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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 II A and II B.

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

are given at the beginning of the chapter.
Advantages of using computer software to solve problems are reiterated:

i) It helps in solving the problems fast and accurately

ii) Parametric analysis (what-if analysis) and graphical visualization is done very
easily. This helps in an in-depth analysis of the problem.

iii) Once a particular type of problem is solved, it can be used as a template and
solving similar problems later becomes extremely easy.

iv) In addition, one can plot the data, curve fit, write functions for various
properties or calculations and re-use them.

v) These possibilities create interest, curiosity and wonder in the minds of students

and enthuse them to know more and work more.

This book, viz. Cryogenic Engineering: Software solutions — Part-II deals with the

liquefaction of gases.
In this book: first, a thermodynamic background for cryogenic liquefaction is given; isenthalpic

and isentropic expansion, pay-off functions for a liquefier and thermodynamically ideal

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

liquefier etc.

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

Some catalogue 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 single phase
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 and researchers 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.
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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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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

3.4 PROBLEMS SOLVED WITH MATHCAD:

Unlike Engineering Equation Solver (EES), Mathcad does not have built-in functions for
properties of cryogenic fluids.

So, we have written Mathcad Functions for properties that are essential for problem solving,
for important cryogenic fluids, viz. Helium, Hydrogen,Nitrogen, Argon, Methane, Fluorine
and Oxygen.

Cryogenic properties for fluids are taken from NIST [28], i.e.

http://webbook.nist.gov/chemistry/fuid/

Procedure to use the above NIST website to get both the saturation properties and

superheat gas properties for different fluids is explained in detail in the earlier free ebook
by this author (See pp: 40 to 48 and pp: 60 to 66 of that book), published by Bookboon.
Following is the link:

Cryogenic Engineering: Software Solutions: Part-I

http://bookboon.com/en/cryogenic-engineering-software-solutions-part-i-ebook
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Note: Cryogenic Engineering: Software solutions Part-II A contains the theory of gas
liquefaction and problems solved with Engineering Equation Solver (EES). So, it is suggested
that while using this book (i.e. Part-II B) which has problems solved with Mathcad, the
student may find it useful to have the Part-II A too readily available, so that he/she may

refer to the theoretical aspects if required.

Prob. 3.3.1 Write Mathcad Functions to determine properties of Helium.

From NIST website, we get properties of Helium and then write the Mathcad Functions.
We have:

For Helium:

Saturation Properties:

Sat. Liquid:

D E F G H I J
Pressure (bar) Temp.{K} Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (k//kg) Entropy (J/g*K)

0.05 2.1883 146.21 0.00683593 -7.4633 -7.4291 -2.1439
0.15 2.7176 143.6 0.0069637 -5.716 -5.6115 -1.4151
0.25 3.0348 141.03 0.0070906 -4.9476 -4.7703 -1.1471
0.35 3.2741 138.60 0.0072121 -4.293 -4.0406 -0.9385
0.45 3.4707 136.42 0.0073304 -3.0944 -3.3045 -0.73962
0.55 3.6399 134.27 0.0074477 -3.134 -2.7243 -0.60036
0.65 3.7897 132.18 0.0075655 -2.6018 -2.1101 -0.45522
0.75 3.9247 130.12 0.0076851 -2.0911 -1.5147 -0.320604
0.85 4.0482 128.08 0.0078076 -1.5964 -0.93274 -0.1941
0.95 4.1623 126.04 0.0073343 -1.1134 -0.35968 -0.07369
1.05 4.2686 123.97 0.0080662 -0.63849 0.20846 0.0421

1.15 4.3682 121.88 0.0082049 -0.16815 0.77541 0.15454
1.25 4.4621 119.73 0.0083519 0.30091 1.3449 0.26477
1.35 4,551 117.52 0.0085054 0.77211 1.9209 0.37387
1.45 4.6354 115.21 0.00868 1.2493 2.5079 0.48254
1.55 4.7157 112.77 0.0088672 1.7369 3.1114 0.59324
1.85 4.7924 110.18 0.0090762 2.2409 3.7385 0.70628
1.75 4.8657 107.36 0.0093144 2.7693 4,3993 0.82407
1.85 4,9359 104.23 0.009594 3.3342 5.109 0.94959
1.95 3.0031 100.64 0.009936 3.9559 5.8934 1.0878

2.05 5.0674 96.304 0.010384 4.674 6.8027 1.2482

2.15 5.129 90.487 0.011051 5.5878 7.9638 1.4549

2.25 5.1875 79.733 0.012542 7.1806 10.003 1.8272
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CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS
Contd...
—_—

v ()/g*K) Cp()/g*K)  Sound Spd.(m/s) Joule-Thomson (K/bar) Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m]Phase Pressure (bar)
6.0181 6.0528 216.71 -0.10843 3.61E-06 0.013577 0.00028744 liquid 0.05
2.0527 2.3697 216.82 -0.25111 3.75E-06 0.015675 0.00024125 liguid 0.15
2.0779 2.6455 213.74 -0.2093 3.68E-06 0.016651 0.00021027 liguid 0.25
2.2133 3.0182 208.35 -0.17028 3.60E-06 0.017266 0.00018586 liquid 0.35
2.3177 3.3603 203.25 -0.14041 3.52E-06 0.017692 0.0001654 liguid 0.45
2.392 3.6811 198.13 -0.11555 3.45E-06 0.013002 0.00014765 liquid 0.55
2.4455 3.9965 193.23 -0.09328 3.38E-06 0.018228 0.00013195 liguid 0.65
2.4852 4.3201 188.48 -0.072294 3.32E-06 0.018395 0.00011786 liguid 0.75
2.5158 4.6636 183.86 -0.051818 3.25E-06 0.018518 0.00010508 liguid 0.85
2.5404 5.0389 179.32 -0.031346 3.20E-06 0.018607 9.34E-05 liquid 0.95
2.5603 5.4592 174.582 -0.010503 3.14E-06 0.018672 8.27E-05 liguid 1.05
2.5738 5.8411 170.35 0.011022 3.09E-06 0.01872 7.28E-05 liquid 1.15
2.5943 6.5064 165.88 0.033519 3.03E-06 0.018757 6.37E-05 liquid 1.25

2.61 7.1864 161.39 0.057282 2.98E-06 0.018791 5.52E-05 liguid 1.35
2.6247 8.027 156.86 0.082636 2.93E-06 0.013326 4.73E-05 liquid 1.45
2.6395 9.1006 152.27 0.10996 2.87E-06 0.013369 3.99e-05 liguid 1.55
2.6548 10.528 147.59 0.13973 2.82E-06 0.018925 3.30E-05 liquid 1.65
2.6713 12.527 142.8 0.17256 2.76E-06 0.015002 2.66E-05 liguid 1.75
2.6854 15.532 137.86 0.20932 2.70E-06 0.019114 2.07E-05 liquid 1.85
2.7104 20.548 132.71 0.25134 2.63E-06 0.019288 1.51E-05 liguid 1.95
2.736 30.492 127.25 0.301 2.55E-06 0.019598 9.88E-06 liquid 2.05
2.7704 538.399 121.23 0.3633 2.45E-06 0.020342 5.05E-06 liguid 2.15

undefined undefined undefined 0.46755 2.28E-06 undefined 5.83E-07 liguid 2,25

Sat. vapor:

Pressure (bar) Temp.(K) Density (kg/m3) Volume {m3/kg) Internal Energy (ki/kg) Enthalpy (k)/kg) Entropy (J/g*K)
0.05 2.1883 1.1743 0.85156 11.514 15.772 8.4584
0.15 2.7176 2.9877 0.33471 12727 17.747 7.1802
0.25 3.0348 4.6327 0.21586 13.366 18.763 6.6074
0.35 3.2741 6.2141 0.16093 13.79 19.423 6.2279
0.45 3.4707 7.7689 0.12872 14.093 19.885 5.9392
0.35 3.6399 9.3175 0.10733 14.314 20.217 5.7024
0.65 3.7897 10.874 0.091965 14.475 20.453 5.4987
0.75 3.9247 12.445 0.08033 14.589 20.614 5.3176
0.85 4.0482 14.052 0.071164 14.662 20.711 5.1523
0.95 4.1623 15.654 0.063718 14.699 20.752 4.9985
1.05 4.2686 17.385 0.05752 14.704 20.743 4.8528
1.15 4.3682 19.137 0.052254 14.677 20.686 4.7127
1.25 4.4621 20.964 0.047701 14.62 20.582 4.576
1.35 4.551 22882 0.043703 14.531 2043 4.441
1.45 4.6354 24.914 0.0401339 14.408 20.228 4.3058
1.55 4.7157 27.088 0.036917 14.245 19.971 4.1634
1.65 4.7924 29.444 0.033963 14.047 19.651 4.0266
1.75 4.8657 32.041 0.03121 13.795 19.256 3.8775
1.85 4.9359 34.97 0.028596 13.477 18.767 3.7168
1.95 5.0031 38.287 0.02605 13.071 18.151 3.3377
2.05 5.0674 42593 0.023475 12528 17.341 3.3277
2.15 5.129 48.37 0.020674 11.732 16.177 3.0561
2.25 51875 59.35 0.016849 10.138 13.929 2.584
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CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS
Contd...

Cv (J/g*K) Cp()/g*K) Sound Spd.(m/s) Joule-Thomson (K/bar} Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Pressure (bar)
3.4715 6.0683 83.394 2.7379 5.41E-07 0.0040074 vapor 0.05
3.4781 6.3917 90.176 1.7683 7.06E-07 0.0052574 vapor 0.15
3.4478 6.6202 93.357 1.488 8.07E-07 0.0059717 vapor 0.25
3.4148 6.8437 95.352 1.3476 8.86E-07 0.0065219 vapor 0.35
3.3829 7.0808 96.748 1.2618 9.54E-07 0.0069867 vapor 0.45
3.353 7.3407 97.779 1.2035 1.01E-06 0.0074048 vapor 0.55
3.325 7.631 98.564 1.1611 1.07E-06 0.0077866 vapor 0.65
3.2988 7.9595 99.171 1.1287 1.12E-06 0.0081466 vapor 0.75
3.2742 8.3354 99.645 1.103 1.17E-06 0.0084935 vapor 0.85
3.251 8.7704 100.01 1.0819 1.22E-06 0.0088344 vapor 0.35
3.2289 9.2797 100.3 1.0638 1.26E-06 0.0091754 vapor 1.05
3.2073 9.884 100.52 1.0478 1.31E-06 0.0095226 vapor 1.15
3.1877 10.612 100.69 1.033 1.35E-06 0.0098822 vapor 1.25
3.1682 11.506 100.82 1.0187 1.40E-06 0.010261 vapor 1.35
3.1491 12.627 100.92 1.0041 1.44E-06 0.010667 vapor 1.45
3.1303 14.075 101.01 0.98855 1.45E-06 0.011109 vapor 1.55
3.1116 16.009 101.1 0.97117 1.53E-06 0.011601 vapor 1.65
3.0926 18.722 101.21 0.95084 1.58E-06 0.012161 vapor 1.75
3.0728 22,786 101.38 0.92603 1.63E-06 0.012821 vapor 1.85
3.0516 29.504 101.64 0.89434 1.69E-06 0.013633 vapor 1.35
3.0273 42.595 102.11 0.85146 1.76E-06 0.014753 vapor 2.05
2.9965 78.175 103.02 0.78775 1.84E-06 0.016612 vapor 2.15

undefined undefined undefined 0.66396 1.99E-06 undefined vapor 2.25
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Isobaric data is collected for pressures, P = 1, 5...220 bar.

Sample data for P = 20 bar for temps from 5 K to 366 K is shown below:

Temp{ir]ature :fnc-:l;;rkr‘l; Internal Energy (ki/kg) | Enthalpy (kifkg) | Entropy (J/g*K) | Cv ()/g*K} | Cp (¥/g*K) |Sound Spd. {m/s)
] 0.0062543 -1.3864 11.202 -0.41206 2.2728 3.0469 333.65
15 0.015076 38.243 68.695 2.463 3.1274 6.6435 206.67
25 0.027147 75.81 130.1 8.6237 3.1862 5.7891 323.95
EE] 0.03835 109.61 186.31 10.518 3.1747 5.4978 375.12
45 0.049169 142.25 240.59 11.882 3.1623 5.3725 419.43
55 0.059804 174.35 293.96 12.953 3.1529 5.308 459.21
63 0.070342 206.15 346.84 13.837 3.1461 5.2708 435.57
75 0.080822 23778 393.42 14.589 3.1411 5.2478 529.32
83 0.091267 209.28 431.82 15.245 3.1372 2.2320 261
95 0.10169 300.71 504.09 15.827 3.1343 5.2223 590.34
105 0.1121 332.08 556.27 16.349 3.1319 5.215 619.42
115 0.12249 363.41 608.39 16.823 3.13 5.2096 646.65
125 0.13288 394.71 660.47 17.257 3.1285 5.2057 672.76
135 0.14327 425.98 712.51 17.658 3.1272 5.2027 637.9
145 0.15365 457.23 764.53 18.03 3.1261 5.2004 72217
135 0.1g402 488.47 816.32 18.376 3.1232 2.1986 743.63
165 0.1744 519.7 868.5 18.701 3.1244 5.1972 768.41
175 0.18477 550.92 920.47 19.007 3.1237 5.1961 790.53
185 0.19515 582.13 972.42 19.296 3.1231 5.1952 812.04
195 0.20552 613.33 1024.4 19.569 3.1225 5.15945 833
205 0.21589 644.52 1076.3 19.829 3.1221 5.1933 853.45
215 0.22627 675.72 1128.2 20.076 3.1217 5.1934 873.42
225 0.23664 706.9 1180.2 20.312 3.1213 5.193 892.95
235 0.24701 738.09 1232.1 20.538 3.1209 5.1927 912.07
245 0.25738 769.27 1284 20.755 3.1206 5.1924 930.79
255 0.26776 300.45 1336 20.962 3.1204 5.1922 943.15
265 0.27813 831.62 1387.9 21.162 3.1201 5.192 967.16
275 0.2885 862.8 1439.8 21.354 3.1199 5.1919 984.34
285 0.29887 893.97 1491.7 21.54 3.1197 5.1918 1002.2
295 0.30925 925.14 1543.6 21.719 3.1195 5.1916 1019.3
305 0.31962 956.31 1595.6 21.892 3.1193 5.1916 1036.1
315 0.33 987.48 1647.5 22.059 3.1192 5.1915 1052.6
325 0.34037 1018.6 1693.4 22.222 3.119 5.1914 1068.9
335 0.35074 1049.8 1751.3 22.379 3.1189 5.1914 1084.9
345 0.36112 1081 1803.2 22.532 3.1187 5.1914 1100.7
355 0.37149 1112.1 1855.1 22.68 3.1186 5.1913 1116.3
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Contd...

Joule-Thomson (K/bar) ViSCC?Sit‘y’ Therm. Fond. Phase Temperature
(Pa®s) {W/m*K) (K)
-0.16198 5.73E-06 0.028412 liquid 3
0.057907 3.95E-06 0.030214 supercritical 15
0.028803 4,72E-06 0.035567 supercritical 25
0.00022434 5.55E-06 0.0413587 supercritical 33
-0.018361 6.34E-06 0.047106 supercritical 45
-0.030693 7.08E-06 0.052663 supercritical 55
-0.039183 7.78E-00 0.058052 supercritical G5
-0.045215 8.45E-06 0.063284 supercritical 75
-0.043603 9.09E-06 0.068363 supercritical 83
-0.052869 9.71E-06 0.07332 supercritical 95
-0.055326 1.02E-05 0.078148 supercritical 105
-0.057197 1.07E-05 0.082865 supercritical 115
-0.058632 1.13E-05 0.08748 supercritical 125
-0.059736 1.19E-035 0.092 supercritical 135
-0.060587 1.24E-05 0.096432 supercritical 145
-0.061239 1.30E-05 0.10078 supercritical 155
-0.061736 1.35E-05 0.10506 supercritical 165
-0.062108 1.40E-05 0.10927 supercritical 175
-0.062382 1.45E-05 0.11341 supercritical 185
-0.082574 1.50E-05 0.11743 supercritical 195
-0.062702 1.55E-05 0.12151 supercritical 205
-0.062776 1.60E-05 0.12548 supercritical 215
-0.062806 1.65E-05 0.12939 supercritical 225
-0.0628 1.70E-05 0.13326 supercritical 235
-0.062764 1.75E-05 0.13708 supercritical 245
-0.062703 1.79E-05 0.14085 supercritical 255
-0.062622 1.84E-05 0.14459 supercritical 265
-0.062524 1.89E-05 0.14828 supercritical 275
-0.062412 1.93E-05 0.15154 supercritical 285
-0.062289 1.98E-05 0.15556 supercritical 295
-0.062155 2.02E-05 0.15914 supercritical 305
-0.062014 2.07E-05 0.16269 supercritical 315
-0.061867 2.11E-05 0.16621 supercritical 325
-0.061714 2.16E-05 0.16969 supercritical 335
-0.061557 2.20E-05 0.17315 supercritical 345
-0.061397 2.24E-05 0.17658 supercritical 355
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Now, to write Mathcad Functions, first write the data as Mathcad Matrix/vectors:

Properties of Helium:
Sat. properties: (Ref: NIST)

Units:  psat (bar), tsat(K), vf, vg (m3/kg), bf, hg (kd'kg), sf.sg (kikg K)

Psat Tsat f v hf hg sf sq

g’il}.l}i 21883 00068393 085136 74201 15772 21439 S.—I-iS-I-H‘I_
0.13 27176 00069637 033471 36115 17747 14151 7.1802
023 30343 00070906 021386 —47703 18783 -1.1471 66074
035 32741 0.0072121 0.16093 40406 19423 008385 62279
043 34707 00073304 012872 33645 19883 073962 39302
033 36300 00074477 010733 27243 20217 060036 3.7024
0.63 37897 00073633 0091963 -2.1101 20433 043322 34987
0.75 38247 0.0076831 0.08033 -1.35147 20614 032064 33176
0.83 40482 00078076 0071164 0093274 20711 01941 313523

093 41623 00079343 0063718 033068 20752 007360 40085
1.05 42686 00080662 003732 020346 20743 00421 483528
M sat He = 1.15 43682 0.008204% 0052234 077341 20686 015434 47127

125 44621 00083519 0047701 134490 20582 026477 43576
135 4331 00085094 0043703 19200 2043 037387 444
143 46354 000868 0040132 235079 20228 048294 43038
35 47157 00088672 0036917 31114 19971 059324 41684
165 47924 00020762 0033963 3738 192651 070628 40266
1.75 48637 00093144 003121 43903 102355 0.82407 38773
85 49033% 0009394 0023396 3109 18767 094839 37148
L3 30031 0009036 002605 58934 18151 1.0878 35377
05 30674 0010384 0023475 6.8027 17341 12482 33277
213 5128 0011051 0020674  TO963%3 16177 145349 303561
\.2.25 51875 0012542 0016849 10003 13929 1.8272 E.jS-I-J.'-

Lhn

Now, separate the data vectors:
Y » p}
psat =M s at_HE{D' tsat = l"»-i_sat_He{l' visat = l"'.-i_sat_HE{“"

3 EH) )
vgsat = M_sat_He{J' hfsat = l"'.-i_sat_HEﬁ hgsat = M_sat_He{:"

'} g
sfsat == l"»-i_sat_He{ﬁ sgsat = l"s-I_sat_He{"
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18



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS

And, now write the Functions for sat. properties of Helium:

Function Example
TSAT(F) = linterp(psat . tsat. P} TSAT(1.5) = 4676
PSAT(T) = linterp{tsat_psat T} PSAT(4.T) =133
HFSATP(F) = linterp{psat . hfsat. F) HFSATR{1.30) = 2.81
HFSATI(T) = linterp{tsat,hfzat. T) HFSATT(4.5) = 1.39
HGSATP(P) = linterp{psat hgsat F) HGSATP(1.0) = 20.747
HGSATT(T) = linterp(tsat hzsat, T) HGSATT(4.5) = 20517

HFGSATP(P) = HGSATP(PF) - HFSATP(P)  HFGSATP(0.1) = 23.28

HFGSATT(T) = HGSATT(T) - HFSATT(T)  HFGSATT(S) = 12322

SESATP(P) = linterp{psat , sfsat P} SFSATP(1.0) = —0.016

SFSATT(T) = linterp{tsat, sfsat, T} SFSATT(4.5) = 0511

SGSATH(P) = linterp(psat,sgsat, Py SGSATP(1.0) = 4924

SGSATTI(T) = linterp(tsat, sgsat, T) SGSATTI(4.5) = 4518
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SFGSATHF) = SGEATR(F) — SFSATHF)
SFGSATT(T) = SGSATTI(T) — SFSATT(T)
VGSATE(F) = linterp{psat . vgsat.F)
VGESATT(T) = linterp{tsat,vgsat, T}

VESATPR(P) = linterp{psat vfsat F)

CRYOGENIC LIQUEFACTION SYSTEMS

SFGEATPR{1.0) = 4941
SFGEATT{4.3) = 4207
VGEEATE{1.0) = 0.041 m"3/kg
VGEEATT{4.3) = 0.046 m"3/kg

VESATP(1.0) = 8.00025 x 10 *3/kg

-

VESATT(T) = linterp(tsat, vfsat, T) VFSATT(4.5) = 8419046 x 107~ m*3kg
VFGSATP(P) = VGSATP(P) — VESATR(P) VEGSATP(1.0) = 0.052619  m*3/kg
VEGSATT(T) = VGSATT(T) — VESATT(T) VEGSATT(4.5) = 0.037578 m"3lkg

-

UGSATP(P) = HGSATP(P) - P- 10° - VGSATP(P)  UGSATP(1) = 14.686

.
UFSATP(P) == HFSATP(P) - P - VFSATP(P) - 107

UFGSATP(P) == UGSATP(P) — UFSATR(P)

-

UGSATT(T) = HGSATT(T) - PSAT(T) - 10” - VGSATT(T)

-

UFSATT(T) = HFSATT(T) — PSAT(T) - 10° - VESATT(T)

UGSATT(4.5) = 14372

UFGSATT(T) = UGSATT(T) - UFSATT(T)

Some more Functions for two-phase properties:

In the following program: psat = sat. pr. in bar, s = entropy in kd/kg K

quality Ps{psat.s) = |return "psat should be between 003 barand 225 bar ! " if psat < 005

return "psat should be between 0.03 bar and 2.23 bar ! "
sf « SFSATP(psat)

sfg « SFGSATP(psat)

if psat > 223

g — =f

X

sfz

=23

5
AR

Ex psat =223

quality_Ps{psat,s) = 0.880
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In the following program: tsat = sat. temp, K, s = entropy in klikg K

quality Ts{tsat,s) = |return "tsat should be between 21883 K and 51875 K0! if tsat < 2.1883
return "tsat should be between 21883 K and 51875 K 1" if tsat > 3.1873
sf « SFSATT(tsat)

sfg « SEGEATT(tsat)

s — af
X o=

sfz

Ex: tsat =26 5=08

quality _Ts{tsat,s) = 0243

In the following program: tsat = sat. temp, K, h = enthalpy in kl/kg.

quality_Th{tsat.h) = |return "tsat should be between 21883 K and 31873 K 1" 4f tsat <« 2.1883
return "tsat should be between 21883 K and 31873 K 1" 4f tsat = 31873
hf « HFSATT(tsat)
hfz « HFGSATT(tsat)
h — hf
hfg

i

Ex tsat = 2.6 h=17

quality_Th{tsat.,h) = 0.987

quality Ph{psat_h) = |return "psat should be between 003 barand 225 bar ! " if psat < 0.03
return "psat should be between 003 barand 225 bar ! " if psat = 223
hff «— HESATP{psat)
hfz « HFGSATP(psat)
h - hf
hfg

N

Ex: psat =225  h=11

quality Ph{psat_h) = 0234
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In the following program: psat = sat. pr_ in bar, x = quality, and s in kd/kg K

entropy_2phase Pxpsat x) = |return "psat should be between 0.05 barand 225 bar ! " of psat < 0.03
return "psat should be between 0.05 bar and 225 bar ! " of psat > 2.23
PSAT « psat

sf «— SFSATP(PSAT)

sfg « BFGSATP(PSAT)

s+ sf +x- sfg

Ex: psat = 2.2 x = 0448

entropy_2phase Pxpsat x) = 2.169
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In the following program: tsat = sat. temp, K, x is quality, and s = entropy in kJ/kg K

entropy_2phase Tx(tsat.x) = |teturn "tsat should be between 21883 K and 31873 K" if tsat - 2.1883
return "tsat should be between 21883 K and 31873 K 1" if tsat > 3.1873
sf «— SFSATT(tsat)

sfz «— SFGEATT(tsat)

s+« sf +3x-sfz

Ex: tsat = 2.1883

entropy_2phase Tx(tsat x) = 5438

In the following program: tsat = sat. temp. K, % is quality, and h = enthalpy in kl/kg

entropy_2phase Thitsat.h) = |return "tsat should be between 21885 K and 31873 K 1" if tsat < 2.1883
return "tsat should be between 21885 K and 31875 K ! " iof tsat » 51873
sf « SFSATT(tsat)

sfg « SFGSATT(tsat)

i < quality_Th{tsat.h)

s « sf + x - sfg

Ex: tsat = 4 h =20

Pt

entropy_2phase_Thitsat,h) = 5.048

In the following program: psat = sat. pr. in bar. % = quality, and h in kJ/kg

enthalpy 2phase Pxa{psat x) = |return "psat should be between 0.05 bar and 225 bar ! " if psat < 0.03
return "psat should be between 003 bar and 225 bar! " if psat > 223
PSAT « ps=at

hf « HFSATP(PSAT)

hfz « HFGSATP(PSAT)

h « hf + x - hiz

: =225  x=0]
Ex: psat =223 x=10754

enthalpy 2phase Pxpsat x) = 12,963
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In the following program: tsat = sat. temp, K, % is quality, and h = enthalpy in kJ/kg

enthalpy Jphase Txtsat.x) .= [return "tsat should be between 21883 K and 51875 1" if tsat « 2.1883
return "tsat should be between 21883 K and 31875 K ! " of tsat > 31873
I+ IIMSATI{izat)

hfz « HFGSATT(tsat)

h « hf + x- hiz

Ex: tsat = 3

enthalpy 2phase Ta(tsat,x) = 3.857

In the following program: tsat = sat. temp, K, 5 in kJ/kg K, and h = enthalpy in klJ/kg

enthalpy_2phase Ts{tsat,s) = |return "tsat should be between 21883 K and 51875 K 1" 1f tsat < 2.15883
return "tsat should be between 21883 K and 31873 K ! " if tsat » 3.1873
x +— quality_Ts(tsat.s)

hf « HFSATT(tsat)

hfz « HFGSATT{tsat)

h « hf + x - hfg

N

Ex: tsat = 4 s =
AR AR

enthalpy Jphase Ts(tsat,s) = 19.804

In the following program: psat = sat. pr. in bar, s = entropy in kJ/kg K, and h in kl'kg

enthalpy 2phase Ps{psat.s) = |return "psat should be between 005 barand 225 bar ! " if psat < 0.03
return "psat should be between 0.03 barand 223 bar ! " if psat > 223
1+ quality Ps{psat.s)

PSAT « psat

hf « HFSATP(PSAT)

hfz «+ HEGSATP(PSAT)

h+« hf +x- hig

- = 2725 =15
Ex: psat =223 5=13
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Now, properties at 1, 5, 10...220 bar for single phase helium gas are written as Mathcad

matrices.

