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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-1I B
contains problems solved with Mathcad. So, it is advisable that one refers to both the parts.

As with the Part-1 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:
R ar
HiT = apr ),
Obviously,
wJT > 0 to produce a temp drop as the pressure drops,
T < 0 for a temp increase as the pressure drops, and

it uJT = 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 coefhicients 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]

Joule-THomson Inversion curves for some common gases

600 |

TEMPERATURE K

400 600 BOD 1000
PRESSURE ATMOSPHERES
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We have, for J-T coeff. by definition [1]:

_{or
Hyr = ),
From Thermodynamics, we can show that:
1 v
=—|r{==) —v |
Hyr ‘-'n[ (BT)p :I
where v is the sp. volume.
Now, for a ‘perfect gas’, we have:
p-v=RT,

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

RO

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:

(p+;)(vf—b)=RT.

where @’ 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:

L, RIT
a=—

64 P

C

RT

C

- R =

P

L]
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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 Van der Waals Constants:

Substance a b Pc Tc
(). m"3/kg.moler2) (m~3/kg.mole) (MPa) (K)
Air 135800 0.0364 3.77 133
Carbon Dioxide 364300 0.0427 7.39 304.2 K
Mitrogen (M2) 136100 0.0385 3.39 126.2
Hydrogen (H2} 24700 0.0265 1.3 33.2
Water (H20) 250700 0.0204 22.09 od7.3
Ammonia (NH3) 423300 0.0373 11.28 406
Helium (He) 3410 0.0234 0.23 3.2
Freon (CCI2F2) 1078000 0.0998 4.12 385

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

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

_ (2a/RT)(1—bjop—b
M= T a0 RT) (1= b0 )]

For large values of sp. volume, above eqn can be approximated to:

1/ 2a
=—{——b |,
Kyt - \RT

P
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Inversion temp for a Van der Waal’s gas is given by:

2a 2

b
L=\ 75

And, the max. inversion temp is the temp on the inversion curve at p = 0, and is given by:
imax=2a/(bR)
Emﬂx — 2&;’ bR .

3.1.2 THERMODYNAMIC BACKGROUND: ISENTROPIC EXPANSION [1]:

Isentropic expansion coeff is defined as:

oT

f-ls""" ﬂp S'

From Thermodynamics, and using Maxwell’s equations:

. aT af S T{ v
p={= )= ) (5] =+

q_ = -n! ) T_' .
op /. 0s J o \P/) 1 c,\ 6T »

The term (dv/dT)p in the above eqn is equal to B.v where B 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:

— 'll ¥
].LS—L‘;(.p.
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For a Van der Waal’s gas, one can show that:

\ = v(1—b/v) o
"o [1=Qa/eRT)(1 =/}

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 #z 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, a// 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 PE. and K.E., we get [1]:

W, W,
——==T(s;—s;)—(hy—hy)=——".

m m
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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):

O=(m—m ;) hy+m h —mh,

Or, the liquid yield is given by:

Note that h; and h, are determined by the ambient conditions; and the variable in our

control is hz.
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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:
Q.— =mI(s-5,)

And, the work required:
T.:Zrﬂsl =5 )=(h—hy)

Then,
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Performance of Linde-Hampson system using different fluids, (with p1 = 101.3 kPa (1 atm),
T1=T2=300K (80 F), p2 = 20.265 MPa (200 atm), heat exchanger effectiveness = 100%,

compressor overall efficiency = 100%), is given in the following Table [1]:

E B Work per Unit :
Normal Boiling gy Mass Work per Uni  Fiure of

Point y = Compressed Mass Liquefied FOM =
Fluid K ‘R mgm  kijkg Btuib, kljkg Buyb,  WJ/W
N, 77.36 1393 00708 4715 2032 6673 2860 0.1151
Air 788 142 00808 4541 1952 5621 2416 0.1313
co 81.6 1469 00871 4689 2016 5381 2313 0.1428
A 87.28 1571 0.1183 3253 1398 2750 1182 0.1741
0, 90.18 1623  0.1065 4050 1741 3304 1636 0.1671
CH, 1117 20011 01977 7824 3364 3957 1701 02758
CHs 1845 3321 0.5257 3209 1380 611 262 0.5882

CHy 2310 4160 06769 1590 68.4 2350 101.0 0.597%
MH, 2398 4316 08079 3631 156.1 440.4 193.2 0.7991
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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 h , h, are fixed by ambient conditions, we can increase the liquid yield by decreasing
h

cooled system and its T-s diagram are shown below:

,» i.e. by reducing the temp at point 2, i.e at the inlet to the heat exchanger. Such a pre-
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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:

m,
F=—
H
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where mr is the mass flow rate of auxiliary refrigerant, solving for liquid yield y, we get:

=h| -hz_i_r ﬁn_hc

y

The second term in the above eqn represents the improvement in the liquid yield because

of pre-cooling.
And, the max. liquid yield is:

 hg—hy
}’max _hh_hf-.

where h, and h, 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 p , for Nitrogen with p = 0.1 MPa
and T, = 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:
— W m=T,(s,—s,)—(hy—hy)+rlh,—h,).

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,
Y q y &

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.
W_=RT, In(p,/p,)

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:

_}!‘:hl _hﬂ_fhl_hzj
hy—h,  h,—h,

where, i is the intermediate flow rate ratio, viz.
i=m,/m

where m_ 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:
— W m=[T (s, —s3)—(hy—h3)]=i[ T, (s, —5,)—(h,—h,)]

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 p =
0.1 MPa, T, = 300 K, p, = 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.

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

Applying the I Law to system consisting of all the components except the compressor, we get:
0=(ri—m ,)hy+rt chp+ri1 h,—nh,—n hs.

Now, define the expander flow rate ratio, x:
X=m,/m,

Then, we get the liquefaction fraction, y as:

m‘r hq"’hl hl_he
= .t = +x— .
Y=o Th <k, h—h,

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.

w,

Ml

=T1[Sl—.s'3}—|[hl—h:}

However, if the expander work is used in compressing the gas, then:
L . ) .
—W/m=—-W _ |m—W,[m.

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

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

WE‘ =f.ﬁ'£, (h3 _"h-l, ).

Then, the net compressor work required is:

— W m=[T (s, —s;)—(hy —hy)]—x(hs—h,).
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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 p, and expander flow rate ratio x, there is an optimum T% which

will make the work requirement a minimum.
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For such a case, work requirement per unit mass liquefied (W/m,) vs expander flow

rate ratio for different p , for Air are shown below [1]:

3.1.9 KAPITZA SYSTEM [1, 9I:

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, 9I:

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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Volume Measures - ALL GASES | |Volume Measures - ALL GASES |

SCH meonth  (millions) Nm3/ month (millions)

SCF/year  (millions) . |Nm3iyear (millions)

SCH day (thousands) Nm3/ day {hundreds)

SCF/ hour

I:I Nm3/ hour

| jorvgenersicay
N2-NITROGEN ONLY |

Nitrogen (short) tons/ day (TPD)

Nitrogen gallons/ day
Ar - ARGON ONLY |

N2 - NITROGEN ONLY

Nitrogen Metric tons/ day (t'd)

Nitrogen liters/ day
Ar - ARGON ONLY

Argon Metric tons/ day (t/d)

Argon (short) tons/ day (TPD)

Argon gallons/ day Argon liters/ day

CO2 ONLY

CO2 (short) tons! day (TPD)

CO2 ONLY

CO2 Metric tons/ day (t/d)

I QIEHE T HD

11 Q1IN

CO2 gallons/ day CO2 liters/ day

|Based an: 1 year = 365.25 days 1 year = 12 months (1 average month = 30.44 days = 730.5 hours)

Scf (standard cubic foot) gas measured at 1 atmosphere and 70°F.
MNm3 {normal cubic meter) gas measured at 1 atmosphere and 0°C.
Liquid measured at 1 atmosphere and boiling temperature.

|Resu|ts may need to be adjusted if usage is not continuous throughout the month. Call UIG for help if needed.

For example, 1000 NmA3/h is equivalent to:

Volume Measures - ALL GASES | |Volume Measures - ALL GASES |

SCF/ month  (millions) Nm3/ month (millions)
SCF/year  (millions) 3334585 Nm3/year (millions) 8.766
SCF/day (thousands) Nm3/day  (hundreds)

SCF hour 38039.9836 Nm3/ hour

ﬁi
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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:

-
[
|

|  N2-NITROGEN ONLY | |  N2-NITROGEN ONLY

|Nitrogen (short) tons/day (TPD) [ 1102  [Nitrogen Metric tons/ day (t/d) -
| Nitrogen gallons/ day | | Nitrogen liters/ day |
| Ar - ARGON ONLY | | Ar - ARGON ONLY |

Argon (short) tons/ day (TPD) 1.1023 Argon Metric tons/ day (t'd) 1
Argon gallons/ day 1895111 Argon liters/ day 7176099

Finally, for CO2:

CO2 ONLY L CO2 ONLY L

Based on: 1 year = 365.25 days 1 year = 12 months (1 average month = 30.44 days = 730.5 hours}

Scf (standard cubic foot) gas measured at 1 atmosphere and 70°F.
Mm3 (normal cubic meter} gas measured at 1 atmosphere and 0°C.
Liquid measured at 1 atmosphere and boiling temperature.

Fesults may need to be adjusted if usage is not continuous throughout the month. Call UIG for help if needed.
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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]:

Typical Production Capacity Ranges - UIG Cryo Plants

~ Product/  Capacity Capacity =~ Capacity ~  Capacity  Capacity Capacity
‘PlantType | STPD = MTPD | SCFH | MMSCF/Mo  Nm3hr Nm?/ Month

[Oxygen = 100-900  %0-820 100.000—2900,000 75 - 660 2630—24.000 2,000,000 - 17,500,000
from ASU

[“Hitrogen ~ 100 - 2400  90-2200 1150002, 800,000 84-2020  3000—72.600 2200000 - 53,000,000
from ASU

[Argon | 3-45 3-41 2400 - 36,300 18-263 63-930 46.000 - 700,000
from ASU

- 100 -950  20-8%0 110,000 - 1,100,000 83 - 800 3000-28.500 2,200,000 - 20,500,000

- 33-170  30-160 38,000 — 200,000 28-150 1000- 1,000 730,000 - 3,800,000

45-123 50,000 — 140,000 38-770 1300 —353700 1.000.000 - 2.800,000

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 Nm?3/h) and 7,000 tons
(200,000 Nm?3/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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Large and medium sized Air separation plants by Peiyang Chemical Eng. Co. (PCC),

China [13]:

Capacity
Model Oxygen Nitrogen Argon roY )
(ﬁ‘;ﬁ%‘#) Purity % &‘;;F}:E Purity % {?":“t',"}'i:g Purity %

KDOMN-3000/3000/90 3000 99.6 3000 99.999 a0 99.999 60X 80
KDOMN-4500/4500/135 4500 99.6 4500 99.999 135 99.999 60< 80
KDON-6000/6000/180 6000 99.6 6000 99.999 180 99.999 60120
KDON-10000/10000/320 10000 99.6 10000 99,999 320 99.999 60120
KDON-15000/15000/540 15000 99.6 15000 99.999 540 99.999 60x120
KDON-16000/16000/550 16000 996 16000 99.999 550 99.999 60120
KDON-20000/20000/720 20000 98.6 20000 99.999 720 99.999 B0x120

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:

h,—h,
hy—h,

y=
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To find the LN2 requirements, apply the I Law to the whole system excepting the two

compressors, and we get:

O0=ryh A(m—m ) hy+m ch—my h,—mih,,

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

Z=my,/m,

2

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

. Hia Iz
N Nad

m, me/m

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 0-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 0-H2 and p-H2 is called equilibrium hydrogen (e-H2). Concentration
of 0-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 0-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 1/h more than 20,000 I/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:

. 'l-,l "h: \: ﬂ-h‘," +- 1 hhr‘!_
¥ Chy—hy Yhy<hy " Eh—h,
where,
y="z/m

Xy =M /M X, =N 5| M.
Ahel, Ah 2, are the enthalpy drops in expanders 1 and 2 respectively.
m els m ¢2 2re the mass flow rates of fluid through 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 I/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 1.280)

Options:

* Pure helium gas buffer

* Line drier

* LHe storage dewar and decant line
* Standard installation kit

* Recovery system

* Spare parts

e 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.

Fig. Collins heat exchanger. (Joy Manufacturing Compony.)
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Important dimensionless numbers:

Prandtl Number:
N Pr }.I.C p)'r kl

where p is fluid viscosity, cp is fluid sp. heat, and k_is the fluid thermal conductivity.

Colburn J factor:

ju=(h./Ge,) N3

where h_is the film heat transfer coeff, G is the mass velocity, given by mass flow rate per

unit cross-sectional flow area, i.e.
G=m[A,

where Ay =mn*D?/ 4 for flow in a circular tube.
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Nusselt Number:

Nau= hcﬂr.'rfki"
where D _is the equivalent diameter of flow passage = inside diameter D for a circular tube.
Reynolds Number:

Np.=D,G/p

Friction factor:
f=(Ap/LYG?/(28.pD.))

where p is fluid density, g_ conversion factor in Newton’s second law of motion.
Correlations for flow inside circular tubes:

For Laminar flow, NRe < 2300:

0,0668 (D,/ L) Ng Ny,
+0,04[(D, /L) NgeNp ]

Nyo=3,658+

where D_ = D, and fluid properties evaluated at bulk or mixed-mean temp.
For Turbulent flow, NRe > 3000:
ju=0,023N2[1+3,5D,/D,]
where D, is the diameter of the helix for tubes wound as in Giauque-Hampson exchanger

(for straight tubes, D, = oo), and fluid properties evaluated at mean film temp T = (T, +

T ) / 2 where T is the bulk fluid temp and T is the wall temp.
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Friction factor correlations:
For flow inside smooth tubes:
For Laminar flow, NRe < 2300:
f= 64 ."'I IVR.;
For Turbulent flow, 2300 < NRe < 5000:

£=0316N 3.0

For Turbulent flow, N_. > 5000:

Re
£=0,184N 020,
For flow inside tubes of non-circular sections:
Above equations of circular sections can be used, but with D = D, the equivalent dia.
For heat transfer, D_is given by:
D,=4A4,,L/A.
where A 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:
D,=4a’L/(4al)=a
where a is the length of one side.
For friction factor correlations:

Dpz 4AIILIIA“"

where Aw is the wall area wetted by the fluid.
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Ex. for an annulus:
2 2
D,=4(1/(4n))(D3-D3)L/n(D,+D,)L=D,~D,
where D, and D, 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 < N, < 3.2 * 10
Ju=033Ng’*

with the Reynolds No. defined as:

NRE = DﬂGmax.‘Jp
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Where D, is the outside diameter of the tubes, G, . = mdot / A_ ; A is the minimum
flow area between the tubes. Fluid properties are evaluated at the mean film temp, T =
(T, +T) /2.

