies from 500 kPa to 10000 kPa, other 
conditions remaining the same:

First, compute the Parametric Table:

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

120

Cryogenic liquefaction systems

120

Now, plot the graphs:
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Note that there is always a temp decrease during isentropic expansion from 200 atm 
to any lower, and the isentr. expn. coeff is positive.

“Prob. 3.2.8 Write an EES Function to calculate the Ideal work required for liquefaction 
for different gases, starting with an initial pressure P1 (kPa) and temp T1 (K). Using this 
Function, calculate the ideal work of liquefaction for Air, Argon, Hydrogen, Helium, Oxygen, 
Methane, Neon and Nitrogen, starting from 1 atm pressure and a temp of 300 K.”

Solution:

First, write the EES Function:

$UnitSysystem SI kPa K kg kJ

FUNCTION Ideal_Work(FLUID$, P_1,T_1)

“Inputs: FLUID$, P_1,T_1:…Pressures in kPa, Temp in K”

“Output: W_id (kJ/kg)”

s_1:=Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”
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s_f:=Entropy(Fluid$,P=P_1,x=0) “[kJ/kg-K]”

h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[kJ/kg]”

h_f:=Enthalpy(Fluid$,P=P_1,x=0) “[kJ/kg]”

Ideal_Work=T_1*(s_1-s_f )-(h_1-h_f ) “[kJ/kg]”

END

�

Now, calculate the ideal work required for different gases:

“Data:”

T_1=300 “[K]”

P_1=101.325 “[kPa]”

“Calculations:”

Wideal_air = Ideal_Work(‘Air_ha’, P_1,T_1) “kJ/kg”

Wideal_argon = Ideal_Work(‘Argon’, P_1,T_1) “kJ/kg”

Wideal_H2 = Ideal_Work(‘Hydrogen’, P_1,T_1) “kJ/kg”

Wideal_He = Ideal_Work(‘Helium’, P_1,T_1) “kJ/kg”

Wideal_O2 = Ideal_Work(‘Oxygen’, P_1,T_1) “kJ/kg”

Wideal_CH4 = Ideal_Work(‘Methane’, P_1,T_1) “kJ/kg”

Wideal_Ne = Ideal_Work(‘Neon’, P_1,T_1) “kJ/kg”

Wideal_N2 = Ideal_Work(‘Nitrogen’, P_1,T_1) “kJ/kg”
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Results:

Ideal work of liquefaction for different gases, starting with 1 atm and 300 K, are 
shown above.

“Prob. 3.2.9 Write an EES Functions to calculate: (i) the Isothermal compressor work, and 
(ii) the actual compressor work required to compress different gases from an initial pressure P1 
(kPa) to a final pressure P2 (kPa) at a temp T1 (K). Take Isothermal efficiency of compressor 
as eta_isoth. Then, calculate the Isothermal and actual work required to compress Nitrogen 
from 1 atm to 200 atm at a temp of 300 K, with isoth. efficiency = 80%.”
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Solution:

First, write the EES Functions:

$UnitSysystem SI kPa K kg kJ

FUNCTION Wcomp_isoth(Fluid$, T_1, P_1, P_2)

{Finds Isoth. work for a compressor, Temp in Kelvin, Pressures in kPa

Inlet pressure = P_1, Outlet pressure = P_2, Temp = T_1

 Isoth work in kJ/kg}

s_1:=Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”

s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[kJ/kg-K]”

h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[kJ/kg]”

h_2:=Enthalpy(Fluid$,P=P_2,T=T_1) “[kJ/kg]”

Wcomp_isoth:= T_1 * (s_1 – s_2) – (h_1 – h_2) “kJ/kg”

END

�

$UnitSysystem SI kPa K kg kJ

FUNCTION Wcomp_act(Fluid$, T_1, P_1, P_2,eta_isoth)

{Finds actual work for a compressor, Temp in Kelvin, Pressures in kPa

Inlet pressure = P_1, Outlet pressure = P_2, Temp = T_1, Isoth. effcy = eta_isoth

Actual work in kJ/kg}

Wcomp_act= Wcomp_isoth(Fluid$, T_1, P_1, P_2) / eta_isoth “kJ/kg”

END

�
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Now, calculate the isothermal work required for Nitrogen gas:

“Calculations:”

“Data:”

Fluid$ = ‘Nitrogen’

T1 = 300 “K”

P1 = 101.325 “kPa”

P2 = 200 * 101.325 “kPa”

eta_iso = 0.8 “…Isothermal effcy.”

Isoth_Work_N2 = Wcomp_isoth(Fluid$, T1, P1, P2)

Actual_Work_N2 = Wcomp_act(Fluid$, T1, P1, P2, eta_iso)

Results:

Thus:

Isothermal work required to compress N2 from 1 atm to 200 atm at 300 K = 472.8 
kJ/kg…Ans.

Actual work required to compress N2 from 1 atm to 200 atm at 300 K, when isoth. 
effcy is 80% = 591 kJ/kg…Ans.

“Prob. 3.2.10 Calculate the Isothermal work required to compress Helium from 1 atm to 
25 atm at a temp of 300 K.Then, plot the Isothermal work vs P2, as P2 varies from 200 
kPa to 3000 kPa, P1 and T1 remaining the same as earlier.”
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“Calculations:”

Fluid$ = ‘Helium’

T1 = 300 “K”

P1 = 101.325 “kPa”

P2 = 25 * 101.325 “kPa”

Isoth_Work_He = Wcomp_isoth(Fluid$, T1, P1, P2)

Results:
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(b) Plot the Isoth. work against P2 as P2 varies from 200 kPa to 3000 kPa, P1 and T1 
remaining the same as earlier.

First, compute the Parametric Table:

Now, plot the graph:
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“Prob. 3.2.11 Determine the Ideal work required to liquefy Helium starting from 1 atm, 
20 K. Also, find the heat rejected in the ideal isothermal compressor.”

Solution:

“Data:”

Fluid$ = ‘Helium’

T1 = 20 “K”

P1 = 101.325 “kPa”

“Calculations:”

Wideal_He = Ideal_Work(Fluid$, P1,T1) “kJ/kg”

s_1 = Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s_f =Entropy(Fluid$,P=P1,x=0) “[kJ/kg-K]”

s_2 = s_f

Q_rej = T1 * (s_1 – s_2) “kJ/kg”

Results:

“Prob. 3.2.12 Write an EES Procedure to calculate, in an Ideal Linde system, the fraction 
of compressed gas which is liquefied, and the work required per kg of gas compressed, work 
required per kg of gas liquefied, and the Figure of Merit (FOM), to liquefy different gases 
from an initial pressure P1 (kPa) and a temp T1 (K) assuming isothermal compression, 
isentropic expansion and 100% efficiency for the components.”

Solution:

$UnitSysystem SI kPa K kg kJ
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PROCEDURE LindeSystem(FLUID$, P_1,P_2,T_1:y,Wperkggas,Wperkgliq, W_ideal, FOM)

“Inputs: FLUID$, P_1, P_2, T_1:…Pressures in kPa, Temp in K”

“Outputs: y, fraction liquefied, Wperkggas (kJ/kg of gas compressed), Wperkgliq (kJ/kg of 
liquid), W_ideal is the min. work of liquefaction (kJ/kg), and FOM is the Figure of Merit.”

s_1:=Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”

s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[kJ/kg-K]”

h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[kJ/kg]”

h_2:=Enthalpy(Fluid$,P=P_2,T=T_1) “[kJ/kg]”

h_f:=Enthalpy(Fluid$,x=0,P=P_1) “[kJ/kg]”

y:= (h_1 – h_2) / (h_1 – h_f ) “…fraction liquefied”
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Wperkggas:=T_1 * (s_1 – s_2) – (h_1 – h_2) “[kJ/kg]”

Wperkgliq:=(T_1 * (s_1 – s_2 )- (h_1 – h_2)) / y “[kJ/kg]”

W_ideal:= Ideal_Work(FLUID$, P_1,T_1) “kJ/kg…ideal work of liquefaction”

FOM:= W_ideal / Wperkgliq “…Figure of Merit”

END
�

“Prob. 3.2.13 Using the above EES Procedure, calculate the fraction liquefied etc. for the 
Ideal Linde cycle, for different gases. Take the initial pressure and temp as P1 = 1 atm and 
T1 = 300 K, and the final pressure P2 = 200 atm.”

Solution:

“Data:”

T_1=300 “[K]”

P_1=101.325 “[kPa]”

P_2= 200 * 101.325 “[kPa]”

“Calculations:”

CALL LindeSystem(‘Nitrogen’, P_1,P_2,T_1:y_N2,Wperkggas_N2,Wperkgliq_N2, W_
ideal_N2, FOM_N2)

CALL LindeSystem(‘Air_ha’, P_1,P_2,T_1:y_air,Wperkggas_air,Wperkgliq_air, W_ideal_air, 
FOM_air)

CALL LindeSystem(‘CarbonMonoxide’, P_1,P_2,T_1:y_CO,Wperkggas_CO,Wperkgliq_CO, 
W_ideal_CO, FOM_CO)

CALL LindeSystem(‘Argon’, P_1,P_2,T_1:y_Ar,Wperkggas_Ar,Wperkgliq_Ar, W_ideal_Ar, 
FOM_Ar)

CALL LindeSystem(‘Oxygen’, P_1,P_2,T_1:y_O2,Wperkggas_O2,Wperkgliq_O2, W_
ideal_O2, FOM_O2)
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CALL LindeSystem(‘Methane’, P_1,P_2,T_1:y_CH4,Wperkggas_CH4,Wperkgliq_CH4, 
W_ideal_CH4, FOM_CH4)

Results:

Now, above results are presented conveniently in a tabular form below:

P1 = 1 atm, T1 = 300 K, P2 = 200 atm, T2 = 300 K
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Fluid Liquid 
yield

y = mf/m

Work/mass 
compressed

(kJ/kg)

Work/mass 
liquefied

(kJ/kg)

Ideal Work 
required

(kJ/kg)

FOM =

Work per mass 
liq./Ideal work

Nitrogen 0.07463 472.8 6335 769.1 0.1214

Air 0.07669 455.2 5936 739.9 0.1247

CO 0.08398 471.3 5612 757 0.1349

Argon 0.1143 325.4 2846 497.1 0.1747

Oxygen 0.1063 405.9 3820 635.5 0.1664

Methane 0.1968 780.7 3967 1092 0.2754

“Prob. 3.2.14 Calculate the fraction liquefied etc. for the Ideal Linde cycle, for Nitrogen gas. 
Take the initial pressure and temp as P1 = 1 atm and T1 = 300 K, and the final pressure 
P2 = 200 atm. P. Also plot the liquid yield and FOM against the final pressure as the final 
pressure varies from 100 bar to 200 bar.”
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Solution:

“Data:”

T_1=300 “[K]”

P_1=101.325 “[kPa]”

P_2= 200 * 101.325 “[kPa]”

“Calculations:”

CALL LindeSystem(‘Nitrogen’, P_1,P_2,T_1:y_N2,Wperkggas_N2,Wperkgliq_N2, W_
ideal_N2, FOM_N2)

Results:

Thus: Liquid yield = 0.07463 = 7.463%…Ans.

Now, to plot y and FOM against final pressure P2:

First, compute the Parametric Table:
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Now, plot the results:
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Prob. 3.2.15 Determine the liquid yield, the work per unit mass compressed, the work 
per unit mass liquefied, and the figure of merit for a simple Linde-Hampson system using 
Argon as the working fluid. The system operates between 101.3 kPa and 293 K at point 1 
and 20.67 MPa at point 2. The system may be assumed reversible, except for the expansion 
through the expansion valve. [Pune Univ. 2013]

Also plot the liquid yield and FOM against the final pressure as the final pressure varies 
from 100 bar to 210 bar.

Solution:

“Data:”

T_1=293 “[K]”

P_1=101.3 “[kPa]”

P_2= 20670 “[kPa]”
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“Calculations:”

CALL LindeSystem(‘Argon’, P_1,P_2,T_1:y_Ar,Wperkggas_Ar,Wperkgliq_Ar, W_ideal_Ar, 
FOM_Ar)

Results:

Thus:

The liquid yield, y = 0.1239 = 12.39%…Ans.

Work per unit mass compressed, Wperkggas = 318.2 kJ/kg…Ans.

Work per unit mass liquefied, Wperkgliq = 2567 kJ/kg…Ans.

Figure of Merit = FOM = 0.1866…Ans.
�

Now, to plot y and FOM against final pressure P2:

First, compute the Parametric Table:
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Now, plot the results:
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“Prob. 3.2.16 Plot liquid yield vs compression temp (T1) for a simple Linde-Hampson 
system using Nitrogen as the working fluid. The system operates between P1 = 1 atm (i.e. 
101.3 kPa) and T1 = 110 K to 330 K at point 1 and P2 = 200, 150, 100 and 50 atm. The 
system may be assumed reversible, except for the expansion through the expansion valve. 
And, assume a heat exchanger effectiveness of 100%.”

“Solution:”

“Data:”

T1=330 “[K]”

P1=101.3 “[kPa]”

P2= 200 * 101.3 “[kPa]”

“Calculations:”

CALL LindeSystem(‘Nitrogen’, P1,P2,T1:y_N2,Wperkggas_N2,Wperkgliq_N2, W_ideal_N2, 
FOM_N2)
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Results:

Note that liquid yield is 0.05453 = 5.453% when P2 = 200 atm, T1 = T2 = 330 K.