Example for P = 1 bar and 220 bar only are shown, to conserve space:

At 1 bar: T K

"5 0084888 18.187 26676 62182

13 030963 51225 82188 12421
25 0352012 32713 13473 15.106
35 072801 11402 18691 16862
45 093714 14324 23897 18171
35 11431 17647 28088 19215
65 1333 20766 34296 20083

3 15600 23884 30403 20827
85 17686 27002 44688 21477
85 197484 30119 49383 22035
105 21841 33236 33077 223575
115 23919 36333 60271 23.047

M Hel =
- 185 3.8439 38147 96623 23316

Download free eBooks at bookboon.com

25



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS

285 3923 89326 14836 2776
205 61307 92442 15375 274939
305 63384 095558 13894 28112
315 A5461. 02AT74 1441

a3 e

2828
323 67338 10179 16933 23442
335 609615 1401 17452 284
345 71692 10802 17971 28732

-'\jii 73769 11114 18401 28901,

Data vectors are created from the above matrix, and Functions are written for enthalpy

and entropy:

templ = {:LI_HEI:}{‘}:}

spvoll = {:M_HEI:}{I} enthl = {M_Hel}{i} entropl = {:M_Hel:}{i}

HEe:1B(T) = linterp{templ, enthl, T) B HHe1B{340) = 1.771 = 11}3
SHelB(T) = lnterp{templ , entropl, T} B SHelB(340) = 28.676
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At 220 bar:

M _He.,, 0=

0.0047112
0.0054133
0.0062499
0.0071802
0.008104
0.00904637
0.010029
0.0109091
0.011949
0.012904
0.013834
0.014803
0.01573
0.016604
0.017636
0.018574
0.019514
0.020432
0.021389

0.022323
0.02328
0.024193
002513
0.026064
0026908
0.027932

0.028866
0.0288
0.030734
0.031668
0.032602
0.033336
0.03447
0.035404
0.036338

27384 13101
58786 177.88
93233 23073
85.
41
96
230.87 4515
26422 306.01
20732 56801
32094 61384
36244 66727
39474 72044
426.89 7734
4339 B26.17
40081 8788
52263 93129
55436 083.68
586.03 1034
61764 10832

(=
(]
=]
]
[

7

=
oy
[
=]
=]
Laa
[

[
laa

=
=
=
(=
(%]
[*F]
L
L=41

6402 11403
680.71 11924
T12.19 12443
74363 12963
77303 13483
80644 14004

8378 14523

86013 13042
20043 13361
931.7% 16079
26308 16308
00437 17116
10234 17634
10369 18132
1088.1 1847
11194 19188

11.828
12272
12679
13.036
13.407
1
14044
14334
14609

-5
B

aa
Lh

*=

CRYOGENIC LIQUEFACTION SYSTEMS
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temp220 = §220°
spvol220 = §220° enth220 = $2207 entrop220 = §220°
HHe220B(T) = linterp(temp220, enth220. T) ex.  HHe220B(340) = 1.841 x 10°

SHe220B(T) = lnterp(temp220, entrop220, T) B SHe220B(340) = 17.497

Now, using the above Data Matrices, write a Function to find enthalpy and entropy of

superheated helium as a function of P and T:

First, create a vector of all pressure values for which we have collected data Matrices:

Pressures He ={1 3 10 13 20 30 40 &0 80 100 120 140 160 180 200 220)

Explanation of the Function:

In the Function below, P and T are the Inputs, and h and s are the outputs.

If the input P value exactly matches with one of the values in the Pressures_He data vector,

that particular Matrix is accessed and the h and s are found out by linear interpolation.

However, if the input P does not exactly match with any of the values in the Pressures_He
data vector, then the pressures PL and PH which bracket P are found out, and the h and s
are first calculated for pressures corresponding to PL and PH, and then the h and s values

at the required P are found out by linear interpolation:
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Now, write the function:

h_and_s_SuperheatHe(P.T) == |return "T < Tsat: use two-phase Functions" if T < TSAT(PF) ~ P < 2.2744
return P should be between 1 bar and 220 bar” of P< 1w P> 220
for ke 013

if P= PIessu:es_Heﬁrk

_ ) Ao RN
b+ hnterp[tM—HEPressures_Heﬂ:k} ’1..M—HEPressures_He.‘r;.:k} T

(Y g
Pressures Hey k} : 1 M—HEPressures_He.:. . ;J T

("Enthalpy (kI'kz)" "Entropy (kg K)" “t
-'\ h s /
if P Pressures He

s« ]j.nterp|:{.M_He

trefufi

~ P < Pressures_He

0.k 0.k+1

PL « Pressu.res_He‘}._k

PH « Pressu.res_HEG:k+l

T @ 3
Ae hmerp[{_n_uePL_J. (M Hep )T

¢ W 3
B« h‘me:p[q M_HePHp{O' ,1:»1_HEPH}{3' ,T]
{P-PL
he A+ HB-A)
\ PH - PL)

. . o WAy
C ]mterpI:{.:'d_HePL.} ’{_M—HEPLJ' T

. : ov neH
D« hme:p[{:»l_Her (M Hepy) 7T
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fP-PL
se—=C+ —-(D-0C)
\\PH-PL
("Enthalpy (iIkg)" "Entropy (kz K)" |
tefutt | 1
L h s J

Ex: P=16 T =333

("Enthalpy (kI'kg)" "Entropy (kg K)" )
h and s SuperheatHe(P. T) = 3 |
1.8354 = 10 23.138 J

Now, write Functions for enthalpy and entropy in terms of P and T:

Remember: For He: Pc =2.2746 bar, Tc = 5.1953 K, NBP = 4.23 K

enthalpy He(P.T) = |return "P should be between 1 bar and 220 bar" of P« 1w P = 220
return 'T should be between 3K and 335 K" of T« 5 T = 333
tsat «— TSAT(P) if P= 22748

h « h_and_s_SuperheatI—Ie[P_.l'}l_D if (T = tsat ~ P=22745)

h « h_and_s_SuperheatI—Ie[P_.l'}l 0 if (P> 22744)

return " State point in two phase region— use 2 phase Functions" ) of (T < tsat ~ P« 22744
P P g P

Ex:

P.=200 bar T:=335 K

enthalpy He(P.T) = 1.913 = 107

enitropy_He(P. T} = |retumn "P should be between | bar and 220 bar" f P« 1w P> 220
retumn "'T should be between 3 K and 333 K" if T« 5w T > 333
tsat «— TSAT(F) if P < 22745

5 — h_a.nd_s_SuperheatHe[P_.l'}l_l if (T = tsat ~ P = 22746)

§ h_and_s_SuperheatI—Ie[P_.l'}l i if (P> 22746)

(return "State point in two phase region— use 2 phase Functions") if (T « tsat ~ P < 2.2746)

Ex:

Aty

P =200 bar I =330 K TSAT(16) = 13231

entropy He{P,T) = 17.843

Download free eBooks at bookboon.com

30



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

Function to find h when P and s are known:
As a first step, get T when P and s are known:
P = 200bar
5=3727 klkgC
T=100 K. .guessvalue
Given
entropy He(P. T)= s

Temp He(P. s} = Find(T)

Temp He(P.s) = 35.628 K

Now, write the Function to get h:

enthalpy He Ps(P.s) = |return "P should be between | bar and 220 bar” if P« 1w P = 220
T « Temp He(P,s)
h « enthalpy He(P T}

Ex: P =80 bar 5.=1337 klkgC

enthalpy He Ps(P_s) = 804915 kl/kg

Function to find T when P and h are known:

P=100bar  h =870 klkg

T =130 K...guessvalue

Given
enthalpy He(P. T)=h
Temp He[P.h) = Find(T)

Temp He(P,h) = 160415 K
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Function to find 5 when P and h are known:

As a first step, get T when P and h are
known:

P =80 bar h=2500 klkg

T =180 K. .guessvalue
Given
enthalpy He(P. T)=h

Temp He(P h) = Find(T)

Temp He(P.h) = 167377 K
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entropy_He Ph{P.h) =

Ex P =10 bar

St

CRYOGENIC LIQUEFACTION SYSTEMS

return P should be between 1 bar and 220 bar" o P« 1w P> 220
T « Temp He(P_ h)
s « entropy_He(P.T)

h=150 klkg

ey

entropy_He Ph{P. h) = 10.7%

Temp He(P.h) = 28.279

Prob. 3.3.2 Write Mathcad Functions to determine properties of Nitrogen.

From NIST website, we get properties of Nitrogen and then write the Mathcad Functions.

First, saturation properties are generated from the NIST website, just as we did for Helium.

Relevant properties are shown in the following Mathcad Matrix:

Sat. properties: (Ref: NIST)

Units:  psat (bar), tsat{K), vf, vg (m3/kg), hf, hg (kd'kg),

M _sat N2 =

Psat Tsat

(0.15

.63
1.13
1.63
215
265
313
363
415
4.65
313

33

64.151
3.an
T8.445
81.744
84.357
86.549
88.454
20.146
91.677
93.078
g4374
95227
09 4569
102.96
105.93
108.6
110.97
113.13
115.12
116.97
118.69

vf vy

00011586 12357

00012164 0.32831

0.0012483  0.19291

00012726 013809

0.0012832  0.10792

0.0015115 0.088712
0.0013281  0.075367
00013436  0.065531
00013582 0037966
0.0013722  0.051958
00013856  0.047063
00013947 0044145
0.0014439  0.032476
0.0014205  0.025321
00015361 0.020872
0.001382  0.017527
0.0016202  0.01490

00016787  0.012988
00017315 0.0113359
0001789 0.0099950
0.0018529 0.0088275

hf

hg

65.733

2 74321

17975
50299
81.967
83237
84235
85.036
85.685
86213

e
= g

2 56642

56.892
87.716
87.3
§7.361
86.502
85276

83.701

3 81773
3 70472

T6.74

sf.sg (kd/kg K)

3.8148
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a2
= | Lh
LhLh

e
in

(2]
[l =]
Lh

isa
Laa
Lh

12031 00019261 00078012
121.83 00020133 00068748
12327 00021241 00060058
124643 00022833 0005138
12591 00026279 00040462

CRYOGENIC LIQUEFACTION SYSTEMS

—16.706 73482 338603 46101
—10.619 69327 30073 43633
—40125 6433 3938 435141
37311 374646 40171 44496
15.807 44636 41101 -I-.SES-I-_,J-

Now, write Mathcad Functions for saturated properties:

First, for Sat. properties:

Separate the data vectors from the above matrix:

4

y .
psat = M_sat_ N2 tsat .= M_s at_}.'E{ L wiszat .= M_sat N2

o

) 43 5
wvgsat = M _s at_}IE{J' hfzat .= M_s at_NEﬁ hgsat =M _s at_}IE{j'

i

sfsat .= M _sat N2 sgsat =M _s at_}.'z{ :

-

Now, write the Functions for sat. properties of N2:

TSAT(P) = linterp{psat . tsat F)
PRAT(T) = linterp{tsat psat_ T}
HESATR(P) = linterp{psat hfzat F)

HESATT(T) = linterp{tsat_hfsat T)

HGSATRP) = linterp{psat _hgsat )
HGSATT(T) = linterp(tsat_ hzsat T}
HFGSATHF) = HGSATHF) — HFSATR(F)
HFGSATT(T) = HGSATT(T) — HFSATI(T)
SFSATHP) = linterp{psat  sfsat P}
SESATTI(T) = linterp(tsat, sfzat T)

SGSATHE) = linterp{psat sgsat F)

SGSATT(T) = linterp(tsat, sgsat_ T)

TSAT(1.5) = 80.754
PSAT(90) = 3.607
HFSATP(1.150) = —119.78

HFSATT{90) = 03513

HGSATPR{1.50) = 79.602

HGSATT(90) = 834947

HFGSATP{1.5) = 194.608

HEGSATT{%0) = 180482

SFSATP{1.0) = 2.825
SFSATT(90) = 3.147
SGSATR{1.5) = 5333

SGSATT(90) = 3.133
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SFGSATP(P) = SGSATP(P) — SFSATP(F) SFGSATP(LS) = 2411
SFGSATT(T) = SGSATT(T) — SFSATT(T) SFGSATT(90) = 2.005
VGESATPP) = linterp({psat vgsat,P) VGESATP(1.5) = 0.153 m"3/kg
VGEEATT(T) = linterp{tsat, vgsat, T) VGEEATT(90) = 0.066 m"3/kg
VFSATP(P) = linterp(psat , vsat,P) VESATP(LS) = 126531 x 107 T*3/kg
VFSATT(T) = linterp(tsat, vfsat, T) VESATT(90) = 1.342263x 107 mi3/kg
VFGSATP(F) = VGSATP(F) — VFSATP(P) VFGSATP(L.5) = 0.153271  m*3/kg
VEGSATT(T) = VGSATT(T) — VFSATI(T) VEGSATT(20) = 0.063037 m"3/kg
2

UGSATP(P) = HGSATP(P) - P- 10” - VGSATP(P)  UGSATP(LS) = 56421
UFSATP(P) = HFSATR(P) — P - VFSATE(P) - 10°

UFGSATP(P) = UGSATP(P) — UFSATP(P)

UGSATT(T) = HGSATT(T) — PSAT(T) - 10° - VGSATT(T) UGSATT(20) = 61.025

UFSATT(T) = HFSATT(T) — PSAT(T) - 10° - VESATT(T)

UFGSATT(T) = UGSATT(T) - UFSATT(T)
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In the following program: psat = sat. pr. in bar, 5 = entropy in klikg K

quality Ps{psat_s) = |return "psat should be between 013 barand 333 bar ! " of psat < 0.13

return "psat should be between 013 barand 3353 bar ! " if psat = 333
sf « SFSATP(psat)
sfz « SFGEATP(psat)

g — &f
X =

sfz

Ex: psat =223 =473

"
quality Ps{psat s} = 0.663

In the following program: tsat = sat. temp, K, s = entropy in kl/kg K

quality_Ts{tsat,s) = |return "tsat should be between 641531 K and 12391 K" if tsat < §4.131
return "tsat should be between 64 151 K and 12521 K 1" of tsat > 12391
sf « SFSATT(tsat)

sfg « SFGSATT(tsat)

g — =f

i

sfz

=

g =3
A

Ex: tzat = 70
guality Ts{tsat,s) = 0.123

In the following program: tsat = sat. temp, K, h = enthalpy in kd/kg.

quality Thitsat h}) = |return "tsat should be between 64 131 K and 12521 K" if tsat « 64.131
retumn “tsat should be between 84151 K and 12391 K 1" if tsat» 12591
hf « HESATT(tsat)

hfg + HEGSATT(tsat)

h — hf
i
hfg
Ex: tsat = 70 h =17

quality Thitsat.h) = 0.74
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quality Phipsat h) = Jreturn "psat should be between 0.15 barand 335 bar ! " if psat < 0.13
return "psat should be between 013 barand 3353 bar ! " if psat = 333
hf « HESATP{psat)

hfz « HFEGEATP(psat)

h — hf
H o
hfg
Ex: psat =225  h =11

quality Phipsat h) = 0.623

In the following program: psat = sat. pr. in bar, x = quality, and s in kJ/kg K

etitropy_2phase Palpsat.x) = |return "psat should be between 015 barand 33 3 bar ! " if psat < 0.13
return "psat should be between 013 barand 33 53 bar! " if psat = 333
PSAT « psat

sf «— SFSATP(PSAT)

sfg « SFGSATP(PSAT)

s sf+x-sfz

Ex: psat =22 = 04438

entropy_2phase Pxpsat x) = 4019

In the following program: tsat = sat. temp, K, x is quality, and s = entropy in kJ/kg K

entropy_2phase Tw(tsat x) = |return "tsat should be between 84 151 K and 12391 K" if tsat « §4.151
refurmn “tsat should be between 84151 K and 12301 K 1" if tsat > 12391
sf +— SFSATT(tsat)

sfg «— SFGSATT(tsat)

s« sf + x- sfg

Ex: tsat = 83

entropy 2phase Tx(tsat x) = 3246

Download free eBooks at bookboon.com

37



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

In the following program: tsat = sat. temp, K, xis quality. and h = enthalpy in kl/kg

entropy_2phase Thitsat h) == |return "tsat should be between 4. 131 K and 12391 K 1" of tsat < §4.131
returnn “tsat should be between 84 151 K and 12591 K 1" i tsat > 12391
sf «— SESATT(tsat)

sfg «— SFGSATT{tsat)

x +— quality Th{tsat h)

s+ sf +x- sfg

Ex 0

,_,
LA
B

1]
[wa)
h

gn‘

i
[ ]

entropy_2phase_Thitsat.h) = 4312
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In the following program: psat = sat. pr. in bar, x = quality, and h in kJ/kg

enthalpy 2phase Pxpsat.x) = |return "psat should be between 0.15 bar and 335 bar ! " if psat < 0.13
return "psat should be between 0.153 bar and 33.5 bar ! "
PSAT « psat

hf «— HFSATP(PSAT)

hfg «+— HFGSATP{PSAT)

h « hf + - hig

if psat > 33.3

Ex: psat =235 x:=0734

enthalpy 2phase Papsat . x) = 33774

In the following program: tsat = sat. temp, K, x is quality, and h = enthalpy in kl'kg

enthalpy 2phase Tx(tsat.x) = |return "tsat should be between 64 151 K and 12391 K ! " if tsat < §4.151
return "tsat should be between 84 151 K and 12391 K!" if tsat» 123581
hf « HFSATT(tsat)

hfz « HFGSATT(tsat)

h « hf + x - hiz

Ex: tsat = 83 p =0

enthalpy 2phase Tx(tsat,x) = —106.1533

In the following program: tsat = sat. temp, K, s in kl'kg K, and h = enthalpy in kJ/kg

enthalpy 2phase Ts{tsat s) = |return "tsat should be between 64131 K and 12501 K 1" if tsat « 64151
return "tsat should be between 684151 K and 12391 E ! " if tsat > 123.91
% +— quality Ts{tsat,s)

hf « HESATT{tsat)

hfz « HEGEATT(tsat)

h « hf + x - hiz

Ex: tzat = 83 g =3

A St

enthalpy 2phase Ts{tsat,s) = §1.46%
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In the following program: psat = sat. pr. in bar, s = entropy in kl'kg K. and h in klikg

enthalpy Iphase Ps{psat s) = |retun "psat should be between 0.15 bar and 33.3 bar!

%« quality Ps{psat,s)
PSAT « psat

hf « HFSATP(PSAT)
hfg «— HFGSATP{PSAT)
h « hf +x- hfg

Ex: sat = 2.23 5 =4
enthalpy 2phase Ps{psat,s) = 23717
Superheated N2 properties:

Isobaric data is collected for pressures, P = 1, 5...240 bar.

And, properties at these pressures are written as Mathcad matrices.

ON

-
———
ra
-———
sae:
=

'?A At — J ]
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(' :—‘ ':

return “psat should be between 0,15 bar and 335 bar !

"oif psat < 013

if psat > 33.3
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Example for P = 1 bar only is shown below, to conserve space:

At 1 bar:

(77244 021947

83
03

M N2, =

templ = (M _N2

024425
027352
030635
0.3360
036725
038748
04276
043765
0.48765
03174
034752
03774
0.60726
0.6371
0.66603
0.69673
0.72653
0.73632
0.78609
0.81536
0.34362
0.87338
0.00512
0.03487
0.96461
099434
1.0241
1.0338
1.0833

]
)

>
spvoll = |}s-1_3\'21 }{1'

HN2ZIB(T) = linterp{templ.

SN21B(T) = linterp(templ,

35.126
61.248
68.082
16.615
84138
91.723
9923
106.73
1142
121.67
129.14
136.39
14403
151.4%
158.04
166.38
173.82
181.26
188.7

aa

196.14 2

203.38
2110
21845

™
LA
=]
=

o]
[F¥]
(]
e
(]

=
o [
- .|
ol .|

B DR
aa LA
;_.i:n't
R

]
o |
=1
(]

]

enthl = (M N2

T1.073
85.672
06.334
10723
117.88
12845
138.98
148.4%
15997
17044
180.9
191.34
201.7¢

j68.4%

37802

enthl, T)

entropl, T}

341167
3.5178
3.6386
5.7438
3.8425
3.9307
6.0117
6.0868
6.1567
62222
6.2837
6.3418
§.3967
6.4489
6.4936
6.546
6.5913
6.6347
6.6764

3
1)

Ay
entropl = |h-1_3~.'21:|{_1~

HN21B(340)

= 33286

SN21B{340) = 6.975
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Now, using the above data Matrices, write a Function to find enthalpy and entropy of

superheated nitrogen when P and T are given.

Procedure is exactly as we did in the case of Helium, earlier:

First, create a vector of all pressure values for which we have collected data Matrices:
Pressures N2 :={1 5 10 13 20 30 40 &0 80 100 120 140 160 180 200 220 240)

N h_and s SuperheatN2{P. T} = |retumn "T < Tsat; use two-phase Functions” if T < TSAT(P) ~ P « 33938
retumn "P should be between 1 bar and 240 bar" of P« 1w P> 240

for k=0.18
if P= Pressures N2 &
h ]J.tltEI‘p|: M :\':P1=====1.11=== M2 1: ) ’:.l':—szi'aaam'aa_Xl: 1:: ) "I:|
5 ]Jnterp|: M :\"P1=====u1=== N, }l __:.1- :\"P1=====u1=== N2, 1I __I:|
("Enthalpy (kI'kg)" "Entropy (kg )" )
refurn f |
\ s /

~ P < Pressures N2

if P Pressures N2 0.k+1

0.k
PL « Pressures N2 "

1 )
PH « Pressu.res_:\._: .-152+'-

Ae hmerp[l M 1:1,1, (MN2p ) _.'I_':|

x

B« ]Jnterp[ M N2_..| (M 1':|

st ‘PI—I
(P-PLY
h — _—"_,_ ] ——— KB __1,‘_}
PI— PL)
C=— ].1.1:1tE1'p|: M :\:PI_I 0 -'Il.:—szI_: .-I:|
D« ]jnterp[ M 1:1,1_, (M_N2p) __I]
(P-PL
s« C+ —— {D-0C)
\PH - PL
..-__"Enﬂlalp}.- (L;:l' L:gjl- “Eﬂtfl:lp}-' (]!:J L:ng,. ‘-.I
refurn . h i
g 4

Ex: P =18

'_|
]

Laa
LA
LA

TS5AT{16) = 111.51

“"Enthalpy (kT'kz)"  "Entropy (kIks K" x‘-_

h and s SuperheatNP . T) = |
366.32 6.193 Y.
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Now, write Functions for enthalpy and entropy in terms of P and T:

Remember: For N2: Pc =33.958 bar, Tc = 126.192 K, NBP = 77.355 K

enthalpy N2(P,T) = |retum "P should be between | bar and 240 bar" of P< 1w P> 240
tsat «— TSAT(P} iof P = 33938
h «— h_and_s_Superheat?Q[P,T}El 0 if (T = tsat A P < 33.938)

h «— h_and_s_Superheat?Q[P,T}El 0 if (P> 33.938)

(return "State point in two phase region— use 2 phase Functions") if (T < tsat ~ P« 33.938)

P=16 bar T=120 K TSAT(16) = 111.51 h_and_s_SuperheatN2(P.T), - = 99.851
enthalpy N2(P,T) = 92.851

entropy N2(P.T) = |return "P should be between | bar and 240 bar” if P < 1w P > 240
tsat «— TSAT(P) if P = 33938
h «— h_a.ﬂd_s_Superheat.\'E[P__T}D 1 if {T = tsat ~ P = 33.938)

h «— h_a.ﬂd_s_Superheaﬂ\Q(P__T}El 1 if (P > 33.938)

refurn " State point in two phase region-—— use 2 phase Functions" ) if (T < tsat ~ P = 33835
P P =S P

P:=16 bar T=115 K TSAT(16) = 11151 h_and_s_SuperheatN2(P.T), | = 4836

entropy NP, T) = 43836

Function to find s when P and h are known:

As a first step, get T when P and h are
known:

P =10 bar h:=150  klkg

LA

T =180 K. .guessvalue

Given
enthalpy N2P.T)=h
Temp NYP h) = Find(T)

Temp N2(P.h) = 152552 K
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enttropy_N2_Ph(P.h) = |retum "P should be between 1 bar and 240 bar" of P« 1w P> 240
T + Temp_N2{P.h)
s« enfropy N2(P.T)

Ex p=10 bar  h=150 klkg Temp N2(P.h) = 152.552

Aty

entropy_N2_Ph(P. h) = 5422

Function to find T when P and h are known:
P:=20 bar  p=170 klkg
T =150 K..guessvalue
Given
enthalpy NYP.T)=h
Temp N2(P.h) = Find(T)

Temp N2(P.h) = 176158 K
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Prob. 3.3.3 Write Mathcad Functions to determine properties of Hydrogen
From NIST website, we get properties of Hydrogen and then write the Mathcad Functions.