For banks of tubes in line (as in the low pressure stream of Giauque-Hampson HX),
2000 < N,_< 3.2 * 10%

Ju=0,26Ng*
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, N, = De. Gmax /u > 1000:
f=[1+0470(X;—1) "] Ng>*®
where X is the transverse pitch/tube outside dia.
For inline tubes, N, = De. G_ /u > 1000:
£ =[0,1764+0,32(X,—1) "] Ng>"'*
where X is the longitudinal pitch/tube outside dia. and,

n=0,43+1,13/X,.
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Definition of longitudinal and transverse pitch is illustrated in the following figure:

Longitudinal
pitch
Flow direction

- —

Transverse

pitch H I!
Longitudinal .
pitch Min. flow
area
T_ransverse % $ =
pitch
+ +—+)3—+
Flow direction \+/
——in- . —
y |
+

b)

Fig. Definition of longitudinal and transverse piteh {a) for
tubes in line and (b) for staggered-tube arrangement.

For Collins Heat Exchanger surface:
For heat transfer:
For 400 < N < 10%
Ju=0,118N g’
where equivalent dia, D_ = 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 < N, < 104

f=1,904N g °?

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

Plate fin
[a) ]

Corrugations
4 lorfins) ~

ld) (el

Fi;; - Compact heat exchanger cores. (a) Fin—tube (flat tubes, continuous plate fins).
(b) Fin—tube {circular tubes, continuous plate fins). (¢) Fin-tube (circular tubes, circular fins),

() Plate—fin (single pass). () Plate—fin (multipass).

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 < N,. < 104, are given below:

Ju=0,0291N g 224,
S=0,0198+8,16/N g 1?33

j; and f are presented in the form of plots against N .

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

0.060
0.040 -]
f
0.030 |
0.020
Tube outside diameter, 3, = 16.4 mm
0.010 Fin pitch = 275 per meter
Flow passage hydraulic diameter, D, = 6.68 mm
0.008 Fin thickness, 1 = 0.254 mm
Iy L Free-flow areaffrontal area, ¢ = 0.449
0.006 Heat transfer areattotal volume, & = 269 mam?
! Fin areaftotal area, AJA = 0.830
Nore: Minimum free-Tlow area is in spaces transverse 1o fiow.

1 2 3 4 [ 8 1t
Reyrnolds number, Re

Fit;: - Heat transfer and [nction factor for a circular tube=circular fin heat

exchanger, surfoce CF-7.0-5/8) from Kays and London
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0.060

0.040

0.030

0.020

0.010

0.008 |- Tube outside diameter, D, = 10.2 mm
Je - Fin piteh = 315 per meter ) B
0.006 Flow passage hydraufic diameter, D = 3.63 m
’ Fin thickness = 0,330 mm
Free-flow areaffrontal area, o = 0.534
Heat transfer areadtotal volume, & = 587 m%m?
0.004 - Fin arealtotal area = 0.913
Node: Minimum free-flow area is in spaces transverse to fow,
I L | |
4 1 & 10? 2 3 4 = 8 10

Reynolds number, Re
Fit: « Heat transler and friction factor for a cireular tube—continuous fin heat

exchanger, surface 8.0-3/8T from Kays and London
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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 7oz 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:

N tanhl:."rff..f }
I ML,

where

M= (h,/k,5)"2
In the above,
k. = thermal conductivity of the fin material,
8 = V. / A = Volume of fin/Surface area of fin,

L, = 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 A, then:
A=A+ AP, where A = fin surface area, and AP = bare (or prime) surface area.
Prime surface area is 100% effective.

Then, if the surface effectiveness is N, We can write:

Nodo=(1)A,+nA,=A—A,+n A,

Then, surface effectiveness is given by:
No=1—(4,/A4o)(1-ny).

Note that effective heat transfer area is: 1 .A,
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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 A, is given by:

1 1 n‘!ﬂ,h.l':f'!ﬂ.r

Ua. - Mo, h'hc,.'l T]u..—-'h-,;

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:

L5}
E
[+
ék Caold flud
=
.lrga
{a)
—————
@ Th Haot fluid condens
a Hot fluid s T —
E é "II:Z
E— g /
- T C;l:ljf'::d TLE E T, ~Cold fluid
Area |_ Area
(h)
T
o @ Hat fluid
=] 2
g g
& & T,z
= T Cold fluig
Area
(d)

Fig. Temperature variations which ecan oceur in heat exchangers.
(a) Condenser-reboiler; (b) one fluid condensing or boiling; (¢) counterflow;

(d) parallel flow.
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Summary of calculation equations for Effectiveness-NTU method are given below:

By definition,

Effectiveness, € = actual energy transfer / max. possible energy transfer = Q / Q,_, i.e.

0
Qm.l |

£=
And,
anx - min(Th - Tcl )
No. of heat transfer Units, NTU = U. A/ C__
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. ¢ above):

E‘_—--l —exp | - Nu(! ~Cg)]
T 1= Crexp[—Na(1-Cr)]

where C,=C_/C

max

Two special cases of counter-flow exchanger are:

balanced operation (i.e. C = C,.. or Co=1), and

X

phase change on one side (i.e. C =oo,0rC = 0).

For these two cases, we have:

for CR:]'

g=1—exp(—Np) for Cgp=0.

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

_Izexp [-NL (14 Gy

I +Cp

£

For balanced operation, in parallel flow:
. I' I
q‘:.—;—}[ -—exp(—ZN,“]] for (_'R-;

For condensation or boiling on one side:
E= ] -—Exp ['— ﬁ"rm) for C

R=

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 umnmixed’ 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 Il A CRYOGENIC LIQUEFACTION SYSTEMS

“I studied
English for 16 P
years but...
...I finally

learned to

speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download

/U
Download free eBooks at bookboon.com Click on the ad to read more
84



http://s.bookboon.com/EOT

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 AT , where U is the overall heat transfer coeff, A is the area of heat transfer and

ATm is the mean temp difference between the two fluid streams.

AT 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 AT1 and AT2 are the max and min temp differences in the heat exchangers,

as shown below:

Note: When AT1 = AT2 = AT, say, then the LMTD is given as: LMTD = AT

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 W__ obtained is the zvailable
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 T, and the environment

is at T, the exergy or the max. work output is:

W =Q.(1-T/T,)

ie. W = Q—T, As, where As is the change in entropy in the process.
Also, the unavailable energy (or ‘anergy’) = TO .As

For a refrigerator: if heat Q is absorbed at a constant source temp of T and the environment

is at T, the exergy or the min. work required is:
W =Q/[T /(T,-T)]=Q. (T,/T)—1)]
ie. W =T0. As — Q, where As 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 PE. 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:

T (K) A 5
T2 B
/ 4 Available energy =
1 n? Area 1-2-3-4-1
T1 h
4 3
TO
5 6 »
Jkeg K
As s (ke K)

Note that:

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

Unavailable energy = area 4-3-6-5-4 = T0. As = TO. cp .In(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) — TO. cp. In(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:

Download free eBooks at bookboon.com



Available energy for a refrigerator is easily calculated as follows:

T(K) A

TO

|- Wmin = area 1-2-6-5-1

TZ B

T\I
s

5 - Q = area 5.6.3.4.5
TL — f,ﬂ”’

L >

As s (JkgK)

v

A
Y
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COP = Q / Wmin
Exergy of cold produced eq, = Q. (T, —T) / T,...when refrigerator temp is T

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,

| c1° ]
Winas = | By + — + Z19 - hy - Toe{ 51 - 5

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

Wmaz={h; — Tp-s1) — |k
This is also known as exergy of mass flow.
i.e.

ef; ={h;-Tps1)—{hp-Tpso)  Jikg or kikg

Irreversibility:

Irreversibility is defined as:

I= Wypax — W

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:

I= Ty Asgys + J.Ssurr::' = Ty Asgen

Second Law efficiency, 1 [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:
Heat engine Ny / My
Work producing device (ex: Turbine) W /W
Work consuming device (ex: Compressor) W_ /W,
Refrigerators/Heat pumps COP/COP_,
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:

W

u

T

rew

where W is the actual useful work and W 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:

Wy=m(h;- b )

The reversible work for adiabatic turbine, the reversible work equals the difference of the

flow exergies at the inlet and the exit:

W pey=m (E‘fi - Efe)

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

hi_he

'I'I‘;I ]:[=—
Elfi_ Efe

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 efliciency is:

=mmld'(ﬂf4 - ef 3)
mpop(ef | - of )

I

where m_ , and m, _are mass flow rates of cold and hot fluids respectively. And, ef stands

d
for exergy of flow.

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

Here, m, and m, are mass flow rates of hot and cold fluids respectively. And, ef stands for

exergy of flow, as usual. Then, second Law efliciency is:

m - (ef | - ef 3)

7=
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Summarizing:
Device Second Law efficiency, 0,
Adiabatic turbine hi -h .
‘.'l‘;l ]:[=—
ef - ef,
Adiabatic compressor Efi - E*fe
‘.'l‘;l ]:[=—
hi-h,
Heat Exchanger (non-mixing) ,
J J m ol (of 4 - of 3)
T1E
m e (ef 1 - ef )
Adiabatic Mixing chamber m 5 (ef3 _ Efl)
=
m - (ef | - ef 3)
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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]:

Exergy of heat:

Exergy of work:

Exergy of work is that itself since there is no thermodynamic restriction on its
availability.

Exergy of flow of mass flux:

esy=|hy — hy) - Tpelsy — s} kd/kg...per unit mass

Exergy balance is written as:

21 + Eq'_ + Wi = ef + Eq: + w2 + As
where, 1 represents inlets and 2 represents exits, and Ae is the exergy loss.

As an example, for & compressor we can wiife.

gf] + W= e + Ae
If the compression is adiabatic: q =0, and eq =0; and if it is reversible, e = [
Therefare:
If the compression is adiabatic, but irreversible, then:

w=|ep — ef| + Ae
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For an isothermal compression at ambient temp T0, we can write:

Woem B — E_—"_

since though an amount of heat q is evalved during compression, its exergy
eq = 0, compression being at T0.

Similarly:

For an expander, insulated, and with inlet at 3 and exit at 4, we can write:

g1= e84+ W+ J.Eﬂp

- W

e Aegyp = (e3 — ey}

And, if expansion is isentropic:

Aegyp= 0

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 k]

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: FLUIDS$, 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) “[k]J/kg-K]”

s_fi=s_i “[k]/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_fT_{ 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_fT_f O2, DELTAT_0O2)
CALL Tdrop_isentr(‘methane’, P_i,T_i, P_£: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_£:T_f H2, DELTAT_H2)
CALL Tdrop_isentr(‘Neon’, P_i,T_i, P_f:T_f Ne, DELTAT Ne)

CALL Tdrop_isentr(Argor’, 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$, P_i, T i, P_fT_f, DELTAT h)
“Finds Temp drop for isenthalpic expansionfrom Pi, Ti to final pressure Pf.”
“Inputs: FLUIDS$, 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) “[k]/kg]”

h_fi= 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(‘Nitroger’, P_i,T_i, P_£T_f N2, DELTAT_N2)
CALL Tdrop_isenthalpic(‘Oxyger’, P_i,T_i, P_£T_f O2, DELTAT_O2)
CALL Tdrop_isenthalpic(‘Methane’, P_i,T_i, P_£T_f CH4, DELTAT_CH4)
CALL Tdrop_isenthalpic(‘Helium’, P_i,T_i, P_£T_f He, DELTAT_He)
CALL Tdrop_isenthalpic(‘Hydroger’, P_i,T_i, P_fT_f H2, DELTAT_H2)
CALL Tdrop_isenthalpic(‘Neor’, 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:

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_l=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_£T_f N2_h, DELTAT _h)

Results:
] |- ] |- [
1 [i 1 P; Tenzn Tinzs ATy ATg
[kPa] [K] [K] [deg] [deg]
Run 1 500 2992 189.9 08418 1101
Run 2 1,000 2981 1555 1.888 144 5
Run 3 1,500 2971 138.2 2.924 161.8
Run 4 2,000 2961 127 3.848 173
Run & 2,500 295 118.9 4.96 181.1
Run 6 3,000 294 1M2.7 5.961 187 .3
Run 7 3,500 2931 107.6 6.949 182 .4
Run 8 4 000 2921 103.3 7.924 196.7
Run 9 4 500 2911 gg9.72 8.886 2003
Run 10 5,000 2902 96.53 9834 2034
Run 11 5,500 2892 93.8 10.77 206.2
Run 12 6,000 2883 01.32 11.69 208.7
Run 13 6,500 2874 859.09 1259 2109
Run 14 7000 286.5 ar.o0v 13.48 2129
Run 15 7,500 285.6 85.22 14.36 2148
Run 16 £,000 284 8 8352 1522 2165
Run 17 8,500 2839 81.95 16.06 218
Run 18 8,000 2831 805 16.89 2195
Run 19 9,500 2823 7914 17.7 220.9
Run 20 10,000 2815 7788 18.5 2221
Run 21 10,500 2807 ¥7.36 19.27 2226
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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_fT_f N2_h, DELTAT_h)
DELTAP = P_i — P_f “kPa”
mu_JT = DELTAT_h/DELTAP “deg/kPa...J_T coeff.”