To plot the liquid yield vs T1 (=T2) for different values of P2:

First, compute the Parametric Tables:
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Now, plot the results:

�
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“Prob.3.2.17 Write an EES Procedure to find the effect of Heat Exchanger effectiveness on 
the liquid yield, and increase in compressor work per kg of gas compressed, for a simple 
Linde – Hampson system. Take P1, T1 as initial pressure and temp, and P2 is the final 
pressure after an isothermal compression. epsilon_HX is the heat exchanger effectiveness.
(b) Then, find the liquid yield and increase in compressor work per kg of mass compressed 
against heat exchanger effectiveness for Nitrogen. Take P1 = 1 atm, P2 = 200 atm, T1 = 
300 K and epsilon_HX = 0.9. Also plot the liquid yield and increase in compressor work 
against HX effectiveness.”
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Solution:

Temp – entropy diagram for Linde-Hampson cycle with a HX which is less than 
100% effective:

Summary of equations for this case:

HX effectiveness:

Liquid yield:

Or,

Additional compressor work required:
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Or,

�

First, write the EES Procedure:

PROCEDURE HX_LindeSystem(FLUID$, P1,P2,T1, epsilon_HX: y, DELTAT_warmend, 
T1_prime,Q,DELTAW_comp)

“Inputs: FLUID$, P1,P2, T1:…Pressures in kPa, Temp in K”
“epsilon_HX = effectiveness of HX, y = liquef. fraction (mf/m)”
“y = liquefn. fraction = mf/m where mf = mass liquefied, m = mass of gas compressed”

“Outputs: DELTAT_warmend = temp diff at warm end of HX, T1_prime = exit temp of 
low temp stream at the warm end of HX (K)”
“Q = heat transfer in HX (kJ/kg of gas compressed)”
“DELTAW_comp = Additional compressor work required due to HX ineffectiveness (kJ/
kg of gas compressed)”

Tsat: = Temperature(FLUID$, P = P1, x = 0))”sat. temp at P1, (K)”

h_f:=Enthalpy(Fluid$,x=0,P=P1) “[kJ/kg]”

h_g:=Enthalpy(Fluid$,x=1,P=P1) “[kJ/kg]”

DELTAT_warmend: = (1 – epsilon_HX) * (T1 – Tsat) “temp drop at warm end of HX (K)”

T1_prime: = T1 – DELTAT_warmend “exit temp of low pressure stream (K)”

h_1_prime:=Enthalpy(Fluid$,T=T1_prime,P=P1) “[kJ/kg]”

h_1: = Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h_2: = Enthalpy(Fluid$,T=T1,P=P2) “[kJ/kg]”

y: = (h_1_prime – h_2) / (h_1_prime – h_f ) “…liquefn. fraction”

Q: = (1 – y) * (h_1_prime – h_g) “kJ/kg of mass compressed…heat transfer in HX”
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DELTAW_comp: = (h_1 – h_1_prime) “…additional compr. work required due to HX 
ineffcy…(kJ/kg of mass compressed)”

END

“======================================================================”

(b) Now, solve the problem:

“Data:”

FLUID$ = ‘Nitrogen’
P1 = 101.3 “kPa”
T1 = 300 “K”
P2=200 * 101.3 “kPa”
epsilon_HX = 0.9

“Calculations:”

CALL HX_LindeSystem(FLUID$, P1,P2,T1, epsilon_HX: y, DELTAT_warmend, T1_
prime,Q,DELTAW_comp)

Download free eBooks at bookboon.com Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

Join American online
 LIGS University! 

▶▶ enroll by December 18th, 2014
▶▶ start studying and paying only in 2015 

▶▶ save up to $ 1,200 on the tuition!

▶▶ Interactive Online education
▶▶ visit ligsuniversity.com to find out more!

Interactive Online programs
BBA, MBA, MSc, DBA and PhD 

Special Christmas offer: 

Note: LIGS University is not accredited by any 
nationally recognized accrediting agency listed 
by the US Secretary of Education. 
More info here. 

http://s.bookboon.com/LIGS


CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

145

Cryogenic liquefaction systems

Results:

Note that for epsilon_HX = 0.9:

Liquid yield = y = 0.02229 kg/kg gas compressed…Ans.

Increase in compressor work = DELTAW_comp = 23.19 kJ/kg of gas compressed…Ans.

Heat transfer in the HX = Q = 206.2 kJ/kg…Ans.

�

To plot y and ΔW_comp against epsilon_HX:

First, compute the Parametric Table:
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Note from the above that for HX-effectiveness less than 0.86, the liquid yield is nil.

Now, plot the results:
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“Prob. 3.2.18 Find the liquid yield, work required per unit mass of gas compressed and 
FOM for a simple Linde-Hampson system using Nitrogen as the working fluid. The system 
operates between P1 = 1 atm, T1 = 294 K at point 1 and P2 = 200 atm. And, assume heat 
exchanger effectiveness of 100%,
(b) If the heat exchanger effectiveness is 95%, calculate the liquid yield, compressor work 
requirement and the FOM.”

“Solution:”

“Data:”

FLUID$ = ‘Nitrogen’
P1 = 101.3 “kPa”
T1 = 294 “K”
P2=200 * 101.3 “kPa”
epsilon_HX = 0.95 “…effeciveness of HX”

“Case (i). When the HX is 100% effective:”

CALL LindeSystem(‘Nitrogen’, P1,P2,T1:y_1,Wperkggas_1,Wperkgliq_1, W_ideal_1, FOM_1)

“Case (ii). When the HX is 95% effective:”

Temp – entropy diagram for Linde-Hampson cycle with a HX which is less than 100% 
effective:

CALL HX_LindeSystem(FLUID$, P1,P2,T1, epsilon_HX: y_2, DELTAT_warmend, 
T1_prime,Q,DELTAW_comp)
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“Work reqd. per kg of gas compressed, for case(ii):”

Wperkggas_2 = Wperkggas_1 + DELTAW_comp “kJ/kg of gas compressed”

“Work reqd. per kg of gas liquefied, for case(ii):”

Wperkgliq_2 = Wperkggas_2 / y_2

“Then, FOM is given by:”

FOM_2 = W_ideal_1 / Wperkgliq_2

Results:

Thus:

For HX effectiveness of 100%:

Liquid yield = y1 = 0.07949 = 7.949%…Ans.

Work/unit mass compressed = Wperkggas1 = 462.7 kJ/kg…Ans.

FOM = FOM1 = 0.128…Ans.

For HX effectiveness of 95%:

Liquid yield = y2 = 0.05452 = 5.452%…Ans.

Work/unit mass compressed = Wperkggas2 = 473.9 kJ/kg…Ans.

FOM = FOM2 = 0.08571…Ans.

�
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“Prob.3.2.19 Write an EES Function to find the liquid yield as a function of pressure (P3, 
kPa) and temp (T3, K) just before the expansion valve in a Linde – Hampson system.
And, plot the liquid yield, y against P3 for various values of T3.”

Solution:

First, write an EES Function to find out liquid yield as a function of P3, T3 for any fluid:

FUNCTION LindeSystem_Liquid_yield_y(FLUID$, P1,P3,T3)

“Inputs: FLUID$, P1, P3, T3:…Pressures in kPa, Temp in K”
“P3, T3…pressure and temp just before the J-T valve”

“Output: y, fraction liquefied”

h3:=Enthalpy(Fluid$,T=T3,P=P3) “[kJ/kg]…enthalpy of fluid approaching J-T valve”

hg:=Enthalpy(Fluid$,P=P1,x=1) “[kJ/kg]…enthalpy of gas exiting the liquid vessel, sat. vap.”

hf:=Enthalpy(Fluid$,x=0,P=P1) “[kJ/kg]…enthalpy of liquid exiting the liquid vessel, sat. liq.”
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LindeSystem_Liquid_yield_y:= (h3 – hg) / (hf – hg) “…fraction liquefied”

END

“=========================================================================”

Now, solve the problem:

“Data:”

Fluid$ = ‘Nitrogen’

P1 = 101.3 “kPa”

P3 = 200 * 101.3 “kPa”

T3 = 120 “K”

y = LindeSystem_Liquid_yield_y(FLUID$, P1,P3,T3)

Results:
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Now, to plot the liquid yield, y against P3 for various values of T3:

First, compute the Parametric Tables:
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Now, plot the results:

========================================================================

“Prob. 3.2.20 Determine the liquid yield, work per unit mass liquefied, and the work per 
unit mass compressed for the simple Linde-Hampson system for Nitrogen, with Freon-12 
as the refrigerant. The nitrogen portion of the system operates between 1 atm (101.3 kPa) 
and 300 K and 200 atm. (at point 2). Given: refrigerant flow rate ratio, r = 0.1. See the 
schematic fig. For the refrigerant portion, point a is at 1 atm, 300K,point 2 is at 7 atm, 
375 K, and point c is at 7 atm, 300 K. [Ref.1]
(b) Also, plot y vs r for P2 = 100, 150, 200 and 250 atm.”
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Solution:

“Data:”

Fluid$ = ‘Nitrogen’
P1 = 101.3 “kPa”
T1 = 300 “K”
T2 = T1
P2 = 200 * 101.3 “kPa”

“For refrigerant R-12:”

Fluidrefrig$ = ‘R12’

Prefrig_a = 101.3 “kPa”
Trefrig_a = 300 “K”
Prefrig_b = 7 * 101.3 “kPa”
Trefrig_b = 375 “K”
Prefrig_c = 7 * 101.3 “kPa”
Trefrig_c = 300 “K”

r = 0.1 “refrigerant flow rate fraction”

“Calculations:”

“Nitrogen system:”

s_1 = Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s_2 = Entropy(Fluid$,T=T1,P=P2) “[kJ/kg-K]”

s_f =Entropy(Fluid$,P=P1,x=0) “[kJ/kg-K]”

h_1 = Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h_2 = Enthalpy(Fluid$,T=T2,P=P2) “[kJ/kg]”

h_f = Enthalpy(Fluid$, x = 0,P=P1) “[kJ/kg]”

y_simpleLH = (h_1 – h_2) / (h_1 – h_f ) “…liquef. fraction for simple L-H system”
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“For refrig system:”

h_a = Enthalpy(Fluidrefrig$,T=Trefrig_a,P=Prefrig_a) “[kJ/kg]”

h_b = Enthalpy(Fluidrefrig$,T=Trefrig_b,P=Prefrig_b) “[kJ/kg]”

h_c = Enthalpy(Fluidrefrig$, T = Trefrig_c,P=Prefrig_c) “[kJ/kg]”

“Liquid yield:”

 y_precooledLH = (h_1 – h_2) / (h_1 – h_f ) + r * (h_a – h_c)/(h_1 – h_f ) “…liquef. 
fraction for precooled L-H system”

“Work per unit mass of gas compressed:”

Wbym_precooledLH = T1 * (s_1 – s_2) – (h_1 – h_2) + r * (h_b – h_a) “kJ/kg”

“Work per unit mass of gas liquefied:”

Wbymf_precooledLH = Wbym_precooledLH / y_precooledLH “kJ/kg”

“� ”

“For simple L-H system without pre-cooling:”

“Use the Procedure already written:”

CALL LindeSystem(‘Nitrogen’, P1,P2,T1:y_N2_LH,Wperkggas_N2_LH,Wperkgliq_N2_LH, 
W_ideal_N2, FOM_N2_LH)

“� ”

“And, FOM for precooled L-H system:”

FOM_precooledLH = W_ideal_N2 / Wbymf_precooledLH 
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Results:

Thus:

Liquid yield for pre-cooled LH system = y = 0.1084; and for simple LH, y = 0.07462

Work per unit mass of gas compressed for pre-cooled LH system = 477.1 kJ/kg; and 
for simple LH, = 472.8 kJ/kg
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Work per unit mass of gas liquefied for pre-cooled LH system = 4400 kJ/kg; and for 
simple LH, = 6336 kJ/kg

FOM for pre-cooled LH system = 0.1748; FOM for simple LH = 0.1214

(b) To plot liquid yield (y) vs refrigerant flow rate ratio ‘r’ for different values of P2:

First, compute the Parametric Table:
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Now, plot the results:
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“Prob. 3.2.21 Work out part (a) of the above problem if the fluid being liquefied is Air. 
All other conditions are the same as in the previous problem.”

“Data:”

Fluid$ = ‘Air_ha’

P1 = 101.3 “kPa”
T1 = 300 “K”
T2 = T1
P2 = 200 * 101.3 “kPa”

“For refrigerant R-12:”

Fluidrefrig$ = ‘R12’

Prefrig_a = 101.3 “kPa”
Trefrig_a = 300 “K”
Prefrig_b = 7 * 101.3 “kPa”
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Trefrig_b = 375 “K”
Prefrig_c = 7 * 101.3 “kPa”
Trefrig_c = 300 “K”

r = 0.1 “refrigerant flow rate fraction”

“Calculations:”

“Nitrogen system:”

s_1 = Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s_2 = Entropy(Fluid$,T=T1,P=P2) “[kJ/kg-K]”

s_f =Entropy(Fluid$,P=P1,x=0) “[kJ/kg-K]”

h_1 = Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h_2 = Enthalpy(Fluid$,T=T2,P=P2) “[kJ/kg]”

h_f = Enthalpy(Fluid$, x = 0,P=P1) “[kJ/kg]”

 y_simpleLH = (h_1 – h_2) / (h_1 – h_f ) “…liquef. fraction for simple L-H system”

“For refrig system:”

h_a = Enthalpy(Fluidrefrig$,T=Trefrig_a,P=Prefrig_a) “[kJ/kg]”

h_b = Enthalpy(Fluidrefrig$,T=Trefrig_b,P=Prefrig_b) “[kJ/kg]”

h_c = Enthalpy(Fluidrefrig$, T = Trefrig_c,P=Prefrig_c) “[kJ/kg]”

“Liquid yield:”

 y_precooledLH = (h_1 – h_2) / (h_1 – h_f ) + r * (h_a – h_c)/(h_1 – h_f ) “…liquef. 
fraction for precooled L-H system”
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“Work per unit mass of gas compressed:”

Wbym_precooledLH = T1 * (s_1 – s_2) – (h_1 – h_2) + r * (h_b – h_a) “kJ/kg”

“Work per unit mass of gas liquefied:”

Wbymf_precooledLH = Wbym_precooledLH / y_precooledLH “kJ/kg”

“� ”

“For simple L-H system without pre-cooling:”

“Use the Procedure already written:”

CALL LindeSystem(‘Air_ha’, P1,P2,T1:y_Air_LH,Wperkggas_Air_LH,Wperkgliq_Air_LH, 
W_ideal_Air, FOM_Air_LH)

“� ”

“And, FOM for precooled L-H system:”

FOM_precooledLH = W_ideal_Air / Wbymf_precooledLH 

Results:
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Thus:

Liquid yield for pre-cooled LH system = y = 0.111; and for simple LH, y = 0.07668

Work per unit mass of gas compressed for pre-cooled LH system = 459.6 kJ/kg; and 
for simple LH, = 455.2 kJ/kg

Work per unit mass of gas liquefied for pre-cooled LH system = 4139 kJ/kg; and for 
simple LH, = 5937 kJ/kg

FOM for pre-cooled LH system = 0.1788; FOM for simple LH = 0.1246

“Prob. 3.2.22 Determine the liquid yield, work per unit mass liquefied, and FOM for a 
Linde dual pressure system using air as the working fluid. The system operates from 101.3 
kPa (1 atm) and 20 C to 20.67 MPa (200 atm). The intermediate pressure is 5.07 MPa (50 
atm) and the intermediate pressure flow rate ratio is 0.75. The system is reversible except 
for expansion through the expansion valve. [1].”
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“Data:”

Fluid$ = ‘Air_ha’