We have: For Hydrogen, summary of relevant Saturation Properties:

Properties of Hydrogen:
Sat. properties: (Ref: NIST)

Units:  psat (bar), tsat(K), v, vg (m3/kg). hf, hg (kd/'kg), sf.sg (kd/kg.K)

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL Il B

Psat Tsat

(01 1451

M sat H? =

4 &
[l =]
fed
Fa oo
aa
=]

-
L=4]
ot
L=
i

1
8.1 300044
8.6 30419
91 30,779

06 31.123
10.1 31458

104 31778
11.1 32087
116 3238
121 3

13
126 3203

[
=

(R
(]
LA

[

0.013063
0.013763
0014179

001452
0.014328
0.015116
0.0133935
0.013668

001354
0.016213

0.01649
0.016773
0.0170463
0.017369
0.017686
0.018021
0.018377

0.01876
0.012177

0.012536
0.020153

0.020747

Vg

5.8678
1.2005
0.69693
049523
038484
031459
026366
022847
020151
0.1791%
0.1609
0.1436
0.13238
0.12132
0.11146
0.10272
0.0945852
0.087801
0.081312
0.073306
006268
0.06433
0.039143
0.053%67
0.048532
0.042089

hf

—45872
-15.821
28338
17473
30,066
41414
51932
61.833
T1.343
80.507
80434
28.1M1
1046.83
11542
12399
13239
14129
150.13
15919
168.33
17833
188.77
20009
212.83
22817

24089

CRYOGENIC LIQUEFACTION SYSTEMS

hg sf 5Q

40488 -2.796% 2833 "‘I
438.5% 078003 23409
4502 013316 21.7%
4565 0.7347% 20721
46019 13102 1992
46220 17599 19272
46326 2130 18721

46339 23522 18236

46284 28381 17.3
461.7 31736 17.3090
46006 34731 17024

Now, write Mathcad Functions for saturation properties:

First, separate the data vectors from the Matrix:

Y
psat =M s at_Hl{ o

{

ﬁ}
vgsat = M_sat H2"”

H
sfsat = l-i_sat_l—ﬂ{&

{1

tsat = M sat H2

A
hfsat =M = at_Hl{i

{7
sgsat = M sat H2"

N
vizat =M = at_Hl{l

-.}
hgsat = M s at_Hl{:"
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Function Example
TSAT(P) = linterp{psat ., tsat, P) TSAT(1.5) = 21.747
PSAT(T) = linterp{tsat,psat  T) PSAT(25) = 3.215
HFSATP(P) = linterp(psat, hfsat, P) HFSATP(1.50) = 14.551
HFSATT(T) = linterp(tsat, hfsat, T) HFSATT(23) = 54203
HGSATP(P) = linterp(psat, hgsat, F) HGSATP(1.3) = 455.24
HGSATT(T) = linterp(tsat, hgsat, T) HGSATT(25) = 463.29

HFGSATP(P) = HGSATP(P) — HFSATR(P) HFGSATP(1.5) = 440689

HFGSATT(T) = HGSATT(T) - EFSATT(T)  HFGSATT(23) = 409.085
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SFSATP(P) = linterp(psat , sfsat, P) SFSATP(L.5) = 0.654
SFSATT(T) = linterp(tsat, sfsat, T) SFSATT(25) = 2.242
SGSATP(P) := linterp(psat , sgsat, P) SGSATP(1.5) = 20.936
SGSATT(T) = linterp(tsat, sgsat, T) SGSATT(25) = 18.61
SFGSATP(P) = SGSATP(P) - SFSATP(P) SFGSATP(1.5) = 20282
SFGSATT(T) = SGSATT(T) — SFSATT(T) SFGSATT(25) = 16.368
VGSATP(P) = linterp(psat, vgsat,P) VGSATP(1.50) = 0.536 m*3/kg
VGSATT(T) = linterp(tsat, vgsat, T) VGSATT(25) = 0257  m*3/kg
VFSATP(P) = linterp(psat , vfsat, P) VESATP(1.0) = 0.014096 m*3/kg
VESATT(T) := linterp(tsat, vfsat, T) VESATT(25) = 0015458  m*3lkg
VFGSATP(P) = VGSATP(P) — VFSATP(P) VEGSATP(1.0) = 0.783548  m*3/kg
VFGSATT(T) = VGSATT(T) - VFSATT(T) VEGSATT(25) = 0241913 m*3lkg

-

UGSATE(P) .= HGSATP(P) — P - 10” - VGSATB(P)  UGSATP(1) = 368.114
g
UFSATP(P) := HFSATP(P) - P - VFSATP(P) - 10°

UFGSATP(P) = UGSATP(P) — UFSATP(P)
.

UGSATT(T) = HGSATT(T) - PSAT(T) - 10” - VGSATT(T) UGSATT(4.5) = 2.174 x 10°

-

UFSATT(T) = HFSATT(T) - PSAT(T) - 10” - VFSATT(T)

UFGSATT(T) = UGSATT(T) - UFSATT(T)

In the following program: psat = sat. pr. in bar, s = entropy in kJ'kg K

quality Ps{psat_s) = |return "psat should be between .1 bar and 126 bar! " if psat < 0.1
return "psat should be between 0.1 bar and 1268 bar! " if psat = 12.8
sf « SFSATP|{psat)

sfg « SFGSATP{psat)

s — sf
i
sfz
Ex: psat =225 s5=1%

quality_Ps{psat.s) = 0.96
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In the following program: tsat = sat. temp, K., s = entropy in kd/kg. K

quality_Ts{tsat,s) = |return "tsat should be between 1431 K and 3295 K 1" o tsat « 1431
return "tsat should be between 431 K and 3295 K ! " i tsat > 32.85
sf «— SFSATT{tsat)

sfz « SEGEATT(tsat)

g — &f
K A=
sfg
Ex: tsat = 23 s = 1§
A

guality Ts{tsat,s) = 0.063

In the following program: tsat = sat. temp, K, h = enthalpy in kJ/kg.

quality Thitsat h) == |return "tsat should be between 1451 K and 3295 K" if tsat « 1431
return "tsat should be between 1431 K and 3295 K 1" of tsat > 32.93
hf « HESATT(tsat)
hfz « HEGSATT tsat)
h — hf
hfg

i

Ex: tsat = 25 h = 460

LA

quality Thi{tsat h) = 0.992

quality Ph{psat h) = [return "psat should be between 0.1 barand 126 bar ! " if psat < 0.1
return "psat should be between 0.1 bar and 126 bar ! " if psat = 126
hf « HESATP(psat)
hfz « HFGSATP{psat)

h — hf

Ex psat =225 h =460

quality Ph{psat h) = 0.998
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In the following program: psat = sat. pr. in bar, x = quality, and s in kJ/kg K

enttopy_2phase Palpsat.x) = [return "psat should be between 0.1 barand 128 bar ! " of psat < 0.1
return psat should be between 0.1 bar and 126 bar! " if psat = 126
PSAT « psat

sf «— SFSATP(PSAT)

sfg « SFGSATR(PSAT)

s+ sf +3x- sfz

Ex: sat =22 =043

enttopy_2phase Pxpsat. x) = 9676
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In the following program: tsat = sat. temp, K, % is quality, and s = entropy in kd/kg. K

entropy_2phase Txtsat.x) = |return "tsat should be between 1451 K and 3285 K" if tsat < 1431
return "tsat should be between 1431 Kand 3205 K ! of tsat = 3295
sf « SFSATT(tsat)

sfg «— SFGSATT(tsat)

s st +x-sfg

Ex: tsat = 23

entropy_2phase Txtsat,x) = 1361

In the following program: tsat = sat. temp, K, x is quality. and h = enthalpy in kJ/kg

entropy_2phase Thitsat h) = |retun "tsat should be between 1451 K and 3295 K!" if tsat < 1431
retumn "tsat should be between 1431 K and 3293 K. 1" of tsat > 32.93
sf « SESATT{tsat)

sfz « SFGEATTtsat)

x +— quality Thitsat h)

s+ sf +x-sfz

Ex: tsat .= 23 h =400

In the following program: psat = sat. pr. in bar, x = quality, and h in kd/kg

enthalpy 2phase Px{psat.x) = |return "psat should be between 0.1 bar and 126 bar ! " if psat < 0.1
return "psat should be between 0.1 bar and 126 bar! " if psat > 12.6
PSAT « psat

hf « HFSATH(PSAT)

hfg « HFGSATP{PSAT)

h « bf + x- hfg

Ex psat =223 x:=0734

enthalpy 2phase Pxpsat x) = 335.682
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In the following program: tsat = sat. temp, K, x is quality, and h = enthalpy in kJ/kg

enthalpy 2phase Tx(tsat x) = |return "tsat should be between 1451 K and 3295 K" if tsat « 1431
return "tsat should be between 1451 K and 32935K 1" if tsat > 32.93
hf « HFSATT(tsat)

hfg «— HFGEATT(tsat)

h « hf + x - hig

Ex: tsat == 23

enthalpy 2phase Txu(tsat.x) = 54.203

In the following program: tsat = sat. temp, K, s in kd/kg.C. and h = enthalpy in kJ/kg

enthalpy 2phase Ts(tsat,s) = |return "tsat should be between 1431 K and 3285 K 1" of tsat < 1431
retumn "tsat should be between 1451 K and 3285 K 1" if tsat > 32.93
% +— quality _Ts(tsat,s)

hf « HFSATT(tsat)

hfg « HFGSATT(tsaf)

h « hf + x- hig

Ex: tzat = 24 =3

5
ARARAR AR

enthalpy 2phase Ts(tsat,s) = 119.133

Download free eBooks at bookboon.com

52



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

In the following program: psat = sat. pr. in bar, 5 = entropy in kJ/kg K, and h in kJ/kg

enithalpy 2phase Ps{psat s) = |return "psat should be between 0.1 barand 126 bar! " if psat < 0.1
return "psat should be between 0.1 bar and 128 bar! " if psat > 126
i +— guality_Ps{psat.s)

PSAT « psat

hf «— HFSATP{PSAT)

hfg « HEGSEATP(PSAT)

h « bf +x- hiz

Ex: psat = 2.23 5:=13

Properties of superheated H2:

Isobaric data is collected for pressures, P = 1, 5...240 bar.

Now, properties at these pressures are written as Mathcad matrices.
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Example for P = 1 bar only is shown below, to conserve space:

At 1 bar:

815
@0 37093 82272 11937 38092

100 41235 89224 1546 3926
110 43372 96437 1418353 40544
120 493507 10398 13349 41338

180 T4288 15464 228835 46437
190 7.8415 16382 24224 47136
200 82343 17316 23371 47847
210 B.667 18264 26031 48351

M H2, =

220 20796 10224 28304 49149
230 04023 201035 20687 40764
240 99049 21174 31081 30337
250 10313 22165 32482 50929
260 1073 2316.1 33891 51482
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¥
temp1 = (M_12, |
y o o
spvoll = |:‘s-i_H21:|{1' enthl = |l-I_I-]21:|{J' entropl = |:‘s-I_I-L71:|{4
HE2B(T) = linterp{templ. enthl T} ex HE2B(340) = 4333 = 10
SH2IE(T) = linterp{templ entropl T) B SH2MEB{340) = 35316

Now, using the above Data Matrices, write a Function to find enthalpy and entropy of
superheated hydrogen as a function of P and T:

First, create a vector of all pressure values for which we have collected data Matrices:

Pressures H2 =1 3 10 15 20 30 40 40 80 100 120 140 160 180 200 220 240)

Now, write the Function just as we did for He and N2:

h_and s SuperheatHX(P.T) = |return "T < Ts=at:; use two-phase Functions" i T < TSAT(F) ~ P < 12.86
return "P should be between 1 bar and 240 bar" of P = 1w P 240
for k=0.16
if P= Prrs:551.1:035_H2|}r],C

W
Press.u:res_l—ll:.:k:'

\!
Pressures_[—ll:.:k:'

:'”'Enthalp}-' (kl'kz)" "Entropy (kI'kg E)" h
return | |

¥
he ]jnterp[| M_H? ¥ (Mm

{3
Pressurss HI, k:l T

. N
s« linterp|:| M_HD ¥ (M 4 ,r}

Pressures Hlp |

h s J

if P> Pressures H2 ~ P« Pressures_H2

0.k
PL « Pressures_H2

0.k+1

0.k

PH « Pressures_l—ﬂclrk_'_l

A+ liny M_H2 o M _H2 = T
A e terp|..-_ P‘T_:' | M PT_:' .

E lin M H2 o M H2 @ T
< Tinterp) | M_Hlp,,) = (M _Hlp,) -~ .

" P-PL
hea+ S LB - A)
\PH-PL)

. {0 A
C ehnterp[[m_mm:. (MR )T

. .
D« ljnterp[| Z\-I_HEPH}{D' -'|}"'I—H2PH:'{4 _.1':|
[ P-PLY
ceco| 22 HD-0C)
| PH - PL
("Enthalpy (kIkg)" "Entropy (kg K)" |
refurn | ]
. N . )
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"Enthalpy (kI'kz)" "Entropy (kI'kzE)"
h and s SupertheatH2(P.T) = | F I:LJ 2 P [L_J =5 |
\ 70235 10.855 J

Now, write Functions for enthalpy and entropy in terms of P and T:

Remember: For H2: Pc =12.964 bar, Tc = 33.14 K, NBP = 20.369 K

enthalpy HYP.T) = |return "P should be between 1 bar and 240 bar” of P« 1w P 240
tsat «— TSAT(P) o P < 1296
h « h_md_s_Superheat[—E[P_.T}l 0 if (T = tsat ~ P = 12.96)

h « h_md_s_Superheat[—E[P_.I'}l 0 if (P> 12.94)

(return "State point i two phase region-—use 2 phase Functions" ) o (T < tsat ~ P < 12.96)

Ex: P=10 bar I=33 k. TSAT(10.0) = 31391

enthalpy H2(P.T) = 491.198
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entropy_H2(P.T) = |return "F should be between 1 bar and 240 bar" of P < 1w P> 240
tsat «+— TSAT(P) P = 1294
s h_and_s_guperheat[-ﬂ[P_.T}l i if (T = tsat ~ P = 12.96)

5 h_a.nd_s_SuperheatI—D[P_.T}l i if (P> 12.96)

(return "State point in two phase region— use 2 phase Functions" )} if (T « tsat ~ P < 12.95)

Ex: P=1 bar I =31 K TSAT(10) = 31331

entropy HAP,T) = 14,1383

Function to find h when P and s are known:

As a first step, get T when P and s are known:
P =16 bar
5=4 klikg.C
T =300 K. .guessvalue
Given

entropy HYP . T)= s

Temp HYP =) = Find(T)

Temp H2(P.s) = 342408 K

Mow, write the Function to get h:

enthalpy H2 Ps(P.s) = |return "P should be between | bar and 240 bar” if P < 1w P> 240

T « Temp HYP.s)
h « enthalpy HYP.T)

=]
()

Ex: P =20 bar 5= kfkg.C

enthalpy H2 Ps(P.s) = 1.125x 100 kl/kg
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Function to find s when P and h are known:

As a first step, get T when P and h are
known:

P =10 har ho=1800 klkg

L

T =120 K . .guessvalue

Given
enthalpy HYP. T)=h

Temp H(P.h) = Find(T)

Temp H2(P.h) = 1427 K

entropy_H2 Ph(P h) = |retum "P should be between 1 bar and 240 bar” o P« 1w P> 240

T «— Temp HNFP_ h)
s « entropy_ H2(P.T)

Aihta

Ex: P =20 bar h = 1300 kd'kg
entropy H2 Ph{P h) = 30981

Function to find T when P and h are known:

P.=20 bar  h=1770 klkg

L LA

T =130 K. . _guessvalue

Given
enthalpy HYP. T)=h
Temp HYP h) = Find(T)

Temp HXP.h) = 140345 K
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Function for Isenthalpic temp drop:

DT isenthalp HXP i,T i.P f) = |h i< enthalpy HXP i.T i)

hfehi

T f « Temp HYP f.h )

DT« Ti-Tf

("P_i(bar)" "P_flbar)" "T_i(K)" "T_fiK)" "DT{K}"\}
. P P f Ti Tf DT

Ti=300 K Pf=1 bar P i=200

I.-"n - (] noon - - - "“‘|
DT _isenthalp HX(P i, T iP f)= Piban)” P floan)’ "TE)" "TAK)" "DTE)")

200 1 300 T2 —Tan )
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Function for Isentropic temp drop for Hydrogen:

As a first step, get T when P and s are known:

As a first step, get T when P and s are known:

P = 100 bar

Aoty

5

34 kdikg.C

T =300 K. .guessvalue
Given
entropy HWP T)=s

Temp HYP. s) = Find(T)

Temp HYP <) = 201093 K

Now, write the required Mathcad Function:
DT isentr HYP i, T i,P f) = |s_i+ entropy HYP i.T i)

s fes1

T f+« Temp HYP f s f)

DT« Ti-Tf

:'i"P_i.fha:rj" "P_flbar)" "T_4EK)" "T_flK)" "DI.{K}""-_

P i Pf T Tf DT
Ex

m: 200 har T i=300 K P f=1013 bar

DT _isentr HX(P_i, T i.P_f), , = 251374

Note: Along similar lines, Mathcad Functions are written for properties of Argon,
Methane, Fluorine and Oxygen, based on NIST data.

Use of these Functions is illustrated in Prob. 3.3.10.

Prob. 3.3.4 Write Mathcad Functions to determine temperature drop on isentropic expansion
for various gases.
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For isentropic expansion from initial pressure P_i and initial temp T_i to a final pressure

of P_f, we have:

k-1
k

h

_[B.f)
Pi/

W

T_:
T
where k is the ratio of sp. heats for the gas concerned, i.e. k = cp/cv
T_f is the final temp.

DT = (T_i — T_f) is the temp drop.

Now, for various gases, the ratios of sp. heats are given:

Ref: http://www.engineeringtoolbox.com/specific-heat-capacity-gases-d_159.html

Specific Heat ?;2;;: LT B T Pl
Gas or Vapor Formula Heats
Cp Cy Co Cy K= Cp - Cy Co-Cy
(kJ/(kg K)) | (kdi(kg K))  (Blu/(iby,°F)) (Btu/(1b,°F)) o/ Cy (kJAkg K)) | (7t 1b#(Iby°R))
Acetone 1.47 1.32 0.35 0.32 1.11 015
Acetylene CzH; 1.69 1.37 0.35 027 1.232 0.319 50.34
Alr 1.01 0718 0.24 017 1.40 0.287 53.34
Alcohol CH50H 1.88 167 0.45 0.4 113 0.22
Alcohol CH30H 1.03 153 0.46 037 1.26 0.39
Ammonia NH3 2.19 1.66 0.52 04 1.31 053 96.5
Argon Ar 0.520 0.312 0.12 0.07 1.667 0.208
Benzene CeHg 1.09 0.99 0.26 0.24 112 0.1
Blast furnace gas 1.03 073 0.25 017 1.41 03 55.05
Bromine 0.25 0.2 0.06 0.05 1.28 0.05
Butatiene 1.12
Butane CaHip 167 1.53 0.395 0.356 1.094 0.143 26.5
Carbon dioxide COz 0.844 0655 0.21 016 1.280 0.189 35.86
Carbon monoxide co 1.02 072 0.24 017 1.40 0.207 5514
Carbon disulphide 0.67 0.55 0.16 013 1.21 0.12
Chlorine Clz 048 036 012 009 134 012
Chloroform 0.63 0.55 0.15 013 1.15 0.08
Coal gas 2.14 1.59

Download free eBooks at bookboon.com

61


http://www.engineeringtoolbox.com/specific-heat-capacity-gases-d_159.html

CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS
Combustion products 1 0.24
Ethane CaHg 1.75 1.48 0.39 032 1187 0.276 51.5
Ether 2.01 1.95 0.48 047 1.03 0.06
Ethylene CoHy 1.53 1.23 04 033 1.240 0.296 5508
Monochlorodifluoromethane, 118
R-22
Helium He 519 312 1.25 075 1.667 2.08 386.3
Hexane 1.06
Hydrochloric acid 0.795 0.567
Hydrogen Hz 14.32 1016 3.42 243 1.405 412 765.9
Hydrogen Chloride HCI 0.8 0.57 0.191 0.135 1.41 023 42.4
Hydrogen Sulfide HaS 0.243 0.187 1.32 452
Hydraxyl OoH 1.76 1.27 1.384 0.489
Krypton 0.25 0.151
Methane CHy 222 1.70 0.59 0.45 1.304 0.518 96.4
Methyl Chloride CH3CI 0.240 0.200 1.20 306
MNatural Gas 2.34 1.85 0.56 0.44 1.27 0.5 791
MNeon 1.03 0618 1667 0412
Mitric Oxide NO 0.995 0.718 0.23 017 1.386 0.277
MNitrogen Nz 1.04 0.743 0.25 018 1.400 0.297 54.99
Mitrogen tetroxide 4.69 4.6 112 1.1 1.02 0.09
Mitrous oxide Nz0 0.88 0.69 0.21 017 1.27 0.18 351
Oxygen Oz 0.919 0.659 022 016 1.395 0.260 48.24
Pentane 1.07
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Propane CsHg 167 148 039 034 113 0.189 350
Propene (propylene) CzHg 1.5 1.31 0.36 0.31 1.15 0.18 36.8
Water Vapor
1.03 1.46 046 0.35 1.32 0.462
Steam 1 psia. 120 — 600 °F
Steam 14.7 ﬁﬂa' 220 - 600 1.07 15 0.47 0.35 1.31 0.46
Steam 150 ’:LSF'a' 360 -600 226 176 0.54 0.42 1.28 05
Sulfur dioxide (Sulphur
dioide) S0; 064 0.51 0.15 0.12 1.29 013 241
Xenon 0.16 0.097

Of course, k varies with temp. For example, see below:

Ref: http://en.citizendium.org/wiki/Specific_heat_ratio

Specific heat ratio of various gases!'I[FIF]

Gas| "C k Gas | °C k

-181 |1.597 20 |1.40

76 1453 | | pry | 100 |1.401

20 [1.41 Air | 200 [1.398
H, | 100 [1.404 400 |1.393

400 |1.387 0 |1.310

1000 |1.358 20 [1.30

COs

2000 |1.318 100 [1.281
He | 20 [1.66 400 |1.235

-181 |1.47 NHs | 15 [1.310
Mz

15 [1404 | | cO | 20 |1.40
Clo | 20 [1.34 -181 145

-180 |1.78 -76 |1.415
Ar

20 |167 20 |1.40

Oz

—115 |1.41 100 [1.399
CHy | -74 |1.35 200 |1.397

20 [1.32 400 |1.394

Now, the Mathcad Function is written:

DELTAT isentr(P_i, T i,P_f k_gas) = |T_f <« T i-| =
ME 1 )

DELTAT « T i— T_f
EJJ”P_il:baI}” "P_f'(ba:r}" “T_i[K}“ ||T_f[K}|| ”DELT_—‘LT[I‘:}” "\1-
! P Pf T i T f DELTAT
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E:x: For various gases:
k_air = 1.40 k_Ar = 1.667 k CO2 = 1289 k_He = 1.667 k CH4 = 1304 kN2 =14

k Ne = 1.667 k O2 = 1383 k H2 = 1405

Then, from the Mathcad Function written, we get:

("P_i(bar)" "P_fibar)’ "T_i(K)" "T_f{K)" "DELTAT(E)""
.20 1.013 300 127.938 172062

DELTAT isentr(P i,T i,P f k_air) =

I.-"nl;l. itbary” "B art’ T i non " "DELTAT n"‘-.l
DELTAT isentr(P_i,T_i,P_f k N2)= | —Eb ) _ftbﬂ} :[K} jﬂlf} ) ®
L 20 1.013 300 127938 172062

("P_ifbar)" "P_fibar)" "T i(K)" "T_fiK)" "DELTAT(K)" "\
DELTAT isentr(P_i,T_i,P_f k 02) = —E};} —le;} ;u[? p—sﬂ:::; 111031[1{} J

("P_ifbar)" "P_fibar)" "T i(K)" "T_fiK)" "DELTAT(K)" "\
DELTAT isentr(P_i,T_i,P_f k_CO2) = | —Eb ) _ftbﬂ} :[K} —ﬂ‘K} EK} :
L 20 1.013 300 153.703 146297

(P i(bar)" "P_fibar)" "T_i(K)" "T_fK)" "DELTAT(K)"
DELTAT isentr(P_i,T_i,P_f k CHY) = | —Ehu ) ‘le;} ;u[? jﬁ 13033;1{};

("P_ifbar)" "P_fibar)" "T i(K)" "T_fiK)" "DELTAT(K)" "\
DELTAT isentr(P_i,T_i,P_f k Ne) = —Ebu ) —le;} ;u[? gaf;f; s I}jl[K} J

Il’d.IIP l[baI}II IIP f[bai:}ll III‘ i[.K}II III‘ f‘a{}ll “DE\LT_{T[.I:}“H"
DELTAT isentr{P 1. T 1. P f k Ary=] - - - |
sentr(Pt TLE £ A1) I\. 20 1.013 300 00.040 200051 )

Il’d.IIP 1 aI ”n IIP aI " III‘ 1 ”n III‘ ”n IIDE\LT_{I‘ Ill\-‘lI
DELTAT jsentr(P_i.T_i.P_f .k He) = —Ebu ) _1?;3} ;D':;C} Qifj . uij} ;

Il’d.IIP 1 aI ”n IIP aI " III‘ 1 ”n III‘ ”n IIDE\LT_{I‘ Ill\-‘lI
DELTAT jsentr(P_i.T_i.P_f.k H2) = —Eb ) —ﬂbﬂ ) - ® _ffff} . 0
L 20 1.013 300 126972 173.028 )
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Plot DELTAT for N2, H2 and He as P_i varies from 10 bar to 100 bar final pressure
being 1.013 bar:

P f:=1013 bar

P i=1020.100 ... define arange variable

DELTAT isentr(P_i, T i,P_f.k N2), , DELTAT isentr(P_i,Ti,P fk H2), , DELTAT isentr(P_i,TiP f k He) ,

144.041 144.946 179.982
172.062 173.028 209.051
186.057 187.034 222.671
195.048 196.024 231.079

201.53 202.501 236.966
206.528 207.493 241.401
210.556 211.513 244.906
213.904 214.855 247.772
216.753 217.697 250.176
219.222 220.159 252.233
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Isentropic temp drop for He, H2 and N2

Helium
250 —
—

- Hyidragen

/ L= Nitragen

Temp drop (K)

190 II.-'

180
170 /’
160

15[‘;{

140
0 20 3 40 3 60 70 80 %0 10

Initial pressure, Pi (bar)

Prob. 3.3.5 Write Mathcad Functions to determine temperature drop on isentropic expansion
for helium using the NIST data.