Results:

Unit Settings: 51 K kPa kJ mass deg

AP =10,133 [kPa] ATy = 10.67 [deq] w7 = 0.001053 [deg/kPa]
Py =10,133 [kPa] P = 20,265 [kPa] Tinzh =289.3 [K]
T, =300 [K]
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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:

™= sl ™4 [
P> Ps AT, AP T
.20 [kPa] [deq] [kPa] [deg/kPa]
Run 1 500 29.99 19,765 0.001517
Run 2 1,000 28.7 19,265 0.00149
Run 3 1,500 27 45 18,765 0.001463
Run 4 2,000 26.23 18,265 0.001436
Run 5 2,500 25.04 17,765 0.00141
Run 6 3,000 23.89 17 265 0.001383
Run 7 3,500 22.76 16,765 0.001358
Run 8 4,000 2167 16,265 0.001333
Run 9 4,500 20,61 15,765 0.001308
Run 10 5,000 19.59 15 265 0.001283
Run 11 5,500 18.59 14,765 0.001259
Run 12 6,000 17.62 14,265 0.001235
Run 13 6,500 16.68 13765 0.001212
Run 14 7,000 15.77 13,265 0.001189
Run 15 7,500 14.59 12,765 0.001166
Run 16 8,000 14.03 12,265 0.001144
Run 17 8,500 13.2 11,765 0.001122
Run 18 9,000 12.4 11,265 0.0011
Run 19 9,500 11.62 10,765 0.001079
Run 20 10,000 10.86 10,265 0.001058
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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_l=300 “[K] »
P_i= 200 * 101.325 “[kPa]”
P_f=100 * 101.325 “[kPa]”

“Calculations:”

CALL Tdrop_isenthalpic(‘Heliuny’, P_i,T_i, P_f:T_f He_h, DELTAT h)
DEITAP =P i — P _f “kPa”

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

Unit Settings: 51 K kPa kJ mass deg

AP = 10,133 [kPa] ATy =-6.265 [deg]
w7 =-0.0006183 [deg/kPa] Pf = 10,133 [kPs]
P = 20,265 [kPa] TtHep = 306.3 [K]
T, =300 [K]

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:

il ™= ] 4 [
P; AT, AP e
120 [kPal [deg] [kPal [deg/kPa]
Run 1 500 12.24 19.765  -0.0006195
Run 2 1,000 11.93 19265  -0.0006195
Run 3 1,500 11.62 18,765  -0.0006195
Run 4 2,000 1131 18,265  -0.0006194
Run & 2,500 11 17,765 -0.0006194
Run 6 3,000 -10.69 17.265  -0.0006194
Run 7 3,500 -10.38 16,765  -0.0006193
Run 8 4,000 -10.07 16,265  -0.0006193
Run 9 4,500 9.762 15,765 -0.0006192
Run 10 5,000 9.451 15,265  -0.0006192
Run 11 5,500 9141 14,765 -0.0006191
Run 12 6,000 8.83 14,265 -0.000619
Run 13 6,500 8.52 13,765 -0.000619
Run 14 7,000 8.209 13.265  -0.0006189
Run 15 7,500 -7.899 12,765  -0.0006188
Run 16 8,000 7.588 12,265  -0.0006187
Run 17 8,500 7.278 11765  -0.0006186
Run 18 9,000 6.968 11265  -0.0006185
Run 19 9,500 6657 10,765  -0.0006184
Run 20 10,000 5.347 10265  -0.0006183
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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. AT 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_T_f N2_s, DELTAT s)
DELTAP = P i — P _f “kPa”
mu_s = DELTAT s/DELTAP “deg/kPa...isentr. expn. coefl.”

Results:

Unit Settings: 51 K kPa kJ mass deq

AP =10,133 [kPa] AT, =55.05 [deg] us = 0.005433 [deg/kPa]
Pi = 10,133 [kPa] P = 20,265 [kPa] Tinzs =245 [K]
T =300 [K]

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:

- ™ hdf s
P; AT, AP Mg
.20 [kPa] [deg] [kPa] [deg/kPal
Run 1 500 200.5 19,765 0.01014
Run 2 1,000 177.7 19,265 0.009227
Run 3 1,500 162 18,765 0.008632
Run 4 2,000 149.5 18,265 0.008185
Run & 2,500 139 17,765 0.007827
Run 6 3,000 129.9 17,265 0.007526
Run 7 3,500 121.9 16,765 0.007268
Run 8 4,000 114.5 16.265 0.007042
Run 9 4,500 107.8 15,765 0.00684
Run 10 5,000 101.6 15,265 0.006659
Run 11 5,500 9589 14,765 0.006494
Run 12 6,000 90.48 14,265 0.006343
Run 13 6,500 85.4 13,765 0.006204
Run 14 7,000 80.58 13,265 0.006075
Run 15 7,500 76.01 12,765 0.005955
Run 16 8,000 71.66 12,265 0.005843
Run 17 8,500 67.5 11,765 0.005737
Run 18 9,000 63.51 11,265 0.005638
Run 19 9,500 59.68 10.765 0.005544
Run 20 10,000 56 10,265 0.005455
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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 5s)
DELTAP = P i — P _f “kPa”
mu_s = DELTAT s/DELTAP “deg/kPa...isentr. expn. coefl.”

Results:

Unit Settings: 51 K kPa kJ mass deg

AP =10,133 [kPa] AT, =72.18 [deq] us = 0.007124 [deg/kPa]
Pf = 10,133 [kPa] P = 20,265 [kPa] TiHes = 227.8
T, =300 [K]

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:

il ™= ™4 ™
Py AT, AP He
120 [kPa] [deg] [kPa] [deg/kPal]
Run 1 500 2314 19,765 0.01171
Run 2 1,000 209 5 19,265 0.01087
Run 3 1,500 193.6 18.765 0.01032
Run 4 2,000 180.6 18.265 0.00989
Run 5 2,500 169.5 17.765 0.009542
Run 6 3,000 159.7 17 265 0.009249
Run 7 3,500 150.8 16.765 0.008994
Run 8 4,000 142 6 16.265 0.008769
Run 9 4,500 135.1 15.765 0.008568
Run 10 5,000 128 15.265 0.008385
Run 11 5,500 1213 14.765 0.008219
Run 12 6,000 115 14.265 0.008065
Run 13 6,500 109.1 13.765 0.007923
Run 14 7,000 103.3 13.265 0.007791
Run 15 7,500 97 87 12.765 0.007667
Run 16 8,000 92 61 12.265 0.007551
Run 17 8,500 87.55 11.765 0.007442
Run 18 9,000 82 67 11.265 0.007338
Run 19 9,500 77.94 10.765 0.007241
Run 20 10,000 73.37 10.265 0.007147
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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(FLUIDS$, P_1,T_1)

“Inputs: FLUID$, P_1,T_1:...Pressures in kPa, Temp in K”
“Output: W_id (kJ/kg)”

s_l:=Entropy(Fluid$,T=T_1,P=P_1) “[kJ/kg-K]”
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s_f=Entropy(Fluid$,P=P_1,x=0) “[k]/kg-K]”
h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[kJ/kg]”
h_f:=Enthalpy(Fluid$,P=P_1,x=0) “[k]/kg]”
Ideal_Work=T_1*(s_1-s_f)-(h_1-h_f) “[kJ/ke]”
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(‘Heliunr’, P_1,T_1) “kJ/kg”
Wideal_O2 = Ideal_Work(‘Oxygen’, P_1,T_1) “kJ/ke”
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) “k]J/kg”
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Results:

Unit Settings: 51 K kPa kJ mass deqg

P1=101.3 [kP3] T1=300 [K] Widealy, = 739.9 [kdfkg]
Wideal ygon = 497.1 [kJkg] widealrya = 1,082 [klikg] Widealyz= 12,080 [kdfkg]
Widealy, = £.839 [kdkg] Widealys= 7691 [kdfka] Widealyg= 1336 [kdfkg]

Widealgs= 6355 [kdkg]

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_l:=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) “[k]J/kg]”

Weomp_isoth:="T_ 1 * (s_1 —s_2) — (h_1 — h_2) “k]J/kg”

END

$UnitSysystem SI kPa K kg k]

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}

Weomp_act= Wecomp_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:

Unit Settings: 51 K kPa kJ mass deg

Actuahygg jz = 591 [kdfkd] Nizn = 0.6
lsOthigark yz= 4728 [kdfko] F1 =101.3 [kPa]
T1 =300 [K]

Thus:

Fluid$ = 'Nitrogen'
P2 =20.265 [kPa]

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:
Unit Settings: 51 K kPa kJ mass deg
Fluid$ = 'Helium' lzathyiok He= 2013 [klfkg]
F1 =101.3 [kPa] P2 =2533 [kPa]
T1 =300 [K]
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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:

bl [
p2 IauthwUFleE
115 [kPa] [kJikg]

Run 1 200 424
Run 2 400 856.5
Run 3 600 1,110
Run 4 800 1,290
Run 5 1,000 1429
Run 6 1,200 1,543
Run 7 1,400 1,640
Run 8 1,600 1,724
Run 9 1,800 1,798
Run 10 2,000 1,864
Run 11 2,200 1,924
Run 12 2,400 1,979
Run 13 2,600 2.029
Run 14 2,800 2,076
Run 15 3,000 2,120

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) “[k]/kg-K]”
s_f =Entropy(Fluid$,P=P1,x=0) “[k]/kg-K]”
s.2=s_f

Q_rej = T1 * (s_1 —s_2) “kJ/kg”

Results:

Unit Settings: 51 K kPa kJ mass deg

Fluid$ = 'Helium® P1 =101.3 [kPa] Olrei = 278.4 [kJ/kg]
51 =-1406 [kJkgK] 59 =-27.88 [kJ/kgK] s =-27.98 [kJikgK]
T =20 [K] Widealye= 1695 [kdfkg]

“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% efliciency for the components.”

Solution:

$UnitSysystem SI kPa K kg kJ
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PROCEDURE LindeSystem(FLUIDS$,P_1,P_2,T_1:y,Wperkggas, Wperkgliq, W_ideal, FOM)
“Inputs: FLUIDS$, 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$, T=T_1,P=P_1) “[k]/kg-K]”
s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[k]/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:=Enchalpy(Fluid$,x=0,P=P_1) “[kJ/kg]”

yi=(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) “[k]J/kg]”
Wperkgliq:=(T_1 * (s_1 —s_2)- (h_1 — h_2)) / y “[k]/kg]”
W_ideal:= Ideal Work(FLUIDS$, P_1,T_1) “kJ/kg...ideal work of liquefaction”

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

“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 l:y_O2,Wperkggas_O2,Wperkgliq_ 02, W_
ideal O2, FOM_02)
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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:

Unit Settings: 51 K kPa kJ mass deg

Fibdgy = 01247

FOkMpg =0.1349

Fq1=101.3 [kPa]
Wperkgoas g = 4552 [kdfka)
Wiperkgoaspg = 471.3 [kdfka]
Wioerkgliog =5.936 [kdfkg]
Wioerkgligog =5.612 [kdfkg]
Widgal air = 739.9 [kdfkg]
Widealo = 797 [kdikg]

war = 0.0766Y

wiop = 0.08398

FObga, = 01747
FOMpyz=01214

F2= 20,265 [kPa]
Wiperkgoasy, = 3254 [kdika)
Wiperkgoasys= 4728 [kdika)
Wioerkolige, =2.846 [kdfkg]
Wierkgligyz =6.335 [kdfkg]
Widealar = 4971 [kdfka]
WidealNz = 7631 [kdikg]

war = 01143

w2 = 0.07463

FOMEyg= 02754

FOMpz= 01664

Tq=300 [K]
Wiperkggaspya = 7807 [kdfka]
Wiperkggasgoe= 40589 [klfka)
Woerkoligoyg = 3967 [kdfkg]
Woerkaliggz = 3820 [kdfkg]
Wideal CHa = 1.042 [kfki]
WidealD2z = 5355 [kdfkg]
wioH4 = 01968

vz = 01063

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 Work/mass Work/mass Ideal Work FOM =
yield compressed liquefied required Work per mass
y = mf/m (kJ/kg) (kJ/kg) (kJ/kg) lig./Ideal work
Nitrogen 0.07463 472.8 6335 769.1 0.1214
Air 0.07669 455.2 5936 739.9 0.1247
CcO 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:

Unit Settings: 51 K kPa kJ mass deg

FOMpz=01214 Fq1=101.3 [kPa]

Pz= 20,265 [kPa] Tq=300 [K]
Wperkgoasyz= 4728 [kdikg] Wperkgligyz = B335 [kdfkg]
WidealWz = 7531 [kdikg] wpz = 0.07463

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

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

First, compute the Parametric Table:

™ : a2 b

b Py YNz FOM,z

1.1 [kPa]
Run 1 10,000 0.04446 0.08374
Run 2 11,000 0.04816 0.08885
Run 3 12,000 0.0517 0.09362
Run 4 13,000 0.05507 0.09806
Run 5 14,000 0.05827 0.1022
Run 6 15,000 0.06131 0.106
Run 7 16,000 0.06419 0.1095
Run 8 17,000 0.0669 0.1127
Run 9 18,000 0.06944 0.1157
Run 10 18,000 0.07183 0.1184
Run 11 20,000 0.07406 0.1208
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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:
Unit Settings: 51 K kPa kJ mass deg
Fikda, = 01866 FPq=101.3 [kPa]
Pa= 20670 [kPa] T1=293 [K]
Wiperkgoass, = 3182 [kdkg] Wperkglige, = 2567 [kdfkg]
Wideal s = 479 [kd/kg] vy =0.1239
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:

™| hal B2 ™

[> P2 Yar FOM,,

1.11 kPa]
Run 1 10,000 0.06652 0.1153
Fun 2 11,100 0.07331 01243
Fun 3 12200 0.07993 0.133
Fun 4 13,300 0.08636 01413
Run & 14,400 0.09253 0.1491
Fun & 15,500 0.09862 01566
Fun 7 16,600 0.1044 01637
Fun 8 17,700 0.1 01704
Run 9 18,800 0.1154 01767
Fun 10 15,800 01205 01526
Fun 11 21,000 01254 01882
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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:

Unit Settings: 51 K kPa kJ mass deg

FObdApyz=0.09249 P1 =101.3 [kPa]

P2 = 20,260 [kPa) T1 =330 [K]
Wperkgoasyz= 5229 [kdfkg] Wperkgligyz = 5.589 [k/kg]
Wiideal 2 = 8408 [kdfka] w2 = 005453

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:

P2 =350 atm P2 =100 atm
- (Bl e = > - —— 3 [

P> T1 P2 Yoo T1 P2 Yoo

i [K] [kPa] [K] ‘ [kPa] ‘
Run 1 110 5,065 0.6929 110 10,130 0.69
Run 2 130 5,065 0.4887 130 10,130 0.5418
Run 3 150 5,065 0.1938 150 10,130 0.3858
Run 4 170 5,065 0.1229 170 10,130 0.2525
Run 5 190 5,065 0.0878 190 10,130 0.1751
Run 6 210 5,065 0.06612 210 10,130 0.1291
Run 7 230 5,065 0.05134 230 10,130 0.09888
Run 8 250 5,065 0.04067 250 10,130 0.07759
Run 9 270 5,065 0.03267 270 10,130 0.06188
Run 10 290 5,065 0.0265 290 10,130 0.04991
Run 11 310 5,065 0.02164 310 10,130 0.04054
Run 12 330 5,065 0.01775 330 10,130 0.03308
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P2 =150 atm P2 = 200 atm
1 ey il > - =z il ™

3 T1 P2 Yz T P2 Yz

1.12 K] [kPal [] [kPa] ‘
Run 1 110 15,195 0.6815 110 20,260 0.6701
Run 2 130 15,195 0.5492 130 20,260 0 5466
Run 3 150 15,195 04275 150 20,260 0.4385
Run 4 170 15,195 0.3191 170 20.260 0.3443
Run 5 190 15,195 0.2354 150 20,260 02669
Run & 210 15,195 0177 210 20,260 0.207
Run 7 230 15,195 0.1364 230 20,260 0.1622
Run 8 250 15,195 0.1072 250 20,260 0.1285
Run 9 270 15,195 0.08544 270 20,260 0.1029
Run 10 290 15,195 0.06879 260 20,260 0.08294
Run 11 310 15,195 0.05575 310 20,260 0.06718
Run 12 330 15,195 0.04534 330 20,260 0.05453 |

Now, plot the results:
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100 150 200 250 300 350
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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

“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:

CATi—T,) _hi—h

F=——= - B
{-ml'uirx_ry} h;_'&g

Liquid yield:

_.Fr'. _;TJ_

‘}_.H'I ,‘lf-

- “ﬁ:"_:}_[] ~&)(hy —h,)
T bk (1—e)(h,—h)

Additional compressor work required:

AW=n1 (h, —h").
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Or,

AW=m (1—¢g)(h,—h,).