P1 = 101.3 “kPa”
T1 = 293 “K”
T2 = T1
T3 = T1
P2 = 50 * 101.3 “kPa”
P3= 200 * 101.3 “kPa”

i = 0.75 “intermediate pressure flow rate“

“Calculations:”

s_1 = Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s_2 = Entropy(Fluid$,T=T1,P=P2) “[kJ/kg-K]”

s_3 =Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”

h_1 = Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h_2 = Enthalpy(Fluid$,T=T2,P=P2) “[kJ/kg]”

h_3 = Enthalpy(Fluid$,T=T3,P=P3) “[kJ/kg]”

h_f = Enthalpy(Fluid$, x = 0,P=P1) “[kJ/kg]”

“Liquid yield:”

y_dualpressureLH = ((h_1 – h_3) / (h_1 – h_f ))- i * ((h_1 – h_2) /(h_1 – h_f )) “…liquef. 
fraction for dual pressure L-H system”

“Work per unit mass of gas compressed:”

Wbym_dualpressureLH = T1 * (s_1 – s_3) – (h_1 – h_3) – i * ( T1 * (s_1 – s_2) – (h_1 – 
h_2)) “kJ/kg”

“Work per unit mass of gas liquefied:”

Wbymf_dualpressureLH = Wbym_dualpressureLH / y_dualpressureLH “kJ/kg”

“� ”
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“For simple L-H system without precooling:”

“Use the Procedure already written:”

CALL LindeSystem(‘Air_ha’, P1,P3,T1:y_Air_LH,Wperkggas_Air_LH,Wperkgliq_Air_LH, 
W_ideal_Air, FOM_Air_LH)

“� ”

“And, FOM for dual pressure L-H system:”

FOM_dualpressureLH = W_ideal_Air / Wbymf_dualpressureLH
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Results:

Thus:

Liquid yield for dual pressure LH system = y = 0.0624; and for simple LH, y = 0.08262

Work per unit mass of gas compressed for dual pressure LH system = 197.9 kJ/kg; and 
for simple LH = 443.8 kJ/kg

Work per unit mass of gas liquefied for dual pressure LH system = 3172 kJ/kg; and 
for simple LH, = 5371 kJ/kg

FOM for dual pressure LH system = 0.2248; FOM for simple LH = 0.1327

“Prob. 3.2.23 In a reversible Linde dual pressure system using air as the working fluid, the 
system operates from 101.3 kPa (1 atm) and 300 K to 20.67 MPa .The intermediate pressure 
flow rate ratio is 0.7. The liquid yield is 0.065. Determine the intermediate pressure. [1].”
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“Data:”

Fluid$ = ‘Air_ha’

P1 = 101.3 “kPa”
T1 = 300 “K”
T2 = T1
T3 = T1
P3= 20670 “kPa”
“Let P2 be the intermediate pressure.”

y_dualpressureLH = 0.065 “…liquid yield…by data”

i = 0.7 “intermediate pressure flow rate “

“Calculations:”

s_1 = Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s_2 = Entropy(Fluid$,T=T1,P=P2) “[kJ/kg-K]”
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s_3 =Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”

h_1 = Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h_2 = Enthalpy(Fluid$,T=T2,P=P2) “[kJ/kg]…finds P2 when h_2 is known”

h_3 = Enthalpy(Fluid$,T=T3,P=P3) “[kJ/kg]”

h_f = Enthalpy(Fluid$, x = 0,P=P1) “[kJ/kg]”

“Liquid yield:”

 y_dualpressureLH = ((h_1 – h_3) / (h_1 – h_f ))- i * ((h_1 – h_2) /(h_1 – h_f ))  
“…liquef. fraction for dual pressure L-H system…determines h_2”

“Work per unit mass of gas compressed:”

Wbym_dualpressureLH = T1 * (s_1 – s_3) – (h_1 – h_3) – i * ( T1 * (s_1 – s_2) – (h_1 – 
h_2)) “kJ/kg”

“Work per unit mass of gas liquefied:”

Wbymf_dualpressureLH = Wbym_dualpressureLH / y_dualpressureLH “kJ/kg”

“� ”

“For simple L-H system without precooling:”

“Use the Procedure already written:”

CALL LindeSystem(‘Air_ha’, P1,P3,T1:y_Air_LH,Wperkggas_Air_LH,Wperkgliq_Air_LH, 
W_ideal_Air, FOM_Air_LH)

“� ”

“And, FOM for dual pressure L-H system:”

FOM_dualpressureLH = W_ideal_Air / Wbymf_dualpressureLH

“=========================================================================”
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Note: Note that when liquid yield y is given, enthalpy h2 is calculated; and knowing h2, 
the corresponding intermediate pressure P2 is calculated from the EES Function for enthalpy 
very easily.

Results:

Thus:

Intermediate pressure for y = 0.065: P2 = 3565 kPa…Ans.

In addition:

Work per unit mass of gas compressed for dual pressure LH system = 242.9 kJ/kg; and 
for simple LH = 457 kJ/kg

Work per unit mass of gas liquefied for dual pressure LH system = 3737 kJ/kg; and 
for simple LH, = 5899 kJ/kg

FOM for dual pressure LH system = 0.198; FOM for simple LH = 0.1254
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“Prob. 3.2.24 (a). Write an EES Procedure to calculate liquid yield and FOM of an Ideal 
Claude system.

(b). Then, determine the liquid yield, work output of expander per unit mass compressed, 
net work requirement of the system per unit mass liquefied, and the FOM assuming that 
the expander work is utilized to aid in the compression. Data for the Claude system is 
given below:
Air is the working fluid, the system operates from 101.3 kPa (1 atm) and 293 K to 
10.13 MPa. At 10.13 MPa and 250 K, 40% of the main flow is diverted to the reversible 
adiabatic expander. The remainder flows through the heat exchangers and expands through 
the expansion valve to 101.3 kPa. [1].
Also plot the net work required per unit mass liquefied against expander flow rate ratio for 
P2 = 20, 40, 100 and 140 bar, other parameters remaining the same.”
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Following figures show the schematic diagram and the T-s diagram for Claude system:
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Solution:

EES Procedure:

“Ideal Claude for liquefaction of Air and other gases: Liquef. fraction y and compr. 
work per unit mass liquefied:”

PROCEDURE ClaudeSystem_Ideal(FLUID$, P_1,P_2, P_3, T_1,T_3,x: y,W_net_
perkggas,W_net_perkgliq, W_exp_perkggas,W_ideal, FOM)

“Inputs: FLUID$, P_1, P_2, P_3,T_1, T_3:…Pressures in kPa, Temp in K; x = expander 
flow rate ratio”

“Outputs: y, fraction liquefied, W_net_perkggas (kJ/kg of gas compressed), W_net_perkgliq 
(kJ/kg of liquid)”

“W_ideal = Ideal work reqd., FOM = Figure of Merit = W_ideal/W_net_perkgliq”

s_1:=Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”

s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[kJ/kg-K]”

s_3:=Entropy(Fluid$,P=P_3,T=T_3) “[kJ/kg-K]”

s_e = s_3 “…entropy after isentropic expansion in expander”

h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[kJ/kg]”

h_2:=Enthalpy(Fluid$,P=P_2,T=T_1) “[kJ/kg]”

h_3:=Enthalpy(Fluid$,P=P_3,T=T_3) “[kJ/kg]”

h_e = Enthalpy(Fluid$,P=P_1,s= s_e) “[kJ/kg]”

h_f:=Enthalpy(Fluid$,x=0,P=P_1) “[kJ/kg]”

y:= (h_1 – h_2) / (h_1 – h_f ) + x * ((h_3 – h_e) / (h_1 – h_f )) “…fraction liquefied”

W_exp_perkggas = x * (h_3 – h_e) “kJ/kg of gas compressed”
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W_net_perkggas:=T_1 * (s_1 – s_2) – (h_1 – h_2) – x * (h_3 – h_e) “[kJ/kg]…net work 
per kg gas compressed..when the expander work is utilised in compression”

W_net_perkgliq:= W_net_perkggas / y “[kJ/kg]…. net work reqd per kg liq.”

W_ideal:= Ideal_Work(FLUID$, P_1,T_1) “kJ/kg …ideal work of liquefaction”

FOM:= W_ideal / W_net_perkgliq “… Figure of Merit”

END

“======================================================================”
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(b) Problem:

“Data:”

Fluid$ = ‘Air_ha’

P1 = 101.3 “kPa”
T1 = 293 “K”
P2= 10130 “kPa”
P3 = P2
T3 = 250 “K”

x = 0.4

Solution:

CALL ClaudeSystem_Ideal(FLUID$, P1,P2, P3, T1,T3,x: y,W_net_perkggas,W_net_perkgliq, 
W_exp_perkggas,W_ideal, FOM)

Results:

Thus:

Liquid yield y = 0.2059…Ans.

Work output of expander per unit mass compressed = 65.11 kJ/kg…Ans.

Net work requirement of the system per unit mass liquefied = 1555 kJ/kg…Ans.

FOM = 0.4583…Ans.

�
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(c) Plot the net work required per unit mass liquefied against expander flow rate ratio 
for P2 = 20, 40, 100 and 140 bar, other parameters remaining the same:

First, compute the Parametric Tables:
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Now, plot the results:

“Prob. 3.2.25 In an Ideal Claude system for Nitrogen, the system operates from 101.3 kPa 
(1 atm) and 293 K to 4.05 MPa. At 4.05 MPa and 240 K, fraction ‘x’ of the main flow is 
diverted to the reversible adiabatic expander. Remainder flows through the heat exchangers 
and expands through the expansion valve to 101.3 kPa. Determine the expander flow rate 
ratio (x) for a liquid yield of 0.2. [1].”
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“Data:”

Fluid$ = ‘Nitrogen’

P1 = 101.3 “kPa”
T1 = 293 “K”
P2= 4050 “kPa”

P3 = P2
T3 = 240 “K”

y = 0.2 “liquid yield”

“We use the EES Procedure already written. Here, now, y is known, but x is to be determined.”

CALL ClaudeSystem_Ideal(FLUID$, P1,P2, P3, T1,T3,x: y,W_net_perkggas,W_net_perkgliq, 
W_exp_perkggas,W_ideal, FOM)

Note: Note the ease of using the EES. Plug in the known y in the EES Procedure, and the 
unknown x is calculated immediately.
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Results:

Thus:

Expander flow rate ratio, x = 0.4983, for a Liquid yield y = 0.2…Ans.

In addition:

Work output of expander per unit mass compressed = 76.37 kJ/kg…Ans.

Net work requirement of the system per unit mass liquefied = 1219 kJ/kg…Ans.

FOM = 0.6082…Ans.

“Prob. 3.2.26 In an Ideal Kapitza liquefaction system for Nitrogen, the system operates 
from 101.3 kPa (1 atm) and 300 K to 5.07 MPa. At 5.07 MPa and 240 K, 50% of the 
main flow is diverted to the reversible adiabatic expander. Remainder flows through the heat 
exchanger and expands through the expansion valve to 101.3 kPa. Determine the liquid 
yield and the work per unit mass liquefied, assuming that the expander work is utilized in 
the compression process. [1].”

“Solution:”

“Note that Kapitza system is similar to Claude system except that the last heat exchanger 
(i.e. low temp heat exchanger) is eliminated and the first heat exchanger consists of 
regenerators.

For calculation purposes, the formulas are the same as for Claude system.”
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“Data:”

Fluid$ = ‘Nitrogen’

P1 = 101.3 “kPa”

T1 = 300 “K”

P2= 5070 “kPa”

P3 = P2

T3 = 240 “K”

x = 0.5 “…expander flow rate ratio”

s1 = Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”
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s2 = Entropy(Fluid$,P=P2,T=T1) “[kJ/kg-K]”

s3 = Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”

se = s3 “…entropy after isentropic expansion in expander”

h1 = Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h2 = Enthalpy(Fluid$,P=P2,T=T1) “[kJ/kg]”

h3 = Enthalpy(Fluid$,P=P3,T=T3) “[kJ/kg]”

he = Enthalpy(Fluid$,P=P1,s= se) “[kJ/kg]”

hf = Enthalpy(Fluid$,x=0,P=P1) “[kJ/kg]”

y = (h1 – h2) / (h1 – hf ) + x * ((h3 – he) / (h1 – hf )) “…fraction liquefied”

W_exp_perkggas = x * (h3 – he) “kJ/kg of gas compressed”
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W_net_perkggas =T1 * (s1 – s2) – (h1 – h2) – x * (h3 – he) “[kJ/kg]…net work per kg 
gas compressed..when the expander work is utilized in compression”

W_net_perkgliq = W_net_perkggas / y “[kJ/kg]…net work reqd per kg liq.”

W_ideal = Ideal_Work(FLUID$, P1,T1) “kJ/kg…ideal work of liquefaction”

FOM = W_ideal / W_net_perkgliq “…Figure of Merit”

Results:

Thus:

For Expander flow rate ratio, x = 0.5, Liquid yield y = 0.2041…Ans.

Net work requirement of the system per unit mass liquefied = 1322 kJ/kg…Ans.

Work output of expander per unit mass compressed = 78.06 kJ/kg…Ans.

FOM = 0.5818…Ans.

(b) If the adiabatic efficiency of expander is 80%, mech. effcy of expander = 94% and 
overall effcy of compressor = 75%, what will be the liquid yield? Plot liquid yield and 
FOM against adiabatic effcy of expander.
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Temp-entropy diagram for this case is:

And, summary of formulas applicable is given below:

Compressor work per unit mass of gas liquefied:

Actual enthalpy change across the expander:

Liquid yield:

Net work requirement per unit mass compressed, when expander work is utilized:
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Or,

EES Program:

“Case 2: For Real Kapitza system (all efficiencies, except HX effectivenesses, less than 
100%):”

Fluid$ = ‘Nitrogen’

P1 = 101.3”kPa”
T1 = 300”K”
P2= 5070”kPa”
P3 = P2
T3 = 240 “K”

x = 0.5 “…expander flow rate ratio”

eta_exp_adiab = 0.8 “…adiab effcy of expander”
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eta_exp_mech = 0.94 “…mech effcy of expander”

eta_comp_overall = 0.75 “…overall effcy of compressor”

eta_exp_overall = eta_exp_adiab * eta_exp_mech “…overall effcy of expander”

s1=Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s2=Entropy(Fluid$,P=P2,T=T1) “[kJ/kg-K]”

s3=Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”

se = s3 “…entropy after isentropic expansion in expander”

h1=Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h2=Enthalpy(Fluid$,P=P2,T=T1) “[kJ/kg]”

h3=Enthalpy(Fluid$,P=P3,T=T3) “[kJ/kg]”

he = Enthalpy(Fluid$,P=P1,s= se) “[kJ/kg]”

hf=Enthalpy(Fluid$,x=0,P=P1) “[kJ/kg]”

y_case2= (h1 – h2) / (h1 – hf ) + x * eta_exp_adiab * ((h3 – he) / (h1 – hf )) “…fraction 
liquefied”

W_comp_perkgliq = (1 /( y_case2 * eta_comp_overall)) * T1 * (s1 – s2) – (h1 – h2) “[kJ/
kg]…compressor work per kg gas liquefied..”