Recollect: we have the Mathcad Function:

DT isentr He(P 1. T i.P f) = |s_i+ entropy He(P i, T i)

s fesi

T f+« Temp He(P f s f)

DT« Ti-Tf

("P_i(bar)" "P_flbar)’ "T_i(K)" "T_fK)" "DTE)")
. Pl Pf T Tf DT

Ex:

P i:=200 bar T i=300 K P f:=1013 bar

- LR LN DL
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Plot the temp drop for various initial pressures:

T i:=300 K P f=1013 bar

P i=1020.150 .. define arange variable
. DT_isentr_He(P_i.T_i.P_f), ,
10 180.199
20 209.129
30 222.717
40 231.016
50 236.424
ol 241.263
70 244.60
a0 247.592
o0 249.8
100 252.008
110 233.813
120 255.493
130 256.708
140 257.923
150 258.973
Isentropic temp drop for He
260 —
s
250 -
” 240 -
= 230 -~
':% 220
g 210 /
= 200 /
190
130

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Initial pressure, Pi (bar)
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Prob. 3.3.6 Write Mathcad Functions to determine temperature drop on isentropic expansion
for Nitrogen and Hydrogen using the NIST data.

Again, recollect that we have Mathcad Functions for N2 and H2:

DT isentr NP 1. T i.P f) = |=s_i+ entropy NP i, T i)

s fes1

T f« Temp MNP f s f)

DT« T i-Tf

("P_i(bar)’ "P_flbar)’ "T_i(K)" "T_fK)" "DTE)" )
. Pl Pf T Tf DT

And,

DT isentr HYP 1. T 1.P f) = |s i+ entropy HYP i T i1}

s fe 51

T £« Temp HYP f. s f)

DT« Ti-Tf

("B ifbar)" "P_f(bar)" "T_iK)" "T_fK)" "DTE)")
. Pl Pf T Tf DT )
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Now, plot the temp drops for isentropic expansion fron various starting pressures to a
final pressure P_f = 1.013 bar:

Ti=7300 K P f:=1013 bar

P i=10,20_100 ... define a range vanable

We get:

DT_isentr N2(P_i, T_i.P_f), , DT_isentr He(P_i, T i P f), , DT isentr HXPiTiPf) ,

Pi=
10 144.863 180.199 150.55
20 173.212 209.129 181.896
30 187.511 222.717 197.936
40 196.809 231.016 208.315
50 203.011 236.424 215.076
60 208.739 241.263 221.52
70 212.775 244.69 225.746
80 216.598 247.592 229.972
90 219.439 249.8 232.86
100 222.279 252.008 235.745

And, now plot the results:

Isentropic temp drop for N2 and He and H2

Helium

Hydragen —

230 = —
i E o

~T ﬂ_ﬁ-—ﬂr

rogen

l'emp drop (K)
B
A

160~

14I}1I} 20 30 40 30 60 10 30 20 100

Initial pressure, Pi (bar)
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Prob. 3.3.7 Write Mathcad Function to determine temperature drop on isenthalpic expansion
for Nitrogen using the NIST data.

Function for Isenthalpic temp drop for N2:

DT isenthalp N2(P i.T i.P_f) = |h_ i< enthalpy N2(P i.T i)

hfehi

T f « Temp NP f. h f)

DT« T i-Tf

("P_i(bar)" "P_fibar)’ "T_iK)" "T_fK)" "DIE)")
. P Pf Ti Tf DT

Ex:
Pf=1 bar  Ti=300 K P i=200

R mom noon s noon "o "
DT_isenthalp N2(P_i,T_i,P_f) = P_i(bar)" 'P_flbar)" "T_i()" "T_fK)" "DT(K)" |

200 1 300 269159 30541 _,.'

oy,
4]

£
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Now, plot the temp drops for various starting pressures, final pressure being P_f =
1.013 bar:

P_i:=10,20..20( ....define a range variable
Pr:=1 bar T i=30C K
We get:
Pi=
— ]
10 ] 1.888
20 1 3.953
30 2 5.97
40 3 7.935
20 4 9.82
o0 3 11.705
70 ] 13.473
i 7 15.24
°0 ] 16.879
100 DT_isenthalp N2(P_i.T_i.P f), ,=|0 | 18.517
110 10 20.022
120 11 21.526
130 12| 22.896
140 13 24.266
150 14 25.495
160 15| 26.724
170 16 27.822
180 17| 28.919
190 13 20.88
200 19 30.841
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And, now plot the results:

Isenthalpic temp drop for N2

33
30
|~
25
4 e
S 20
& 13 /
,5
‘ 10
3
0

0 20 40 60 80 100 120 140 160 130 200

Initial pressure_ Pi (bar)

Prob. 3.3.8 Write Mathcad Functions to determine temperature drops on isenthalpic
expansion for Helium and Hydrogen using the NIST data. For helium starting temp is

20 K and for hydrogen starting temp is 80 K. Final pressure for each case is 1.013 bar.

Note: For H2 and He the Max. inversion temps are 202 K and 40 K respectively, and, the

temp before isenthalpic expansion should be below these value for each gas.

Again, recollect that we have Mathcad Functions for He and H2:
Function for Isenthalpic temp drop for Hydrogen:

DT isenthalp HXP i.T i.P f) = |h i« enthalpy HYP i,T i)
hfe«hi

T f « Temp HYP f h f)

DT« Ti-Tf

("P_i(bar)" "P_flbar)’ "T_i(K)" "T_f&)" "DIE)")
. Pf T Tf DT

Ex

Ti=130 K Pf=1 bar Pi=200

{"P_ifbar)" "P_fibar)' "T_i(K)" "T_fK)" "DTIE)"
DT_isenthalp H2(P_i. T_i.P_f) = | _w[:u} —ﬂlb ) _13(:.{} H—;E?S 10[;? ;
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Now, plot the temp drop for various initial pressures:

We get:
P DT_isenthalp_HXP_i.T i.P_f); ,
10 1.923
15 2.984
20 4.027
25 5.022
30 6.018
35 5.948
40 7.877
45 3.68
50 0,483
35 10.2849
a0 11.102
65 11.728
70 12.354
75 12.98
a0 13.607
85 14.05
ag 14.493
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Now, plot the results:

Isenthalpic temp drop for H2

16
14 >
12

2 1

= 8

5 5
4
.
0

0 10 20 30 40 50 60 10 a0 80

Initial pressure, Pi (bar)

Mathcad Function for isenthalpic temp drop for helium:
Function for Isenthalpic temp drop for helium:

DT isenthalp He(P 1. T i P f} = |h i+« enthalpy He(P 1. T 1)

hf«hi

T £« Temp He(P f h f)

DT« Ti-Tf

(" itbar)’ "P_fba)’ "T®K)" "TAK)" "DIK)")

. Pl Pf T Tf DT )
Ex
Ti=30 K Pf=1 bar Pi=20 bar

Il'-.IIP 1 aI (1} IIP aI "n III‘ 1 n IIT " IIDI‘ Ill\-h|I
DT _isenthalp He(PiTiPf)=| = EE ) —f[f ) - E{} aifj ) j[;? J
(A Fa = | Fa- N .

"

Now, plot temp drop for various starting pressures:

Ti=2 K P {:=1013 bar

pro oty et ot

Pi=37.27 ...define a range variable

Sty

LA
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We get:

11

13

15

17

19

21

23

25

27

And, now plot the results:

DT_isenthalp_He(P_i.T_i.P_f), ,

0.452

0.66
0.867
1.057

1.23
1.402
1.531
1.659
1.755
1.818
1.882
1.845

Isenthalpic temp drop for He

et

216

— A

oL -

&=

1,

-

—

B 08
0.6

o)

43
(=31

g 12 135 18 21 24 27 30

Initial pressure, Pi (bar)

Prob. 3.3.9 Write Mathcad Functions to determine Ideal work of liquefaction for Nitrogen,

Hydrogen and Helium, starting from initial pressure and temp of 1.013 bar ( = 1 atm)

and 300 K respectively.

Write a Mathcad Function to determine Ideal (or minimum) work of liquefaction for N2:

W _ideal LigN2{P1.T1} = |=sl « entropy N2{P1.TI)

sf « SFSATF{P1)

hl « enthalpy N2{P1.TI1)

hf « HFSATP(P1)

Wideal «— T1 - {s1 — sf) — (hl — hf)
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Ex: Pl=1013bar T1 =300 K

W _ideal LigN2(P1.T1) = 771.028 hkl/kg

Write a Mathcad Function to determine Ideal (or minimum) work of liquefaction for H2:

W _ideal LigH2{P1.T1) = |sl « entropy HXP1,T1)

sf «— SESATR(PI)

hl « enthalpy H2{P1,T1)

hf « HFSATP(P1)

Wideal «— T1- (51 — sf) — (hl — hf)
Ex: Pl=1013bar T1=300 K

W ideal LigH)(P1.T1) = 121 x 107 kl/kg

Write a Mathcad Function to determine Ideal (or minimum) work of liquefaction for He:

[ ]
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W_ideal LigHe{P1.T1) = |=sl « entropy He{P1,T1)

sf « SESATP(PI)

hl « enthalpy He{P1,T1)

hf « HFSATP(PI)

Wideal « T1 - (51 — sf) — {hl — hf)

Ex: Pl:=1013bar Ti =300 K

W _ideal LigHe(P1.T1) = 6841 % 107 klikg

Prob. 3.3.10 Write Mathcad Functions to determine liquefaction fraction, y, work required
per kg of gas compressed, work required per kg liquefied, Figure of Merit (FOM = Wideal /
Work per kg liqid) for simple Linde-Hampson cycle for Nitrogen. Take the initial pressure
and temp of 1.013 bar ( = 1 atm) and 300 K respectively and the final pressure is 200 bar.
Plot y, Wperkgliq and FOM as final pressure varies from 50 bar to 200 bar.

Compare these parameters for N2, Ar, CH4, F2 and O2 as P2 varies from 50 bar to 200
bar, with P1 = 1.013 bar, T1 = 300 K.
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First, Mathcad program:

Ideal IHeycle N2(P1,T1,P) =

Output of the program gives: P1, T1, P2, y, Wperkggas, Wperkhliq, Wideal and FOM.

Ex: Pl:=1013bar T1:=300 K
P2 =200 bar

Ideal LHeycle N2(P1,T1,P2) =

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS

("Pl(bar)’ "TIEK)" "P(bar)’ 'Lig.fm.(y)" "Wperkgzas (Ike)" "Wperkgliqklke)" "Wideal(kI'kgliq)' "FOM(=Wideal Wperkzliq)' |
3

-'\ 1.013 300 200 0.074 472239 6377 = 10 771.028 0121 J
e
y = Ideal LHeycle N2(P1,T1P2), | ie. y=0074
Wpetkzzas = [deal LHeycle N2(P1,T1 ,1:‘2}1._;l l.e. Wperkgzas = 472.25¢  kl/kg
Wpertkgliq = IdEEl_LHC}’ClE_HE{Pl,Tl,PE}l:j l.e.  Wperkglig = 6377 = 11}3 klikg
Wideal = Ideal LEcycle N2(P1,TLP), ¢ e Wideal = 771028  klikg
FOM = Ideal LEcycle N2(P1,T1,P2), | ie.  FOM=0.121

To plot y as the pressure P2 varies from 50 to 200 bar:

P2=50,60.200 ...define a range variable
P1=1013 bar  T1=300 K
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Fraction liquelied, ¥

Pl=

50 0.024

60 0.02s

70 0.032

a0 0.037

a0 0.041
1a0 0.044
110 0.045
120 0.052
130 0.055
140 0.058
150 0.061
160 0.064
170 0.067
150 0.069
180 0.072
200 0.074

CRYOGENIC LIQUEFACTION SYSTEMS

Ideal LHeycle N2(P1,T1,P2), .

Ideal L-H cycle for N2 -- v vs P2

0.08

0.073

0.07

0.063

0.06

0.033

0.03

0.043

0.04

0.033

0.03

0.023

0.02,
30 &0

70 30 S0 100 110 120 130 140 150 160 170 180 190 200

Final pressure, P2 (bar)
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To plot Wperkgliq vs P2:

Ideal IHeycle N2(P1,TL.PY); .

P =

30 1.466°104

al 1.294-104

70 1.164-10%

a0 1.064-104

Qo 9.848-103
100 9.2°103
110 8.678-103
120 8.23°1073
130 7.864°103
140 7.539-103
150 7.275°103
1a0 7.035°103
170 £.839-103
180 6.658°103
190 £.513-103
200 5.377°103

Ideal L-H cyele for N2 -- Wperkgliq vs P2

1 510"

1 4x10*

1 3x10*

1 210"

1.1x10*

110"

107

Workfkgliq (klikg)

8107

107 B

o
|

G107
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Final pressure, P2 (bar)
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To plot FOM vs P2:

Ideal_LHcycle N2(P1,TLP2), -

Pl =

a0 0.053

al 0.0a

70 0.066

a0 0.072

a0 0.078
1040 0.084
110 0.089
120 0.094
130 0.098
140 0.102
150 0.106
1a0 0.11
170 0.113
180 0.116
190 0.118
200 0.121
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Ideal L-H cycle for N2 -- FOM vs P2

0.13

0.12

011

01

[OM

0.09

0.08

0.07

0.06

0'0:‘51} 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Final pressure, P2 (bar)

Now, compare the results for y, Wperkgiq and FOM for N2, Ar, CH4, F2 and O2 as
P2 varies from 50 bar to 200 bar, with P1 = 1.013 bar, T1 = 300 K:

Similar Mathcad programs are written for these fluids, and the results are

summarized below:
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Variation of Liq. Fraction, y:

P1=1.013 bar, T1 =300 K, P2 - varies from 50 bar to 200 bar

P2 (bar) | y_N2 y_Ar y_CH4 y_F2 y 02
50 0.024 0.033 0.053 0.022 0.029
60 0.028 0.04 0.064 0.026 0.035
70 0.032 0.046 0.075 0.03 0.041
80 0.037 0.053 0.087 0.034 0.046
90 0.041 0.059 0.097 0.038 0.052
100 0.044 0.066 0.108 0.042 0.057
110 0.048 0.072 0.119 0.046 0.063
120 0.052 0.078 0.129 0.049 0.068
130 0.055 0.083 0.139 0.053 0.073
140 0.058 0.089 0.149 0.056 0.078
150 0.061 0.095 0.157 0.059 0.083
160 0.064 0.1 0.166 0.063 0.088
170 0.067 0.105 0.174 0.066 0.092
120 0.069 0.11 0.182 0.069 0.097
190 0.072 0.115 0.188 0.072 0.101
200 0.074 0.12 0.195 0.075 0.105

And, the plot:
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Variation of Wperkgliq.:

P2 (bar) |Wperkgliq{ki/kg)-N2| Wperkgliq{kl/kg)-Ar | Wperkgliq(k/kg)-CHa| Wperkglig(k)/kg)-F2 Wperkgliq(k)/kg)-02
30 1.47E+04 7.23E+03 1.11E+04 1.17E+04 1.03E+04
60 1.29E+04 6.33E+03 9.65E+03 1.03E+04 9.04E+03
70 1.16E+04 5.63E+03 8.49E+03 9.18E+03 B8.03E+H03
B0 1.06E+04 5.11E+03 7.64E+HD3 B8.35E+03 7.28E+H03
90 9.85E+03 A.68E+03 6.94E+03 7.69E+03 6.66E+H03
100 9.20E+03 4,33E+03 6.38E+03 7.16E+03 6.16E+H03
110 B.68E+03 4.04E+H03 5.92E+03 6. 71E+03 5.75EHD3
120 B.23E+03 3.79EHD3 5.53E+03 6.33E+03 5. 40EHI3
130 7.8BE+03 3.09EH13 5.22E+03 6.00E+03 5.10EHD3
140 7.04E+03 3.41EHI3 4,94E+03 5. 72E+03 4.BAEHI3
150 7.28E+03 3.25EH13 4, 72E+03 5.47E+03 4.62EH13
160 7.04E+03 3.11E+HD3 4.52E+03 5.25E+03 4 42E+HD3
170 0.84E+03 3.00E+03 4,30E+03 5.00E+03 4.26E+H03
180 B.0BE+03 2.89E+03 4.22E+03 4.88E+03 4. 10E+HD3
190 6.21E+03 2.80E+03 4, 10E+03 4. 72E+03 3.97E+HD3
200 6.38E+03 2. 72E+03 4.00E+03 4.58E+03 3.8B5E+03
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And, the plot:

Variation of FOM:

P2 (bar) | FOM II-N2 | FOM_II-Ar FOM_II-CH4 FOM_II-F2 FOM_II-02
50 0.053 0.066 0.098 0.049 0.062
60 0.06 0.075 0.113 0.056 0.07
70 0.066 0.085 0.129 0.062 0.079
80 0.072 0.094 0.143 0.068 0.087
30 0.078 0.102 0.158 0.074 0.095
100 0.084 0.11 0.171 0.08 0.103
110 0.089 0.118 0.185 0.085 0.111
120 0.094 0.126 0.198 0.09 0.118
130 0.098 0.133 0.21 0.095 0.125
140 0.102 0.14 0.221 0.1 0.131
150 0.106 0.147 0.232 0.104 0.138
160 0.11 0.153 0.242 0.109 0.144
170 0.113 0.159 0.251 0.113 0.149
180 0.116 0.165 0.259 0.117 0.155
190 0.118 0.171 0.267 0.121 0.16
200 0.121 0.176 0.274 0.125 0.165
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And, the plot:

Prob. 3.3.11 In the above problem, let the HX be not 100% efhicient, i.e. the warm end
temp difference AT = 5 deg (i.e. low pressure gas exits the HX at 295 K), heat losses to the
system, qleak = 6 kJ/kg, and the isothermal efficiency of compressor is eta_iso = 0.6. Then,
find the liquefaction fraction, y, work required per kg of gas compressed, work required
per kg liquefied, Figure of Merit (FOM = Wideal / Work per kg ligid) for simple Linde-
Hampson cycle for Nitrogen. Take the initial pressure and temp as 1.013 bar ( = 1 atm)
and 300 K respectively and the final pressure is 200 bar. Plot y, Wperkgliq and FOM as

final pressure varies from 50 bar to 200 bar.

Solution:

We have: P_1:=1013 bar T 1:=300 K P 2:=200 bar etaiso:=06

q leak = § kJikg

g loss H¥=(h_1-h_1_ prime)

where h_1 is the enthalpy at point 1, h_1_prime is the enthalpy at point 1_prime, i.e. exit of low
pressure stream in the HX.

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS

h_1:= enthalpy N2ZP 1.T 1)
h 1 prime = enthalpy NP 1.T 1-3)

h_2:= enthalpy NP 2. T 1)
h f = HFSATP(P 1)
s 1= entropy NYP 1.T 1)

s 2= entropy NYP 2T 1)

Therefore:
g loss Hi=h 1-h_ | prime i.e. q loss HX = 3203 kd/kg

Mow, applying the | Law to all components of the system, excepting the compressor, we get:

h 1-h 2- g leak — g loss HX
h1-hf-gless HX

v_reallH =

e v_reallH = 0.049 ....fraction liquefied ... Ans.
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Work required per kg of gas compressed:

T1-(s1-5s2)-(h1-h2)

W_per kg gzas = -
eta_iso

e, W_per kg_zas = 787.099 kJikggas .... Ans.
Work required per kg of liquid:

W _per kg zas
v_reall

W _per kg lig =
ie W per ke liqg=1613x 10"  kJikgliquid .... Ans.

Also: W _per lit lig =W _per kg liq - 0.808 where density of LMNZ = 0.808 ko/lit

ie W _per lit lig=1303x 10"  kJ/litre of liquid .... Ans.

W _ideal = W _ideal LigN2(P _1.T 1) ...ldeal or min. work of liquefaction for N2

e W_ideal = 771.028 kJ/kglig

.y
Therefore: FOM_reall H == _ W_ideal
- W_per kg hg

ie. FOM_reall H = 0.048 ...FOM of real L-H cycle ... Ans.

Plot y_realLH, W_per_kg liq and FOM_realLH against P_2, assuming that all other

parameters remain the same:

To plot the results, first write the required parameters as functions of P_2:

s NP 2} = entropy NJP 2. T 1)

h 2(P 2) = enthalpy N2(P 2.T 1)

h1-h NP 2} — q leak — q loss HX
' reall HP 2) = — = = =
Reotiociony” = h 1-hf-qloss HX

T 1-(s 1-s2(P 2))-(h 1-h 2P 2

W oper k= =as(P 1) =

eta_iso

Download free eBooks at bookboon.com



W _per kg zas(P 2)

W per ks lig(P 2) =
v_reall H{P 2}

W _ideal

FOM reall H(P 2) =
— 7 W _per ke lig(P_2)

frbrtvert-trerrrrr

Now, we can plot the results as P_2 varies from 50 bar to 200 bar:

P 2=350.60.200 .. define arange variable

y_realLH vs P_2:

P2= v_reallH(P 2) =
50 -2.3-10°3
60 2.281°10°3
70 65761073
80 0.011
aq 0.015

100 0.019
110 0.023
120 0.026
130 0.029
140 0.033
150 0.036
160 0.039
170 0.041
180 0.044
190 0.046
200 0.049

Note that at pressures P2 less than 50 bar, the fraction liquefied, y is -ve. i.e. At pressures
P2 < 50 bar, there is no liquefaction.
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Now, plot the result:

Real L-H cycle for N2 -- v vs P2

0.03

0.045

-

0.04

0.0335

0.03

0.0235

0.02

Fraction liquelied, v

0.015

0.01

551077

I}il} 60 70 S0 90 100 110120 130 140 130 160 170 130 190 200

Final pressure, P2 (bar)
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W_per_kg liq vs P_2:

P2= W_per k= lq(P_2)
30 -2.503°10°
60 2.656°103
70 9.537'10%
80 5.965°10%
20 4477104

100 3.618-10%
110 3.09-10%
120 2.71-104
130 2.443-10%
140 2.231-10%
150 2.073-10%
160 1.939-10%
170 1.837-10%
180 1.746:10%
130 1.676°10%
200 1.613-10%

Real L-H cycle for N2 -- Wperkgliq vs P2

g=10*

5.5.10° \

5x10%

4.5x10°

410*

3.5x10%

3x10"

Wikg lig. (kIkg)

25210

210*

1.5%10*

4
1Kll}lﬁ-l} 0 80 %0 100 110 120 130 140 150 160 170 130 190 200

Final pressure, P2 (bar)
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FOM vs P_2:
P2-= FOM_reall H(P_2)
an -3.08-10°3
Gl 2.903-10°3
70 8.085-10°3
a0 0.013
an 0.017
100 0.021
110 0.025
120 0.028
130 0.032
140 0.035
1350 0.037
1a0 0.04
170 0.042
180 0.044
190 0.044
200 0.048

Real L-H cycle for N2 -- FOM vs P2

0.03

0.043

______.f"'

0.04

0.033

0.03

0.023

oM

0.02

0.013

0.01

52100

lesl} T 80 90 100 110 120 130 140 150 160 170 180 190 200

Final pressure, P2 (bar)
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Prob. 3.3.12 If in a Linde-Hampson system, nitrogen gas is compressed from 1.013 bar

to 200 bar with an overall effcy of compressor = 0.75, and the gas leaves the compressor at
300 K, find the efficiency of HX to get a liquid yield of 0.04. Also find the work required

per unit mass liquefied [1].