First, write the EES Procedure:

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

“Inputs: FLUIDS$, 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(FLUIDS$, P = P1, x = 0))”sat. temp at P1, (K)”
h_f:=Enthalpy(Fluid$,x=0,P=P1) “[k]/kg]”

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

DELTAT_warmend: = (1 — epsilon_HX) * (T'1 — 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) “[k]J/kg]”

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

h_2: = Enthalpy(Fluid$,T=T1,P=P2) “[k]/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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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

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)
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Results:

Unit Settings: 51 K kPa kJ mass deqg

AT wamend = 22.26 [K] AW oomp = 2319 [kdfkg]
ey =04 FLUID% = 'Mitragen’

F1 =101.3 [kP3a] F2 =20,260 [kPa]

0 =206.2 [kfkg] T1 =300 [K]

T1' =2777 [K] w=0.02229

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 AW_comp against epsilon_HX:

First, compute the Parametric Table:

- - (hd >

P eHx ¥ —"‘Wcump Q

I1g [kJikg] [kJikg]
Run 1 0.85 -0.00616 34.78 200.5
Run 2 0.86  -0.0003379 32 46 2016
Run 3 0.87 0.005417 30.14 202.8
Run 4 0.88 0.01111 2782 203.9
Run 5 0.89 0.01673 255 205
Run 6 0.9 0.02229 23.19 206.2
Run 7 0.91 0.02779 20 87 207 2
Run 8 0.92 0.03322 18.55 2083
Run 9 0.93 0.0386 16.23 2094
Run 10 0.94 0.04391 13.91 210.5
Run 11 0.95 0.04917 11.59 2115
Run 12 0.96 0.05437 9.274 212.5
Run 13 0.97 0.05952 6.956 213.6
Run 14 0.98 0.0646 4637 2146
Run 15 0.99 0.06964 2319 2156
Run 16 1 0.07462 0 216.6
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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:

01 ——
Liguid yield vs HX effectiveness
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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(FLUIDS$, 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:

Unit Settings: 51 K kPa kJ mass deg

AT wamend = 10.83 [K] A o = 11,28 [k.J,-"kg]| eHx = 0.95

FLUID$ = 'Mitrogen' FObq = 0128

F1 =101.3 [kPa] P2 =20.260 [kFa) 0 =2047 [kdfka)

T1 =294 [K] T1' =283.2 [K] YWperkggasy = 462.7 [kJ,-’kg]|
Wioerkggasz = 4739 [kJ/kg] Woerkaligy = 5.820 [kdfg] YWoerkgligz = 8.6594 [kJ,-’kg]|

Wideal1 = 7451 [kdfkio] v = 0.07944 wo = 0.05452

Thus:
For HX effectiveness of 100%:

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

Work/unit mass compressed = Wperkggasl = 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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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

“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: FLUIDS$, 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$,T=T3,P=P3) “[k]/kg]...enthalpy of fluid approaching J-T valve”
hg:=Enthalpy(Fluid$,P=P1,x=1) “[k]/kg]...enthalpy of gas exiting the liquid vessel, sat. vap.”

hf:=Enthalpy(Fluid$,x=0,P=P1) “[k]/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(FLUIDS$, P1,P3,T3)

Results:
Unit Settings: 51 K kPa kJ mass deqg

Fluid$ = 'Mitrogen' F1 =101.3 [kFa] F3 =20.260 [kFa] T3 =120 [K]
v =05152
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Now, to plot the liquid yield, y against P3 for various values of T3:

First, compute the Parametric Tables:

T3=80K
™|z ™
P3 ¥
1..20 [HF'EI]
Run 1 1,000 0.9697
Run 2 2,000 0.9663
Run 3 3,000 0.9629
Run 4 4,000 0.95594
Run & 5,000 0.9558
Run & 8,000 0.9522
Run 7 7,000 0.9486
Run @ 8,000 0.9449
Run 9 8,000 0.9412
Run 10 10,000 0.9375
Run 11 11,000 0.9338
Run 12 12,000 0.93
Run 13 13,000 0.9262
Run 14 14,000 0.9223
Run 15 15,000 0.9185
Run 16 16,000 0.9146
Run 17 17,000 0.9107
Run 18 18,000 0.9068
Run 19 18,000 0.9029
Run 20 20,000 0.58989
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CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL II A CRYOGENIC LIQUEFACTION SYSTEMS
T3I=90K T3=100K
= 1o ™= [
3 P3 ¥ P P3 ¥
1.20 [kF'a] 1.20 [kF'E]
Run 1 1,000 08653  Run 1 1,000 0.7549
Run 2 2,000 0.8628  Run2 2,000 0.754
Run 3 3,000 08601  Run3 3,000 0.7528
Run 4 4,000 08572  Rund 4,000 0.7513
Run 5 5,000 0.8543  Run5 5,000 0.7496
Run 6 6,000 08513  Run6 6,000 0.7476
Run 7 7,000 08483 | Run7 7,000 0.7455
Run 8 8,000 08451  Run8 8000 0.7432
Run 9 9,000 08419 Run9 9,000 0.7408
Run 10 10,000 08386  Run 10 10,000 0.7383
Run 11 11,000 08353 Run 11 11,000 0.7356
Run 12 12,000 08319 Run 12 12,000 0.7329
Run 13 13,000 08285  Run13 13,000 073
Run 14 14,000 0.825  Run 14 14,000 0.7271
Run 15 15,000 08215 Run 15 15,000 0.724
Run 16 16,000 0.818  Run 16 16,000 0.721
Run 17 17,000 08144 = Run 17 17,000 0.7178
Run 18 18,000 08108  Run 18 18,000 0.7146
Run 19 19,000 0.8071  Run 19 19,000 0.7113
Run 20 20,000 08034  Run20 20,000 0.708
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T3I=110K T3=120K
|- [l |- >
13 P3 y b P3 y
1..20 [HF'EI] 1..20 [HF'EI]
Run 1 1,000 01016 Run1 1,000 -0.1696
Run 2 2,000 06335 Run2 2,000 -0.07358
Run 3 3,000 06359  Run3 3,000 0.4892
Run 4 4,000 0.6375  Run4 4,000 0.5038
Run 5 5,000 06332 Runs 5,000 0.5124
Run 6 6,000 06384 Run6 6,000 0.5181
Run 7 7,000 06381 RunT 7,000 0.522
Run 8 8,000 06374 Run§ 8,000 0.5245
Run 9 9,000 06364 Run9 9,000 0.5261
Run 10 10,000 0.6351  Run 10 10,000 0.527
Run 11 11,000 0.6335  Run 11 11,000 0.5274
Run 12 12,000 0.6317  Run 12 12,000 0.5272
Run 13 13,000 0.6298  Run 13 13,000 0.5267
Run 14 14,000 0.6276  Run 14 14,000 0.5258
Run 15 15,000 0.6254  Run 15 15,000 0.5247
Run 16 16,000 0623 Run 16 16,000 0.5233
Run 17 17,000 0.6204 = Run 17 17,000 0.5217
Run 18 18,000 0.6178  Run 18 18,000 0.5199
Run 19 19,000 0.6151  Run 19 18,000 0.5179
Run 20 20,000 0.6123  Run 20 20,000 0.5158




Now, plot the results:
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“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 ¢ 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 ¢ = 7 * 101.3 “kPa”
Trefrig_c = 300 “K”

r = 0.1 “refrigerant flow rate fraction”

“Calculations:”

“Nitrogen system:”

s_1 = Entropy(Fluid$,T=T1,P=P1) “[k]J/kg-K]”
s_2 = Entropy(Fluid$,T=T1,P=P2) “[k]J/kg-K]”
s_f =Entropy(Fluid$,P=P1,x=0) “[kJ/kg-K]”
h_1 = Enthalpy(Fluid$,T=T1,P=P1) “[k]/kg]”
h_2 = Enthalpy(Fluid$,T=T2,P=P2) “[k]/kg]”
h_f = Enthalpy(Fluid$, x = 0,P=P1) “[k]J/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$, T=Trefrig_a,P=Prefrig_a) “[k]J/kg]”
h_b = Enthalpy(Fluidrefrig$, T=Trefrig_b,P=Prefrig_b) “[k]/kg]”
h_c = Enthalpy(Fluidrefrig$, T = Trefrig_c,P=Prefrig_c) “[k]/kg]”
“Liquid yield:”

y_precooledLH = (h_1 —h 2) / (h_1 —h_f) + r * (h_a — h_¢)/(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 “k]/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_ precooled LH

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

Results:

Unit Settings: 51 K kPa kJ mass deg

Fluid$ = 'Mitrogen’ Fluidrefrigg = 'R12" FOMzH = 0.1214

FOMpreconledLH = 0.1748 hy =311.2 [kdfkg] ho =278.9 [kdikg]
hg =208 [klfkg] hp = 251.6 [kfag] he = B1.51 [kdfk]

hp =-122 [kdfkg] P1 =101.3 [kPa] P2 = 20,250 [kPa]

Prefrigg =101.3 [kPa] Frefrign, = 709.1 [kFa] Prefrig, = 7091 [kPa]

r=01 51 = 6.842 [kdfkgK] 52 =5.158 [kfkgK]

s = 2.834 [kdfkogK] T1 =300 [K] Tz =300 [K]

Trefrigy =300 [K] Trefrigy = 375 [K] Trefrig, =300 [K]
[Whyitprecacied = 4400 [kifkal|  [WhyMMpsecaciean = 4771 [kd/kg]| Wiperkggasyz L = 4728 [kJikd]
wperkglignziH = 6.336 [k/kg] Widealnz = 7691 [kka] YN2LH = 007462

|VerecackedLt = 01084 | YsimpleLH = 007452

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 k]J/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:

P2 =100 atm. P2 =150 atm.
L=z (= 1 >

I.EE r yprecuuledLH 12? i ‘ YprecuuledLH
Run 1 i] 0.04495 Run 1 0 0.06189
Run 2 0.01 004833  Run2 0.01 0.06527
Run 3 0.02 0.05171  Run 3 0.02 0.06865
Run 4 0.03 0.0551 Run 4 0.03 0.07203
Run 5 0.04 005348 = Run & 0.04 0.07542
Run 6 0.05 0.06186  Runb 0.05 0.0788
Bun 7 0086 006524 Run 7 0.06 0.08215
Run 8 0.07 0.06863 = Run g 0.07 0.08556
Run 9 0.08 0.07201  Run3 0.08 0.08895
Run 10 0.09 007539 Run10 0.09 0.09233
Run 11 0.1 0.07877  Run 11 0.1 0.09571
Run 12 014 0.08216 Run 12 011 0.09909
Run 13 0.12 0.08554  Run13 0.12 0.1025
Run 14 0.13 0.08892  Run14 013 0.1059
Run 15 014 0.0923 Run 15 014 0.1092
Run 16 0.15 0.09569 = Run 16 0.15 01126
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P2 = 200 atm. P2 = 250 atm.

. (i Ly 2 [

' [>1 5 1 ¥precooledLH 1 [>1 5 ! ‘J‘rprecuuledLH
Run 1 a 0.07462 Run 1 0 0.08344
Run 2 Q.01 0.073 Run 2 0.01 0.08683
Run 3 0.02 008138 Run 3 0.02 0.09021
Run 4 0.03 0.08476 Run 4 0.03 0.09359
Run & 0.04 0.08814 Run 5 0.04 0.09697
Run & 0.05 0.09153 Run 6 0.05 0.1004
Run 7 0.06 009491 Run 7 0.08 0.1037
Fun 8 0.07 0.09629 Run 8 0.07 0.1071
Run 9 0.08 01017 Run 9 0.08 0.1105
Run 10 .02 0.1081 Run 10 0.08 01139
Run 11 Q.1 0.1084 Run 11 0.1 01173
Run 12 .11 0.1118 Run 12 0.11 0.1207
Run 13 012 0.1152 Run 13 012 0.124
Run 14 0.13 0.1186 Run 14 0.13 0.1274
Run 15 Q.14 0122 Run 15 014 0.1308
Run 16 0.15 0.1254 Run 16 0.15 0.1342

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 ¢ = 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) “[k]/kg-K]”

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

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

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

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

h_f = Enthalpy(Fluid$, x = 0,P=P1) “[k]J/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$,T=Trefrig_a,P=Prefrig_a) “[k]J/kg]”
h_b = Enthalpy(Fluidrefrig$, T=Trefrig_b,P=Prefrig_b) “[k]J/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_¢)/(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:

Unit Settings: S| K kPa kJ mass deg

Fluid$ = "Air_ha' Fluidrefrigy ='R12' FOMaj y = 01246
FOMpreconledH = 0.1788 hy =300.3 [kJ/ka) hz = 2676 [klika)

hg =208 [k/ko) hy = 2516 [kJ/kg] he =61.57 [kdiko]

hi =-126.1 [kJfka] F1 =101.3 [kPa] Fz =20.260 [kFa]
Frefrigg =101.3 [kPa] Frefrigy = 709.1 [kPa] Prefrige, = 7091 [kPa]
r=01 51 = B.867 [kdflkg+] g7 =024 [klidg-K]

sf = 2979 [kdfka-K] T1 =300 [K] T2 =300 [K]
Trefrigg =300 [K] Tretrigy =375 [K] Trefrig, =300 [K]
[Whymiprecooledih = 4139 [kdikal|  [Whympeconied H = 4596 [kl/kg] WpoerkggasaiLH = 465.2 [kkg]
Wperkgligay H = 5.937 [kl/kg] Widealair= 740 [kedfki] wair LH = 0.07668
[Vorecooled.H = 0111 [YsimpleL = 0.07668
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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 k]J/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].