W_net_perkggas_case2= (T1 * (s1 – s2) – (h1 – h2)) / eta_comp_overall – x * eta_exp_
overall * (h3 – he) “[kJ/kg]…net work per kg gas compressed…when the expander work 
is utilised in compression”

W_net_perkgliq_case2= W_net_perkggas_case2 / y_case2 “[kJ/kg]…net work reqd per kg liq.”

W_exp_perkggas_case2 = x * eta_exp_adiab * (h3 – he) “kJ/kg…work output of expander 
per kg of gas compressed”
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W_ideal = Ideal_Work(FLUID$, P1,T1) “kJ/kg…ideal work of liquefaction”

FOM_case2= W_ideal / W_net_perkgliq_case2 “…Figure of Merit”

Results:

Thus:

For Liquid yield y = 0.168…Ans….when adiabatic effcy of expander = 80%

Net work requirement of the system per unit mass liquefied = 2411 kJ/kg…Ans.

Work output of expander per unit mass compressed = 62.45 kJ/kg…Ans.

FOM = 0.3191…Ans.

Plot liquid yield and FOM against adiab. effcy of expander:
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First compute the parametric table:
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Now, plot the graphs:

And:

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

194

Cryogenic liquefaction systems

“Prob. 3.2.27 In an Ideal Claude system for hydrogen, the system operates from 101.3 kPa 
(1 atm) and 293 K to 4.05 MPa. At 4.05 MPa and 180 K, fraction ‘x’ = 50% of the 
main flow is diverted to the reversible adiabatic expander. Remainder flows through the 
heat exchangers and expands through the expansion valve to 101.3 kPa. Determine the 
liquid yield, work per unit mass liquefied (assuming that the expander work is utilized in 
compression), and the FOM of the system. [1].”
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“Data:”

Fluid$ = ‘Hydrogen’

P1 = 101.3 “kPa”
T1 = 293 “K”
P2= 4050 “kPa”
P3 = P2
T3 = 180 “K”
x = 0.5

“We use the EES Procedure already written:”

CALL ClaudeSystem_Ideal(FLUID$, P1,P2, P3, T1,T3,x: y,W_net_perkggas,W_net_perkgliq, 
W_exp_perkggas,W_ideal, FOM)
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Results:

Thus:

For an Expander flow rate ratio, x = 0.5, we get: Liquid yield y = 0.1967…Ans.

In addition:

Work output of expander per unit mass compressed = 777.3 kJ/kg…Ans. 

Net work requirement of the system per unit mass liquefied = 18860 kJ/kg…Ans.

FOM = 0.6203…Ans.

“Prob. 3.2.28 Write an EES Procedure to calculate various parameters of interest for an 
Ideal Collins liquefier with two expanders, with the expander works not being utilized 
in compression.

(b) An Ideal two-expander Collins helium liquefaction system has expander flow rate ratios 
of x1 = 0.25 and x2 = 0.5. Helium gas enters the compressor at 101.3 kPa and 300 K and 
is compressed to 1.42 MPa. The condition of the gas at the inlet to the first expander is 
1.42 MPa and 60 K and the condition of the gas at the inlet to the second expander is 
15 K and 1.42 MPa. Both expanders are reversible and adiabatic. Determine the liquid yield, 
work per unit mass liquefied, and the Figure of Merit, assuming that: (a) expander work 
is not utilized in compression, (b) expander work is utilized in compressing the gas.S [1].”
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EES Procedure:

PROCEDURE CollinsSystem_Ideal(FLUID$, P_1,P_2, T_1,T_3, T_5,x1,x2: y, W_ideal, 
W_perkggas_noexpwork, W_perkggas_withexpwork, W_perkgliq_noexpwork, W_perkgliq_
withexpwork, FOM_noexpwork, FOM_withexpwork)

“Inputs: FLUID$, P_1, P_2, T_1, T_3,T_5:…Pressures in kPa, Temp in K;

x1, x2 = expander flow rate ratios for the expander 1 and 2”

“Outputs: y = fraction liquefied”

“W_ideal = Ideal work reqd.,”
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“W_perkggas_noexpwork, [kJ/kg]…work per kg gas compressed..when the expander work 
is not utilised in compression”

“W_perkggas_withexpwork, [kJ/kg]…work per kg gas compressed..when the expander work 
is utilised in compression”

“W_perkgliq_noexpwork, [kJ/kg]…work reqd per kg liq. when the expander work is not 
utilised in compression”

“W_perkgliq_withexpwork ,[kJ/kg]…work reqd per kg liq. when the expander work is 
utilised in compression”

“FOM_noexpwork = W_ideal / W_perkgliq_noexpwork…Figure of Merit…when the 
expander work is not utilised in compression”

“FOM_withexpwork = W_ideal / W_perkgliq_withexpwork…Figure of Merit…when the 
expander work is utilised in compression”

P_3: = P_2
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P_5: = P_2

s_1:=Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”

s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[kJ/kg-K]”

s_3:=Entropy(Fluid$,P=P_3,T=T_3) “[kJ/kg-K]”

s_5:=Entropy(Fluid$,P=P_5,T=T_5) “[kJ/kg-K]”

s_e1: = s_3 “…entropy after isentropic expansion in expander-1”

s_e2 = s_5 “…entropy after isentropic expansion in expander-2”

h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[kJ/kg]”

h_2: =Enthalpy(Fluid$,P=P_2,T=T_1) “[kJ/kg]”

h_3: =Enthalpy(Fluid$,P=P_3,T=T_3) “[kJ/kg]”

h_5: =Enthalpy(Fluid$,P=P_5,T=T_5) “[kJ/kg]”

h_e1: = Enthalpy(Fluid$,P=P_1,s= s_e1) “[kJ/kg]”

h_e2: = Enthalpy(Fluid$,P=P_1,s= s_e2) “[kJ/kg]”

h_f: =Enthalpy(Fluid$,x=0,P=P_1) “[kJ/kg]”

y: = (h_1 – h_2) / (h_1 – h_f ) + x1* ((h_3 – h_e1) / (h_1 – h_f )) + x2* ((h_5 – h_e2) 
/ (h_1 – h_f )) “…fraction liquefied”

W_exp1_perkggas: = x1 * (h_3 – h_e1) “kJ/kg of gas compressed”

W_exp2_perkggas: = x2* (h_5 – h_e2) “kJ/kg of gas compressed”

W_perkggas_noexpwork: =T_1 * (s_1 – s_2) – (h_1 – h_2) “[kJ/kg]…work per kg gas 
compressed..when the expander work is not utilised in compression”

W_perkgliq_noexpwork: = W_perkggas_noexpwork / y “[kJ/kg]…work reqd per kg liq. 
when the expander work is not utilised in compression”
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W_ideal:= Ideal_Work(FLUID$, P_1,T_1) “kJ/kg…ideal work of liquefaction”

FOM_noexpwork: = W_ideal / W_perkgliq_noexpwork “…Figure of Merit… when the 
expander work is not utilised in compression”

W_perkggas_withexpwork: =T_1 * (s_1 – s_2) – (h_1 – h_2) – x1 * (h_3 – h_e1) – x2 * 
(h_5 – h_e2) “[kJ/kg]…work per kg gas compressed…when the expander work is utilised 
in compression”

W_perkgliq_withexpwork: = W_perkggas_withexpwork / y “[kJ/kg]…work reqd per kg liq. 
when the expander work is utilised in compression”

FOM_withexpwork: = W_ideal / W_perkgliq_withexpwork “…Figure of Merit…when the 
expander work is utilised in compression”

END

“======================================================================”

(b) Problem:

“Data:”

Fluid$ = ‘Helium’

x1 = 0.25
x2 = 0.5
P_1 = 101.3 “kPa”
P_2 = 1420 “kPa”
T_1 = 300 “K”
T_3 = 60 “K”
T_5 = 15 “K”

Now, use the EES Procedure already written:

CALL CollinsSystem_Ideal(FLUID$, P_1,P_2, T_1,T_3, T_5,x1,x2: y, W_ideal, W_perkggas_
noexpwork, W_perkggas_withexpwork, W_perkgliq_noexpwork, W_perkgliq_withexpwork, 
FOM_noexpwork, FOM_withexpwork)
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Results:

Thus:

a)	 When Expander work is utilized in compression:
Liquid yield = y = 0.04438 = 4.438%…Ans.
Work per unit mass liquefied = 35497 kJ/kg…Ans.
Figure of Merit = 0.1927…Ans.
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b)	When Expander work is not utilized in compression:
Liquid yield = y = 0.04438 = 4.438%…Ans.
Work per unit mass liquefied = 37156 kJ/kg…Ans.
Figure of Merit = 0.1841…Ans.

“Prob. 3.2.29 Data for a Claude system is given below:
Air is the working fluid, the system operates from 101.3 kPa (1 atm) and 293 K to 
10.13 MPa. At 10.13 MPa and 250 K, 40% of the main flow is diverted to the reversible 
adiabatic expander. Remainder flows through the heat exchangers and expands through 
the expansion valve to 101.3 kPa. Assume that the expander has an adiabatic effcy of 80% 
and a mech. effcy of 90%. Compressor has an overall effcy of 75% and all heat exchangers 
are 100% effective. After compression, air is after-cooled to 293 K. Determine the liquid 
yield, work output of expander per unit mass compressed and the net work requirement 
of the system per unit mass liquefied, assuming that the expander work is utilized to aid 
in the compression.[1].”

“Data:”

Fluid$ = ‘Air_ha’

P1 = 101.3 “kPa”
T1 = 293 “K”
P2= 10130 “kPa”
P3 = P2
T3 = 250 “K”

x = 0.4

eta_exp_adiab = 0.8 “…adiab effcy of expander”

eta_exp_mech = 0.9 “…mech effcy of expander”

eta_comp_overall = 0.75 “…overall effcy of compressor”

�
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“Case 1: For Ideal Claude system (all efficiencies = 100%):”

CALL ClaudeSystem_Ideal(FLUID$, P1,P2, P3, T1,T3,x: y,W_net_perkggas,W_net_perkgliq, 
W_exp_perkggas,W_ideal, FOM)

Results:

Thus:

Liquid yield = y = 0.2278 = 22.78%…Ans.

Work output of expander per unit mass compressed = 63.41 kJ/kg…Ans.

Net work requirement per unit mass liquefied = 1414 kJ/kg…Ans.

Figure of Merit = 0.471…Ans.

“Case 2: When the efficiencies of compressor and expander are less than 100%, with 
the effectiveness of heat exchangers remaining 100%:”
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Temp-entropy diagram for this case is:

And, summary of formulas applicable is given below:
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Compressor work per unit mass of gas liquefied:

Actual enthalpy change across the expander:

Liquid yield:

Net work requirement per unit mass compressed, when expander work is utilized:

Or,

EES Program:

eta_exp_adiab = 0.8 “…adiab effcy of expander”

eta_exp_mech = 0.9 “…mech effcy of expander”

eta_comp_overall = 0.75 “…overall effcy of compressor”

eta_exp_overall = eta_exp_adiab * eta_exp_mech “…overall effcy of expander”

s1=Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s2=Entropy(Fluid$,P=P2,T=T1) “[kJ/kg-K]”

s3=Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”
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se = s3 “…entropy after isentropic expansion in expander”

h1=Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h2=Enthalpy(Fluid$,P=P2,T=T1) “[kJ/kg]”

h3=Enthalpy(Fluid$,P=P3,T=T3) “[kJ/kg]”

he = Enthalpy(Fluid$,P=P1,s= se) “[kJ/kg]”

hf=Enthalpy(Fluid$,x=0,P=P1) “[kJ/kg]”

y_case2= (h1 – h2) / (h1 – hf ) + x * eta_exp_adiab * ((h3 – he) / (h1 – hf )) “…fraction 
liquefied”

W_comp_perkgliq = (1 /( y_case2 * eta_comp_overall)) * T1 * (s1 – s2) – (h1 – h2) “[kJ/
kg]…compressor work per kg gas liquefied”

W_net_perkggas_case2= (T1 * (s1 – s2) – (h1 – h2)) / eta_comp_overall – x * eta_exp_
overall * (h3 – he) “[kJ/kg]…net work per kg gas compressed..when the expander work is 
utilised in compression”

W_net_perkgliq_case2= W_net_perkggas_case2 / y_case2 “[kJ/kg]…net work reqd per kg liq.”

W_exp_perkggas_case2: = x * eta_exp_adiab * (h_3 – h_e) “kJ/kg…work output of expander 
per kg of gas compressed”

W_ideal = Ideal_Work(FLUID$, P1,T1) “kJ/kg …ideal work of liquefaction”

FOM_case2= W_ideal / W_net_perkgliq_case2 “…Figure of Merit”
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Results:

Thus:

Liquid yield = y = 0.196 = 19.6%…Ans.

Work output of expander per unit mass compressed = 50.73 kJ/kg…Ans.

Net work requirement per unit mass liquefied = 2390 kJ/kg…Ans.

Figure of Merit = 0.2787…Ans.
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“Prob. 3.2.30 Data for a Claude system is given below:
Neon is the working fluid, the system operates from 101.3 kPa (1 atm) and 296 K to 
6.08 MPa. At 6.08 MPa and 210 K, 40% of the main flow is diverted to the reversible 
adiabatic expander. Remainder flows through the heat exchangers and expands through the 
expansion valve to 101.3 kPa. Assume that the expander has an adiabatic effcy of 82% and 
a mech. effcy of 94%. Compressor has an overall effcy of 75% and all heat exchangers are 
100% effective. After compression, neon is after-cooled to 296 K. Determine the liquid 
yield, work output of expander per unit mass compressed and the net work requirement 
of the system per unit mass liquefied, assuming that the expander work is utilized to aid 
in the compression.[1].”

“Data:”

Fluid$ = ‘Neon’

P1 = 101.3 “kPa”
T1 = 296 “K”
P2= 6080 “kPa”
P3 = P2
T3 = 210 “K”

x = 0.4

eta_exp_adiab = 0.82 “…adiab effcy of expander”

eta_exp_mech = 0.94 “…mech effcy of expander”

eta_comp_overall = 0.75 “…overall effcy of compressor”

eta_exp_overall = eta_exp_adiab * eta_exp_mech “…overall effcy of expander”

“Case 1: For Ideal Claude system (all efficiencies = 100%):”

CALL ClaudeSystem_Ideal(FLUID$, P1,P2, P3, T1,T3,x: y,W_net_perkggas,W_net_perkgliq, 
W_exp_perkggas,W_ideal, FOM)

�
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Results:

Thus:

Liquid yield = y = 0.1868 = 18.68%…Ans.