Also, plot Liq. yield, y and FOM against eta_ HX.

First, write a Mathcad Function to find the desired quantities:

Feal LHeycle NP1, T1.P2 eta_HX eta_comp) =

ON
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sl « entropy N2(P1.T1)

52« entropy N2(P2,T1)

hl « enthalpy N2{P1.T1)

h2 « enthalpy N2{P2.T1)

Tf <« TSAT(P1)

T1_prime «— T1 - {1 - eta_HX) - (T1 - Tf)
hl_prime < enthalpy N2(P1, T1_prime)

hf « HESATP(P1)

Wideal « W_ideal LigW2(P1.T1)

hi_prime — h2
¢ Pl_prme — h2
: hl_prime — hf
T1-(sl—s2) - (hl - h2
Wpetkggas « (s1-s2) - ( )
eta_comp
Wperk
Wperkali « —PoE80s
v
Wideal
FOM + ———
Wpetkzliq
("Pl(bar)" "TI(K)" "P2bar)’ "eta HX" 'Lin fin (v)" "Wperkglq(lke)" "Wideal(ki'keliq)' '"FOM(=Wideal Wperkaliq)" |
L Pl T1 P eta HX v Wperkeliq Wideal FOM J
Ex Pl=1013bar T1=300 K eta H¥ = 093 eta_comp = 0.73
At Aot - -
P2 =200 har
We get:

Eeal THeyele N2(P1.T1,P2 eta HX eta_comp) =

("Pl(bar)" "TUK)" "P2(bar)’ "eta HX" 'Ligfm. (v)" "WperkgliqkI'kg)" "Wideal(kl'kgliq)" "FOM(=Wideal Wperkgliq)" |
1.013 300 200 0.93 0.049 1293 = 10'._1 771.028 0.06 J'

i.e.

Ligfm_v = REﬂl_LHn:}-‘u:lE_EE[Pl__Tl__PE_.Eta_HX__Eta_cDmp}1 i LigFm_v = 0.049

Wperkalig = Real_I_H.:}.-c-le_NE[Pl,Tl,PE,Eta_I-D{_.Eta_c-nmp}l 5 Wperkalig = 1295 1EI'4 kikg

FOMB = Real LHeycele NP1, T1,P2 eta HX eta _comp) 1.7 FOM = 0.06

Now, find the value of eta_HX required to get a yield of 0.04, use the ‘Solve block’
of Mathcad:

We have:
RLIM= 1.013 bar Al;L:= 300 K eta_comp = 0.73
E%M: 200 bar
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eta HX =1 . _trial value

Given
Feal LHeycle N2(P1.T1,P2 eta HX eta comp), ,= 0.4

Find(eta_HX) = 0.934
i.e. eta_HX = 0.934 = 93.4% to get a value of y = 0.04...Ans.

Plot y and FOM against eta_ HX, other factors remaining the same:

Pl=1013 bar Tl =300 K eta comp = 0.73
P2 =200 bar
eta HX = 0.835,086.1 ...define a range variable
etaHX y FOM
0.85 -6.756+10-3 -8.273-10-3
0.86 -9,335-10°% -1.143-10°3
0.87 4,822-10°3 5.905-10-3
0.88 0.011 0.013
0.89 0.016 0.0z
0.9 0.022 0.027
0.91 0.027 0.033
0.92 0.033 0.04
0.93 0.038 0.047
0.94 0.043 0.053
0.95 0.049 0.0a
0.96 0.054 0.066
0.97 0.059 n.072
0.98 0.064 n.07a
0.99 0.069 0.085
1 0.074 0.091

Note that at values of eta_HX < 0.86, the liquid yield is zero.
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Real L-H cycle for N2 -- Lig. vield. v vs eta HX

0.08
0.075
0.07
0.063
0.06
0.053
0.05
0.043
0.04
0.033
0.03
0.023
0.02
0.015
0.01
%1077

LigYield, y

8.86 0.837 0.83 0.30 09 091 0920093 094 095 095 097 003 099 1

eta HX

SMS from your computer
...oync'd with your Android phone & number

T Cooqmemtes 06, 3542 151737

Go to
- - e BrowserTexting.com
r:“mmmwm;;:%wu LIS o

Ullay N
Oh_coeliZ)

and start texting from
your computer!

IR0, R e

@ BrowserTexting

Download free eBooks at bookboon.com

Click on the ad to read more

97


http://www.browsertexting.com/

CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

And,

Real L-H cycle for N2 -- FOM vs eta HX

01

0.09

0.08

0.07

0.05
/

0.03

oM

004

0.03

0.02
v

0.01

8.36 03708308909 091092093094095096097093099 1

eta HX

Prob. 3.3.13 Write Mathcad Functions to determine liquefaction fraction, y, work required
per kg of gas compressed, work required per kg liquefied, Figure of Merit (FOM = Wideal /
Work per kg liqid) for pre-cooled Linde-Hampson cycle for Nitrogen, including the adiabatic
work of the refrigeration system. Take the initial pressure and temp of 1.013 bar ( = 1 atm)
and 300 K respectively and the final pressure is 200 bar. For the refrigerant circuit using
F_12, we have:

refrigerant flow rate ratio = r ( = m_r / m):
h_a = 204.5 kJ/kg, h_b = 242.1 kJ/kg and h_c = 55.9 kJ/kg.

Also, plot y, Wperkgliq and FOM as final pressure varies from 50 bar to 200 bar.
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First, write the Mathcad Function:
Precooled LHeyele N2{P1 T1.P2 Refrigratio r.h a.h b.h ¢} =

sl « entropy_ N2Z(P1.T1)

51« entropy_ N2(P2.T1)

hl « enthalpy N2{P1,T1)

h2 « enthalpy N2(P2,T1)

hf «— HFSATP(P1)

Wideal «+— W _ideal LigN2{P1.T1)

hl — h2 ha-h
Vo + Refrigratio_r - A Lc

hl - hf hl - hi’
Whpetkggas «— T1 - {s1 — 52} — (hl — h) + Refrigratio_r - (h_b - h_a)
Wperkgliq Wipeikszas

v
-
Wpetksliq

{"Pl(bar)" "TI(K)" "P(bar)’ 'Liq fin (v)" "Wperkegas (Ikg)" "Wperkeliglke)' "Wideal(idkeliq)' "FOM(=Wideal Wperkgliq)' |
L Pi T1 P2 Wperkzgas Wperkgliq Wideal FOM J

Now, solve the problem:

Pl:=1013 bar T1=300 K  P2=200 bar

Aotifa

Refrigratio r =01 h a=205 kllkg hb=2421 klkg

h c:=3559 klkg

The Wake

the only emission we want to leave behind

Bk el
Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo

Download free eBooks at bookboon.com Click on the ad to read more
100



http://www.mandieselturbo.com

CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

Precooled LHeycle N2(P1,T1,P2 Refrizgratio r.h a.h b.h o) =

g'r"Pl[ba.r}" "THE)" "P2(bar)" "Lig.frn. (v})" "Wperkzgas (kl'kz)" "Wperkgligkl'kg)" "Wideal(kT'kgliq)" "1-'03—1[=‘Wideal‘\‘.'perkg].iq_}"“\_

1.013 300 200

0.108 476.019 13945 107 771.028 0.173 JJ

=3

.= Precooled I Heycle N2(F1,T1,F2 __Reﬁig:raﬁo_r__h_a__h_b__h_c}l 3 i.e. v =0.108

‘i.‘fEerkE{gas = P&reconled_Lch.-‘L‘lE_}Q[Pl_.1'1_.P2_.Reﬁigraﬁa_r_.h_a_.h_b_.h_c}1 4 ' Wperkggas = 476018 klkg

Wperkalig = Preu:noled_LHcycle_NE[Pl_.1'1_.PE_.Reﬂigatio_r,h_a_.h_b_.h_u:}l 5 18 Wperkgliq = 4394 = 1’ kdfkg

Wideal = Precooled_LHc}-'cle_.\'J[Pl,Tl_.P2,Reftig‘.raﬁo_r_.h_a_.h_b__h_c}l:ﬁ ie.  Wideal = 771.028 kdikg

FOM = Precooled LHevele N2{P1, T1.P2 Refrigratio r.h a.h b.h c), - ie. FOM=0.173
e troch T = s

Now, to calculate for Refrigratio_r = 0 to 0.15, for P2 = 50, 100, 150, 200 1nd 220 bar:

hoa:=2043 klkg hob=2421 kikg
h c=7359 klkg

....define a range variahle

Ref'ri%atin r=0.001_013
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And, the results:

Befrigratio_r
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0.12
0.13
0.14
0.15

Now, plot the results:

Fraction liquelied, v

P2 =50 100 150 200
0.024 0.044 0.061 0.074
0.027 0.048 0.065 0.077

0.03 0.051 0.068 0.081
0.034 0.055 0.072 0.084
0.037 0.058 0.075 0.08a
0.041 0.062 0.078 0.091
0.044 0.0685 0.082 0.095
0.048 0.068 0.085 0.093
0.051 0.072 0.089 0.101
0.054 0.075 0.092 0.105
0.058 0.079 0.095 0.108
0.061 0.o82 0.099 n.112
0.0&85 0.086 0.102 0.115
0.068 0.089 0.10a 0.119
0.072 0.092 0.109 n.122
0.075 0.096 0.113 0.125

(=1 (=T = I 1

=]

[

Precooled Linde Hampson system for N2

220 bar

0.073

0.081

0.085

0.088

0.092

0.095

0.099

0.102

0.105

0.109

0.112

0.11a

0.119

0.123

0.12a

0.129

P2 = 220 bar
500

L

=

-

-

150

“100

(=1

Reftigerant flow rate ratio, (m_refrig / m)

N
LLE s
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Similarly,

Precooled Linde Hampson system for N2 - Wperkgliq vs ¢

1.3210%
1.4x10Y \
1.3x10% p2=
4 50 bar
1.2%10
4
o LIx1o
2
% 1x10°
2 s
c. -
= 8x10° ~-10d
710 B0 | -
g - - \
a3 220 ol T
F10° = =
"'\—-_.__;__:_‘_h_"—h.._\__\_\_ el [
4107 [ o
0 0.02 0.04 0.06 0.08 0l 012 0.14 0.16

Refrigerant flow rate ratio, (m_refrig / m)
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And,

Precooled Linde Hampson system for N2 - FOM vs r

022

b
"

\

(.13

0.16 =

‘\ N
i
L

220 har

0.14 -
. -200 -]
~150

0.12

FOmM

0.1

0.08f

50

0.06

0.04

002

] 0.02 0.04 0.06 0.03 0.1 0.12 0.14 0.16

Refrigerant flow rate ratio, (m_reftig / m)

Prob. 3.3.14 Write Mathcad Function to determine liquefaction fraction, y, work required
per kg of gas compressed, work required per kg liquefied, Figure of Merit (FOM = Wideal /
Work per kg liqid) for pre-cooled Linde-Hampson cycle for Hydrogen, including the adiabatic
work of the pre-cooling refrigeration system. Take the initial pressure and temp of 1.013
bar (= 1 atm) and 300 K respectively and the final pressure is 200 bar. Pre-cooling is with
LN2 at a temp of 70K, and we have:

At 70 K, for LN2: hfg = 208 kJ/kg, WperkgligN2 = 4500 kJ/kgligN2

Find: LN2flow rate ratio = r ( = mf / mH2)

Also, plot y, Wperkgliq and FOM as final pressure varies from 50 bar to 200 bar.
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Mathcad Function for the ideal system, when efliciencies of compressor and heat

exchangers are 100%, and only the latent heat of boiling LN2 is used in pre-cooling:

Precooled LHeyele H2(P1. TL1,P2, T3 bz LN2, Wperkgligi2) =

sl « entropy_H2(P1.T1)

sl « entropy_H2(P2,T1)

hl « enthalpy HXNP1 T1)

h2 « enthalpy HXP2 TI)

h3 « enthalpy HXP2 T3)

hé « enthalpy HXP1 T3)

hf « HFSATP(P1)

Wideal « W _ideal LigH2{P1,T1)

~ hi-h3

T he-nf

LY (hl - bf) - (hl - h2)
hfg_LN2

Wpetkgzas < T1- (s1 - s2) — (hl — £2) + r - (WperksligN2)

Wperk
Wperkglig « L pemesas
v
Wideal
Wpetkglig
:'i"I_iq.f‘m".‘_‘,-'}" "Fractionr=m_LN2/m H2" "Wperkggas(kl'kz)" "Wpetkgligklks)" "Wideal(kl'ks)" "FD:\-I"“-_
\ v r Wperkzzas Wperkzlig Wideal FOM

FOM «
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Ex: Pl := 1013 bar T1=300 K P2:=120 bar T3=70 K
Pt Futidd

hfz IN2 =208 klikg

WperkgligN2 = 4300  kl/kg

We get:

Precooled LHeyele H2(P1. T1,P2, T3 hfg LN2 Wperkglig2) =

{("Liq. fin (v)" "Fractionr=m_LN2'm_F2" "Wperkzgas(kI'ks)" "Wperkslig(klksz)" "Wideal(kIkg)" "FOM""|

| 0.222 4403 2622 = 1III'._1 1.183 = 107 1.21 = 1III'._1

0.102 )

Thus:
Liq. Fraction = y = 0.222; Wperkgliq = 1.183 * 1025 kJ/kg; FOM = 0.102, and

LN2 required for pre-cooling = 4.493 kg per kg of H2 compressed.
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Also, we have:

Fraction v = Precooled ILHeyele HYP1 T1,P2 T3 hiz ITN2 Wperkzligh2),

i
L

Fraction r = Precooled [Heycle HYP1 T1. P2, T3 hfz LN2 Wperkglig2), .

Wpetkgzas = Precooled_LHeycle HXNP1 T1,P2, T3 hifg IN2, Whperkgligh2)

Wperkglig = Precooled LHeycle HYP1. T1,P2, T3 hfg LN2, Wperkgligv2),

1 2

P |

Wideal = Precooled LHeycle H2(P1.T1,P2, T3 hfg IN2 WperkghqN2), ,

FOM = Precooled T Heyele HYP1 T1, P2 T3 hfy IN2 Whperksliqh2), .

=

Now, to plot y, Wperkgliq and FOM against P2:

P2 =50,60.200 ...define a range variable
We get
P2 y E?f;kg"q FOM
(bar)=

50 0.134 1.255-105 0.006

&0 0.156 1.221+10° 0.099

70 0.173 1.203-105 0.101

80 0.189 1.188+109 0.102

a0 0.2 1.183-105 0.102
100 0.21 1.179-105 0.103
110 0.216 1.181-103 0.102
120 0.222 1.183-10° 0.102
130 0.224 1.19+105 0.102
140 0.226 1.197-105 0.101
150 0.225 1.207-105 0.1
160 0.225 1.217+103 0.099
170 0.223 1.23-105 0.098
180 0.22 1.243-105 0.097
190 0.217 1.259°103 0.096
200 0.213 1.275°10° 0.095
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Now, plot the results:

Precooled LH cycle for H2-- v vs P2

023
fﬂf_\_\_hq-\-\"""-\-.._q

022

021

02

019 /
018

017 //

0.16

013 /

0.14
/

Lig. fraction, y

0'131} 20 40 60 80 100 120 140 160 130 200

Final pressure, P2 (bar)

Precooled LH cycle for H2-- Wperkglq vs P2

128x10°
127%10°

1.26<10° /
125%10° \n /

1.24x10°
123x10° \ //
1222107 \
121x10°
1.2:10° \ /
\ /

1.10x10° %

Wperkgliq (kJ/kg)

1.18x10°

1.17x10°
0 20 40 60 S0 100 120 140 160 180 200

Final pressure, P2 (bar)
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Precooled LH cycle for H2-- FOM vs P2

0.104
0.103
0.102)

0.101 / \\\

01 ]

00 N
0.097 ,-'J{( \\
0096 \\

0.093
0.004
0.093
0.092
0.091

0.09

FOM

0 20 40 80 30 100 120 140 180 130 200

Final pressure, P2 (bar)
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Effect of changing T3 on y:

Values of y at various pressures for different values of T3:

P2 [bar)

30

a0

70

80

90

100

110

120

130

140

150

160

170

180

180

Now, plot the results:

[T P = = = =

Lig. [raction, v

[ R T = T e R e R

SR O T S R SR N N N

- =R = R O

(PRI

(=]

= |

L4

[T

(=3

L4

200

TI=80K oK 0K 65 K
0.185 0.134 n.11z 0.093
0.193 0.15a 0.131 0.109
0.211 0.173 0.145 0.121

0.23 0.189 0.1e 0.133
0.24 0.2 0.169 0.142
0.251 0.21 0.179 0.15
0.253 0.21a 0.184 0.156
0.2e 0.222 0.19 0.161
0.2e1 0.224 0.192 0.164
0.262 0.226 0.195 0.167
0.26 0.225 0.195 0.167
0.259 0.225 0.195 0.168
0.255 0.223 0.193 0.1a7
0.252 0.22 0.192 0.166
0.247 0.217 0.189 0.164
0.242 0.213 0.186 0.1a62

Precooled LH cycle for H2-- y vs P2

.. T3=85K

TOK

o

P o 4
1L

Final pressure, P2 (bar)

Note: Liquid fraction y is a maximum at about 140 bar, i.e. approximately the inversion

pressure. Also, the pre-cooling temp strongly affects the liquid fraction y.

Download free eBooks at bookboon.com



Prob. 3.3.15 Now, consider a practical LN2 pre-cooled, Linde_ Hampson liquefaction cycle
for Hydrogen: Let the HX1 and HX2 have less than 100% effectiveness, i.e. warm end
temp difference for HX1 = A T1 = 15 deg. And warm end temp difference for HX2 = A
T2 = 3 deg. Let the external heat leaks be q_leakl = 6 kJ/kg and q_leak2 = 6 kJ/kg.
Take the initial pressure and temp of 1.013 bar ( = 1 atm) and 300 K respectively and the
final pressure is 200 bar. Isoth. effcy of compressor = eta_iso = 0.6

Pre-cooling is with LN2 at a temp of 70K, and we have:

At 70 K, for LN2: hfg = 208 kJ/kg, WperkgligN2 = 4500 kJ/kgligN2

Find: LN2flow rate ratio = GO ( = mLN2 / mH2gas)

Also, plot y, Wperkgliq, COP and FOM as final pressure varies from 50 bar to 200 bar.

Schematic diagram and the T-s diagram for liquefaction of H2 with LN2 pre-cooling is
shown below [29]:

Note: In the above fig. x is the liquid fraction of H2 compressed.
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Here, LN2 at 70 K (i.e. at a low pressure Psat of 0.38545 bar) is used for pre-cooling; the
Nitrogen vapor passes through the first HX so that the sensible heat of vapor is also utilized.

Thus, the total cooling provided by Nitrogen stream is: (h8 — h7) kJ/kg of N2. Enthalpy
h8 is at P = 0.38545 bar and T = 300 K, and h7 = hf = enthalpy at Tsat = 70 K and
quality = 0.

See the Tables below (from NIST data):

For Nitrogen (NIST data):

Liquid Phase Data

Data on Saturation Curve

. . Internal Sound Joule- - . Therm. Surf.
rege | g | [t [ o ot | S | e | | | e
[ 5.000 oa7s0d| sseeo| oooniess|  we7os|  -wemos|  24s3e| nisad]| 20034 e7636[ -oosesss| oooozsony| 07313 0011739 Hiquid
[ 70000 038543  s3ssif ooomsas| o] -3ee7|  2ea21 ni2e7] 20mss| e2s7e|  -0037es7[ oooo2iess| 06184 0010589 tiquid
[ 75000 076043  s1667[ 00012245 12682 12683 27718 wroesi) 2031 87528 -0.035506[ 000017675 015087 0.0094170([ tiquid
[ s0.000 13687 7eses| ooozses| 1675|1658  2s02s| vroser] 20555 s2¢3s(  -00s2322[ ooooissos|  o1so20] 0.0082740/] iquid
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Vapor Phase Data

Data on Saturation Curve

Temperature | Pressure | Density Volume I]::::l Enthalpy || Entropy Cv Cp Sound Tﬂz:l:;n Viscosity || Therm. Cond. ’;
®) o) | Gegmd) | @3k | TS| kg | @R | @) | @0 (sp(wis) | aon s @®ars) | (WK
[ 65.000 07404 091308 10932 741 ess3s[ 57600 075174 10633 16320 38268 43084e06]  0.0063374][vapor
| 70000 038543  1sveof| 0.52743 50769 7i0es|[  s.6045[ 075803 1osie]|  168.42]| 32837 48792:-08  0.0067968 [ vapor
[ 75.000  076043) 33404 028245 53.838 73316 54667 076e4s| 11080 17283 28707 5233708  0.0072706|[ vapor
| 80.000]| 13687 6084  o0.16422 56.622 7o00s|[ 53487 077 Lisss| 17672 2.5430] 5.6413e-06 | 0.0077502 ITpor
Isobaric Data for P = 0.38545 bar

Temperature | Pressure | Density || Volume I[""lz:“?' Enthalpy || Entropy Cr cp Sound Tﬂ”“le‘ Viscosity ||Therm. Cond. ’:

Gar) | (kg/m3) | (m3/ke) o || VD | @R | @etK) | @K [Sed (i) | ool @a*s) (Wim*K) ase

[ 70000/ 038545 53851 0.0011926]f 3702 c3697|[ 2e321) 11297 20143 w2574 0037947 0.00021988|[ 0 16184)[ tiquid|

70.000 0.38545 838.51 0.0011926 -137.02 -136.97 1.1297 2.0145 925.74 -0.037947 0.00021988 U.lﬁlS-l,m

70.000 0.38343 1.8960 0.52742 30.769 71.098 0.75803 1.0816 168.42 3.2837 4.8792e-06 0.0067968|[ vapor,

80.000 0.38545 1.6470 0.60716 58417 81.819 0.75092 1.0647 180.82 2.4697 5.5790e-06 EIEIEI’S’S’,Tpnr

[ 20000/ 038545 14578 0683597 65978 92 418][ 074745 10360]] 19228 19319 6264306 0 0089258/ vapor]

[ 100.00][ 038543 13085 0.76426] 73.402 10295 0.74550[  1osoe|  203.00] 15973 6.9348e-06][ 0.0002350/[ vaper
| 12000 038345 10870  os100| 85430 1231 ea7asl 0743ss| roass[ 2279 11269 | 5.2320e-06]| 0.011851[vapor
| wooo|  o3sses|  oosors[ 1075t wass| 180 e33%6[ 07314 rossz| 20087 087209 94738e 08  0.013662[vapor
| 160.00 | s34 1220 11825 16565 64720 074280 10420 2574 069385 10664e-05 0015389 vapor
| 180.00 072236 13843 13302 1ss4g| 65073 o7a263| rosn2| 27336 056489 1.1808e-03] 0.017043 [ vapor
| 200.00]| 06087 1338 wiee| 20730 e7o7a| os2s3 vosor]  2ssaf 046857 1200903 0018637 vapor
| 220,00 039064  1.6931] 16285 22811 esosd 072252 vosod| 30231 039401 13971603 0.020171[vapor
| 240,00 054132 1sam) 1771 24802 esese| 074253 1002|3157 033461 14097e-05 0021634 vapor
| 26000 049961 20016 19257 26072 6802 074260 1os01] 32860 028630 15990e-05 0023080 vapor
| 280.00]| 046388 21557 20743 20053 705 o7a27s| voso2|  eruo 024620 1.6933e-03 0024484 vapor
| 300.00| 043202 23009 2230 33| 7200 o7as01 voses|  3ssof 021242 1.7888e-03| 0025838 [vapor
| 320,00 040584 24640 3717 32| 7ae6d[ o7a3a3| 10407 e 0.1833%] 1.8797e-03] 0.027161[vapor

Thus, for Nitrogen, h8 = 311.33 kJ/kg at T = 300 K, P = 0.38545 bar; and, h7 = hf at
70 K =

-137.97 kJ/kg.