-

EXPERIENCE THE PC
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...

Download free eBooks at bookboon.com

Click on the ad to read more

165


http://s.bookboon.com/Gaiteye

CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A

CRYOGENIC LIQUEFACTION SYSTEMS

2
F=const
Yy
ot
§ 3 o
/ §/8
Q S A8
/g
44 h=const
i)
h=const
f 7 g

Download free eBooks at bookboon.com

166



“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$,T=T1,P=P1) “[k]/kg-K]”
s_2 = Entropy(Fluid$,T=T1,P=P2) “[k]/kg-K]”
s_3 =Entropy(Fluid$,P=P3,T=T3) “[kJ/kg-K]”
h_1 = Enthalpy(Fluid$,T=T1,P=P1) “[k]/kg]”

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

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

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

Unit Settings: S1 K kPa kJ mass deg

Fluid$ = "Air_ha' FOMaj 1 = 01327 FOM duslpressueLH = 0.2248 |
hq = 293.3 [kJikg] ho = 282 [kdikg] hs = 2686 [kdkg]
e =-126.1 [Kfk] i =0.75 P1 =101.3 [kPa]
P2 =5.065 [kFa] F3 = 20,260 [kPa] 51 = B.843 [kdfkgK]
55 = 5.BAE [kikogK] 53 =5.21 [kdikgK] T1 =233 [K]
Tz =783 [K] T3 =283 [K] Wyt aipressuwelH = 3172 [kJ/kg]
Wby MdyalpressurelH = 197.9 [lkdfkg] WpertkggassH = 443.8 [kka] Wperkglica Ly = 5.371 [kdikg]
Wideal air= 7 12.8 [kdfk] Yair L H = 0.08262 YdualpressureLH = 0.0624
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

3172 kJ/kg; and

Work per unit mass of gas liquefied for dual pressure LH system
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) “[k]/kg-K]”

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

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

Y O | l T I I I N K Traditional values. Innovative ideas.
]

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to
work at RMB. For more information visit us at www.rmb.co.za

Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider

Download free eBooks at bookboon.com

Click on the ad to read more

171



http://www.rmb.co.za

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

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

h_2 = Enthalpy(Fluid$, T=T2,P=P2) “[kJ/ke]...finds P2 when h_2 is known”
h_3 = Enthalpy(Fluid$, T=T3,P=P3) “[k]/kg]”

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

“Liquid yield:”

y_dualpressureLH = ((h_1 — h_3) / (h_1 — h_f))- i * ((h_1 — h_2) /(h_1 — h_{))

“...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:
Fluid$ = "Air_ha' FOMgj (1 = 0.1254
FOM dualpressurelH = 0198 hy = 3003 [klfkg]
hp = 2927 [kl/kg] hy = 267.3 [kl/kg]
he =-126.1 [kfka] i =07
P1 =101.3 [kPa] P2 = 3565 [kPa]
P3 = 20,670 [kPa] 51 = B.867 [kJkgK]
g2 =h822 [kJfko-K] g1 =h.233 [kdfko-K]
T1 =300 [K] T2 =300 [K]
T3 =300 [K] Whyrtdyalpressursl H = 2.7 37 [kdfka]
Wbymdua|pressure|_|_|= 2429 [kdfkg] Wiperkggasa; g =457 [k/kg]
Wperkgliqa Ly = 5.839 [kdfkg] Wideal air= 740 [kdfkg]
wairLH = 0.07748 YdualpressureLH = 0.065
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 k]J/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(FLUIDS$, 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: FLUIDS$, 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_l:=Entropy(Fluid$,T=T_1,P=P_1) “[k]J/kg-K]”
s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[kJ/kg-K]”
s_3:=Entropy(Fluid$,P=P_3,T=T_3) “[k]J/kg-K]”

s_e = s_3 “...entropy after isentropic expansion in expander”
h_1:=Enthalpy(Fluid$,T=T_1,P=P_1) “[k]/kg]”
h_2:=Enthalpy(Fluid$,P=P_2,T=T_1) “[k]J/kg]”
h_3:=Enthalpy(Fluid$,P=P_3,T=T_3) “[k]/kg]”

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

h_f:=Enthalpy(Fluid$,x=0,P=P_1) “[k]J/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) “k]J/kg of gas compressed”

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

W_net_perkggas:=T_1* (s_1 —s_2) — (h_1 —h_2) —x* (h_3 — h_e) “[k]J/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

oy,

iy —
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(b) Problem:

“Data:”

Fluid$ = ‘Air_ha’

P1 = 101.3 “kPa”

T]_ _ 293 “K”
P2= 10130 “kPa”
P3 = P2

T3 _ 250 uK»

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:

Unit Settings: 51 K kPa kJ mass deq

Fluid§ = "Air_ha! FOR = 04583 F1 =101.3 [kFa]
P2 =10,130 [kPa] P3 =10,130 [kPa] T1 =293 [K]
T3 =250 [K] W ewn perkggas = B0 11 [kdfkg] Widea = 712.8 [kdikig]
Wt perkggas = Je0.3 [kd/ko] et perkglig = 1,555 [kdika] x=104
= 02054
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”
Tl - 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:

Unit Settings: 51 K kPa kJ mass deqg

Fluid$ = 'Mitrogen’ FOmkd = 0.6082

F1 =101.3 [kFa] F2 =4.050 [kFa]

F3 =4.050 [kFa) T1 =293 [K]

T3 =240 [K] W ewn perkggas = 7637 [kdfkd]
Wideal = 741.7 [kfl] WWnet perkggas = £43.7 [kdfko]
et perkglig = 1.219 [kdika] x = [0.44953

w=02

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

regencrators.

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”

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

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

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

h1l = Enthalpy(Fluid$,T=T1,P=P1) “[k]J/kg]”

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

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

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

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

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

W_exp_perkggas = x * (h3 — he) “k]J/kg of gas compressed”
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W_net_perkggas =T1 * (s1 — s2) — (h1 — h2) — x * (h3 — he) “[k]J/kg]...net work per kg

gas compressed..when the expander work is utilized in compression”
W_net_perkgliq = W_net_perkggas / y “[k]/kg]...net work reqd per kg liq.”
W_ideal = Ideal Work(FLUIDS, P1,T1) “k]J/kg...ideal work of liquefaction”
FOM = W_ideal / W_net_perkgliq “...Figure of Merit”

Results:

Unit Settings: [kJA[E]kFa)/kgl/[degreas]

Fluid$ = 'Mitrogen'
h1=1.892 [klfke] h2 =-8.488 [kJ/k]
h3=-7757 [kJka] he=-2337 [kl/kg]
hf =-4315 [kdka] P1 =101.3 [kPa]
P2 =5070 [kPa] P3 =5070 [kPa]

51 = (L.00B457 [kJ/kg-K] 52=-1.188 [kdfkgK]
53=-1.445 [klkoK] se=-1.445 [klfkg+K]
T1 =300 [K] T3 =240 [K]

[ e cerkame = 7806 [kdikg]| Wy = 768.3 [kikg]

W et perkagas = 2698 [kfka] W =1322 [kkg]|
x=05 = 0.2041

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:

- HL:—I [T| ($1—52)— {hl _}"‘2}]'

W Mg

Actual enthalpy change across the expander:
hy—hi=nuhs—h,).
Liquid yield:
hy—h, Iy —h

e T 3 n.'-
Y= T, T T,

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

W= —W Ji—xn, . (hs—h")
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Or,

_ W T s, —s3)—(h, —hy)
E— - :]:u . '_'_-xneﬂ (hs - k"]’

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

Fluid$ = ‘Nitrogen’

P1 = 101.37kPa”
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$,T=T1,P=P1) “[k]/kg-K]”
s2=Entropy(Fluid$,P=P2,T=T1) “[k]/kg-K]”
s3=Entropy(Fluid$,P=P3,T=T3) “[k]J/kg-K]”

se = s3 “...entropy after isentropic expansion in expander”
h1=Enthalpy(Fluid$,T=T1,P=P1) “[k]/kg]”
h2=Enthalpy(Fluid$,P=P2,T=T1) “[k]J/kg]”
h3=Enthalpy(Fluid$,P=P3,T=T3) “[k]/kg]”

he = Enthalpy(Fluid$,P=P1,s= se) “[k]/kg]”
hf=Enthalpy(Fluid$,x=0,P=P1) “[k]/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) “[k]/
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) “[k]J/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 “[k]/kg]...network 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(FLUIDS$, P1,T1) “kJ/kg...ideal work of liquefaction”

FOM_case2= W_ideal / W_net_perkgliq_case2 “...Figure of Merit”

Results:

Unit Settings: [k kFa)kgl/[degrees]

Ncomp,overal = 0.5

Nexp.mech = 0.44
Fluid$ = 'Mitrogen’

h1=1.882 [kl/kg]
h3 =-77.67 [kl/kg]

hi =-4315 [kl/kg]

P2 =5070 [kPa]

51 = 0006457 [kJikoK]
53 =-1.445 [klikgK]

Newp,adiab = 0.8

Newpoverall = 0.752
[FOM_ ..o = 03191 |

h2 =-5.488 [kJ/kg]
he=-233.7 [kl/kg]
P1 =101.3 [kPa]
P3 =5070 [kPa]
52 =-1.188 [klkgK]
se=-1.445 [klikgK]

T1 =300 [K] T3 =240 [K]
WCDmPfPETkgﬁq = 2832 [klikg] II""I""'IE:-:|:| perkggas caze? ~ b2.45 [kakg”
Wigeal = 7693 [kofkg] W ot perkagas.casez = 4051 [krkg]
W o = 2411 [kk]] x =05
¥oaze ™ 0.168

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:

1 o [l B3 o 1 hd
} Nexp adiab Ycasez FDMCEE—EE Wcump,perkgliq
1.10 [kJ/kg]

Fun 1 0.5 0.114 0.2053 4180
Run 2 0.55 0123 02235 3873
Run 3 0.6 0.132 0.2419 3608
Run 4 0.65 0.141 0.2607 3377
Hun & 07 0.15 02793 3174
Run & 0.75 0.159 0.2993 2993
Run 7 0.8 0.168 0319 2832
Run 8 0.85 0177 0.3393 2638
Hun 9 0.9 0.186 0.3598 2557
Fun 10 0.95 0.195 0.3807 2439
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Now, plot the graphs:

And:
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“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(FLUIDS$, P1,P2, P3,T1,T3,x: y,W_net_perkggas, W_net_perkgliq,
W_exp_perkggas,W_ideal, FOM)
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Results:

Unit Settings: [kJ)R][kFalikgl[deqrees]

Fluid$ = 'Hydrogen' FOR = 06203

P1 =1013 [kPg] P2 =4050 [kPs]
P3 = 4050 [kPz] T1 =293 [K]
T3 =180 [K] [ ereamas = 7773 [kdfkg]|

Wides = 11698 [kdkg] Wt perkagas = 3709 [kifka]
W = 18860 [kJjkg]] x=05
y = 01967

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: FLUIDS$, 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, [k]/kg]...work per kg gas compressed..when the expander work

is not utilised in compression”

“W_perkggas_withexpwork, [k]/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:=P2
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P 5 =P2

s_1:=Entropy(Fluid$, T=T_1,P=P_1) “[k]/kg-K]”
s_2:=Entropy(Fluid$,P=P_2,T=T_1) “[k]J/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) “[k]J/kg-K]”

s_el: = 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) “[k]J/kg]”

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

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

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

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

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

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

y:=(h_1-h_2)/ (h_1-h_f) +x1* ((h_3 -h_el) / (h_1 — h_f)) + x2* ((h_5 — h_e2)
/ (h_1 — h_f)) “...fraction liquefied”

W_expl_perkggas: = x1 * (h_3 — h_el) “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) “[k]J/kg]...work per kg gas

compressed..when the expander work is not utilised in compression”

W_perkgliq_noexpwork: = W_perkggas noexpwork / y “[k]J/kg]...work reqd per kg lig.

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_el) —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 “[k]J/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)

Download free eBooks at bookboon.com



Results:

Unit Zettings: [kJ)R][Falikagldeqrees]

Fluid$ = 'Helium' [FOM,. o = 01841 |
|FGMwithe:-:churk = 013¢7 | Fy=101.3 [kFa]

Fo=1420 [kFa] Ty=300 [K]

T4= 60 [K] Tg=15 [K]

Wigea = B0 [klikg] Wperquas nu:uE!:-u:uI.-wu:urk=154EI [kdkg]

Wnerquas withespuork ~ 1575 [kJikg] ED_&LKEIL‘J noespnrk 4715k [kJ-"'k'-j”

W = 35497 [kJjkg]] w1 =0.25

i withespior

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”

Download free eBooks at bookboon.com



“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:
Lnit Settings: [kJ)[F]kFal[kgl/[degrees]
MNcomp,overall = 0.75 Newp,adiab = 0.8
Newo mech ~ 04 Fluid$ = 'f-\ir_ha'
Fok =0.471 F1 =101.3 [kPa]
Pe =10130 [kPa] P3 =10130 [kPa]
T1 =233 [K] T3 =250 [K]
[ e ek ggae = 6347 [kdike]] Wigas = BEB [kdika]
W et perkagas = 3221 [KJfka] Wy L =1414 [kJkg]|
x=04 y=[0.2278

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:

_W._ 1 [Ty (s, —53)—(h, —h;)].

my ¥y
Actual enthalpy change across the expander:
hy—h.=nulhs—h,).