Work output of expander per unit mass compressed = 69.98 kJ/kg…Ans.

Net work requirement per unit mass liquefied = 2317 kJ/kg…Ans.

Figure of Merit = 0.5667…Ans.

“Case 2: When the efficiencies of compressor and expander are less than 100%, with 
the effectiveness of heat exchangers remaining 100%:”
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Temp-entropy diagram for this case is:

And, summary of formulas applicable is given below:
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Compressor work per unit mass of gas liquefied:

Actual enthalpy change across the expander:

Liquid yield:

Net work requirement per unit mass compressed, when expander work is utilized:

Or,

EES Program:

s1=Entropy(Fluid$,T=T1,P=P1) “[kJ/kg-K]”

s2=Entropy(Fluid$,P=P2,T=T1) “[kJ/kg-K]”

s3=Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”

se = s3 “…entropy after isentropic expansion in expander”

h1=Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”

h2=Enthalpy(Fluid$,P=P2,T=T1) “[kJ/kg]”

h3=Enthalpy(Fluid$,P=P3,T=T3) “[kJ/kg]”

he = Enthalpy(Fluid$,P=P1,s= se) “[kJ/kg]”

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

212

Cryogenic liquefaction systems

hf=Enthalpy(Fluid$,x=0,P=P1) “[kJ/kg]”

y_case2= (h1 – h2) / (h1 – hf ) + x * eta_exp_adiab * ((h3 – he) / (h1 – hf )) “…fraction 
liquefied”

W_comp_perkgliq = (1 /( y_case2 * eta_comp_overall)) * T1 * (s1 – s2) – (h1 – h2) “[kJ/
kg]…compressor work per kg gas liquefied”

W_net_perkggas_case2= (T1 * (s1 – s2) – (h1 – h2)) / eta_comp_overall – x * eta_exp_
overall * (h3 – he) “[kJ/kg]…net work per kg gas compressed…when the expander work 
is utilised in compression”

W_net_perkgliq_case2= W_net_perkggas_case2 / y_case2 “[kJ/kg]…net work reqd per kg liq.”

W_exp_perkggas_case2: = x * eta_exp_adiab * (h_3 – h_e) “kJ/kg…work output of expander 
per kg of gas compressed”

W_ideal = Ideal_Work(FLUID$, P1,T1) “kJ/kg…ideal work of liquefaction”

FOM_case2= W_ideal / W_net_perkgliq_case2 “…Figure of Merit”

Results:
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Thus:

Liquid yield = y = 0.1522 = 15.22%…Ans.

Work output of expander per unit mass compressed = 53.78 kJ/kg…Ans.

Net work requirement per unit mass liquefied = 4050 kJ/kg…Ans.

Figure of Merit = 0.3242…Ans.

“Prob. 3.2.31 Determine the inside heat transfer coeff (hc) and friction factor (f ) for flow 
of nitrogen gas at 150 K and 101.3 kPa inside a 12 mm inside dia smooth tube that is 
coiled in a 600 mm dia helix. The tube wall has a temp of 160 K and the mass flow rate 
of nitrogen gas is 30 g/s.
Also, plot the variation of hc and f as m_dot varies from 10 g/s to 70 g/s [1].”

EES Solution:

“Data:”

T1 = 150 “K…bulk temp of nitrogen gas”
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P1 = 101.3 “kPa…pressure of nitrogen gas”

m_dot = 0.03 “kg/s…mass flow rate of nitrogen gas”

D = 0.012 “m…inside dia of tube”

D_h = 0.6 “m…dia of helix”

T_w = 160 “K…wall temp.”

L = 50 “m…length of tube”

“Calculations”

“Properties of Nitrogen”

mu = VISCOSITY(Nitrogen,T=T1,P=P1) “kg/m.s…viscosity of nitrogen gas”

A_c = pi * D^2 /4 “m^2…cross-sectional area of tube”

G = m_dot / A_c “kg/s.m^2…mass velocity”

“Reynolds No.”

N_Re = G * D / mu “ = 310865…Reynolds No… > 3000…therefore, turb. flow”

“For turb. flow calculations, fluid props should be evaluated at mean film temp Tm = 
(Tb + Tw) / 2”

T_m = (T1 + T_w) / 2 “ K…mean film temp”

“Then, we have:”

“Properties of Nitrogen”

k_t1 = CONDUCTIVITY(Nitrogen,T=T_m,P=P1) “W/m.K…thermal conductivity 
of nitrogen”

mu1 = VISCOSITY(Nitrogen,T=T_m,P=P1) “kg/m.s…viscosity of nitrogen gas”
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cp1 = SPECHEAT(Nitrogen,T=T_m,P=P1) “kJ/kg.K…sp. heat of nitrogen gas”

rho1 = DENSITY(Nitrogen,T=T_m,P=P1) “kg/m^3…density of nitrogen gas”

N_Pr1 = mu1 * cp1 * 10^3 / k_t1 “…Prandtl No.”

“And:”

N_Re1 = G * D / mu1

“Colburn J factor:”

j_H = 0.023 * (N_Re1^ (-0.2)) * (1 + 3.5 * D / D_h) “…finds Colburn j factor“

j_H = (h_c /( cp1 * 10^3 * G)) * N_Pr1^(2/3) “…finds h_c, the film coeff of heat transfer, 
W/m^2.K”

“Friction factor:”

“Note that Reynolds no. is > 5000. So, the friction factor relation is:”

f = 0.184 * N_Re^(-0.2) “…friction factor”

Results:

Thus:

Heat transfer coeff. h_c = 660.7 W/m^2.K…Ans.

Friction factor, f = 0.01462…Ans.
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Also, plot the variation of hc and f as m_dot varies from 10 g/s to 70 g/s:

First compute the parametric table:
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Now, plot the results:
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“Prob. 3.2.32 A circular tube is constructed of copper (kt = 50 W/m.K), has circular pin 
fins protruding from its outer surface. The circular tube has an outer dia of 25 mm. The 
pin fins are 1.25 mm in dia and 12.5 mm long. There are 2000 fins/m length of tube, and 
the fins are also of copper. The outside heat transfer coeff is 35 W/m^2.K and the tube 
temp is 100 K. Determine the fin effectiveness and the overall surface effectiveness.[1]. “

EES Solution:

“Data:”

D_o = 0.025 “m…OD of tube”

L = 1 “m…length of tube”

d_f = 0.00125 “m…dia of fin”

L_f = 0.0125 “m…length of fin”

N_f = 2000 “…no. of fins per meter length of tube”

k_f = 50 “W/m-K…thermal cond. of fin material, copper”

h_o = 35 “W/m^2-K…outside heat transfer coeff.”

“Calculations:”

A_c = pi * d_f^2 / 4 “m^2…cross-sectional area of fin”

V_f = A_c * L_f “m^3…volume of fin”

A_sf = pi * d_f * L_f “m^2…surface area of one fin”

“Therefore, to find fin parameter M”

delta = V_f / A_sf “m… parameter delta to calculate fin parameter M”

M = sqrt(h_o / (k_f * delta)) “ 1/m…fin parameter”
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“Fin effectiveness eta_f:”

eta_f = tanh(M * L_f ) / (M * L_f ) “… fin effcy.”

{

“Note: M may also be determined as:

M = sqrt (h_o * pi * d_f / (k_f * A_c))” i.e M = sqrt( hc * P / (kf * Ac)) where P is the 
perimeter of fin”

}

“To calculate Overall surface area effectiveness:”

“Total fin surface area:”

A_f = A_sf * N_f “m^2…”
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“Total prime area:”

A_p = L * pi * D_o – N_f * pi * d_f^2 / 4 “m^2…prime area”

“Then, Overall surface area effectiveness:”

A_o = A_f + A_p “m^2…Sum of total fin area and prime area”

eta_o = 1 – (A_f / A_o) * (1 – eta_f ) “…overall surface area effectiveness”

Results:

Thus:

Fin effectiveness = eta_f = 0.8976…Ans.

Overall surface area effectiveness = eta_o = 0.9423…Ans.

“Prob. 3.2.33 Determine the overall heat transfer coeff in the previous problem if the 
inside dia of the tube is 22 mm and is plain. Base the overall heat transfer coeff on the 
total outside surface area (i.e. fin area plus the prime area). Determine the total heat transfer 
rate if the tube is 15 m long. The inside fluid temp is 140 K and the outside fluid temp 
is 106 K. The inside convective heat transfer coeff is 225 W/m^2.K. [1].”

EES Solution:

“Data:”

D_o = 0.025 “m…OD of tube”

D_i = 0.022 “m…ID if tube”

L = 15 “m…length of tube”
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d_f = 0.00125 “m…dia of fin”

L_f = 0.0125 “m…length of fin”

N_f = 2000 “…no. of fins per meter length of tube”

k_f = 50 “W/m-K…thermal cond. of fin material, copper”

h_o = 35 “W/m^2-K…outside heat transfer coeff.”

h_i = 225 “W/m^2-K…inside heat transfer coeff.”

T_i = 140 “K…inside fluid temp”

T_o = 106 “K…outside fluid temp”

eta_o = 0.9423 “…overall surface area effectiveness on the outside…calculated earlier”

“Calculations:”

A_sf = pi * d_f * L_f “m^2…surface area of one fin”

“Total fin surface area:”

A_f = A_sf * N_f “m^2”

“Total prime area:”

A_p = L * pi * D_o – N_f * pi * d_f^2 / 4 “m^2…prime area”

“Total heat transfer area on the outside:”

A_oh = A_f + A_p “ m^2…Sum of total fin area and prime area = total heat transfer area 
on the outside”

“Total heat transfer area on the inside:”

A_oc = pi * D_i * L “m^2…inside area of heat transfer”
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“Overall heat transfer coeff. U:”

1/U_h = (1 / (eta_o * h_o)) + (A_oh / A_oc) / h_i “…W/m^2.K…overall heat transfer 
coeff. based on total outer area”

“Total heat transfer rate:”

Q_tot = U_h * A_oh * (T_i – T_o) “W…total heat transfer”

Results:

Thus:

Overall heat transfer coeff. based on outside area = U_h = 27.95 W/m^2.K…Ans.
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Total heat transfer rate = Q_tot = 1210 W…Ans.

“Prob. 3.2.34 A plate – fin heat exchanger is constructed using straight fins, 7.87 mm (0.31 in) 
high, 0.15 mm (0.006 in) thick, with 492 fins/m (12.5 fins/in) width. The equivalent dia 
for the flow passage is 3 mm (0.1181 in), the free-flow area for the exchanger is 0.07 m^2 
(0.7535 ft^2), and the exchanger length is 3 m (9.84 ft). The fluid flowing is helium gas, 
which enters at 300 K and 3.04 MPa and leaves at 100 K. The mass flow rate of helium 
gas is 0.35 kg/s. The heat exchanger is constructed of aluminium (k_t = 150 W/m.K). 
Determine the convective heat transfer coeff. for this surface and the fin effectiveness. [1].”

EES Solution:

“Data:”

L_f = 0.00787 / 2 “m…fin length, divided by 2 since fin is fixed at both ends”

t_f = 0.00015 “m…thickness of fin”

D_e = 0.003 “m…equiv. dia of flow passage”

N_f = 492 “…no. of fins per meter”

A_ff = 0.07 “m^2…free flow area for the exchanger”

L = 3 “m…exchanger length”
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“Fluid: Helium”

P1 = 3040 “kPa…pressure of helium gas”

T_i = 300 “K… inlet temp of helium gas”

T_o = 100 “K…exit temp of helium gas”

m_dot = 0.35 “kg/s…mass flow rate of helium gas”

k_f = 150 “W/m.K…thermal cond. of fin material, i.e. Aluminium”

“Calculations:”

A_c_f = L * t_f “m^2…cross-sectional area of fin”

G = m_dot / A_ff “kg/s.m^2…mass velocity”

T_b = (T_i + T_o ) / 2 “K…mean bulk temp of fluid”

“Properties of helium gas at T_b:”

rho=Density(Helium,T=T_b,P=P1) “kg/ m^3…density of helium gas”

cp=Cp(Helium,T=T_b,P=P1) “kJ/kg.K…sp. heat of helium gas”

mu=Viscosity(Helium,T=T_b,P=P1) “kg/m.s…viscosity of helium gas”

k=Conductivity(Helium,T=T_b,P=P1) “W/m.K…thermal cond. of helium gas”

“Reynolds No…etc.:”

N_Re = G * D_e /mu “…Reynolds No.”

N_Pr = mu * cp * 1000/ k “…Prandtl No.”

N_St = h_c / (G * cp * 1000) “…Stanton No.”
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“Colburn j factor and heat transfer coeff.:”

j_H = 0.0291 * N_Re^(-0.24) “…Colburn j factor…for 500 < N_Re < 10^4…From Ref.[1]”
j_H = N_St * N_Pr^(2/3) “…finds convective heat tr coeff, W/m^2.K”

“Fin efficiency:”

A_c = L * t_f “m^2…cross-sectional area of fin”

V_f = A_c * 2 * L_f “m^3…volume of fin”

A_sf = L * 2 * L_f * 2 “m^2…surface area of one fin”

“Therefore, to find fin parameter M:”

delta = V_f / A_sf “m… parameter delta to calculate fin parameter M”

M = sqrt(h_c / (k_f * delta)) “1/m …fin parameter”
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{

“Note: M may also be determined as:”

M = sqrt (h_c * 2 * (L + t_f ) / (k_f * A_c))” i.e M = sqrt(hc * P / (kf * Ac)) where P is 
the perimeter of fin”

}

“Fin effectiveness eta_f:”

eta_f = tanh(M * L_f ) / (M * L_f ) “…fin effcy.”

Results:

Therefore:

Heat transfer coeff. = h_c = 190.5 W/m^2.K…Ans.

Fin effcy. = eta_f = 0.9209…Ans.

“Prob. 3.2.35 (a) Write an EES Procedure to calculate the NTU, effectiveness, heat transferred 
etc for a Counterflow heat exchanger.
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(b) Gaseous nitrogen enters the warm end of a counterflow HX at 20.27 MPa and 295 K at 
a mass flow rate of 1.25 kg/s. Gaseous nitrogen enters at the cold end of the HX at 80 K. 
For the warm stream, the sp. heat is 1.296 J/g.K and the sp. heat for the cold stream is 
1.08 J/g.K. The mass flow rate of cold stream is 1.125 kg/s. The overall heat transfer coeff 
is 150 W/m^2.K and the heat transfer area on which U is based is 72.9 m^2. Determine 
the heat exchanger effectiveness, exit temp of cold stream and the heat transfer rate.[1].”