We have, by data:

PI:=1013 bar T1=300 K  P2:=118 bar

T2:=300 K T2 prime =70 K T6=T0 K ATI=15K AT2=3 K
T5_prime = T§ — AT2 Tl prime = T1 — ATl g leakl =6 klkg g leak2 =6 klkg

Wperkaligh2 == 4500 kld/kg eta iso = 0.6
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Then:
hi = enthalpy H)(PL,T1) ie.  hl=3058x10° klikg

hl_prime = enthalpy H2(P1.T1 prime) i€ hl prme=3744x 107 kJkg

h2 = enthalpy H2(P2 T2) ie. h2 = 4.015 x 107 kJikg

hl prime = enthalpy H2(P2 T2 prime) ..  hl prime = T62.861 kJikg

sl = entropy_H2{P1,T1) ie. s1= 53443 kJikg K
=2 = entropy_HI(P2.T1) ie. 2= 3373 kdilkg K
h6 = enthalpy H2(P1.T6) ie. h6 = 978.702 kl/kg
hé_prime = enthalpy H2(P1,T6 prime) e hé_prime = 947.133  kl'kg
hf = HFSATP(P1) ie. hf = -0.396 kikg
hg = HGEATP({P1) -3 hg = 448.18 kdikg
h3 prime = hg ie. h3_prime = 448.18  kl/kg

ForN2: w8 =31133 klkg atT=300K, 6 P=038545 bar

h7 = -137.97 klkg = hf at 70 K for LN2

For liq. fraction, x: Applying I Law to the (HX2 + JT valve + liquid reservoir) taken

together:

h2 prime + g leak2=x - hff + {1 = x) - hi_prime

(hé_prime — h2_prime) — q_leak?
b
(h&_pnme — hf)

Therefore:

(h&_prime — h2 prime) — g_leak?
(h& prime — hf)

LigFraction_x =

e LigFraction_x = 0.138 ...Ans.
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14



CRYOGENIC ENGINEERING:
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For LN2 fraction GO: Applying I Law to (HX1 + LN2 cooler):

h2+ G0 - h7+ (1 - x) - hé_prime + q leakl= h2 prime + (1 — x) - h1_prime + G0 - h8

ie. G0 - (h8 — hTy=x - (hl_prme — hé prme) + h2 + h prime — hl_prime + g leakl

% - (hl_prime — hé_prime) + h2 + hé_prime — hl_prime + g_leakl kg of LN2/kg H2
h8 — k7 compressed

ie. Gl =

e, G0=27M ...kg of LN2/kg H2 compressed ... Ans.

Therefore, LN2 requirement per kg of liquid H2, adding 25% extra to account for losses:

125 - G0 .
= ...kg of LN2/kg H2 liquefied.
T LigFraction_x J J a
e, mpy = 18.093 ...kg of LN2/kg H2 liquefied ... Ans.
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Work requirement per kg of H2 compressed, with isoth effcy = 0.6:

T1- (sl - s2) - (hl - h2)

eta_iso

Wperkzaas = + 125 - GO - Wperkgligh2? kJ/kggas compressed

8. Wperkggas = 2.520 = 10° kJ/kggas compressed,.. includes 25% extra LN2 for losses

Work requirement per kg of H2 liquefied, with isoth effcy = 0.6:

Wpetkggas

Wperkeliq = kJikggas liquefied

LigFraction x

ie  Wperkslig= 1344 10°  kJ/kggas liquefied.... Ans.

Coeff of Performance, COP:
LigFraction_x - (hl — hf)
T1- (51— s52) — (hl — h2)

eta_iso

COP =

+123 - GO - WperksligN2

l.e. COP=0029 ..Ans.
Ideal or min. work of liquefaction:

Wideal = W _ideal LigH2(P1,T1)  kJ/kgligH2

e Wideal=121x 10"  klkgligH2

Figure of Merit, FOM:

i
FOM = ﬂ
frterenh Wperkgliq

=3 FOM = 0.09 ..Ans.
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Plot LiqFraction_x, Wperkgliq, COP and FOM against P2:

First, write the relevant quantities as Functions of P2:

1T = — AT2 rime = §7
T6 pn T6 To — AT2 TG pn T6 67
2l = enf i 2 T2 TR 2y =4013 =

h(P2 thalpy HNP2 T2 b/l h2{P2 4015 % 107
hl Eri.me P2} = enthalpy HYP2, T2 prime) kdikg h2_prime{P2) = T62.861
ht Eri.me T§) = enthalpy HYPL, T6_prime{TH)) kdikg hé_prime{TH) = 947133
s Pl = entropy 2, /RO s Ply= 3302

NP2 py_HAP2. T1 kd/lg K NP2 33.73

2 piime = 2 prime =7
T2 pr T6 To K T2 pri T6 0

i — h2 i Ty — 9
LigFraction_ 3(P2.T6) = (ho_prime(T6) — h2_prime(F2)) — q leald
(h6_prime(T6) — hf)

i.e.  LigFraction x(P2,T6) = 0.188

% - (hl_prime — h6_prime(T6)) + h2(P2) + hé_prime(T6) — hl_prime + q leakl
h8 — h7

GI(P2.T6) =

...kg of LN2/kg H2

ie GNP2. Ta) = 2724 compressed

125 - GO(P2,T6) .
~(P2.T6) = ...kg of LN2/kg H2 liquefied.
PaF2-19) LigFraction_x(P2.T6) J gnena

=3 m]'_:\'J(PE_.Tﬁ} = 18.0035

(s1- sAP2) - (hl - W2(PY))

eta_iso

25 - GO(P2,T6) - Wperkglig2

T1
T.'\'Her'kggas P2.T6) =

4

I8 Wperkgzas(P2,T6) = 2529« 107 kJ/kggas compressed,.. includes 25% extra LN2 for losses

. ) Wpetkzzas(P2, Ta) .
Wperkalig(P2_T4) = == kJ'kggas liguefied
R 10 = e P2.T6) 99as 14

ie.  Wperkgliq(P2.T6) = 1344 x 107

_ LigFraction (P2, T&) - (hl — hf}
RQEAP2-T0) T1- (s1- s2(P2) - (hl - h2(PD))

25 - GO(P2,T6) - WperkgligN?

eta_iso

e COP(P2,T6) = 0.029
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Figure of Merit, FOM:

Wideal
FOM(P2,T6) = e
Wperkzliq(P2, T6)

ie. FOM{P2,T6) = 0.09

Now, plot the various quantities:

T6=T0 K
P2 = 50,60..200 ... define a range variable
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LiqFraction vs P2:

P2 = LigFraction x(P1 T§)
a0 0.098
60 0.122
70 0.139
a0 0.156
a0 0.167

100 0.177
110 0.183
120 0.189
130 0.192
140 0.194
150 0.193
160 0,193
170 0.19
180 0.188
190 0.184
200 0.18

Practical, pre-cooled LH cycle for H2-- x vs P2

—

0.19
018
0.17

0.16 /

013
/
014
/

013
0.12
011

0.1 r/
0.09
008

=

Lig. Fraction, x

0 20 40 60 80 100 120 140 160 1830 200

Final pressure, P2 (bar)
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Wperkgliq vs P2:

P2 = Wperkeliq(P2, T6)
50 2.335-105
60 1.928-105
70 1.718-105
80 1.554:105
90 1.471-105

100 1.398-105
110 1.367-105
120 1.338-105
130 1.336°105
140 1.333-105
150 1.347-105
160 1.362-105
170 1.39°105
180 1.418-105
190 1.458-105
200 1.501-105

Practical. pre-cooled LH cvcle for H2-- Wperkgliq vs P2

24107

23x10° \

225107 \

215107
210 \
1.0x10° \

1.8<10°
17107 \\

610’
15107
1 4x10°
1.3~.=<1[:FD

Wperkglig (klfkg)

]
20 40 1] 30 100 120 140 160 130 200

Final pressure, P2 (bar)
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COP vs P2:
P2 = COP(P2.TH)
al 0.017
al 0.021
70 0.023
a0 0.025
an 0.027
100 0.028
110 0.029
120 .03
130 0.03
140 .03
130 0.029
1a0 0.029
170 0.028
180 0.028
190 0.027
200 0.026
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Practical, pre-cooled LH eycle for H2-- COP vs P2

0,031
———‘-uh__q___h\

0,029

0.027

0,023 /
0023 /

0,021

0.019 /

0.017

P

A
o

[

0,013
:ll} 20 40 60 30 10 120 140 180 130 200

Final pressure, P2 (bar)

FOM vs P2:
P2 = FOM(P2.T6)

30 0.052

a0l 0.063

70 0.07

an 0.078

a0 0.082
100 0.087
110 0.088
120 0.09
130 0.091
140 0.091
150 0.09
1a0 0.089
170 0.087
180 0.085
190 0.083
200 0.081
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Practical, pre-cooled LH cycle for H2-- FOM vs P2

L=l

Sn o e
Ly LRI

a2
1LV

Final pressure, P2 (bar)

Also plot the effect of pre-cooling temp (T6) on Liq. fraction:

P2 (bar) T6=65K TOK 75K 80K
al 0.045 0.09a 0.14a 0.189
an 0.07 n.122 0.1638 0.21
70 0.088 0.139 0.154 0.225
a0 0.10a 0.156 0.2 0.241
a0 0.118 n0.1ae7 0.211 0.251

100 0.129 0177 n.221 0.26
110 0.135 0.183 0.227 0.266
120 0.142 0.189 0.232 0.271
130 0.144 0.192 0.234 0.273
140 0.14a 0.194 0.236 0.273
1350 0.140 0.193 0.236 0.273
1a0 0.145 0.193 0.235 0.274
170 0.143 0.19 0.233 0.272
1380 0.14 0.18a n.231 0.27
190 0.13a6 0.184 0.227 0.266
200 0.132 0.18 0.224 0.263
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Practical, pre-cooled LH cycle for H2-- x vs P2
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Prob. 3.3.16 In a LN2 pre-cooled Linde-Hampson system for H2, the lower heat exchanger
(between the LN2 bath and the LH2 receiver) has an effectiveness of 0.9. The high pressure
stream enters the HX at 60.8 bar and 70 K, and the low pressure stream enters the HX
at 1.013 bar and sat. vapor conditions. Determine the liquid yield %y’ for this system [1].
Also, plot y as final pressure varies from 50 bar to 200 bar.

I3=T10 K T6=T0 K g =09 ....effectiveness of HXZ2
Tsat .= TSAT(PL) ie T=zat= 20314 k.

AT =(1-g)-(T3- Tsat) ...warm end temp difference of HX2

e, AT = 4960 K

T8 prime = TG — AT K l.e. Té prime = 63.031 K

Now, we have:

h3 = enthalpy H)(F2,T3) e hi= 82457 klikg

16 = enthalpy_H)(P1,T6) e h6 = 978.702 klikg
hf_prime = enthalpy_H2(P1,T6_prime) .2 hé_prime = 926417  kJ/kg
hf = HESATP(FI) e hf = —0.3%5 kdkg
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We have, for liquid yield, y:

__ hi_prime — h3

(=3 .AANs.

]
1
=
—
—

v o=
) hé_prime — hf
To plot y against P2, assuming that effectiveness of HX remains the constant at € = 0.9:

First, write the relevant quantities as functions of P2:

ht prnme(F2) = enthalpy HI(P1.T6_prime)
h3(P2) = enthalpy H2(P2,T3)

h6_prime(P2) — h3(P2)

v(P2) =
e hé_ptime(P2) — hf
P2 = 50,60..200 ...define a range variable

Pl = ¥k =
a0 0.085
a6l 0.108
70 0.12a
a0 0.143
a0 0.154

100 0.166
110 0.172
120 0.178
130 0.1a
140 0.182
150 0.182
160 0.181
170 0.179
130 0.17a
190 0.172
200 0.168
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LN2 Pre-cooled LH cycle for H2-- v vs P2

02
019
013
017
0.16
013 /
014
013 //
012 /
011
0.1
0.09 .-"/
0.08

Lig. fraction, y

0 20 40 60 80 100 120 140 160 130 200

Final pressure, P2 (bar)

bookboon.com

Corporate eLibrary

See our Business Solutions for employee learning

Click here

Management Time Management

Problem solving I Self-Confidence I Effectiveness

Project Management I Goal setting I Coaching

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

127


http://s.bookboon.com/bbg-elibrary-2015

Find the pressure at which liquid yield will be 0.15:
Use the ‘Solve block’ of Mathcad:
P2 =350 __trial value
(iven

w(P2) = 0.13

Find{P2) = 86.017 ....pressure at which yield will be 0.15 .... Ans.

Note: Observe the ease with which Mathcad performs this ‘trial and error’ calculation.

Prob. 3.3.17 Write a Mathcad Function to determine liquefaction fraction, y, work required
per kg of gas compressed, work required per kg liquefied, Figure of Merit (FOM = Wideal /
Work per kg ligid) for Linde dual pressure system, for Nitrogen. Take the initial pressure
and temp of 1.013 bar ( = 1 atm) and 300 K respectively and the final pressure is 200 bar.
Intermediate pressure is 50 bar, and intermediate pressure flow ratio is = m_i / m = 0.8.
Plot y, Wperkgliq and FOM as final pressure varies from 50 bar to 200 bar. Also, plot the
Wperkgliq against P2 for intermediate flow ratio I = 0.5, 0.6, 0.7 and 0.8.
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SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS
2 !
F=const
&
§ o [
~ " S/
Q S48
]
QL r
2
4d h=const
i)
h=const
f 7 g
s

Mathcad Function:
Linde DualPressure system{P1,P2 P53 T1 Ratio_i) =

sl « entropy N2{P1.T1)
s2 « entropy N2[P2.T1)
s3 « entropy N2(P3.TI)
hl « enthalpy N2(P1.T1}
h2 « enthalpy N2(P2.T1)
h3 « enthalpy N2{P3 T1)
hf « HFSATE(P1)

Wideal « W _ideal LigN2(P1,T1)

hl - h3 .. hl-h2
Ve — Ratio_i -
) hl - hf T hl-hf
Wpetkzgas « [T1 - (51 - s3) — (hl — h3)] — Ratio_i - [T1 - (s1 — 52} — {hl — h2)]
Wpetk
Wperkglig « —Eo220s
}.‘
Wideal
FOM  ————
Wpetkglig
5"“Liq. fin v "Wpertkggas (kIkg)" "Wperkgliq (kIkg)" "Wideal (kI'kg)" "l-'DI‘-.-i"H‘I_
Y Wpetkgzas Wperkglig Wideal FOM J.'
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Now, apply this Function for the problem:
Ex:  Pl=1013 bar P2=350 bar P3 =200 bar

T1:=300 K Fatio_i:= 028

("Lig. frn.y" "Wperkzgas (kl'kg)" "Wperkgliq (kIkg)" "Wideal (kIkg)" "FOM"'|
Linde_DualPressure_system(P1,P2.P3, T1 Ratio_i) =

0.033 195.832 3348 = 1I}3 771.028 0217 ,'
Thus, we have:

LigFraction_v = I_inde_Dua]PressurE_Sj,-'stem[Pl__PE_.P3_.Tl,Ratin_i}l 0 LigFraction_v = 0.033
T.R'Eerkggas = Linde_DuaJPressu:re_s*_i,-'stem[Pl_.PE_.PS_.TI_.RaﬁD_i}l i Wperkggas = 193832
T.K'EEI‘L:EHH = Li.nde_DuaJPressu.re_system[Pl_.PE_.PS__TI_.RaﬁD_i}l - Wpetkgliq = 3.348 10°
Wideal = Linde DualPressure system{P1. P2 P53, T1 Ratio i}, . Wideal = 771.028
PR — - —1.3
FOM = Linde DualPressure system{P1 P2 P3 T1 Eatio i} FOM = 0217
privieirs = =" —1.4

[ ]
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To plot LigFraction_y against P2:

Linde dual pressure system for N2 -LigFraction v vsP2

0.08
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Ligliraction y
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Intermediate pressure, P2 (bar)

Linde dual pressure system for N2 - Wperkglq vsP2
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Linde dual pressure system for N2 - FOM vsP2
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Intermediate pressure, P2 (bar)

Plot Wperkgliq against P2 for Ratio_i = 0.5, 0.6, 0.7 and 0.8:

Wperkglig (kJ/kg)

£2 (bar) i=05 i=06 i=07 i=08
10 5.154°103 4,9-103 4.643°103 4.383°103
20 4.894-103 4.573-103 4.243°103 3.903-103
30 4.802-103 4.445-103 4.074103 3.685°103
40 4.78°103 4.402-103 4.001-103 3.574103
50 4.809-103 4.422-103 4,003-103 3.548°103
a0 4.841-103 4.443-103 4.004-103 3.518-103
70 4.908°103 4,51°103 4.061°103 3.553°103
80 4.98-103 4,583-103 4,126°103 3.594-103
a0 5.069-103 4.68°103 4.222:103 3.674103
100 5.166°103 4.787+103 4,33'103 3.768°103
110 5.271-103 4.908-103 4.46°103 3.89-103
120 5.383-103 5.041-103 4.605°103 4.034-103
130 5.499-103 5.182-103 4.768103 4.202-103
140 5.623°103 5.337°103 4.951-103 4.402-103
150 5.743-103 5.492-103 5.142-103 4.622-103
160 5.873-103 5.663°103 5.361-103 4.888°103
170 5.996°103 5.831103 5.584103 5.177°103
180 6.128-103 6.014103 5.839°103 5.531°103
190 6.249-103 6.187°103 6.089-103 5.907-103
200 6.377°103 6.377°103 6.377'103 6.377°103
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Now, plot the results:

_ Linde dual pressure system for N2 -Wperkgliq vsP2
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Prob. 3.3.18 In a Linde dual pressure system, for Nitrogen, the gas is compressed from
an initial pressure and temp of 1.013 bar and 300 K respectively to a final pressure is 200
bar. Find out the intermediate pressure P2, if the intermediate pressure flow ratio is = m_i

/ m = 0.7 and the liquefied fraction, y = 0.065 [1].

Solution:
Pl =1013 har P3 =200 har
J-LL:: 00 K Ratio 1= 0.7 I_iEEran:tinn v = 0.063

We find the intermediate pressure very easily by using the ‘Solve block’ of Mathcad and

the Mathcad Function for Linde dual pressure system written above:

Note that LiqFraction_y is given as:

LigFraction v = Linde DualPressure system{P1 P2 P3 T1 Ratio 1), .

Start with a trial value for P2:

P2 =50 bar _.__ trial value

Given

Linde DualPressure system({P1 P2 P3 Tl Ratio i), .= 0.043
Find(P2) = 27.147

i.e. Intermediate pressure, P2 = 27.147 bar...Ans.

Prob. 3.3.19 (a). Write a Mathcad Function 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:
Nitrogen is the working fluid, the system operates from 1.013 bar (1 atm) and 295 K to
50 bar. At 50 bar and 270 K, 60% 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 1.013 bar [1].
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Also plot the liq. Fraction y and net work required per unit mass liquefied against expander

flow rate ratio from P2 = 30 bar to 70bar, other parameters remaining the same.

Following figures show the schematic diagram and the T-s diagram for Claude system:
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Solution:

First, write the Mathcad Function for Ideal Claude system for N2:

TdealClaudeSystem N2(P1, P2, T1 T3 FlowRatio_x) =

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

136



http://s.bookboon.com/accentureCZintl

CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

sl « entropy N2(P1,TI)

s2 « entropy N2{P2_T1)

53 « entropy_N2(P2,T3)

se 4= 53

hl « enthalpy N2(P1,T1)

h? « enthalpy NX{P2 TI)

h3 « enthalpy N2(P2,T3)

he « enthalpy N2 Ps(Pl,se)

hf « HFSATP(P1)

Wideal « W _ideal LigN2{P1.T1})
¥ ii : ﬁ + FlowEatio_x - ﬁ : :;
Whet_petkgzas « [T1 - (sl — 52) — (hl — h2)] — FlowRatio_x - {h3 — he)

Whet_perk
Whet_perkgliq «— O peRee®

v
Wideal

Whet_perkgliq

Wenp petkzzas « FlowRatio_x - (h3 — he)

5""]_iq1-_racﬁon-}-'" "Wexp_perkggas(klks)" "Wnel perkggas(klks)" "Wnet perkgliglilks)" "Wideal(kIkg)" "FOM"

FOM «—

¥ Wexp perkgzas Whet perkzzas Whet perkgliq Wideal FOM J.'

Now, solve the problem:

Data:

i
1

(B
1
f=J
x

Pl = 1013 bar P =350 bar T1=205 K T

FlowHatio_x = 0.8
And, we get:

IdealClandeSystem N2(P1. P2 T1.T3 FlowEatio_x) =

g""]_iql-'racﬁon—j.-'" "Wexp_ petkzzas(klkz)" "Whet_perkszas(kl'kz)" "Whet_perkgliqklks)" "Wideal(kl'kg)" "}'O},-I"\\_

0276 107.59 231.969 840.653 751.023 0893 )
i.e.
I_iﬁl-'ractiun v= IdealClaudeS}-'stem_EE[Pl_.PE__TI_.Ti,l:'luxl'Raﬁu_x}l 0 LigFraction_v = 0278
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Work of expander per kg gas compressed in compressor =

Wexp petkgzas = IdealClaudeS}fstem_HE[Pl__PE_.TI_.TS,an\'Raﬁn_x}l i Wexp petkggas = 107.39

Whet_petkggas = IdealClaudESj,-'stem_El[Pl_.PE_.I'I_.I'E,l-"lnv.'Raﬁn_x}l - Whet_petkggas = 231.960

Whet_petkglig = IdealClaudeS}-'stem_El[Pl_.Pl__I'l_.TE,Huxn'Raﬁu_x}l 3 Whet_petkgliq = 340633

Wideal = IdealClandeSystem N2(P1_ P2 T1 T3 FlowRatio_x) Wideal = 731.023
HARARRRO - — —1.4

FOM = IdealClaudeSystem N2(P1 P2 T1. T3 FlowRatio x), - FOMLI = 08303
frirtrent - — —71.3

To plot LiqFraction-y and Wnet_perkgliq for various P2:

P2 =30,33.70 _.define a range variable

Loty

Ideal Claude system for N2 - Lig. Fraction v vs P2

]

Lig. Fraction, y

40 45 50 35 60 63 10

d
L=
a2
=]
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Ideal Claude system for N2 - Wnet perkglq vsP2
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Ideal Claude system for N2 - FOM vsP2
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Prob. 3.3.20 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].

Data:

Pl=1013 bar  P2=405 bar T1=203 K T3=240 K

y=02 ...lig. fraction

FlowRatio_x is to be found out:

Use the ‘Solve Block’ of Mathcad, along with the Function written above:

FlowRatia x =02 ___trial value
AAAAAAAAAA AN AT A

Given
V= IdealClaudES}-'stem_Nz[Pl_.PE_.TI__TS_.I-"IDWRaﬁn_}:}l 0

Find(FlowRatio_x) = 0.4%%

i.e. Flow ratio through the expander is = 0.499...Ans.
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Prob. 3.3.21 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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First, write the Mathcad Function:

IdealClaudeSystem HXPL, P2, T1 T3 FlowRatio_x) =

sl « entropy H2PL T1)

52« entropy_H2(P2,T1)

53 « entropy H2P2 T3)

se ¢ 53

hl « enthalpy HX(P1,T1)

h2 « enthalpy HX(P2,T1)

h3 « enthalpy HX(P2 T3)

he « enthalpy H2 Ps(Pl se)

hf < HFSATP{P1)

Wideal « W_ideal LigH2(P1.T1)

:: : :fE + FlowRatio_x - :i : ::
Whet_petkggas « [T1 - {s1 — 52} — (hl — h2)] — FlowRatio_x - (h3 - he)

il

Whet_perketiq Whet_perkzgas
Wideal
Whet_petkgliq
Wexp petkzgas < FlowRatio_x - (h3 — he)
"LigFraction-v" "Wenp_petkzzas(kl'ks)" "Wnet_perhzzas(kl'kz)" "Wnet_perkgligklks)" "Wideallklkg)" "FOM"
[ v Wexp_perkzgas Whet_petkgzas Whet_perkgliq Wideal FOM )

FOM «
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Now, solve the problem:

i

FlowEatio_x = 0.3
Then, from the Function written above:

TdealClandeSystem H2(PL1,P2 T1_ T3 FlowRatio_x) =

CRYOGENIC LIQUEFACTION SYSTEMS

Pl=1013 bar  P2:=405 bar T1=203 K  T3=180 K

5""]'_iq1-'racﬁon—}-'” "Wexp_perkggas(kl'kg)" "Wnet perkgzas(kI'kg)" "Wnet_perkgligkTkg)" "Wideal(kI'kg)" "FD:;J"“[

0.197 T75.942 3.716 = 107

i.e.