Liquid yield:

fr, —h, fry=h,
= e XT .
} I, —I;..+ -Imrle-- hy

Net work requirement per unit mass compressed, when expander work is utilized:
o r
Wim=—-W /m—xn,.(h;—h?)

Or,

= "= XN (3 —h,),

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

s3=Entropy(Fluid$,P=P3,T=T3) “[k]/kg-K]”
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se = s3 “...entropy after isentropic expansion in expander”
h1=Enthalpy(Fluid$,T=T1,P=P1) “[kJ/kg]”
h2=Enthalpy(Fluid$,P=P2,T=T1) “[k]J/kg]”
h3=Enthalpy(Fluid$,P=P3,T=T3) “[k]/kg]”

he = Enthalpy(Fluid$,P=P1,s= se) “[k]J/kg]”
hf=Enthalpy(Fluid$,x=0,P=P1) “[k]/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) “[k]/
kg]...compressor work per kg gas liquefied”

W_net_perkggas case2= (T1 * (s1 — s2) — (hl — 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 “[k]/kg]...network reqd per kg liq.”

W_exp_perkggas_case2: = x * eta_exp_adiab * (h_3 — h_e) “k]J/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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SOFTWARE SOLUTIONS VOL Il A

Results:

CRYOGENIC LIQUEFACTION SYSTEMS

IUnit Settings: [kJJ/F]YkFa)/kal/[degrees]

Neomp.overall = .75

Nexp.overall = 0.7e
hi = 293.2 [kfkg]

he =54.75 [kJ/kg]
P2 =10130 [kPa]
52 = 5.433 [kJikoK]

Newp adiab = us
Fluid$ = "Air_ha'

h2 = 265.8 [k/kg]
hi =-105.7 [k/kg]
P3 =10130 [kPa]
53 =5.236 [ki/koK]

T1 =233 [ T3 =250 [K]
W perkonas ez = 073 [k‘-lfkg” Wi geg = BBE [dsk]
et ek e = 2390 [kdikel] x =04

Thus:

Liquid yield = y = 0.196 = 19.6%...Ans.

Nesp mech = 99
[FOM.....n = 02787 |

h3 = 2133 [kdfkg]
P1 =101.3 [kPa]

51=F.843 [kdfkoK]

se=5.236 [klfkoK]

= 2782 [kika]

= 468.4 [kJ/kg]

Wcomp,perkgliq
'

net perkggas caved
Yenemn= 0196

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:

Unit Settings: [kJ)E]Falikgl/{degrees]
= (.75

" comp,overal

Nexp.mech = 0.44
Fluicl} = 'Nean'

P1 =101.3 [kPa]
P3 =6080 [kPa]
T3 =210 [K]

W= 1313 [kdkg]

ideal —

Yy 1 = 2317 [kJfkg]|
v = (.1868

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

Nexp.adiab = 0.82
= 07708

emp overal
FOk = 0.5BRY

Pz =G080 [kPa]

T1 =296 [K]
|We:-:|:| pefkggas = 09-48 [k._l,-"kl_]]|
WA = 4329 [kdfko]

net perkggas
x=04

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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CRYOGENIC ENGINEERING:
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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:

_W._ 1 [Ty (s, —53)—(h, —h;)].

my M
Actual enthalpy change across the expander:
hy— =y~ h,)
Liquid yield:

y—h,

fi, — 3= H,
.IEL - FI}--

fiy
y=-——14X1
i I —h, lad

Net work requirement per unit mass compressed, when expander work is utilized:
o r
Wim=—-W [m—xn,, (h;—h)

Or,

W _Dss)l=h) o)
e 13 T el

" Neo
EES Program:
s1=Entropy(Fluid$,T=T1,P=P1) “[k]J/kg-K]”
s2=Entropy(Fluid$,P=P2,T=T1) “[kJ/kg-K]”
s3=Entropy(Fluid$,P=P3,T=T3) “[k]/kg-K]”

se = s3 “...entropy after isentropic expansion in expander”
h1=Enthalpy(Fluid$,T=T1,P=P1) “[k]/kg]”
h2=Enthalpy(Fluid$,P=P2,T=T1) “[k]/kg]”

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

he = Enthalpy(Fluid$,P=P1,s= se) “[k]J/kg]”
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hf=Enthalpy(Fluid$,x=0,P=P1) “[k]/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) “[k]/
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) “[k]J/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 “[k]/kg]...network 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(FLUIDS, P1,T1) “k]J/kg...ideal work of liquefaction”
FOM_case2= W_ideal / W_net_perkgliq_case2 “...Figure of Merit”

Results:

Unit zettings: [kJ)/F]/kFalikal/degrees]

Ncomp,overall = 0.75 Nexp.adiab = 0.82
Newp.mech = 0.44 Newp.overall = U-7 708
Fluid$ = 'Nean' [FOM,_..o =0.3242 |
h1 =-2171 [kdfkd] h2 =-0.2684 [kdikg]
h3=-9094 [klikg] he=-265.9 [klfka]
hf =-366.6 [kJfka] F1 =101.3 [kFa]
F2 =6080 [kFa] F3 =B080 [kFa)

51 =-0.007454 [kJ/ko-+]

g3 =-206 [kJigK]

T1 =296 [K]

Wcump,perkgliq = 4390 [kJfko]
Wigeq) = 1313 [kifkg]

ant perkolin cases = 4050 [kJ,fkg]|
Y o= 01522

52 =-1.7 [kdfkoK]
se=-2.062 [kJfkgK]
T3 =210 [K]

W

Wnet,perkggas,n:aseE
x=04

= 57.38 [kJ/kg]|
= G16.6 [kdfkg]

exp petkogas cased
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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

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 ow
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”

mul = VISCOSITY(Nitrogen, T=T_m,P=P1) “kg/m.s...viscosity of nitrogen gas”
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cpl = SPECHEAT (Nitrogen, T=T_m,P=P1) “k]J/kg.K...sp. heat of nitrogen gas”
thol = DENSITY(Nitrogen, T=T_m,P=P1) “kg/m*3...density of nitrogen gas”
N_Prl = mul * cpl * 1073 / k_t1 “...Prandt No.”

“And:”

N_Rel = G *D / mul

“Colburn J factor:”

j_H =0.023 * (N_Rel” (-0.2)) * (1 + 3.5 * D / D_h) “...finds Colburn j factor®

j_H = (h_c/(cpl * 1073 * G)) * N_Pr1~(2/3) “...finds h_c, the film coeff of heat transfer,
W/mnr2.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:

Unit Settings: S| K kPa kJ mass deg

Ap=0.0001131 [m?] cpl = 1.048 [klikoK] D =0.012 [rr]
Dy, =06 [rr] G = 265.3 [kg/s-m?]
he - 6607 [WjmZC] | iy = 0.001967 [] ke = 0.014 [irmek]
ke = 0.01445 [Wjrm-K] w=0.00001008 [kg/rm-<] mul = 0.00001038 [kg/m-s]
m =003 [kays] N = 0.7524 [kJ/s-] Nge = 315775 []
MNpey = 306785 P1 =101.3 [kPa] thol =2.214 [kg/m?]
T1 =150 [K] T, =155 [K] Ty =160 [K]
Thus:

Heat transfer coeff. h_c = 660.7 W/mA"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:

1 : |- [ (hd [

b m Neeq he f

T [kg/s] [W/m2-C]
Run 1 0.01 102262 274 4 0.01821
Run 2 0.02 204524 AT7.7 0.01585
Run 3 0.03 306785 6607 0.01462
Run 4 0.04 409047 8317 0.0138
Run & 0.05 511309 994 2 0.0132
Run 6 0.06 613571 1150 0.01273
Run 7 0.07 715832 1301 0.01234
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Now, plot the results:

1400 . . . .
1300 | Heat transfer coeff vs mass flow rate
1200 [ Fluid: Nitrogen gas
1100 |
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700 |
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200 L 4
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0.018 Friction factor vs mass flow rate
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0.017 -
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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/mA2-K...outside heat transfer coeff.”

“Calculations:”

A_c=pi*d "2/ 4 “mAM2...cross-sectional area of fin”

V_f=A c*L_ f“m?3...volume of fin”
A_st=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 = sqreth_o / (k_f * delta)) “ 1/m...fin parameter”
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“Fin effectiveness eta_f:”

eta_f=tanhM *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“mr2...7

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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“Total prime area:”

Ap=L*pi*D_o—-N_f*pi*d 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”

etao=1—(Af/ A o) * (1 —eta_f) “...overall surface area effectiveness”

Results:

Unit zettings: [kJ)/[]/[kFa)ilkagl/[degrees]

A, =0.000001227 [m?]
Ay = 0.07608 [m?]

dy =0.00125 [m]

N, = 0.9423

L=1 [m]

M, = 2000

Thus:

Ap =0.08817 [m]

Ay = 000004909 [md]
D, =0.025 [m]

h, =35 [/mZK]

Ly = 0.0125 [m]

W = 1.534E-08 [m7]

A,=01743 [m]
&=0.0003125 [m]
ke =50 [i/m-K]
b = 47.33 [1/m]

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/m22.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/mA2-K...outside heat transfer coeff.”

h_i =225 “W/mA2-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

“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“mr2”

“Total prime area:”

Ap=L*pi*D_o—-N_f*pi*d A2/ 4 “mA2...prime area”

“Total heat transfer area on the outside:”

...calculated earlier”

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)) + (ALoh/ 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:

Unit Settings: [kJ)[E)[kFalkgl{degrees]

Ay = 0.09817 [m2] Ao =1.037 [ Ay =1.274 [m] Ap=1176 [m?]
A =0.00004909 [me] d = 0.00125 [m] D; = 0.022 [m] D, =0.025 [m]
n,=0.9423 hi =225 [W/m<K] h, =35 [W/m=K] ke =50 [Wfm-K]
L=15 [m] L =0.0125 [m] N = 2000 0= 1210 [
T, =140 [K] T =106 [K] U}, =27.95 fimZK] |

Thus:

Overall heat transfer coeff. based on outside area = U_h = 27.95 W/mA2.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 ft72), 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*cf“mAr2...cross-sectional area of fin”

G = m_dot / A_fI “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 < 1074...From Ref.[1]”
j_H = N_St * N_PrA(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”
Ast=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 = sqreth_c / (k_f * delta)) “1/m ...fin parameter”
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“Note: M may also be determined as:”

M=sqrt (hc*2* (L +cf)/ (kf*A ) ie M =sqrtthc * 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:

Unit Settings: S| K kPa kJ mass deq

A= 0.00045 [m?] A f= 000045 [m?) Ag=0.07 [m9) Agp = 004722 [
cp=5.195 [klfkgK] 5= 0.000075 [rm] Do =0.003 [m]

G =5 [kofs-m?] |h.:=19EI.5 [ k] | iH = 0.005576 [] k= 01203 [k
ki =150 [k L=3 [m] L¢ =0.003935 [rm] b =130.1 [1/m]
= 000001536 [kofm-s] m = 0.35 [ko/s] Mi =482 [] Mpy = 0.6629 [
MNpe = 976.8 [ Mgy = 0.007334 [] P1 =3040 [kPa] p=7161 [kom?]
Tp=200 [K] t = 0.00015 [rr] T; =300 [K] To=100 [K]

Wy = 0.000003542 [

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 NT'U, 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_g, ...in W/K, C_R = C_min/C_max, NTU...is a number”
C_h: =m_h * ¢p_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_max: = C_h

NTU: = (U *A) /C_min “...finds NTU”

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

epsilon: = (I —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 “...inds 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-low HX.”

360°
thinking
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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”

EES Solution to Problem:

We use the EES Procedure written above to solve the problem:

“Data:”
Tll_l _ 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 =729 “mr2”

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:

Unit Settings: 51 K kPa kJ mass deg
A =728 [m?] cpg = 1080 [dfkg] cpp = 1296 [Jfkgk] Co=1215 [W/K]
Cr =075 e=0.59714 me =1.125 [kg/s] mp =1.25 [kg/s]

O = 253751 [W] Tep=680 [K] Toy-= 2868 [K] Thy =285 [K]

U =150 [wmeK]

Thus:
Effectiveness of HX = ¢ = 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.

Ch= 1620 [W/K]
NTU =19
Thy=138.4 [K]

“Prob. 3.2.36 (a) Write an EES Procedure to calculate the NT'U, 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/A2, U in W/m"2.K”

“Outputs: C_h, C_g, ...in W/K, C_R = C_min/C_max, NTU...is a number”
C_h: =m_h * ¢p_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

=
iy —

\ ] m =
[} - ~ .8 g
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C_min: =C ¢

C_max: = C_h

NTU: = (U * A) /C_min “... inds 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”

Problem:

Use the EES Procedure written above to solve the problem easily:

“Data:”
T}l_l _ 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 =729 “mr2”
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CALL ParallelflowHX (m_c, m_h, cp_c, cp_h, Th_1,Tc_1,A, U: C_h, C_¢, C_R, NTU,
epsilon, Th_2, Tc_2, Q)

Results:

Unit Settings: 51 K kPa kJ mass deg

A =729 [md cpo=1080 [Jfkg] cpp = 1296 [JfkgK] Co=1215 [W/K]

Chy= 1620 /K] Cq =075 ==05714 g = 1125 [kgs]

iy, =1.25 [koys] NTU=9 0 =149271 [W] Tey=80 [K]

Teo=202.9 [K] Thy=295 [K] Tho=202.9 [K] U =180 [#imK]
Thus:

Effectiveness of HX = ¢ = 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:

™2 [*] = (a8 = [
C e
2 U Tc, Thy NTU
- [W/m2-C] [C] [C]
Run 1 20 187 8 214 1 12 05015
Run 2 30 197 6 206.8 18 0.5469
Run 3 40 201 204 2 24 0.5629
Run 4 50 202.2 2033 3 0.5634
Run 5 60 202 6 203 16 0 5704
Run 6 70 202 8 202.9 42 0.5711
Run 7 80 202.8 202.9 438 05713
Run 8 90 202.8 202.9 54 0.5714
Run 9 100 202 9 202 9 6 05714
Run 10 110 202.9 202.9 6.6 0.5714
Run 11 120 202.9 202.9 7.2 0.5714
Run 12 130 202.9 202.9 73 0.5714
Run 13 140 202 9 202 9 a4 05714
Run 14 150 202 9 202 9 g 05714
Now, plot the results:
215
Parallel flow HX
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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.