EES Procedure:

PROCEDURE CounterflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, 
NTU, epsilon,Th_2, Tc_2, Q)

“Finds the NTU, Effectiveness, heat transferred etc when the inlet temps and mass flow 
rates and sp. heats of hot and cold streams are known.”

“Inputs:: m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U…mass in kg/s, cp in J/kg.KTemp in K; 
A in m^2, U in W/m^2.K” 

“Outputs: C_h, C_c, …in W/K, C_R = C_min/C_max, NTU…is a number”

C_h: =m_h * cp_h “…capacity rate of hot fluid, W/K”

C_c: =m_c * cp_c “…capacity rate of cold fluid, W/K”

IF C_c < C_h THEN

C_min: = C_c

C_max: = C_h

NTU: = (U * A) /C_min “…finds NTU”

C_R: = C_min / C_max “…finds capacity ratio”

epsilon: = (1 – exp ( – NTU * (1 – C_R))) / (1 – C_R * exp( – NTU * (1 – C_R))) 
“Effectiveness of Counter-flow HX.”

Tc_2: = epsilon * (Th_1 – Tc_1) + Tc_1“…finds Tc_2, exit temp of cold fluid”
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Q: = C_c * (Tc_2 – Tc_1) “W…heat transfer rate in the HX”

Th_2: = Th_1 – Q / C_h “…finds Th_2, exit temp of hot fluid”

	 ENDIF

IF C_c > C_h THEN

C_min: = C_h

C_max: = C_c

NTU: = (U * A) /C_min “…finds NTU”

C_R: = C_min / C_max “…finds capacity ratio”

epsilon: = (1 – exp ( – NTU * (1 – C_R))) / (1 – C_R * exp( – NTU * (1 – C_R))) 
“Effectiveness of Counter-flow HX.”
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Th_2: = Th_1 – epsilon * (Th_1 – Tc_1) “…finds Th_2, exit temp of hot fluid”

Q: = C_h * (Th_1 – Th_2) “W…heat transfer rate in the HX”

Tc_2: = Tc_1 + Q / C_c “…finds Tc_2, exit temp of cold fluid”

ENDIF

IF C_c = C_h THEN

C_R: = 1 “…capacity ratio”

NTU: = (U * A) /C_c “… inds NTU”

epsilon: = NTU / (1 + NTU) “…finds effectiveness”

Th_2: = Th_1 – epsilon * (Th_1 – Tc_1) “…finds Th_2, exit temp of hot fluid”

Q: = C_h * (Th_1 – Th_2) “W…heat transfer rate in the HX”

Tc_2: = Tc_1 + Q / C_c “…finds Tc_2, exit temp of cold fluid”

ENDIF

END

“======================================================================”

EES Solution to Problem:

We use the EES Procedure written above to solve the problem:

“Data:”

Th_1 = 295 “K”

Tc_1 = 80 “K”

m_h = 1.25 “kg/s”
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m_c = 1.125 “kg/s”

cp_h = 1296 “J/kg.K”

cp_c = 1080 “J/kg.K”

U = 150 “W/m^2.K”

A = 72.9 “m^2”

CALL CounterflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, NTU, 
epsilon,Th_2, Tc_2, Q)

Results:

Thus:

Effectiveness of HX = ε = 0.9714…Ans.

NTU = 9…Ans.

Exit temp of cold fluid = Tc_2 = 288.8 K…Ans.

Exit temp of hot fluid = Th_2 = 138.4 K…Ans.

Heat transfer = Q = 253751 W…Ans.

“Prob. 3.2.36 (a) Write an EES Procedure to calculate the NTU, effectiveness, heat transferred 
etc for a Parallel flow heat exchanger.

(b) Determine the heat exchanger effectiveness, exit temp of cold stream and the heat 
transfer rate for the Problem 3.2.35 if the HX is parallel flow type.[1].”
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EES Procedure:

PROCEDURE ParallelflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, 
NTU, epsilon,Th_2, Tc_2, Q)

“Finds the NTU, Effectiveness, heat transferred etc when the inlet temps and mass flow 
rates and sp. heats of hot and cold streams are known.”

“Inputs: m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U…mass in kg/s, cp in J/kg.KTemp in K; 
A in m^2, U in W/m^2.K” 

“Outputs: C_h, C_c, …in W/K, C_R = C_min/C_max, NTU…is a number”

C_h: =m_h * cp_h “…capacity rate of hot fluid, W/K”

C_c: =m_c * cp_c “…capacity rate of coldt fluid, W/K”

IF C_c < C_h THEN
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C_min: = C_c

C_max: = C_h

NTU: = (U * A) /C_min “… finds NTU”

C_R: = C_min / C_max “…finds capacity ratio”

epsilon = (1 – exp ( – NTU * (1 + C_R))) / (1 + C_R) “Effectiveness of parallel-flow 
HX….Finds epsilon”

Tc_2: = epsilon * (Th_1 – Tc_1) + Tc_1 “…finds Tc_2, exit temp of cold fluid”

Q: = C_c * (Tc_2 – Tc_1) “W…heat ransfer rate in the HX”

Th_2: = Th_1 – Q / C_h “…finds Th_2, exit temp of hot fluid”

ENDIF

IF C_c > C_h THEN

C_min: = C_h

C_max: = C_c

NTU: = (U * A) /C_min “… finds NTU”

C_R: = C_min / C_max “…finds capacity ratio”

epsilon = (1 – exp ( – NTU * (1 + C_R))) / (1 + C_R) “Effectiveness of parallel-flow 
HX….Finds epsilon”

Th_2: = Th_1 – epsilon * (Th_1 – Tc_1) “…finds Th_2, exit temp of hot fluid”

Q: = C_h * (Th_1 – Th_2) “W…heat ransfer rate in the HX”

Tc_2: = Tc_1 + Q / C_c “…finds Tc_2, exit temp of coldt fluid”

ENDIF
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IF C_c = C_h THEN

C_R: = 1 “…capacity ratio”

NTU: = (U * A) /C_c “…finds NTU”

epsilon: = (1 / 2) * (1 – exp (-2 * NTU)) “…finds effectiveness”

Th_2: = Th_1 – epsilon * (Th_1 – Tc_1) “…finds Th_2, exit temp of hot fluid”

Q: = C_h * (Th_1 – Th_2) “W…heat ransfer rate in the HX”

Tc_2: = Tc_1 + Q / C_c “…finds Tc_2, exit temp of cold fluid” 

ENDIF

END

“======================================================================”

Problem:

Use the EES Procedure written above to solve the problem easily:

“Data:”

Th_1 = 295 “K”

Tc_1 = 80 “K”

m_h = 1.25 “kg/s”

m_c = 1.125 “kg/s”

cp_h = 1296 “J/kg.K”

cp_c = 1080 “J/kg.K”

U = 150 “W/m^2.K”

A = 72.9 “m^2”
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CALL ParallelflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, NTU, 
epsilon,Th_2, Tc_2, Q)

Results:

Thus:

Effectiveness of HX = ε = 0.5714…Ans. NTU = 9…Ans.

Exit temp of cold fluid = Tc_2 = 202.9 K; Exit temp of hot fluid = Th_2 = 202.9  
K…Ans.

Heat transfer = Q = 149271 W…Ans.

Note: Effectiveness and heat transfer are more for the counter-flow HX.
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Plot the exit temps of hot and cold fluids as the overall heat transfer coeff varies from 
20 to 150 W/m^2.K:

Parametric Table is computed first:

Now, plot the results:
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Prob. 3.2.37. A parallel flow HX has following data: m_h = 0.17 kg/s, m_c = 0.417 kg/s, 
cp_h = cp_c = 4180 J/kg.C, Th_1 = 70 C, Th_2 = 50 C, Tc_1 = 25 C. Individual heat 
transfer coeff on hot and cold side are both equal to 60 W/m^2.C. Find the area of the HX.

Fig. Parallel flow arrangement

EES Solution:

“Data:”

Th_1 = 70 “C”

Th_2 = 50 “C”

Tc_1 = 25 “C”

m_h = 0.17 “kg/s”

m_c = 0.417 “kg/s”

cp_h = 4180 “J/kg.K”

cp_c = 4180 “J/kg.K”

h_c = 60 “W/m^2.C”

h_h = 60 “W/m^2.C”

“Calculations:”

“Overall heat transfer coeff. U:”

1/U = 1/h_c + 1/h_h “…overall heat transfer coeff. is calculated”
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“Now, use the EES Procedure written earlier:”

CALL ParallelflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, NTU, 
epsilon,Th_2, Tc_2, Q)

Results:

Thus:

Exit temp of cold fluid = Tc_2 = 33.15 C…Ans.

NTU = 0.698; Effectiveness = 0.4444; U = 30 W/m^2.C; Q = 14212 W…Ans.

A = area of heat exchanger = 16.53 m^2…Ans.
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Note: Here, A was not given, but Th2 was given. Still, same EES Procedure calculates 
the NTU, effectiveness and the area required.

(b) If the mass flow rate of hot fluid is doubled, find the exit temp of both the fluids.

Note: Now, h_h will change since heat transfer coeff is proportional to the Re^0.8 
where Re is the Reynolds No. i.e. proportional to m_h^0.8.

“Data:”

Th_1 = 70 “C”

A = 16.53 “m^2…calculated in the part (a) of this problem”

Tc_1 = 25 “C”

m_h = 0.17 * 2 “kg/s…Mass flow of hot fluid is doubled.”

m_c = 0.417 “kg/s”

cp_h = 4180 “J/kg.K”

cp_c = 4180 “J/kg.K”

h_c = 60 “W/m^2.C”

h_h = 60 * (m_h / 0.17)^0.8 “W/m^2.C…note that h_h varies as the mass flow rate to 
the power of 0.8.”

“Calculations:”

“Overall heat transfer coeff. U:”

1/U = 1/h_c + 1/h_h “…overall heat transfer coeff. is calculated”

“Now, use the EES Procedure written earlier:”

CALL ParallelflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, NTU, 
epsilon,Th_2, Tc_2, Q)
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Results:

Thus:

Exit temp of cold fluid = Tc_2 = 36.17 C; Exit temp of hot fluid = Th_2 = 56.3 C…Ans.

NTU = 0.4433; Effectiveness = 0.3045; U = 38.11 W/m^2.C; Q = 19474 W…Ans.

h_h = 104.5 W/m^2.C…Ans.

Note: Here, also the same EES Procedure calculates the NTU, effectiveness and the exit 
temps of fluids.

Plot the variation of exit temps of hot and cold fluids, and effectiveness of HX as the 
mass flow rate of hot fluid varies from 0.15 kg/s to 0.5 kg/s:

First, compute the Parametric Table:

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

240

Cryogenic liquefaction systems

240

Now, plot the results:
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“Prob. 3.2.38. A Linde concentric tube HX is to be constructed from a 25 mm ID tube 
having a 2.5 mm wall thickness concentric to a 62.5 mm inside dia tube. Air at 10.13 MPa 
and 300 K enters the smaller tube, and air at 101.3 kPa and 85 K enters the larger tube 
and leaves at 289 K. The mass flow rate of high pressure stream is 0.25 kg/s, and the 
mass flow rate of low pressure stream is 0.233 kg/s. The mean sp. heat of high pressure 
stream is 1.56 kJ/kg.K, and the mean sp. heat of low pressure stream is 1.005 kJ/kg.K. If 
the concentric tube is wound in a 450 mm dia helix and heavily insulated, determine the 
length of concentric tubing required for this heat exchanger.[1]”

EES Solution:

“First, let us solve this problem by LMTD method:”

“Data:”

d_i_h = 0.025 “m…inside dia of high temp stream flow tube”

d_o_h = 0.03 “m…outside dia of high temp stream flow tube”

d_i_c = 0.0625 “m…inside dia of low temp stream flow tube”
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P1 = 10130 “kPa…high pressure flow”

P2 = 101.3 “kPa…Low pressure flow”

Th_1 = 300 “K…high pressure stream entry temp”

Tc_1 = 85 “K…low pressure stream entry temp”

Tc_2 = 289 “K…low pressure stream exit temp”

m_h = 0.25 “kg/s…mass flow rate of high pressure stream”

m_c = 0.233 “kg/s…mass flow rate of low pressure stream”

cp_h = 1560 “J/kg.K…sp. heat of high pressure stream”

cp_c = 1005 “J/kg.K…sp. heat of low pressure stream”

D_h = 0.45 “m…helix dia”

“Calculations:”

Q = m_c * cp_c * (Tc_2 – Tc_1) “W…heat transfer“

Q = m_h * cp_h * (Th_1 – Th_2) “K…determines exit temp of high pressure stream, Th_2”

T_avg_hot = (Th_1 + Th_2) / 2 “K…avg temp of hot flow”

T_avg_cold = (Tc_1 + Tc_2) / 2 “K…avg temp of cold flow”

“To find heat transfer coeff. h_h for high pressure stream”

A_i_h = (pi * d_i_h^2) / 4 “m^2…cross-sectional area of high pressure flow”

G_h = m_h / A_i_h “kg/s.m^2…mass velocity for high pressure flow”

mu_h = Viscosity(Air_ha,T=T_avg_hot,P=P1) “kg/m.s…viscosity of high pressure flow”

rho_h = Density(Air_ha,T=T_avg_hot,P=P1) “kg/m^3…density of high pressure flow”
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N_Re_h = G_h * d_i_h / mu_h “…Reynolds No. of high pressure stream = 683246”

N_Pr_h = Prandtl(Air_ha,T=T_avg_hot,P=P1) “…Prandtl No. for high pressure stream”

“Then, since Reynolds No. is > 3000, we have:”

j_H_h = (h_h / (cp_h * G_h)) * N_Pr_h^(2/3) “…Colburn j-factor”

j_H_h = 0.023 * N_Re_h^(-0.2) * (1 + 3.5 * d_i_h / D_h) “…determines h_h = W/m^2.K”

“To find heat transfer coeff. h_c for low pressure stream”

A_i_c = (pi / 4) * (d_i_c^2 – d_o_h^2) “m^2…cross-sectional area of low pressure flow…
the annulus”

G_c = m_c / A_i_c “kg/s.m^2…mass velocity for low pressure flow”

mu_c = Viscosity(Air_ha,T=T_avg_cold,P=P2) “kg/m.s…viscosity of high pressure flow”

Download free eBooks at bookboon.com Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

TMP PRODUCTION NY026057B

PSTANKIE

gl/rv/rv/baf

ACCCTR0005

Bookboon Ad Creative

4

6 x 4

12/13/2013

Bring your talent and passion to a
global organization at the forefront of
business, technology and innovation.
Discover how great you can be. 