1889 = 1|II'-_1 1172 = 1|}4 0.621 J-'

LigFraction v = IdealClaudeSystem H2(P1 P2 T1 T3 ,f'lmt'Raﬁn_x}l 0 LigFraction v = 0.197

Work of expander per kg gas compressed in compressor =

Wexp pethgzas = IdealﬂlaudeS}-'stem_Hl[Pl_.PE_.]'1_.Ti,f‘lnxi'Raﬁn_x}l i Wexp petkgzas = 773842

Whet_petkgzas = IdealClaudeS}-‘stem_Hl[Pl_.PE_.]'I_.TS_.I-"ID“'Raﬁn_}:}1 - Whet_petkgzas = 3.716 = 10

Whet petkgliq = IdealClaudES}-'stem_Hl[Pl_.PE_.Tl_.TB,Hoxl'Raﬁo_x}l 3 Whet perkglig = 1.889 « 10

Wideal = IdealClaudeSvystem H2(P1 P2 T1 T3 FlowRato x),
PRt oorent) 1.4

FOM = TdealClaudeSystem HX(P1, P2 T1, T3 FlowRatio_x), -
pririrech - — —“1.3

Plot y, Wperkgliq and FOM for P2 = 20 to 80 bar:

P2=120,25.80 ...define arange variable

4

Wideal = 1.172 = 1EI'4

FOM = 0.621
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We get:
P2 (bar) LigFraction Wperkglig FOM
¥ (kJ/kg)
20 0.1788 1.63810% 0.716
25 0.1846 1.708:104 0.686
30 0.1901 1778104 0.659
35 0.1936 1.820-104 0.641
40 0.1965 1.885-10% 0.622
45 0.1984 1.926-10% 0.609
30 0.2003 1.965-104 0.597
33 0.2023 2.004-10% 0.385
60 0.204 2.045-104 0.573
63 0.2048 2.078-104 0.564
70 0.2056 21117104 0.355
73 0.2064 2.144-10% 0.347
80 0.2072 2177104 0.539

And, plot the results:

Ideal Claude system for H2 - Liq. Fraction v vs P2

,./-F"’H

Lig. Fraction, y

0.183

018

0.173

0.17
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Ideal Claude system for H2 - Wnet perkglq vsP2

1210

215x10

_/_,.f"'

21x10%

205<10*

10t

195x10%
1010

18510
1 810
1.75x10
1.7x10*
1.65x10" /
1.6x10°

Whnel perkghq (klikg)

P2 (bar)
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Ideal Claude system for H2 - FOM vs P2

0.72

0.68

0.66

064

0.62

FOM

0.4

0.33

0.36

034

0.52

I}':lll} 25 30 35 40 45 30 35 60 65 70 75 80

P2 (bar)

Prob. 3.3.22 Data for a Claude system is given below:

Nitrogen is the working fluid, the system operates from 101.3 kPa (1 atm) and 293 K to
70 bar. At 70 bar and 270 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].

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:

Compressor work per unit mass of gas liquefied:

e L1751 —52)— (b~ )]

My PNy

Actual enthalpy change across the expander:

hy—hi=nulhy—h,).

Liquid yield:

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

W = =W i, o (hy— %)
Or,

W T (s, —53)—(hy —hy)

T "= XNeo (A3 =),
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Mathcad Function:

ActualClandeSystem N2(P1. P2 T1,T3 FlowEatio_x.eta exp adiab, eta exp mech_eta comp overall) =

sl « entropy N2(P1.T1)
entropy NP2, T1)
entropy N2{P2.T3)

sl

-

53

-

—
—

se « =3

hl <« enthalpy N2{P1.T1)
h2 « enthalpy N2{P2.T1)

h3 « enthalpy N2{P2.T3)

he « enthalpy N2 Ps{Pl. se)

hf <« HFSATF{P1)

Wideal «— W_ideal LigN2{P1.T1)

eta_exp overall < eta_exp adiab - eta_exp _mech

hl — h2 hi-h
Vo + FlowEatio_x - eta_exp_adiab u :
) hl — hf - -7 hl - hf
1
Weomp_perkgliq < -[T1 - {s1 — 52} — {hl — h2}]

v - eta_comp_overall
[T1- (sl - s2) — (hl - h2)]

eta_comp overall

Whet_petkggas « — FlowFatio_x - eta_exp_overall - [h3 — he)

Whet i

Whet_perkgliq « —— ===
v
Wideal

FOM e« — %
Whet_perkgliq
Wexp perkzzas « FlowRatio x - (h3 — he)

E:.']_i.;11-'ral:1:iu::nﬂ_}_.-- "Whet petkgzas(klkz)" "Whet perksligllksz)" "Widealkl k)" "FD:‘-.-I"H‘-_

¥ Whet_petkozas Whet_perksliq Wideal FOM _,J

"

Now, solve the problem:

Pl = 1013 bar P2 =70 bar T1=1295 K T3 =270 K

LA LA LAY LAY

FlowEatio x = 0.4 eta_comp_overall .= 0.73
eta_exp adiab = 0.8 eta_exp mech = 0.9
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And, we get:
ActualClandeSystem N2{P1. P2, T1, T3 FlowRatio_x_eta_exp adiab_eta exp mech eta comp overall) =

“"LigFractionv" "Wnet perkzgas(klkg)" "Whet petkgligklks)" "Wideal(kIkg)" "FOM"
0.173 436477 2322x 10 143003 0293

i.e.
Liq. Fraction, y = 0.173...Ans.

Whnet_perkg of gas compressed = 436.477 kJ/kg...Ans.

Whnet_perkg of liquid = 2522 kJ/kg...Ans
ideal = 743.005 kJ/kg of liq....Ans.
Figure of Merit = FOM = Wideal / Wnet_perkg of liquid = 0.295...Ans.

Plot liq. yield and FOM against adiab. effcy of expander:
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We have:

LigFraction w = _chmalCIaudeS}-'stem_}{l[Pl,Pl_.Tl_.TS,l:'ln\\'Ratin_:c_.eta_exp_adiab_.eta_exp_meu:h,eta_-:omp_m'era]l}l 0

And,
FOM = _—":.cmal{ilaudES}-'stem_Kl(Pl_.Pl_.Tl_.T3_.l-"lvaaﬁn_x_.Eta_exp_adiab_.Eta_exp_meu:h_.Eta_u:nmp_m'era]l}l 4

eta_exp adiab = 0.5,055.095 ...define a range varable

We get:
eta_exp adiab y FOM
0.5 0121 0.197
0.55 013 0.213
0.6 0.139 0.229
0.65 0.147 0.245
0.7 0.156 0.261
0.75 0.164 0.278
0.8 0173 0,295
0.85 0.18z2 0.312
0.0 0.19 0.329
0.a5 0.199 0.247

Now, plot the results:

Actual Claude system for N2 - LigYield and FOM vs Adiab. effcy of expander

0.4
0.33
.-—F""Fﬂ_ﬂ-’
FOM
0.3
r—'-""f—'-
z —
T 0.25
— ]
- (___rfj
0.2 Lig-yield.y
0.13
0.
b.i 0.33 0.6 0.63 0.7 0.73 0.3 0.83 0.g 0.93 1
eta_exp adiab
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“Prob. 3.3.23 Write a Mathcad Function to calculate various parameters of interest for an
Ideal Collins liquefier with two expanders, with the expander works being (and 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. [1].”
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First, write the Mathcad Function:

Ideal Collins cyele(P1 P2, T1, T3, T3 .xl,x2) =

sl « entropy He{P1,TI)

52 « entropy He(P2,T1)

s3 « entropy_He{P2,T3)

53« entropy_He{P2,T3)

zal «— =3

sel «— =3

sf « SFSATP(PI)

hl « enthalpy He(P1 T1)

h « enthalpy_He(P2,T1)

h3 « enthalpy He(P2.T3)

h3 « enthalpy He(P2 T3)

hf «— HFSATP(P1)

hel « enthalpy He Ps(Pl,sel)

he2 « enthalpy He Ps({Pl, se2)

v hl - h2 sl h3 — hel e h3 - he2
. hl - hf hl — hf hl — hf
Wperkggas noexpwork «— T1 - (51 — s2) — (hl - h2)

Wpetkzgas noexpwotk

Wperkghq noexpwork

v
Wideal «— T1- {51 — sf} — (hl — hf)
Wideal
FOM_noexpwotk - =
Wpetksliq hoexpwork

Whpetkzzas_withexpwork

Wperksliq withexpwork «—
v

Wideal

FOM_withexpwork +—
- Wperkgliq withexpwork

hi Wideal Wperkgliq no:xpwork

Now, solve the problem:

Data:

Pl = 1015 har Ti=300 K P2-=142 har T3 = 60
xl =023 =03

And, using the Function written above:

Ideal Collins_cycle(P1,P2,T1,T3,T3,x1,x2) =

g’d"I_iql-'m.t\.-'}" "Wideal(kT'kgliq)" "Wperkgliq noexpwork(lkllkg)" "Wperkeliq withexpwork(kI kg)"

0.044 6.841 % 107 3767 = lD4 3601 x ll]4

Wperkzgas withexpwork « T1 - {51 — 52) — (hl — h3) — x1 - (h3 — hel) — =2 -

Wperkgliq withexpwork

CRYOGENIC LIQUEFACTION SYSTEMS

(h5 — hel)

5""Liql-'m.t\,-'}" "Wideal(kl'kgliq)" "Wpetkgliq noespwork(kIkg)" "Wperksliq withexpwork(kI'kg)" "FOM_noexpwork" "FOI\-I_\“iﬂlexpwork”“[

FOM_noexpwark  FOM_withexpwork

"FOM_noexpwork” "FOM_withexpwork" |

0.182 0.19 J
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i.e. we have:

Ligfm v = Ideal_{:n]]jns_c}-'u:le[Pl_.PE_.TI_.TS_.Ti_.xl_.xE}l 0 Ligkm_ v = 0.044

Wpetkgliq noexpwork = Ideal_Cn]Jjns_c}-'u:le[Pl_.PE_.TI_.TS_.Ti_.xl_.xE}l - Wpetksliq noexpwork = 3.767 = 1I}4

Wperkgliq withexpwork = Ideal_Cn]Jjns_C}-'cle[Pl_.PE,1'1_.1'3_.1'5_.:»:1_.:»;2}1 3 Wperkgliq withexpwork = 3.601 = 1|:I"_1
FOM_noexpwotk = Ideal_{:n]]jns_c}-'cle[Pl_.P2_.1'1_.1'3_.1'j_.xl_.xl}l s FOM_noexpwork = 0.182

FOM_ withexpwork = Ideal_{:n]]jns_n:}-'u:le[Pl__PE_.]'1_.1'3_.]'3_.:{1_.3'-'2}1 5 FOM_withexpwork = .19

Thus:

a) When Expander work is utilized in compression:
Liquid yield = y = 0.044 = 4.4%...Ans.
Work per unit mass liquefied = 36010 kJ/kg...Ans.
Figure of Merit = 0.19...Ans.
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b) When Expander work is not utilized in compression:
Liquid yield = y = 0.044 = 4.4%...Ans.
Work per unit mass liquefied = 37670 kJ/kg...Ans.
Figure of Merit = 0.182...Ans.

Now, plot y, Wperkgliq and FOM for P2 = 6 bar to 15 bar:

P2(bar) y
] 0.0335
7 0.0354
] 0.0373
o 0.0392
10 0.0407
11 0.0414
12 0.0421
13 0.0429
14 0.0436
15 0.0443

Ideal Collins system for He - v vs P2

0.046

0.044

H_/_ﬂ_,./-"’

0.042

0.04

0.033

Lig. Fraction, y

0.038

0.034

0.032

] 7 3 9 1 11 12 13 14 15

Pressure, P2 (bar)
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Work per kg liquid:

W oper kglig (klfkg)

10

11

12

13

14

3.85x10%
- 4
3 810

3.75=10%
3.7x10"

15

Ideal Collins system for He - Wperkgliq vs P2

CRYOGENIC LIQUEFACTION SYSTEMS

Wperkgliq(kJ/kg) yyperkglig(kJikg)
Exp. work utilize:

Exp. work not

utilized

3.243-104

3.315104

3.38-10%

3.438-10%

3.525-104

3.586°104

3.645-10%

3.701-104

=

5610

o4

|
o | =)
o | 3
= |

0

3.082-104

3.153-10%

3.218-104

3.275-10%

3.362-104

3.422-104

3.48°10%

3.536-104

=

3.5591d

-1
3.643-10%

Exp.

work n

t utilizgfd,/

3.65%10"

3.610"

T

35510
3.5=10

T

T

34510

3410

< Exp| work

itilized

31107

3.05x=10°

3:<1[:-46

8 ¢

10 11

12

Pressure, P2 (bar)
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FOM:
FOM FOM
Exp. work not Exp. work utilized
utilized
P2(bar)
6 0.211 0.222
7 0.206 0.217
] 0.202 0.213
9 0.199 0.209
10 0.194 0.203
11 0.191 0.2
12 0.188 0.197
13 0.185 0.193
14 n.1a2 0.191
15 0.18 0.188
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Ideal Collins system for He - FOM vs P2

02235

022F

'~._jExp_ work utilized

FoOM

0.193

™

—xp. work not utilized

0.19

0.185

0.13

D'l":lfs 7 g 9 10 11 12 13 14 15

Pressure, P2 (bar)

Prob. 3.3.24 Write a Mathcad Function to find the liquid yield for Linde Hampson system
when the temperatures at the top of the J_T heat exchanger, effectiveness of J-T HX are known.
Then, plot Liquid yield, y vs P1 (i.e. the high pressure) for temperatures at the top of the
J_T HX, T1 = 6, 10, 15 and 20 K, with eta_HX = 0.9, 0.95 and 1.

Fig. below shows the final stage of a Helium liquefier, i.e. the J_T Heat exchanger, J-T

valve, and the liquid reservoir.

Download free eBooks at bookboon.com

157



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B

CRYOGENIC LIQUEFACTION SYSTEMS

We write the Mathcad Function for liquid yield, y, with the notations used in the above fig:

Mathcad Function:
LindeHampson He Lig¥ield +w(P1. T1.P3 eta HX) =

hl « enthalpy He(P1,T1)

Tf « TSAT(P3)

hf « HESATH(PS)

DELTAT « (1 - eta HX) - (T1 — Tf)

T3 _prime «— T1 — DELTAT

hi_prime <« enthalpy He{P3, T3 _prime)
- h3 prime — hl

h3_prime — hf
("P_high(bar)" "P_low(bar)' "TI(K)" '"eta HX"' "Liq¥ieldy" |
Pl P3 Tl eta HX v

Ex

P1:=20 bar Ti=10 K P3 = 1013 bar eta HX = 083

et et by

LindeHampson_He Liq¥ield w(P1. T1,P53 eta HX) =

{"P_high(bar)’ "P_low(bar)' "TI(K)" "eta HX" "LigVieldy" )
20 1.013

10 0.9 0243 )

e Lig¥ield v = LindeHampson He LigYield _",-'[Pl_.l'l_.Pi_.Eta_I-D{}l 4 Lig¥ield v = 0243

To plot LiqYield, y vs P1 for T1 = 6, 10 and 15 K, at eta_HX = 0.9, 0.95 and 1.0:

Pl:=3,10.350  ....define a range variable

Huttf
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T1 =6 K:
P1 (bar) (eta_HX=1) (eta_HX = 0.9)
3 0.627 0.615
10 0.588 0.573
15 0.334 0.319
20 0.473 0.45a8
23 0.407 0.3838
30 0.34 0.32
35 0.27 0.247
40 0.2 0.173
45 0.129 0.101
30 0.057 0.027
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Lig. vield for Linde-Hampson system for He (T1 =6 K)

0.7
0.63

2o eta HX =1

=

LA

4
[35]
—
[x1]

THX =109

LA

=
b =
LA

=
.

Lig. yield, ¥
o

40 43 50

Laa
L=}

1] 5 10 15 20 25 30

Pressure, P1 (bar)

T1 =10 K:

y y y
P1(bar)]  (eta HX=1) (eta_HX=10.95) eta_HX = 0.9)

5 0.235 0.212 0.187
10 0.256 0.233 0.209
15 0.266 0.243 0.22
20 0.266 0.243 0.219
25 0.252 0.23 0.206
30 0.239 0.216 0.192
35 0.215 0.191 0.165
40 0.19 0.165 0.139
45 0.157 0.131 0.104
| 50 0.124 0.098 0.069
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Liq. yield for Linde-Hampson system for He (T1 = 10 K)

027
0.26
023 — T -
024 - =
0.23
0.22
021
022
0.19

0.18

ta HX = 0. 095 |1
0.17 - 9\ - h N
0.16 \
0.15 \ N

e

Lig. yield, ¥

0.14
013

(]
a
A
L=
e
a
La
L=

0 5 10 15 20 23 30

Pressure, P1 (bar)

T1 = 15 K:

¥ ¥ ¥
P1 (bar) (eta HX =1) (eta_HX =10.93) [eta HX = 0.9)

5 0.043 7.282°10°3 -0.032
10 0.093 0.059 0.022
15 0.135 0.102 0.067
20 0.164 0.132 0.098
25 0.177 0.146 0.112
30 0.19 0.159 0.126
35 0.187 0.157 0.124
40 0.185 0.154 0.121
45 0.171 0.14 0.106
50 0.157 0.125 0.091
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Lig. yield for Linde-Hampson system for He (T1 =15 K)

o | — ]

0.13

0.16 -

0.14 et
095" 0y

0.12 eta HX
0.1

0.08 A
0.06 : 2

0.04 . - /
0.02

1l
\R‘

Lig. yield, y
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Prob. 3.3.25 Determine the inside heat transfer coeff (hc) and friction factor (f) for flow
of nitrogen gas at 150 K and 101.3 kPa inside a 12 mm inside dia smooth tube that is
coiled in a 600 mm dia helix. The tube wall has a temp of 160 K and the mass flow rate
of nitrogen gas is 30 g/s.

Also, plot the variation of hc and f as m_dot varies from 10 g/s to 70 g/s [1].

First, write Mathcad Functions to determine the properties of Nitrogen gas at 1 atm (i.e.
1.013 bar), using the data from NIST [28]:

For Gaseous N2 at 1.013 bar (1 atm.)...data from NIST:

Tik} rholkg/m*3) cplkdikg K} mu{Pa.s) k_ W/ m K}

{77333 46111 11239 3544E-06 D.D[I'f-‘j[h-l-ik"l_
85 41403 1.0873 396E-06 0.0032869
a3 36778 1.0781 6.63E-06 0.0093508
105 33074 10669 T2O0E-06 00010377
115 30074 10398 TOo4E-06 001136
125 27387 10332 835TEDG 0.012306
135 23488 10319 2.19E-06 00013223
145 23602 10495 030E-06 00014113
155 22136 10477 1.04E-03 02014551
165 20774 10464 1.10E05 0.013820
175 19372 10453 113E05 0016650
185 18302 10445 121E03 0017471
195 1.7343 10438 127E-03 00018267
205 16682 10432 132E05 0.019043
215 159 10428 137E03 0019816
225 15189 10424 142E05 0020369
235 145339 10421 148E-05 002131
245 13943 10419 153E05 0022039
255 13394 10417 1.58E-05 0u022737
263 12887 10415 1.62E-05 0.023463
275 12416 10414 1.67E-05 0024139
285 11979 10413 1.72E05 0024844
295 11572 10413 1.77E-05  0.023323
305 11192 1.0414 1831E05 0026102

MIAT N2 =
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315 10836 10415 1.86E-05 0.026832
325 10302 1.0416 190E-05 0027303
333 10188 1.0419 195E-05 0028131
343 098919 10421 19%9E-05 002879
355 086128 10425 2.03E05 0.020422
365 003401 1.0420 208E-035 D.DSDI}-I-EU-

Now, write individual properties in separate vectors:

o o o AL
templAT N2 := MIAT N2 thol AT N2 = MIAT N2

- ) o Y
cplAT N2 = MIAT N2 mulAT N2 = MIAT N2

. ey
theondl AT N2 = MIAT N2

Now, write Mathcad Functions, using simple linear interpolation:
Ex
tho AT N2(T) = linterp(temp1AT N2,tholAT N2.T)  rho IAT N2(150) = 2291 kg/m"3
ep 1AT NYT) = linterp(templAT N2, cplAT N2.T) cp 1AT N2(130) = 1.048  klikg K

mu_1AT NXT) = linterp(templAT N2 mulAT N2.T) mu_1AT N2(150) = 101 % 10~ Pas = kg.s/m’2

kt_1AT NX(T) = linterp(tempIAT_N2 thcondlAT N2, T)  kt_IAT N2(150) = 0.015 W/mK

_ 1000cp_LAT_N2(T)-mu_IAT NXT)

Prandtl 1AT NX(T) - AT D

Prandtl 1AT N2(150) = 0.728
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For Gaseous N2 at 200 bar:

TE) rhofkg/m*3) cplkd/kg. K) mu{Pa.s) k_t(WW/im. K)

g'i 135 62399 09211 366E-03 00827 ilh‘l_
145 38332 090231 4B84E-03 0073265
155 3402 088732 4.19E-05 0063293
165 49778 087375 3.68E-05 0038773
175 43744 086147 328E-03 0033382
135 42037 083014 298E-037 0049482
195 38723 083943 2.75E-03 0046273
205 35822 0.83007 239E-03 0043324
215 33301 0.82146 243E-03 0041930
225 31117 0.31386 240E-03 0040333
235 2922 0.80722 234E-03 0039493

7562 080146 231E-05 0038697

8
M2MBAR N2 =
- 6103 079547 229E-05 0038018

-l
&
%]
B bd bd b
mm t

=]
[ )
L
(o]

263 24811 079216 228E-03 0037733
273 23658 0.73843 227E-03 00374616
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[
(=)
Lh

22623 078519 228E-05 0.037373
216.88 078239 220E-03 0.037607
20839 0779356 230E-03 0037702
20063 077786 232E-05 0.037347
19352 077606 234E-05 0.038034
18696 077431 2 05 0038254
1302 077321 OE-05 0.038304
355 17527 077213 241E-03 0038773
iﬁﬁi 170,02 077123 244E-03 I}.IZIGEI'I}?'SJ

La e a bJ
bd = f= =
Lh Lh Lh Lh
[
s

aa
a2
i

La
e
o
(=]
[

[

Now, write individual properties in separate vectors:

¥ ¥
temp20E_N2 = }-.-EDDB_-E.R_}:E{D' tho2)E_MN2 = }-.-EDDB_-‘-,R_NE{I'
- L) . a3y
cp200E_N2 = M2OIBAFR. N2 mu20E_N2 = M2MBAE N2
A4

theond200B_N2 := M200BAR N2~

And, now write the Functions:

Ex:

tho_200B_N2(T) = linterp(temp200B_N2,rho200B_N2.T)  rho 200B_N2(150) = 561.76 kg/m*3
cp_200B_N2(T) = linterp(temp200B_N2,cp200B_N2.T) cp 200B_N2(150) = 0.895 kJikg K

mu_200B_N2(T) = finterp(temp200B_N2,mu200B_N2.T)  mu_200B_N2({150) = £313x 10~ Pa's = kg.s/m"2
kt_200B_N2(T) = linterp(temp200B_N2 thcond200B_N2,T)  kt_200B_N2(150) = 0060  W/m.K

_ 1000cp_200B_N2(T)-mu_200B_N2(T)

Prandtl_200B_NX(T) - 00

Prandtl_200B_N2(150) = 0.383
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Now, write the required Function for turb. Flow through a tube:
Tubeflow N2 1ATID i.D hom dot. T bulk T wall) =

-

x-D_i"

Ac

m_dot

CAc

mu — mu_ AT N2{T bulk)
G-D i

mu

GO

Fe «—

return "Feless than 2300.. use laminar flow relations" i Fe < 2300

return 2300 < Be <3000 no proper relations in this ranze” i Be > 2300 ~ Ee < 3000
if Re = 3000

(T_bulk + T wall)

2

Tm «—

cp < cp 1AT N2{Tm)
mu +— mu_1AT N2{Tm)

ke Kkt 1AT NX{Tm)

GD i
Rel  ——=
mu
Pr « Prandtl 1AT N2{Tm)
02, .. Di)
H < 0023Rel = 1+35—=" |
\ Dh)
he «— —: G
Py~

f « 0.00360 + 0.5-Rel
("Reynolds No." "he ((TkgK)" "f'
' Rel he £ )

E

Ex:
Di=0012 m Dh:=06m m_dot = 003 kog's

T bulk = 150 K T wall = 160 K

And, using the Function written above, we get:

:'J"RE}-'nnlds No." "he(kIkg K)"
Tubeflow N2 1AT(D i.D h.om_dot, T _bulk | T wall) = |

(=)

3.0607 = 10 0.6761
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i.e. we have:

EeynoldsNo = Tubeﬂow_Nl_l.-%.T[D_i_.D_h_.m_dl:ut_.T_bu]k_.T_wa]l}l 0 EeynoldsNo = 3.061 = 10°
HeattrCoeff he = Tubeflow N2 1AT(D i.D h.om dot. T bulk, T_wa]l}l i HeattrCoeff he = 0.673

FrictionFactor f = Tubeﬂow_]‘ll_l.-‘-‘s.T[D_i_.D_h_.m_dot_.T_bqu_.T_wa]l}l o FrictionFactor £ = 0.014

Thus:
Heat transfer coeff. h_c = 676 W/m*2.K...Ans.
Friction factor, f = 0.014...Ans.

Now, plot the variation of hc and f as m_dot varies from 10 g/s to 70 g/s, other factors
remaining the same:

m_dot = 0.01,0015.007 ...define a range variahle

EXPERIENCE THE PO\
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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hc
m_dot (kg's) (KWim*2.K) f
0.01 0.281 0.0181
0.015 0.388 0.0166
0.02 0.489 0.0156
0.025 0.584 0.01449
0.03 0.676 0.0144
0.035 0.765 0.014
0.04 0.851 0.0136
0.045 0.935 0.0133
0.05 1.017 0.0131
0.055 1.098 0.0128
0.0a 1.177 0.0126
0.065 1.255 0.0125
0.07 1.332 0.0123

he for turb. flow in a tube for N2 at 1 atm.