Temp

N":SDC

AT1 1 AT2

/ Tl::
-

Length

L

Fig. Parallel flow arrangement

EES Solution:

“Data:”

Tll_l _ 70 “C»
T}l_z — 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/mA2.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:

A =1653 [m?] Cpe= 4180 [Jikg-C] cpp = 4180 [Jikg-C] Co=1743 [W/C]
Cp= 7106 [W/C] Cq = 0.4077 = = 0.4444 hg = B0 [#/mZC]
hy, = B0 [#/m2C] Mg = 0.417 [kg/s] mp, = 0.17 [ko/s] NTU - 0698

0 =14212 [W] Teq=25 [C] Teo= 33.15 [C] Thi=70 [C]
Thy=50 [C] U =30 [#/mac]

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°“CY

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/mA"2.C”

h h=60* (m_h/0.17)20.8 “W/mA"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:

A =1653 [m?] Cpo= 4180 [Jkg-C]  cpp=4180 [JkgT]  Co=1743 [W/C]
Cp=1421 [W/C] Cq =0.8153 = = 0.3045 he = 60 PvfmZC]
hp = 1045 [W/m2C] | mg = 0417 [kg/s] mp, = 0.34 [kg/s] NTU = 0.4433
0 -19474 [W] Tey=25 [C] Tez= 3617 [C] Thy =70 [C]
Tha- 563 [C] U = 3811 [A/maC]

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:

- [l e = ] = ™= [l

> my, Te, Thy h, U 2

e [ka/s] [C] [C] [W/im2-C] [W/im2-C]
Run 1 0.15 32.62 48.82 54.28 28.5 0.4707
Run 2 0.2 33.86 51.53 68.33 31.95 0.4104
Run 3 0.25 34.84 53.59 81.69 34.59 0.3646
Run 4 0.3 35.63 55.22 94 51 36.7 0.3285
Run 5 0.35 36.3 56.54 106.9 38.43 0.2991
Run 6 0.4 36.86 57.64 119 39.88 0.2747
Run 7 0.45 37.34 58.57 130.7 41.12 0.2742
Run 8 0.5 37.76 59.36 1422 422 0.2835
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Now, plot the results:

Exit temps of fluids vs mass flow rate of hot fluid

55 | Parallel flow HX
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05
Parallel flow HX
D45 I Effectiveness vs mass flow rate of hot fluid
04|
u -
0.35]
03]
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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”

tho_h = Density(Air_ha,T=T_avg_hot,P=P1) “kg/m~3...density of high pressure flow”

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il A CRYOGENIC LIQUEFACTION SYSTEMS

N_Re_h = G_h * d_i_h / mu_h “...Reynolds No. of high pressure stream = 683246”
N_Pr_h = Prandt(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_ic=(pi/4) *(d_i_c*2 —d_o_h"2) “mA"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”
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rho_c = Density(Air_ha, T=T_avg_cold,P=P2) “kg/m~"3...density of low pressure flow”
N_Re ¢=G_c*(d_i_c—d_o_h)/mu_c“...Reynolds No. of low pressure stream = 172104”
N_Pr_c = Prandd(Air_ha, T=T avg cold,P=P2) “...Prandt No. for low pressure stream”
“Then, since Reynolds No. is > 3000, we have:”

j_H_c = (h_c/ (cp_c * G_¢)) * 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+dih/ (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 — DELTAT?2) / In(DELTAT1 / DELTAT?2) “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:

Unit Settings: 51 K kPa kJ mass deqg

Areay, = 4.328 [md)
cpg= 1005 [JfkoK]
AT2 = 8251 [K]
dip = 0,025 [rn]

Gy, =509.3 [kois-me]
iH.c = 000239
LMTD = 38.28 [K]‘
mg = 0.233 [kods)
Mpy = 08522

F1 =10130 [kPa]
pe=1.893 [kofm]
Tep=289 [K]
Tavgead= 187 [K]

Thus:

Ao = 0002361 [me]
cpp = 1560 [JfkoK]
Dy, =0.45 [m]

dop =0.03 [rn]

|h,: = 2924 [mZC] |
jH.h = 0001571

we = 0.00001259 [kg/m-s]
mp = 0.25 [kats]
MRec = 254717

P2 =101.3 [kPa]
ph=160.7 [ko/m]
Thy =300 [K]
Tavghat = 2388 [K]

Ajp = 00004908 [m?]
ATT =11 [K]

dic = 0.0625 [rm]

Gp = 9868 [kois-m2]

hp = 1616 [h/mK] ‘

L=5511 [m]

wp = 0.000071864 [ko/m-s]
Npy o= 0.7287

Mg = GB3246

Toy=65 [K]

Tho=1775 [K]

U = 2883140 [hfmK] |

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:

Unit Settings: 51 K kPa kJd mass deg

A = 4328 [m2] cpg= 1005 [Jfkg-K] cpp = 1560 [Jfkg-K] Co=234.2 [WHC]
Ch=390 [W/C] Cr = 0.6004 dip, = 0.025 [m] = =0.9488

me =0.233 [kats] mp, = 0.25 [ka/s] NTU = 5.329

Tcy=85 [K] Tco= 289 [K] Thy =300 [K]

U = 288.3140 [/mZK] \

L=5511 [m]
0 = 47770 [w]
Tha=177.5 [K]
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Thus:
Overall heat transfer coeff. = U = 288.314 W/mA2.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

To plot the Effectiveness-NTU graphs:

EES Program:

NTU =5 C_R=0

epsilon = CounterflowHX_epsilon(NTU, C_R)

Unit Settings: 51 K kPa kJ mass deq
Cg =0 z =0.95933 MTLI=FR

Compute the Parametric Table:

CR=0 CR=025 CR=05 CR=075 CR=1
3 NTU | 2 ““ = e _" 2 —_‘ z ‘
1.1

Run 1 ] ] 0 0 ] 0
Run 2 0.5 0.3935 0.3776 0.3623 0.3475 0.3333
Run 3 1 06321 0.5983 0.5647 0.5319 0.5
Run 4 15 0.7769 0.735 0.6908 0.6454 0.6
Run 5 2 0.8647 0.8228 0.7746 0.7218 0.6667
Run 6 25 0.9179 0.8804 0.8328 0.7764 0.7143
Run 7 3 0.9502 0.9188 0.8744 0.8171 0.75
Run 8 35 0.9698 0.9447 0.9048 0 8484 0.7778
Run 9 4 0.9817 0.9622 0.9274 0.873 0.8
Run 10 45 0.9889 0.9741 0.9444 0.8927 0.8182
Run 11 5 0.9933 0.9823 0.9572 0.9088 0.8333
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Now, plot the graphs:

{}g- Counterflow HX CR:U_,/-%ﬁ:—:—J——d-
5 0.25°

=08 g s _—
f_/d-/-"" ]

_'_'_,_,_;—'—""_'_F1

08|
ﬂ_?:
06
@ 05| //
04| //
u_3:
02

-:11-/ '

0 05 1 15 2 25 3 35 4 45 5
NTU

d-ﬂ-*'ﬂ_ﬂ_.

/
-

DUKE

& THE FUQUA
SCHOOL

OF BUSINESS

BUSINESS HAPPENS

/ww.fugua.duke.edu/globalmbs

Learn More »

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

249


http://s.bookboon.com/fuqua

“Prob. 3.2.40. Write an EES Function to find the effectiveness of a Parallel-low 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
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To plot the Effectiveness-NTU graphs:

EES Program:

NTU =5 C_R =0

epsilon = CounterflowHX_epsilon(NTU, C_R)

Unit Settings: 51 K kPa kJ mass deq

Cp =0 g =.494933 MTLI=h
Compute the Parametric Table:
CR-0 CR=025 CR=05 CR=075 CR=1
b - [l b b b ™

2 MTU 2 2 2 2 2

1,11
Run 1 0 0 0 0 0 0
Run 2 0.5 0.3935 0.3718 0.3518 0.3332 0.3161
Run 3 1 0.6321 0.5708 0.5179 0.4721 0.4323
Run 4 1.5 0.77649 0.6773 0.5964 0.53 0.4751
Run & 2 0.5647 0.7343 0.6335 0.5542 0.4303
Run & 2.5 0.9179 0.7649 0.651 0.5642 0.4966
Run 7 3 0.9502 0.7812 0.6593 0.5684 0.49588
Run 8 35 0.9693 0.7899 0.6632 0.5702 0.4995
Run 8 4 0.9817 0.7946 0.665 0.5709 0.4995
Run 10 45 0.9889 0797 0.6659 05712 0.4998
Run 11 5 0.9933 0.7985 0.6663 0.5713 0.5
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Now. Plot the results:
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“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: = (NTU20.22 / C_R) * (exp(-C_R * NTU*0.78) — 1)
CrossflowHX_bothUnmixed: = 1 — exp(A)

ENDIF

To plot the Effectiveness-NTU graphs:
EES Program:

NTU =5 C_R=0
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epsilon = CrossflowHX_ One bothmixed(NTU, C_R)

Unit Settings: 51 K kPa kJ mass deg

Cr =10 g = 0.9933 MTLI=5
Compute the Parametric Table:
L K=U L K= U.£2 L R=WI) L K=U.02 CR=1
e e s e e (hd

> MTU £ £ £ £ £

1,11
Fun 1 0 0 0 0 0 0
Fun 2 0.5 0.3935 0.371 0.3519 0.3331 0.3154
Fun 3 1 0.6321 0.5872 0.5448 0.5052 0.4685
Fun 4 1.5 0.7769 0719 0.6623 0.6081 0.5578
Run & 2 0.8647 0.8033 0.7388 0.6752 0.6154
Fun & 245 0.9179 0.5588 0.7911 0.7216 0.6552
Run 7 3 0.9502 0.5964 0.5284 0.7553 0642
Run & 3.5 0.9693 0.9225 0.8558 0.7806 0.7062
Fun 9 4 0.9817 0.941 0.8766 0.8002 0.7235
Run 10 445 0.9889 0.9543 0.8926 0.8158 0.7374
Run 11 5 0.9933 0.9642 0.9053 0.8285 0.7439

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 =
(WIK)”

“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) * (I — exp(— C_R * (1 — exp( — NTU))))

ENDIF

To plot the Effectiveness-NTU graphs:
EES Program:
NTU =5 C_R=0

epsilon = CrossflowHX_OneMixed(NTU, C_mixedbyC_unmixed)

Unit Settings: 51 K kPa kJ mass deg
CrrissedbyC urmised = 0 g =03333 MTLI=5
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Compute the Parametric Table:

|C_m =C_mixed C u=C unmixed

C_miC_u- []J C_mI/C_u = 0.25C_m/C_u = 0.5[C_m/C_u = 0.75[C_m/C_u = 1 ‘
i [ o =z = (i

3 MTU 2 2 2 z 2

1..11
Run 1 0 0 0 0 0 0
Run 2 0.4 0.3935 0.375 0.3575 0.3409 0.3253
Run 3 1 0.6321 0.5872 0.5448 0.5052 0.4685
Run 4 1.5 0.7769 0.7137 0.6519 0.5936 0.5402
Run 5 2 0.8647 0.7928 0.7175 0.6451 0.5788
Run 6 2.4 0.9179 0.8442 0.76 0.6766 0.6006
Run 7 3 0.9502 0.87a8 0.7885 0.6966 0.6133
Fun 8 3h 09698 0.903 08084 07097 06208
Fun 9 4 09817 0.9202 0.8226 0.7183 06253
Fun 10 4.5 09889 0.9329 0.8329 0.7241 0625
Fun 11 h 09933 09424 08405 0723 06296

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[kJ1, T [K], TO (K)

ExergyofHeat_ConstTemp =Q * (1 — T0 / T) “...k]J/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

cplk]/kg.K], T [K], TO (K)

ExergyofHeat_ConstPressure = cp * ( (T —T0) —T0 * In(T / T0 )) “...kJ/kg”

END

FUNCTION Exergy_massflow_IdealGas(IdealGas$, T, B, 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’ PO (kPa), TO (K)
Ideal gases: Air, Ar, CO, CO2, N2, O2, H2, He, H20, CH4 etc.

See in EES: Options-Function Info-Fluid Props-Ideal gases.

IF ((T = TO) AND (P = P0)) THEN
Exergy_massflow_IdealGas: = 0

ELSE

g = 9.81 “m/sA2”

h: = Enthalpy(IdealGas$, T=T) “.. kJ/kg”

s: = Entropy(IdealGas$, T=T, P=P) “...kJ/kg.K”
hO: = Enthalpy(IdealGas$, T=T0) “...kJ/kg”

s0: = Entropy(IdealGas$, T=T0, P=P0) “...k]J/kg.K”

Exergy_massflow_IdealGas: = (h — h0) —T0 * (s — s0) + (VA2 /2) / 1000 + (g * Z) / 1000

“.. kJ/kg”

ENDIF
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Example:
IdealGas$ = ‘N2’
T = 400 “K”

P = 20000 “kPa”
TO = 300 “K”
PO = 101.3 “kPa”
V=0 “m/s”
Z=0"“m’

ef = Exergy_massflow_IdealGas(IdealGas$, T, B, V, Z,T0, P0)
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Result:

Unit Settings: 51 K kPa kJ mass deg

ef = 484.9 [kl/kg] IdealGas$ = N2 P =20000 [kPa]
PO =101.3 [kPa]] T =400 [K] TO =300 [K]
v =0 [mfs] Z=0 [m]

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_massfow_Real Fluid

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’ PO (kPa), TO (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”

hO: = Enthalpy(RealFluid$, T=T0, P=P0) “...k]J/kg”
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s0: = Entropy(RealFluid$, T=T0, P=P0) “...k]J/kg.K”

Exergy_massflow_RealFluid: = (h —

1000 “...kJ/kg”
ENDIF

END

Example:

RealFluid$ = ‘Nitrogen’
T = 450 “K”

P = 20000 “kPa”

TO = 300 “K”

PO = 101.3 “kPa”
V=0 “m/s”

Z — O “m”

h0) — TO * (s —s0) +( VA2 / 2) / 1000 + (g * Z) /

ef = Exergy_massflow_RealFluid(RealFluid$,T, B, V, Z,T0, P0)

Result:

Unit Settings: 51 K kPa kJ mass deqg

ef =B05.1 [kdflkg]
FealFluid$ ='Mitrogen’
Wo=10 [myfs]

P =20000 [kPa] PO =101.3 [kPa]]
T =450 [K] T0 =300 [K]
Z=0 [m]

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”