Visit accenture.com/bookboon

©
2013 Accenture. 

All rights reserved.

http://s.bookboon.com/accentureCZintl


CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

244

Cryogenic liquefaction systems

rho_c = Density(Air_ha,T=T_avg_cold,P=P2) “kg/m^3…density of low pressure flow”

N_Re_c = G_c * (d_i_c – d_o_h) / mu_c “…Reynolds No. of low pressure stream = 172104”

N_Pr_c = Prandtl(Air_ha,T=T_avg_cold,P=P2) “…Prandtl No. for low pressure stream”

“Then, since Reynolds No. is > 3000, we have:”

j_H_c = (h_c / (cp_c * G_c)) * N_Pr_c^(2/3) “…Colburn j-factor”

j_H_c = 0.023 * N_Re_c^(-0.2) * (1 + 3.5 * (d_i_c – d_o_h) / D_h) “…determines h_c 
= W/m^2.K”

“Overall heat transfer coeff. U:”

1/U = 1 / h_h + d_i_h / (h_c * d_o_h) “…U based on heat transfer area on the high 
temp side”

“To find LMTD:”

DELTAT1 = (Th_1 – Tc_2 ) “K…temp diff at the beginning of HX”

DELTAT2 = (Th_2 – Tc_1 ) “K…temp diff at the end of HX”

LMTD = (DELTAT1 – DELTAT2) / ln(DELTAT1 / DELTAT2) “K…calculates LMTD”

“To find the area and Length of HX:”

Q = U * Area_h * LMTD “…finds area of heat transfer on the high temp side, m^2”

Area_h = pi * d_i_h * L “m^2…area of heat transfer on the high (temp) pressure flow…
finds length of tube, L”
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Results:

Thus:

Overall heat transfer coeff. = U = 288.314 W/m^2.K; LMTD = 38.28 K…Ans.

Length of tube in HX = L = 55.11 m; Heat transfer in HX = Q = 47770 W…Ans.

“Now, let us solve this problem by epsilon-NTU method. We shall use the EES Procedure 
already written for the Counter-flow HX:”

“Data:”

Th_1 = 300 “K…high pressure stream entry temp”

Tc_1 = 85 “K…low pressure stream entry temp”

Tc_2 = 289 “K…low pressure stream exit temp”

m_h = 0.25 “kg/s…mass flow rate of high pressure stream”

m_c = 0.233 “kg/s…mass flow rate of low pressure stream”

cp_h = 1560 “J/kg.K…sp. heat of high pressure stream”

cp_c = 1005 “J/kg.K…sp. heat of low pressure stream”
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U = 288.314 “W/m^2.K”

CALL CounterflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_c, C_R, NTU, 
epsilon,Th_2, Tc_2, Q)

“To find the area and Length of HX:”

d_i_h = 0.025 “m…inside dia of high temp stream flow tube”

A = pi * d_i_h * L “m^2…area of heat transfer on the high (temp) pressure flow…finds 
length of tube, L”

Results:
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Thus:

Overall heat transfer coeff. = U = 288.314 W/m^2.K…Ans.

NTU = 5.329; epsilon = 0.9488…Ans.

Length of tube in HX = L = 55.11 m ; Heat transfer in HX = Q = 47770 W…Ans.

�

“Prob. 3.2.39. Write an EES Function to find the effectiveness of a Counter-flow HX as 
a function of NTU and Capacity Ratio, C_R. Then, plot the Effectiveness vs NTU graphs 
for different values of Capacity ratios.”

EES Function:

FUNCTION CounterflowHX_epsilon(NTU, C_R)

“Inputs: NTU…No. of Transfer Units = U A /C_min; Capacity ratio = C_R = C_min 
/ C_max)”

“Output: Effectiveness = epsilon”

IF (C_R = 1) THEN 

CounterflowHX_epsilon: = NTU / (1 + NTU)

ENDIF

IF (C_R = 0) THEN

CounterflowHX_epsilon: = 1 – exp(-NTU)

ENDIF

IF (C_R <>1) AND (C_R <> 0) THEN 

A: = 1 – exp(-NTU * (1 – C_R))
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B: = 1 – C_R * exp(-NTU * (1 – C_R))

CounterflowHX_epsilon: = A / B

ENDIF

END

“======================================================================”

To plot the Effectiveness-NTU graphs:

EES Program:

NTU = 5; C_R = 0

epsilon = CounterflowHX_epsilon(NTU, C_R)

Compute the Parametric Table:
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Now, plot the graphs:
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“Prob. 3.2.40. Write an EES Function to find the effectiveness of a Parallel-flow HX as a 
function of NTU and Capacity Ratio, C_R. Then, plot the Effectiveness vs NTU graphs 
for different values of Capacity ratios.”

EES Function:

FUNCTION ParallelflowHX_epsilon(NTU, C_R)

“Inputs: NTU…No. of Transfer Units = U A /C_min; Capacity ratio + C_R = C_min 
/ C_max)”

“Output: Effectiveness = epsilon”

IF (C_R = 1) THEN 

ParallelflowHX_epsilon: = (1 / 2) * (1 – exp(-2*NTU))

ENDIF

IF (C_R = 0) THEN

ParallelflowHX_epsilon: = 1 – exp(-NTU)

ENDIF

IF (C_R <>1) AND (C_R <> 0) THEN 

A: = 1 – exp(-NTU * (1 + C_R))

B: = 1 + C_R 

ParallelflowHX_epsilon: = A / B

ENDIF

END

“=======================================================================”
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To plot the Effectiveness-NTU graphs:

EES Program:

NTU = 5; C_R = 0

epsilon = CounterflowHX_epsilon(NTU, C_R)

Compute the Parametric Table:
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Now. Plot the results:

=======================================================================

Download free eBooks at bookboon.com Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

Join American online
 LIGS University! 

▶▶ enroll by December 18th, 2014
▶▶ start studying and paying only in 2015 

▶▶ save up to $ 1,200 on the tuition!

▶▶ Interactive Online education
▶▶ visit ligsuniversity.com to find out more!

Interactive Online programs
BBA, MBA, MSc, DBA and PhD 

Special Christmas offer: 

Note: LIGS University is not accredited by any 
nationally recognized accrediting agency listed 
by the US Secretary of Education. 
More info here. 

http://s.bookboon.com/LIGS


CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

253

Cryogenic liquefaction systems

“Prob. 3.2.41. Write an EES Function to find the effectiveness of a Cross-flow HX, with 
both the fluids un-mixed, as a function of NTU and Capacity Ratio, C_R. Then, plot the 
Effectiveness vs NTU graphs for different values of Capacity ratios.”

EES Function:

FUNCTION CrossflowHX_bothUnmixed(NTU, C_R)

“Inputs: NTU…No. of Transfer Units = U A /C_min; Capacity ratio + C_R = C_min 
/ C_max)”

“Output: Effectiveness = epsilon”

IF (C_R = 0) THEN

CrossflowHX_bothUnmixed: = 1 – exp(-NTU)

ENDIF

IF (C_R <> 0) THEN 

A: = (NTU^0.22 / C_R) * (exp(-C_R * NTU^0.78) – 1)

CrossflowHX_bothUnmixed: = 1 – exp(A)

ENDIF

END

“=======================================================================”

To plot the Effectiveness-NTU graphs:

EES Program:

NTU = 5; C_R = 0
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epsilon = CrossflowHX_ One bothmixed(NTU, C_R)

Compute the Parametric Table:

Now, plot the results:
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“Prob. 3.2.42. Write an EES Function to find the effectiveness of a Cross-flow HX, with 
one fluid mixed, and the other un-mixed, as a function of NTU and Capacity Ratio, C_R. 
Then, plot the Effectiveness vs NTU graphs for different values of Capacity ratios.”

EES Function:

FUNCTION CrossflowHX_OneMixed(NTU, C_mixedbyC_unmixed)

“Inputs: NTU…No. of Transfer Units = U A /C_min; Capacity rates: C_mixed, C_unmixed = 
(W/K)”

“Output: Effectiveness = epsilon”

IF (C_mixedbyC_unmixed = 0) OR (C_mixedbyC_unmixed >= 10) THEN

CrossflowHX_OneMixed: = 1 – exp(-NTU)

ENDIF
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IF (C_mixedbyC_unmixed <= 1) AND (C_mixedbyC_unmixed > 0) THEN

C_R: = C_mixedbyC_unmixed

CrossflowHX_OneMixed: = 1 – exp((-1 / C_R) * (1 – exp( – C_R * NTU)))

ENDIF

IF ((C_mixedbyC_unmixed > 1) AND (C_mixedbyC_unmixed < 10 )) THEN 

C_R: = 1/ C_mixedbyC_unmixed

CrossflowHX_OneMixed: = (1 / C_R) * (1 – exp( – C_R * (1 – exp( – NTU))))

ENDIF

END

“======================================================================”

To plot the Effectiveness-NTU graphs:

EES Program:

NTU = 5; C_R = 0

epsilon = CrossflowHX_OneMixed(NTU, C_mixedbyC_unmixed)

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING: 
SOFTWARE SOLUTIONS VOL II A

257

Cryogenic liquefaction systems

Compute the Parametric Table:

Note that for (C_mixed/C_unmixed) values greater than 10, the effectiveness values 
remain the same.
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Now, plot the results:
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“Prob. 3.2.43. Write EES Functions to find the exergy of heat supplied at constant temp, 
exergy of heat supplied at varying temp and at constant specific heat (cp), and the exergy 
of mass flow.”

EES Functions:

FUNCTION ExergyofHeat_ConstTemp(Q,T,T0)

{$ExergyofHeat_constTemp
This function returns the specific availability of a fluid in kJ/kg as a function of

Q[kJ], T [K], T0 (K)

}

ExergyofHeat_ConstTemp =Q * (1 – T0 / T) “…kJ/kg”

END

“=======================================================================”

FUNCTION ExergyofHeat_ConstPressure(cp,T,T0)

{$ExergyofHeat_constPressure
This function returns the specific availability of a fluid in kJ/kg as a function of

cp[kJ/kg.K], T [K], T0 (K)

}

ExergyofHeat_ConstPressure = cp * ( (T – T0) – T0 * ln(T / T0 )) “…kJ/kg”

END

“======================================================================”

FUNCTION Exergy_massflow_IdealGas(IdealGas$,T, P, V, Z,T0, P0)

{$Exergy_massflow_IdealGas
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This function returns the specific availability of IdealGas$ in kJ/kg as a function of

T [K], P [kPa], V [m/sec], Z [m], and ‘dead state’ P0 (kPa), T0 (K)

Ideal gases: Air, Ar, CO, CO2, N2, O2, H2, He, H2O, CH4 etc. 

See in EES: Options-Function Info-Fluid Props-Ideal gases.

}

IF ((T = T0) AND (P = P0)) THEN

Exergy_massflow_IdealGas: = 0

ELSE

g: = 9.81 “m/s^2”

 h: = Enthalpy(IdealGas$, T=T) “…kJ/kg”

 s: = Entropy(IdealGas$, T=T, P=P) “…kJ/kg.K”

h0: = Enthalpy(IdealGas$, T=T0) “…kJ/kg”

s0: = Entropy(IdealGas$, T=T0, P=P0) “…kJ/kg.K”

Exergy_massflow_IdealGas: = (h – h0) – T0 * (s – s0) + (V^2 / 2) / 1000 + (g * Z) / 1000 
“…kJ/kg”

ENDIF

END

“======================================================================”
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Example:

IdealGas$ = ‘N2’

T = 400 “K”

P = 20000 “kPa”

T0 = 300 “K”

P0 = 101.3 “kPa”

V = 0 “m/s”

Z = 0 “m”

ef = Exergy_massflow_IdealGas(IdealGas$,T, P, V, Z,T0, P0)
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Result:

i.e. exergy = ef = 484.9 kJ/ kg…Ans. when Nitrogen is treated as an ideal fluid, i.e. cp 
is a function of T only.

=====================================================================

FUNCTION Exergy_massflow_RealFluid(RealFluid$,T, P, V, Z,T0, P0)

{$Exergy_massflow_RealFluid

This function returns the specific availability of RealFluid$ in kJ/kg as a function of

T [K], P [kPa], V [m/sec], Z [m], and ‘dead state’ P0 (kPa), T0 (K)

RealFluids: Air_ha, Acetone, Ammonia, Argon, R12, R12, R124, R125, R134a, R23, R13, 
R22, Steam, Steam_NBS, Steam_IAPWS, Sulphur dioxide, Water, Xenon…etc.

See in EES: Options-Function Info-Fluid Props-Real Fluids.

}

IF ((T = T0) AND (P = P0)) THEN

Exergy_massflow_RealFluid: = 0

ELSE

g: = 9.81 “m/s^2”

 h: = Enthalpy(RealFluid$, T=T, P=P) “…kJ/kg”

 s: = Entropy(RealFluid$, T=T, P=P) “…kJ/kg.K”

 h0: = Enthalpy(RealFluid$, T=T0, P=P0) “…kJ/kg”
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 s0: = Entropy(RealFluid$, T=T0, P=P0) “…kJ/kg.K”

Exergy_massflow_RealFluid: = (h – h0) – T0 * (s – s0) +( V^2 / 2) / 1000 + (g * Z) / 
1000 “…kJ/kg”

ENDIF

END

Example:

RealFluid$ = ‘Nitrogen’

T = 450 “K”

P = 20000 “kPa”

T0 = 300 “K”

P0 = 101.3 “kPa”

V = 0 “m/s”

Z = 0 “m”

ef = Exergy_massflow_RealFluid(RealFluid$,T, P, V, Z,T0, P0)

Result:

i.e. exergy = ef = 505.1 kJ/ kg…. Ans. when Nitrogen is treated as a real fluid, i.e. cp 
is a function of both P and T.

“Prob.3.2.44. Make an exergy analysis for a simple Linde-Hampson system using Nitrogen 
as the working fluid. The system operates between 101.3 kPa and 300 K at point 1 and 
20 MPa at point 2. The system may be assumed reversible, except for the expansion through 
the expansion valve.”
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Solution:

To determine the liquid yield, the work per unit mass compressed, the work per unit mass 
liquefied, and the figure of merit for a simple Linde-Hampson system. Then, determine the 
exergetic effcy of the cycle. Also, determine the exergy losses in the compressor (assuming 
the isothermal effcy of compressor as 70%), expansion valve and the heat exchanger.

“Data:”

Fluid$ = ‘Nitrogen’

T_1=300 “[K]”

T_2 = T_1 “K”

T0 = 300 “K…dead state”

P_1=101.3 “[kPa]”

P0 =101.3 “kPa…dead state”

V = 0 “m/s”

Z = 0 “m”

P_2= 20000 “[kPa]”

P_3 = P_2 “kPa”

P_4 = P_1 “kPa”

P_5 = P_1 “kPa”

P_6 = P_1 “kPa”

“Calculations:”

s_1= Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”

s_2= Entropy(Fluid$,P=P_2,T=T_2) “[kJ/kg-K]”
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h_1= Enthalpy(Fluid$,P=P_1,T=T_1) “[kJ/kg]”

h_2= Enthalpy(Fluid$,P=P_2,T=T_2) “[kJ/kg]”

h_f = Enthalpy(Fluid$,x=0,P=P_1) “[kJ/kg]”

h_6 = h_f “…sat. liquid enthalpy”

y = (h_1 – h_2) / (h_1 – h_f ) “…fraction liquefied”

(h_2 – h_3) = (1 – y) * (h_1 – h_5) “…finds h_3”

h_5 = Enthalpy(Fluid$, x=1,P=P_5) “[kJ/kg]”

h_4 = h_3 “…since process 3–4 in the J-T valve is isenthalpic”

s_3 = Entropy(Fluid$,P=P_3,h=h_3) “[kJ/kg-K]”

s_4 = Entropy(Fluid$,P=P_4,h=h_4) “[kJ/kg-K]”

s_5= Entropy(Fluid$,P=P_5,h=h_5) “[kJ/kg-K]”

s_6 = Entropy(Fluid$,P=P_6,h=h_6) “[kJ/kg-K]”

T_3=Temperature(Fluid$,P=P_3,s=s_3) “K…temp at point 3”

T_6=Temperature(Fluid$,P=P_6,x = 0) “K…temp at point 6”

T_4=T_6 “K…temp at point 4”

T_5=T_6 “K…temp at point 5”

Wperkggas =T_1 * (s_1 – s_2) – (h_1 – h_2) “[kJ/kg]”

Wperkgliq = (T_1 * (s_1 – s_2 )- (h_1 – h_2)) / y “[kJ/kg]” 

W_ideal = Ideal_Work(FLUID$, P_1,T_1) “kJ/kg…ideal work of liquefaction”

FOM = W_ideal / Wperkgliq “…Figure of Merit”

COP = (h_1 – h_2) / Wperkggas “…Coeff of Performance”
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“Exergies:”

h0 = Enthalpy(Fluid$, T=T0, P=P0) “…kJ/kg”

 s0 = Entropy(Fluid$, T=T0, P=P0) “…kJ/kg.K”

ef_1 = (h_1 – h0) – T0 * (s_1 – s0) “kJ/kg…exergy of flow at point 1”

ef_2 = (h_2 – h0) – T0 * (s_2 – s0) “kJ/kg…exergy of flow at point 2”

ef_3 = (h_3 – h0) – T0 * (s_3 – s0) “kJ/kg…exergy of flow at point 3”

ef_4 = (h_4 – h0) – T0 * (s_4 – s0) “kJ/kg…exergy of flow at point 4”

ef_5 = (h_5 – h0) – T0 * (s_5 – s0) “kJ/kg…exergy of flow at point 5”

ef_6 = (h_6 – h0) – T0 * (s_6 – s0) “kJ/kg…exergy of flow at point 6”
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“Exergetic effcy.:”

W_rev = ef_6 – ef_1 “…reversible work, kJ/kg”

W_actual = Wperkgliq “…kJ/kg liq…actual work input”

W_actual = W_rev + exergy_destroyed “…finds exergy destroyed, kJ/kg of liq.”

eta_II_cycle = W_rev / W_actual “…Second Law effcy of cycle = exergetic effcy.”

“Writing exergy balance to determine exergy losses in each component:”

“Exergy loss in Isothermal compressor:”

“Note that in an isothermal compressor, heat is rejected; however, in this case its exergy is 
zero since heat is rejected at ambient conditions.”

“Writing an exergy balance for a compressor of isothermal effcy = 70%:”

ef_1 + Wperkggas/0.7 = ef_2 + DELTAe_comp “…finds exergy loss in compressor, 
DELTAe_comp”

“Exergy loss in Heat exchanger:”

“Writing an exergy balance:”

ef_2 +(1 – y) * ef_5 = ef_3 + (1 – y) * ef_1 + DELTAe_HX “…finds exergy loss in HX, 
DELTAe_HX”

“Exergy loss in Expansion valve:”

“Writing an exergy balance:”

ef_3 = ef_4 + DELTAe_EV “…finds exergy loss in Expn valve, DELTAe_EV”
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Results:

Thus:

Liquid yield, y = 0.0746 kg liq. / kg gas compressed…Ans.

Work per kg gas compressed = Wperkggas = 471.6 kJ/kg…Ans.

Work per kg liquid = Wperkgliq = 6367 kJ/kg…Ans.

Figure of Merit = FOM = 0.1208…Ans.

Exergetic effcy (or, second law effcy) of cycle = ηII = 0.1208 ( = FOM)…Ans. 

Exergy losses in compressor (assuming its isoth. effcy is 70%) = Δecomp = 202.1 kJ/
kg…Ans.

Exergy losses in Heat Exchanger = ΔeHX = 102.8 kJ/kg…Ans.

Exergy losses in Expansion Valve = ΔeEV = 311.8 kJ/kg…Ans.
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B. Tabulate the salient results for Nitrogen, Air, Fluorine, Argon, Oxygen and Methane:

Run the above EES program for the different fluids.

Following Table summarizes the results:

C. Plot y, Wperkgas, COP and ηII against P2, other parameters remaining constant:

First, compute the Parametric Tables.
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One example of the Table for Nitrogen is shown below:

Similar Tables for Air, Fluorine, Argon, Oxygen and Methane are also computed.
Then, results are drawn in plots as shown below:
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D. Plot y, COP and ηII against P1, other parameters remaining constant:

P1 is the inlet pressure. As P1 varies, the liquefaction temp (i.e. the boiling point) of the 
fluid also varies. This variation for various fluids is shown first:

Now, compute the Parametric Tables of variables as P1 varies from 1 to 10 bar. An example 
Table for Nitrogen is shown below:

Similar Tables for Air, Fluorine, Argon, Oxygen and Methane are also computed.
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Then, results are drawn in plots as shown below:
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Prob. 3.2.45. Data for an ideal Kapitza system is given below:
Nitrogen is the working fluid, the system operates from 101.3 kPa (1 atm) and 300 K to 
5.07 MPa (i.e. 50 atm.). At 5.07 MPa and 255 K, 40% of the main flow is diverted to 
the reversible adiabatic expander. Remainder flows through the heat exchanger and expands 
through the expansion valve to 101.3 kPa. Determine the liquid yield and the work per 
unit mass liquefied, assuming that the expander work is utilized in the compression process. 
Make a second law analysis of the system.

Solution:

“Note that Kapitza system is similar to Claude system except that the last heat exchanger (i.e. 
low temp heat exchanger) is eliminated and the first heat exchanger consists of regenerators.
For calculation purposes, the formulas are the same as for Claude system.”
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“Data:”

Fluid$ = ‘Nitrogen’

P[1] = 101.3 “kPa”

P[2] = 5070 “kPa”

P[3] = P[2]; P[4] = P[2] “kPa”

P[5] = P[1]; P[6] = P[1];P[7] = P[1]; P[8] = P[1]; P[9] = P[1]; P[10] = P[1]; P[11] = P[1] 
“kPa”

T[1] = 300 “K”

T[2] = 300 “K”

T[3] = 255 “K”
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P0 = 101.3 “kPa…Ambient or dead state”
T0 = 300 “K…Ambient or dead state”
V = 0 “m/s”
Z = 0 “m”

x = 0.4 “…expander flow rate ratio”

s[1]=Entropy(Fluid$,T=T[1],P=P[1]) “[kJ/kg-K]”

s[2]=Entropy(Fluid$,P=P[2],T=T[2]) “[kJ/kg-K]”

s[3]=Entropy(Fluid$,P=P[3],T=T[3]) “[kJ/kg-K]”

s[8] = s[3] “…entropy after isentropic expansion in expander”

h[1]=Enthalpy(Fluid$,T=T[1],P=P[1]) “[kJ/kg]”

h[2]=Enthalpy(Fluid$,P=P[2],T=T[2]) “[kJ/kg]”

h[3]=Enthalpy(Fluid$,P=P[3],T=T[3]) “[kJ/kg]”

h[8] = Enthalpy(Fluid$,P=P[8],s= s[8]) “[kJ/kg]”

h[9]=Enthalpy(Fluid$,x=1,P=P[9]) “[kJ/kg]”

h[10] = Enthalpy(Fluid$,x=0,P=P[10]) “[kJ/kg]”

“Calculations:”

y = (h[1] – h[2]) / (h[1] – h[10]) + x * ((h[3] – h[8]) / (h[1] – h[10])) “…fraction liquefied”

W_exp_perkggas = x * (h[3] – h[8]) “kJ/kg of gas compressed”

W_net_perkggas =T[1] * (s[1] – s[2]) – (h[1] – h[2]) – x * (h[3] – h[8]) “[kJ/kg]…net 
work per kg gas compressed..when the expander work is utilised in compression”

W_net_perkgliq = W_net_perkggas / y “[kJ/kg]…net work reqd per kg liq.” 

W_ideal = Ideal_Work(FLUID$, P[1],T[1]) “kJ/kg…ideal work of liquefaction”
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FOM = W_ideal / W_net_perkgliq “…Figure of Merit”

COP = (h[1] – h[2]) / W_net_perkggas “…Coeff of Performance”

“� ”

T[9]=Temperature(Fluid$,P=P[9],x = 1) “K…temp at point 9…sat. liq.”
T[5] = T[10]
T[9] = T[10]

(1 – x) * h[5] = y * h[10] + (1 – y) * h[9] “…finds h[5]… kJ/kg”

h[4] = h[5] “…for expansion in the Expansion Valve”

T[4] = Temperature(Fluid$,P=P[4],h = h[4]) “K…temp at point 4”

T[8] = Temperature(Fluid$,P=P[8],h = h[8]) “K…temp at point 8”

T[6] = Temperature(Fluid$,P=P[6],h = h[6]) “K…temp at point 6”

x * h[8] + (1 – x – y) * h[9] = (1 – y) * h[6] “…finds h[6]…by energy balance for mixing”

(1 – x) * (h[3] – h[4]) = (1 – y) * (h[7] – h[6]) “…finds h[7]… by energy balance on HX2”

T[7] = Temperature(Fluid$,P=P[7],h = h[7]) “K…temp at point 7”

h[2] – h[3] = (1 – y) * (h[11] – h[7]) “…finds h[11]…by energy balance on HX1”

T[11] = Temperature(Fluid$,P=P[11],h = h[11]) “K…temp at point 11”

s[4]=Entropy(Fluid$,T=T[4],P=P[4]) “[kJ/kg-K]”

s[5]=Entropy(Fluid$,P=P[5],x= (1 – y)) “[kJ/kg-K]”

s[6]=Entropy(Fluid$,P=P[6],T=T[6]) “[kJ/kg-K]”

s[7]=Entropy(Fluid$,T=T[7],P=P[7]) “[kJ/kg-K]”

s[9]=Entropy(Fluid$,P=P[9], x = 1) “[kJ/kg-K]”
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s[10]=Entropy(Fluid$,P=P[10], x = 0) “[kJ/kg-K]”

s[11]=Entropy(Fluid$,T=T[11],P=P[11]) “[kJ/kg-K]”

“To find exergies:”

h0 = Enthalpy(Fluid$, T=T0, P=P0) “…kJ/kg”

s0 = Entropy(Fluid$, T=T0, P=P0) “…kJ/kg.K”

duplicate k = 1,11

ex[k] = (h[k] – h0) – T0 * (s[k] – s0) +( V^2 / 2) / 1000 + (9.81 * Z) / 1000 “….kJ/kg”

End

“Exergetic or Second Law effcy.:”

W_rev = ex[10] – ex[1] “…reversible work, kJ/kg”
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W_actual =W_net_perkgliq “…kJ/kg liq…actual work input”

W_actual = W_rev + exergy_destroyed “…finds exergy destroyed, kJ/kg of liq”

eta_II_cycle = W_rev / W_actual “…Second Law effcy of cycle = exergetic effcy.”

“Writing exergy balance to determine exergy losses in each component:”

“Exergy loss in Isothermal compressor:”

“Note that in an isothermal compressor, heat is rejected; however, in this case its exergy is 
zero since heat is rejected at ambient conditions.”

“Writing an exergy balance for a compressor of isothermal effcy = 70%:”

ex[1] + (T[1] * (s[1] – s[2]) – (h[1] – h[2]))/0.7 = ex[2] + DELTAe_comp “…finds exergy 
loss in compressor, DELTAe_comp”

“Exergy loss in Heat exchanger – 1:”

“Writing an exergy balance:”

ex[2] +(1 – y) * ex[7] = ex[3] + (1 – y) * ex[11] + DELTAe_HX1 “…finds exergy loss in 
HX-1…DELTAe_HX1”

“Exergy loss in Heat exchanger – 2:”

“Writing an exergy balance:”

(1 – x) * ex[3] + (1 – y) * ex[6]= (1 – x) * ex[4] + (1 – y) * ex[7] + DELTAe_HX2  
“…finds exergy loss in HX-2…DELTAe_HX2”

“Exergy loss in Expansion valve:”

“Writing an exergy balance:”

(1 – x) * ex[4] = (1 – x) * ex[5]+ DELTAe_EV “…finds exergy loss in Expn valve, 
DELTAe_EV”
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Results:

And, parameters at various state points are:

Thus:

Liquid yield, y = 0.1792 kg liq. / kg gas compressed…Ans.

Net Work per kg gas compressed = Wnetperkggas = 280.6 kJ/kg…Ans.

Net Work per kg liquid = Wnetperkgliq = 1566 kJ/kg…Ans.

Figure of Merit = FOM = 0.491…Ans.

Coeff of performance = COP = 0.03698…Ans.
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Exergetic effcy (or, second law effcy) of cycle = ηII = 0.491 ( = FOM)…Ans. 

Exergy losses in compressor (assuming its isoth. effcy is 70%) = Δecomp = 149.1 kW…
Ans.

Exergy losses in Heat Exchanger-1 = ΔeHX-1 = 10.57 kW…Ans.

Exergy losses in Heat Exchanger-2 = ΔeHX-2 = 68.71 kW…Ans.

Exergy losses in Expansion Valve = ΔeEV = 85.96 kW…Ans.

B. Plot y, Wnetperkgas, COP and ηII against P2, other parameters remaining constant:
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First, compute the Parametric Table:

Now, plot the results:
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