TO = 300 “K...dead state”
P_1-101.3 “[kPa]”

PO =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="DP_1 “kPa”
P 6 =DP_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) “[k]J/kg]”

h_2= Enthalpy(Fluid$,P=P_2,T=T_2) “[kJ/kg]”

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

h_6 = h_f “...sat. liquid enthalpy”

y=(h_1-h_2)/ (h_1 —h_f) “...fraction liquefied”
(h2-h3)=(0-y) *h_1-h>5)“..finds h_3”

h_5 = Enthalpy(Fluid$, x=1,P=P_5) “[k]J/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) “[k]J/kg-K]”

s_5= Entropy(Fluid$,P=P_5,h=h_5) “[kJ/kg-K]”

s_6 = Entropy(Fluid$,P=P_6,h=h_6) “[k]J/kg-K]”
T_3=Temperature(Fluid$,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 57

Wperkggas =T_1 * (s_1 —s_2) — (h_1 — h_2) “[k]J/kg]”
Wperkgliq = (T_1 * (s_1 —s_2)- (h_1 - h_2)) / y “[k]/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 “...Coefl of Performance”
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hO = Enthalpy(Fluid$, T=T0, P=P0) “...k]J/kg”

s0 = Entropy(Fluid$, T=T0, P=P0) “...k]J/kg.K”

ef 1 =(h_1-h0)—-TO0* (s_1 —s0) “k]J/kg...exergy of flow at point 1”

ef 2 = (h_2 — h0) — TO * (s_2 — s0) “kJ/ke..
ef 3 = (h_3 — h0) — TO * (s_3 — s0) “IJ/ke..
ef 4 = (h_4 — h0) — TO * (s_4 — s0) “IJ/ke..
ef 5= (h_5— h0) — TO * (s_5 — s0) “kJ/ke..

ef 6 =(h_6-h0)—-TO0* (s_6 —s0) “kJ/kg..
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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:

Unit Settings: 51 K kPa kJ mass deg

COP = (106804 |

Aeiy = 1028 [kijkg]|

efy = 6601 [klkg]
efg = 7691 [kdfka]
Fluid$ = 'Mitrogen'
hy = 311.2 [kd/ka]
hg = 6241 [kdfkn]
hy =-122 [kdfkn]
Fo= 20000 [kFa]
Fg=101.3 [kFa]

51 = 6.842 [kJhg-k]
54 = 5218 [kfkg-k]
TO =300 [K]
Ta=1645 [K]
Tg=7736 [K]

|22 comp= 2021 [kjka

Aepy = 3118 [k._l,."kg]|

ey =0 [kikg]
ety = 2382 [klikg]

Nl eyele = 0.1208

ho = 2797 [kflg]
hg = 7716 [kfkg]
FO =101.3 [kPa]]
F3=20000 [kFa)
Fg=101.3 [kFa]

s = 0.163 [kdfkgk]
55 =5.409 [kd/kg-K]
Ty=300 [K]
Ty=77.35 [K]
Wo=0 [mfs]

gy = 4716 [kd/kg]
afs = 195.8 [kd/kg]

EXENY destroyed = 2948

hi = 311.2 [kd/kg]

hg = 62.41 [kd/kg]

hg =122 [k/kg]

Py=1013 [kPa]

Py=1013 [kPa]

50 = 6.842 [kltkgk]

9= 4179 [kdtkgk]

sg = 2.834 [kfkak]
To=300 [K]

Tg=77.35 [K]
|Wperkggas= 4715 [kJ,."kg]|

Wherkgliq = 6367 [kd/kg] Woachual = BIBT [kdikg] Widea = 7691 [kdfkg]

Wiey = BT [kdfkg lig] y = 0.07406 Z=0 [m]

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 = nlI = 0.1208 ( = FOM)...Ans.

Exergy losses in compressor (assuming its isoth. effcy is 70%) = Aecomp = 202.1 kJ/
kg...Ans.

Exergy losses in Heat Exchanger = AeHX = 102.8 kJ/kg...Ans.

Exergy losses in Expansion Valve = AeEV = 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:

Simple Linde Hampson cycle for various fluids: P1 =1 atm. {101.3 kPa), P2 =200 bar, T1 =300 K

Fluid  liq. fraction,y W ({ki)/kggas) COP FOM W {k)/kg lig.) W_rev (kJ/kg liq) eta_ll
Nitrogen 0.07406 471.6 0.06204 0.1208 6367 769.1 0.1208
Air 0.07616 454.1 0.07152 0.1241 5962 740 0.1241
Fluorine 0.07513 343.4 0.07348 0.1247 4571 569.9 0.1247
Argon 0.1132 324.6 0.093826 0.1734 2867 497.1 0.1734
Oxygen 0.1052 404.9 0.1055 0.1651 3849 635.5 0.1651
Methane 0.1952 779 0.229 0.2737 3991 1092 0.2737

C. Plot y, Wperkgas, COP and n, 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:

] > [ 3 [ [ 5 i[5 [ 7 = ™

[>ﬂ Ps ¥ Wperkggas Ccop FOM Wperkglig Wiy M cycle

stz [kPa] [kJikg] [kJikg] [kJikg liq.]
Run 1 5000 0.02364 346.6 0.02954 0.05245 14663 7691 0.05245
Run 2 6000 0.0281 362.8 0.03355 0.05956 12813 7691 0.05956
Run 3 7000 0.03241 376.5 0.03729 0.06621 11616 7691 0.06621
Run 4 8000 0.03658 388.4 0.0408 0.07244 10617 7691 0.07244
Run 5 9000 0.04086 398.9 0.04409 0.07828 9825 7691 0.07828
Run 6 10000 0.04446 408.3 0.04717 0.08374 9154 7691 0.08374
Run 7 11000 0.04816 416.9 0.05005 0.08885 8656 7691 0.08885
Run 8 12000 0.0517 424.7 0.05273 0.09362 §215 7691 0.09362
Run 9 13000 0.05507 431.9 0.05523 0.09806 7843 7691 0.09808
Run 10 14000 0.05827 438.6 0.05755 01022 7527 7691 0.1022
Run 11 15000 0.06131 4449 0.0597 0.106 T257 7691 0.106
Run 12 16000 0.06419 450.8 0.06168 0.1095 T024 7691 0.1095
Run 13 17000 0.0669 456.4 0.0635 01127 6823 7691 01127
Run 14 18000 0.06944 461.7 0.06516 01157 6649 7691 01157
Run 15 19000 0.07183 466.7 0.06667 01184 6498 7691 0.11584
Run 16 20000 0.07406 471.6 0.06804 0.1208 6367 7691 0.1208

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 n 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:

150 -
Tga vs P for various cryogenic fluids
140 |

I CH4
130]
120

110]

100|

Sat. temp. (K)

90|

80|

Py (kPa) x10%

Now, compute the Parametric Tables of variables as P1 varies from 1 to 10 bar. An example

Table for Nitrogen is shown below:

[ [l ] 4 ™= s [ 7 ™= ™= [l
Py iy v Wperkggas COP FOM Whperkglig Wiy i, cycle
Lo [kPa] [lsJ/kg] [kJ/kg] [lsJ/kg liq ]
Run 1 100 77.24 0.07403 4727 0.06738 0.1207 6385 7709 0.1207
Run 2 200 83.63 0.07587 411 0.07753 0.1243 5417 736 0.1243
Run 3 300 87.91 0.07704 374.9 0.08441 0.1265 4866 5154 0.1265
Run 4 400 91.23 0.0779H 3493 0.05997 0.1279 4454 5734 0.1279
Run & 500 93.99 0.07859 3295 0.09472 0.1289 4192 5405 0.1289
Run 6 600 96.38 0.07914 3132 0.09893 0.1297 3958 513.2 0.1297
Run 7 700 98.49 0.0796 299.5 0.1027 0.1302 3763 490 0.1302
Run 8 800 100.4 0.07999 2877 0.1062 0.1306 3596 469.7 0.1306
Run 9 900 102.1 0.08032 277.2 0.1094 0.1309 3451 451.7 0.1309
Run 10 1000 103.7 0.0806 267.8 0.1125 0.1311 3323 4355 0.1311

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”

T[1] = 300 “K”
T[2] = 300 “K”

T[3] = 255 “K”
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PO = 101.3 “kPa...Ambient or dead state”

TO = 300 “K...Ambient or dead state”

V=0 “m/s”

Z =0 “m’

x = 0.4 “...expander flow rate ratio”
s[1]=Entropy(Fluid$,T=T[1],P=P[1]) “[k]/kg-K]”
s[2]=Entropy(Fluid$,P=P[2], T=T[2]) “[k]/kg-K]”
s[3]=Entropy(Fluid$,P=P[3],T=T[3]) “[k]/kg-K]”
s[8] = s[3] “...entropy after isentropic expansion in expander”
h[1]=Enthalpy(Fluid$,T=T[1],P=P[1]) “[k]/kg]”
h[2]=Enthalpy(Fluid$,P=P[2],T=T[2]) “[k]/kg]”
h[3]=Enthalpy(Fluid$,P=P[3],T=T[3]) “[k]/kg]”
h[8] = Enthalpy(Fluid$,P=P[8],s= s[8]) “[k]J/kg]”
h[9]=Enthalpy(Fluid$,x=1,P=P[9]) “[k]/kg]”

h[10] = Enthalpy(Fluid$,x=0,P=P[10]) “[k]/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]) “[k]J/kg]...net

work per kg gas compressed..when the expander work is utilised in compression”
W_net_perkgliq = W_net_perkggas / y “[k]J/kg]...net work reqd per kg liq.”

W_ideal = Ideal Work(FLUIDS$, P[1],T[1]) “k]J/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 “...Coeft 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]) “[k]/kg-K]”

s[5]=Entropy(Fluid$,P=P[5],x= (1 —y)) “[k]/kg-K]”

s[6]=Entropy(Fluid$,P=P[6],T=T[6]) “[k]/kg-K]”

s[7]=Entropy(Fluid$, T=T[7],P=P[7]) “[k]/kg-K]”

s[9]=Entropy(Fluid$,P=P[9], x = 1) “[k]J/kg-K]”
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s[10]=Entropy(Fluid$,P=P[10], x = 0) “[k]J/kg-K]”
s[11]=Entropy(Fluid$,T=T[11],P=P[11]) “[k]J/kg-K]”

“To find exergies:”

hO = Enthalpy(Fluid$, T=T0, P=P0) “...k]J/kg”

s0 = Entropy(Fluid$, T=T0, P=P0) *...kJ/kg.K”

duplicate k = 1,11

ex[k] = (h[k] — h0) — TO * (s[k] — s0) +( VA2 / 2) / 1000 + (9.81 * Z) / 1000 “....k]J/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 “...k]J/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%:”
g gy y

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]
DELTAe_EV”

(1 — x) * ex[5]+ DELTAe_EV “...finds exergy loss in Expn valve,
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Results:

Unit Settings: 51 K kPa kJ mass deg

COP = 0.03698 ABromp= 1491 [kiW] Aepy =85.36 [RWT|

A = 1057 [k‘-f‘-.u’]| Apwz =BETT [k 111, cpcle = 0-497
ENEN Y destroyed = 797-2 [kdika] Fluid$ = "Mitragen’ FOk =049

hi = 311.2 [k/kg] PO =101.3 [kPa]] 50 = £.842 [kJ/kgK]
TO =300 [K] v =0 [mjs] Woactual = 1566 [kdfko]
Wep perkagas = 724 [Kijkg] Widea = 769.1 [kifkg] Wetperkggas = 2806 [kJ/kg]
Wret perkglig = 1586 [kJikg]| Wi = 7.1 [kfkg lig] x=10.4

= 01792 Z=0 [m]

And, parameters at various state points are:

- ¥ Il ™. (a5 [
Sort hi P 5i Ti ex;
[kJ/ka] [kJ/kgK]
[1] 3112 ¢ 101.3 6842 300 0
[2] 300.8 5070 5648 300 3479
[3] 2495 5070 5.462 255 3522
[4] 6912 5070 447 140 4694
[5] 69.12 101.3 4 948 77.35 J26.2
[6] 792 101.3 5.435 79.18 1580
[7] 211 101.3 G.439 203.9 206
[B] 81.35 101.3 5.462 81.11 164 1
[9] 7716 101.3 5409 77.35 185.3
[10] -122 101.3 2.834 7735 7691
[11] 2736 101.3 G.708 263.9 2.462

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 = nII = 0.491 ( = FOM)...Ans.

Exergy losses in compressor (assuming its isoth. effcy is 70%) = Aecomp = 149.1 kW...
Ans.

Exergy losses in Heat Exchanger-1 = AeHX-1 = 10.57 kW...Ans.

68.71 kW...Ans.

Exergy losses in Heat Exchanger-2 = AeHX-2
Exergy losses in Expansion Valve = AeEV = 85.96 kW...Ans.

B. Plot y, Wnetperkgas, COP and 1, against P2, other parameters remaining constant:

e ~
A
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First, compute the Parametric Table:

[ 2 ] ] 4 ¥]= = 2 7 = [hd
D PZ Y Wnet.perkggﬁs CopP FOM Wnet.perkgliq Wrev T cycle
e [kPa] [kd/kg] [kJikg] [kl/kg lig ]
Run 1 200 0.04363 4187 0.005198 0.8014 959.7 769.1 0.8014
Run 2 300 0.06605 68 46 0.006394 0.742 1037 769.1 0.742
Run 3 400 0.08058 87.99 0.007471 0.7043 1092 7691 0.7043
Run 4 500 0.09114 103.5 0.008471 0.6774 1135 769.1 0.6774
Run 5 00 0.09936 116.4 0.009414 0.6567 1171 769.1 0.6567
Run 6 700 0.108 1274 0.01031 0.6402 1201 769.1 0.6402
Run 7 800 0.1116 137.1 0.01118 0.6265 1228 769.1 0.6265
Run 8 900 0.1165 1457 0.01201 0.6149 1251 769.1 0.6149
Run 9 1000 0.1207 1534 § 0012827 06049 1271 769.1 0.6049
Now, plot the results:
0.14 —
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To see Part II B, download:
Cryogenic Engineering: Software Solutions Part-II B

Liquefaction systems — Problems (Mathcad)

Download free eBooks at bookboon.com



	Dedication
	Preface
	About the Author
	About the Software used
	3	�Cryogenic liquefaction systems
	3.1	Definitions, Statements and Formulas used [1–9]:
	3.2	Problems solved with EES:
	3.4	References