14
13
12

11

0.9
0.8
0.7
0.8
0.3
04
03
0.2

Heal tr, coelT, he (kWim”™2.K)

0 0.01 0.02 0.03 0.04 0.03 0.06 0.07

Mass flow rate, m_dot (kg's)
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f for turb. flow 1n a tube for N2 at 1 atm.

0.02

0.019

0.013 \

0.017

0.016

0.013

0.014

Friction lactor, [

0.013

0.012

0.011

b 1] 0.01 0.02 0.03 004 0.03 0.06 0.07

Mass flow rate, m_dot (kg's)

And, plot the variation of hc and f as T_bulk varies from 100 K to 155 K, other factors

remaining the same:

Di=0012 m Dh=06m m_dot = (.03 kg's
T wall = 160 K

T bulk = 100,105.. 155 ._.define a range vriable
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hc
T_bulk (K} (kWim2.K) f
100 0.655 0.0139
105 0.658 0.014
110 0.66 0.014
115 0.662 0.0141
120 0.664 0.0141
125 0.666 0.0142
130 0.668 0.0142
135 0.67 0.0143
140 0.672 0.0143
145 0.674 0.0143
150 0.676 0.0144
155 0.678 0.0144
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he for turb. flow 1n a tube for N2 at 1 atm.

.68
z el
I 0675 (_,a-f"'
«
E L]
= 067
=
< ]
{ 0.665
- T
o
& 0.66
ERRTE

0.63
il}l} 105 110 115 120 125 130 135 140 145 150 135

Bulk mean temp, T bulk (K)

Friction factor for turb. flow in a tube for N2 at 1 atm.

0.0148

0.0145

0.0144

0.0143

0.0142

00141

0.014
0.0139

I}.I}Hi

Frglion lactor, [

60 105 110 115 120 125 130 135 140 145 150 155

Bulk mean temp, T bulk (K}

“Prob. 3.3.26 A circular tube is constructed of copper (k = 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].
Data:

D =002 m dp = 000125 m Ly =00125 m kp =30 Wim K

L=1 m N =2000 fins/mlength hy =35 Wm2K T =100 K
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Calculations:

Fin parameter, M:

P=m-dp m... perimeter of fin

- m"2._._. cross-sectional area of fin
4

ie. M= 47320 1fm

... fin parameter

Therefore, fin effectiveness, n.f:

tanh(M Lg|

1 =
't MLg

le.  mp=03803 ....fin effectiveness ... Ans.

To calculate Overall surface area effectiveness:

A_sf =mdply m*2 _._. surface area of one fin

A

e, A sf=4009x10 m*2 ___. surface area of one fin

Total fin surface area, Ag

Ap=A sf-Np m"2

ie. A = 0098 m#2....total fin surface area
Total prime area, Ap:

.'l:-d.f_
4

{p =L-w-D, - Ne- m"2

e {p = 0.076 m"2____total prime area

Then, Overall surface area effectiveness:

Ay = JLP + Ap m*2 ___. sum of total prime area and fin area

ie. A =0174 m#2 .... sum of total prime area and fin area
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(A
Mg =1- — H{1-m) ...Overall surface area effectiveness
A ;
ie. 1, =084 _.Overall surface area effectiveness.... Ans.
Thus:

Fin effectiveness = 0.898 ... Ans.
Overall surface area effectiveness = 0.942...Ans.

Prob. 3.3.27 Determine the overall heat transfer coeff in the previous problem if the inside
dia of the tube is 22mm 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 15m long. The inside fluid temp is 140 K and the outside fluid temp is 106 K. The
inside convective heat transfer coeff is 225 W/m~”2.K. [1].
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Data:
[]'E =0023 m Di =0022 m =106 K Ti =140 K

s
h:j.ﬁ_:= 000125 m AITMfM:= 00123 m &M: ;00 WimK
— 1% T e ¥ — % e
L=15m  MNe-=2000 fins/m length h,=33 Wimh2 K

h; =225 Wimt2 K
Mop = 09423 __overall surface effectiveness ... calculated earlier
Calculations:

A sf = mdplp m*2 ... surface area of one fin

3
m*2 ___. surface area of one fin

ie. A sf=4000x10
Total fin surface area, Ag

.i:}-.E«-:: _J'J._Sf'}‘\:f' mta

=3 Ap = 0.098 m#2....total fin surface area

Total prime area, Ap:

-

-

@I: LD, - Ng- T m*Z

e Ap=1176 m*2___total prime area
Then,total heat transfer area on the outside:
Agp = —\.p + Ap m*2 ... sum of total prime area and fin area

e A =1274 m*2 ____ sumn of total prime area and fin area
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And. total heat transfer area on the inside:
_—'LDI: = .‘r-Di-I_ m*2

=3 Ay =1037 m*2 _.._ heat tr. area on the inside

Therefore, overalll heat transfer coeff. ) based on total outer area:

Wim*2 K .. overall heat tr coeff based on total outer
area

Uoh =

1 Ao 1]
U]ah'hn Aac h1

=3 Ugp = 27.947 Wim~2.K ... overall heat tr coeff based on total
outer area .. Ans.

And, total heat transfer rate:

— IT . AT. — |
Qtot = Vonon 1 T 1’0_, W_._ total heat transfer rate

ie. =121% 107 \W... total heat transfer rate ... Ans.

Qtot
Prob. 3.3.28 A plate — fin heat exchanger is constructed using straight fins, 7.87mm (0.31 in)
high, 0.15mm (0.006 in) thick, with 492 fins/m (12.5 fins/in) width. The equivalent dia
for the flow passage is 3mm (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 3.0 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].
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First, write Mathcad Functions to determine the properties of Helium gas at 30 bar, using

the data from NIST [28]:

360°
thinking.
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For Gaeous Helium at 30 bar:

TK} rho(kg/m*3) cp(kd/kg K} mu{Pa.s) k_t(WW/m K}

i 52889 474E-06 0033304
20 67.692 62401 4.66E-06 0.036063
30 44319 57472 S40E-06 0.041153
40 33343 35135 6.16E-06 0.046542
50 26.874 53951 6.89E-06 0.031887
60 22.566 53284 T60E-06 0.037131
70 19473 52875 827E-06 0.062261
30 17.138 52611 S91E-06 0.067273
90 1531 52431 9.53E-06 0.072176
100 13837 52305 LOIE0S 0.076969
110 12625 52214 10SE-05 0.081663
120 11609 52147 L11E05 0.086262
130 10.745 52007 L17E-05 0.090772
140 10.001 52058 122E-05 0.095201
150 93343 52028 128E-05 0.099532
160 87850 52004 133E-05 0.10383
170 $2828 51985 138E-05 0.10804
180 78342 5197 143E05 0.11219
190 74318 51958 149E05 0.11627
200 7.0688 5.1948 1S4E05 0.1203

M30BAR He =

210 67395 5194 1358E-03 0.12428
2200 6.43%6 51934 163E05 0.1282
230 6.1633 31928 168E-0F 0.13208
2407 30133 30924 1T.73E0F 0013301
250 56812 3192 178E-03 0.13%69
260 34665 51917 1.82E057 01434
270 52675 31914 187E-03 014714
280 50825 31912 191E-0F 0.13081

290 491 51911 196E-05 0.15443
300 4.7489 51909 2.00E05 0.15803
310 4508 5.1908 205E05 0.16159
320 44363 51907 2.08E05 0.16511
330 43232 51906 2.14E-05 0.16861
340 4.1977 5.1906 2.1SE05 0.17208
350 4.0794 51905 222E05 0.17551
| 360 39675 5.1905 227E05 0.17892 )
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Now, extract the separate data vectors:

¥ »
temp30E_He = :".-HDB_—":R_HE{& tho30B_He = I‘»-ISDB.—ER_HE{I'
. . {2 . . {3
cp30B_He = MIEAR He muilE_He = M3)BAE He

A
theond30B_He = M3 [I'B_%R_He{i

And, now write the Functions:

CRYOGENIC LIQUEFACTION SYSTEMS

tho _30B_He(T) := linterp{temp30B_He,rho30B_He T} tho 30B_He(130) = 9354  kg/m*3

cp_30B_He(T) = linterp(temp30B_He cp30B_He.T) cp 30B He{150) = 5203  kl/kg K

mu_30B He(T) = linterp(temp3i0E_He mu3lE He T) mu_30B_He({130} = 128 = 1]'_j Fa.s = kg.s/m*2
kt_30B_He(T) = linterp{temp30B_He thcond30B_He T) kt_30B_He{130) = 0.1 Wim K

1000 cp_30B_He(T)-mu_30B_He(T)
kt_30B_He(T)

Prandtl_30B_He(T) =

Now, solve the problem:
Data:

0.00787

Prandtl_30B_

He(150) = 0.569

tp=000015 m Le:= m .. divided by 2, since fin is supported at two ends

2

Ne =492 fins/m width L =3 m.. length of HX

D.=0003 m....equiv. dia of flow passage
Ay =007 m*2 __. free flow area for the HX
h];h:= 300 b h];m: 1 K
mdot = 0.35 ko's ... mass flow rate of He Pl := 30 bar

.&E«-: 150 WWim_K ___ th. cond. of fin matenal, viz. Al

Calculations:

= mdot kg/m*2.s .... mass velocity

£}
et

ie. G=73 kg/m*2.s5 ... mass velocity

-.. pressure of helium gas
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(T,+ T}
Ty = —— K. .... mean bulk temp of He
2

le. T, =200 kK _... mean bulk temp of He

Properties of Helium gas at 30 bar, and temp Th:

tho = tho_30B_He(T,| rho = 7.06% kg/m"3

cp = cp_30B_He[Ty ) cp=15193 klkgK
mu = mu_30B_He| Tb\:' mu=154x 10 Pa.s = kg.s/m*2
k_t =kt _30B_He[T,) kt=012 WmK

Pr = Prandtl_30B_He(Ty) Pr = 0.663

Reynolds No.:

GD, _
Fe = I.2. Re= 974026 ....Reynolds Mo.
Pt i

[}

I WANT TO CHANGE DIRF.(TION

AND }'HE WORLD

GOT-THE-ENERGY-TO-LEAD.COM

We believe that energy suppliers should be renewable, too. We are therefore looking for enthusiastic
new colleagues with plenty of ideas who want to join RWE in changing the world. Visit us online to find
out what we are offering and how we are working together to ensure the energy of the future.

o AR =
The energy to lead

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

180


http://www.got-the-energy-to-lead.com

CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

Colburn j factor:
Ue the relation given in Ref.[1]

jH = 0.0201-Re 0.4 e H=338x10 °

Mow, we have:

h

_ e
Gep

l_._-|l.l

H Pr

Therefore, heat transfer coeff. h:

h, = ]H-G-EIi-l[l'[l'[l'
PI’J
e h,=190236 Wim»2.K .... Ans.

To find fin effectiveness, nf:

P=2{L+t) m ... perimeter of fin

ie. P=6 m ... perimeter of fin

An =Lt m"2 ... cross-sectional area of fin

e A =45x 10" m*2 ___ cross-sectional area of fin

Fin parameter, M:

e, M=130041 Um .... fin parameter

Then, fin effectiveness is given by:

tanh{M-Lg|
g = —————
Mo TN

=3 Mg = 0.921 ....fin effectiveness ... Ans.
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Plot hc and fin effectiveness as mass flow rate of helium varies from 0.2 kg/s to 0.8 kg/s,

other quantities remaining unchanged:

Write the relevant quantities as functions of mdot:

mdot : . -
Gimdot) = kg/m*2.s __.. mass velocity G{mdot) = 3

{ M
G{mdot)-D,

Be(mdot) = —— i.e.  Re{mdot) = 974026

A ‘ mu ) ‘

T Y e 101.Bal w_::_. ) _1
jH{mdot) = 0.0291-Re(mdot) e i (mdot) = 558 % 107"

h_(mdot) = jH{mdat)-G{mdot)-cp- 1000

B ie  h(mdof) = 190236

'.-.lll.l

Pr

Fin parameter, M, and effectiveness, n f:

{ M
h (mdot)-P

ar - .
.&—% L:f___'l,‘_l: I.B. M{mdot) = 130.041

mdot) =

tanh|M{mdot)-Ly | _
T {mdot) = : .8, TMei(mdot) = 0.821
AR M(mdot)-Lg I LReey

Now, plot hc and nf against mdot:

mdot =02,025.08 ..define a range variable
mdat = hc[1:1dnt] = 1]f[111dntj =
0.2 124,332 0.947
0.25 147.311 0.937
0.3 169.205 0.929
0.35 190.236 0.921
0.4 210.555 0.913
0.45 230.272 0.906
0.5 249,47 0.899
0.35 268.211 0.893
0.6 286.547 0.886
0.65 304.519 0.88
0.7 322.163 0.874
0.75 339.506 0.869
0.8 356.573 0.863
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he for flow in plate-fin HX for He at 30 bar

400
380
360
340
320
300
280
260
240
220
200
180
160/
140
120/

Heal tr, coell, he (Wim™2.K)

1
0{6.2 025 03 035 04 045 035 035 06 065 07 075 08

mdot (kg's)
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Fin effcy. for flow in plate-fin HX for He at 30 bar

0.95
0.94
0.93
0.92
091
0.9

0.39 R
0.33

0.87
"\\\\_HH
0.38

e

Fin elliciency, n

Prob. 3.3.29 Write a Mathcad Function to calculate the NTU, effectiveness, heat transferred
etc for a Counter-flow heat exchanger.

Gaseous nitrogen enters the warm end of a counter-flow 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 coeft
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].

Mathcad Function:

CounterflowE X (m_c.m_h,cp c,cp_h, Thl, Tel A1) =

Ch«<mhocph
Ceemeepc
if Ce<Ch
Cmin « C_c

Cmax «— C _h
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1 — exp[-NTU-{1- C_R}]
1 - C_R-exp[-NTU-(1-C_R}]
Tc2 « g-(Thl — Tel) + Tel
0« C c{Tc2 - Tel)

Th? « Thi - —L
Ch

E

f ChaCc

Cmin «— C_h

Cmax «— C_c
U-A

Cmin

NTU «—

CRe Cmin

Cmax
1 — exp[-NTU-{1- C_R)]
1-C R-exp[-NIU-{1 - C_R}]
Th2 « Thl — £-{Thl — Tcl)
) «— C_h-(Thl - Th2)
0

T2 — Tel + —
Cc

if Ch=Czc
NTU « E
Ch

CR«1

NTU
1+ NIU
Th2 « Thl — £-(Thl — Tcl)
 « C_h-(Thl - Th2)

£

'l_'uz_’-'*t—1'|:1+i
Cc
("C_R" "NTU" "Effectiveness” "Th2(E)" "Tc2(K)" "Q(W)" |
\\ CR NIU € Th2 T2 Q

Now, solve the problem:
Data:

mec=1125 kas m h=125 kg's Thl =285 K Tel =80 K

cp_c = 1080 JikgK cp_h = 1206 JkgK U=150 Wm2K

A=T29 ma
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And, apply the Function written above:

CountetflowHX}({m_c.m_h,cp c.ep h . Thl Tel AT =
E.--'II{:_E-II II;\'TL:II IIEE‘EI:‘U‘_‘-EHESSH IIH]E[.K:III “II:'E [K}II IIQ[:‘;IR‘}II H‘l-

0.73 g 09714 138.3636 2888485 25373 x ll}jj
ie.

CapEatio == CounterflowH{m e¢.m h_cp c,cp h_ Thl ,Tu:l,_—":.,L'}l 0 CapEatio = 0.73

NIU = CnuntetﬂvaD{[m_u:,m_h,u:p_-:,u:p_h,l'hl,Tu:l,_—‘a.,L'}l__1 NIU=9

EFT = Cnunterﬂmﬂ-]}{[m_u:_.m_h_.u:p_u:_.u:p_h_.Thl_.l'u:-l_._—‘i_.L'}lrl EFF = 09714

Th? = {Zu::n1.1.-r1tvarflu::n'arl-]}{.[m_u:-_.m_h_.u:p_u:_.u:p_h_.'l'hl_.1'::1___—‘1__1.'_;}1._3 Th2 = 138364 K
T2 = EDUﬂtEIﬂD“‘H}.‘:[m_E_.m_h,I'."_[J_E,E'_[J_h,nllrl—l'_‘lr_-"i,[..-'}qu_ Tc2 = 288840 K
Q= Cnunterﬂmt‘ID{[m_c,m_h_.n:p_u:-_.n:p_h_.l'hl__l'u:l_._-"L_.L'}lrj Q=233T3x 1IZIIj W

[ ]
B By 2020, wind could provide one-tenth of our planet's
ra I n p O W e r electricity needs. Already today, SKF's innovative know-
how is crucial to running a large proportion of the
world's wind turbines.
Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our
stems for on-line condition monitoring and automatic
jcation. We help make it more economical to create
eaper energy out of thin air.
our experience, expertise, and creativity,
industries ca st performance beyond expectations.
Therefore we'need the best employees who can
eet this challenge!
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Plot the exit temps of hot and cold fluids, and effectiveness of HX as the overall heat
transfer coeff. U varies from 20 to 150 W/m*2.K:

(=)

U=2025.150 ...define a range variable

Counterflow HX ... Th2 and Te2 vs U

300,

260
240
220(-

200 \\\

180,

Th2, Te2 (K

160 Sy THE
140
120

100
200 30 40 30 60 70 30 90 10O 110 120 130 140 150

Owerall heat tr coeff U (Wm"2 K)

Counterflow HX ... Effectiveness vs U

0.95 —
0.9

0.33
0.8

0.7

0.63 /

0.8

ElTecliveness, £
[
-}
L4

0.35

0.3
jll} 30 40 30 60 70 80 90 100 110 120 130 140 130

Orverall heat tr coeff. U (Wim™2.K)

Prob. 3.3.30 (a) Write a Mathcad Function to calculate the NTU, effectiveness, heat

transferred etc for a Parallel flow heat exchanger.
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(b) Determine the heat exchanger effectiveness, exit temp of cold stream and the heat
transfer rate for the Problem 3.3.29 if the HX is parallel flow type. [1].

Mathcad Function for Parallel low HX:

ParallelflowE X {m_c,m_h, cp_c.cp h Thl Tcl A1) =

Ch+«mhoeph
Ceemeoeop o
if Cc<Ch
Cmin «— C_c
Cmax « C_h
NTU « ﬁ
Cmin

Cmin

C R«

Cmax
—_ . T T.71 o ",
. 1 — exp[-NTU-{1 + C_EJ]
1+C R
Te2 « £-(Thl — Tel) + Tcl
Q+— C_c{Tc2 - Tel)

Th2 « Thi - —%
Ch

if Ch<Cc
Cmin«— C h
Cmax «— C_c
NIU «— —L.:‘i
Cmin

Cmin

CE «

Cmax

. 1 — exp[-NTU-{1+ C _R}]
1+CR

Th? « Thl — £-(Thl - Tcl)

)« C_h-{Thl - Th2)

Q

Te2 «— Tel + —
Cc
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f Ch=Cc

NTU « 22
C_h

CE -1

g e %-(1 — exp(-2-NTU))

Th? « Thl — €-(Thl — Tcl)
Q) « C_h-(Thl - Th2)
T2 « Tcel + i
Cec
_u"'C_R" "NTU" VEffectiveness" "Th2(E)" "Tc2(E)" "QW)" A

|

I CR NTU € Th T2 Q

Now, solve the problem:

Data:

me=1125 ko's m h=125 kg's Thl =205 K Tel=80 K

A A

cp o= 1080 Jikg cp b = 128§ Jikg U=150 Wm'2K

A=728 m2

With us you can
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And, using the Function written above:
ParalleflowEH¥{m c.m h.cp c.cp h . Thl Tel A1) =
g'i"C_R“ "WNTU" UEffectiveness” "ThNK)" "TelE)"  "QOW" H‘I
L 0.73 g 05714 2028572 202.8571 14927« ll}jj
i.e.
CapRatio = ParallelflowHX(m_c.m_h.cp_c,cp_h.Thl, Tl:l_..—‘i._.L'}l 0 CapFatio = 0.73
NIU = Pa.ra]lelﬂm\'HX[m_l:_.m_h_.-:p_l:-_.-:p_h_.Ihl_.Tl:l_._—"L_.L'}lr1 NIU=29

EFF(1) = ParallelflowH{m c.m h.cp c.cp h Thi Tel _..—":._.L'}l

-
S
1
f=
Lh
Nl
i~

2
2
S
1
[
s
(=]
LA
N
-

JIhHU) = ParallelflowHX(m_c.m_h.cp_c.cp_h.Thl, Tl:l_..—"&._.L'}l 3
Teyll) = Pa.ra]le]ﬂm\'HX[m_l:,m_h,l:p_-:,l:p_h_.'I'hl_.Tl:l_..—"a._.U}l 1 Te(U) = 202857 K

Q= Pa.ra]le].ﬂowl—]}{[m_l:_.m_h_.l:p_l:_.l:p_h_.'[hl_.Tl:l_..—‘i._.L'}l 5 Q=14027x 100 W

Plot the exit temps of hot and cold fluids, and effectiveness as the overall heat transfer
coeff varies from 20 to 150 W/m*2.K:

U:=20.25.150  ....define a range variahle

Aot

Parallel flow HX ... Th2 and Te2 vs U

hZ

) T

Th2, Te2 (K3

180,
200 30 40 30 60 TO 80 90 100 110 120 130 140 130

Overall heat tr coeff. U ({(Wm"2 K)
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Parallel flow HX ... Effectiveness vs U

0.6
0.39
0.38

0.37 P
0.36

033 /
0.34
0.33 ,;X
0352 /

031

0.3
200 30 40 30 60 TO 30 S0 100 110 120 130 140 150

2

Ellecliveness,

Owverall heat tr coeff U (Wm™2 K)

Note: Effectiveness and heat transfer are more for a Counter-flow HX.

Prob. 3.3.31 Oil at 100 C (cp = 3.6 kJ/kg.K) flows at a rate of 8.3 kg/s and enters in to
a parallel flow HX. Cooling water (cp = 4.2 kJ/kg.K) enters the HX at 10 C at a rate of
13.9 kg/s. The HX has an effectiveness of 0.26. If the overall heat transfer coeft is 1000
W/mA2.K, find the area required for the HX. Also, find the outlet temperatures of both
the fluids.

Temp

F

Th1=100C

ATI1 1‘“@.1‘2

/Tcz

Tc1=10C

T

Length
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Use the Mathcad Function for Parallel flow HX, already written above, with the ‘Solve
block’ of Mathcad to easily determine the Area required:
Data:

me=132 kg/s mh=283 kg's Thl =373 K  Tel=283K

cp co=4200 JkgK cp h=3600 JhkgK U= 1000 Wim*2 K
£ =024
Solve Block:
A=1 ..guess value
Given
ParallelflowH¥(m_c,m_h,cp_c.cp_h.Th1,Tel,A.U), , =026
Area = Find(A)

l.e.  Area = 2.369 m*2 .... area required ... Ans.
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Now, with this Area entered, apply the Mathcad Function for parallel flow HX, to get

exit temps of fluids etc.:

ParallelflowH{m_c,m_h. cp c.ep h Thl Tcl Area U) =

:’i"C_R." "WNTU"  "Effectiveness" "ThXE)" "TclE)" "QW)"
:1 0312 .33 026 3496 204977 5992 « IEI::.'-
ie.

-apbatio = ParallelflowHX{m c.m h. c, . Jlel Area 1), apFatio = 0312
LBR' ParallelflowH ¥ {m_c,m_h,cp c,ep_h Thl Tcl, Area 1) CapRati 0.312

MNTU = ParalleflowHX({m_c.m_h.cp c,cp h, Thl Tel Area 1T}, . NTU = 0.33

EFE (1) = ParallelflowEH{m_c,m_h cp c.cp h Thl Tcl, Area U) i 2 EFF(U) = 026

l'h_‘-“: Uy == ParallelflowHX{m_c.m_h.cp c,cp h Thl Tel, Area 1) 13 ThlN) = 3488 K
TcU) = Pa.ra]le]ﬂmﬂ-ﬁ{m_c_.1]1_h__|:p_|:__|:p_h_.Ihl_.Iu:l___-"._rea__Uj._ a4 Tel(U) = 204977 K
Q.= ParallelflowHX(m_c.m_h.cp_c.cp_h.Thl.Tel Area.U), . Q=69919x 10 W

Plot the exit temps of hot and cold fluids, and effectiveness as the overall heat transfer
coeff varies from 500 to 1500 W/mA*2.K:

U = 500,530.. 1500 ....define a range variable
U= EFF{Ul = ThNU) = Te(U) =

300 0.146 359.847 289.732

ila] n0.171 357.588 290.888

J00 0.195 3535.439 291.988

a00 0.218 353.395 293.034

0o 0.239 351.45 294.03

1+103 0.26 349.6 284,977
1.1-103 0.28 347.84 295.877
1.2+103 0.298 346.166 296.734
1.3:103 0.316 344.573 297.549
1.4+103 0.333 343.058 298.325
1.5+103 0.349 341.817 209,062
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Parallel flow HX ... Effectiveness vs U

£

Ellecliveness,
[=
[ )
N

/

500 600 700 200 900 1x10° L1x10° 1.2x10° 13x10° 1.4x10° 1.5x10°

Orwerall heat tr coeff U {(Wim™2 K)

Parallel flow HX ... Th2 and Te2 vs U

370
360
—
330 — | I
]
- 340
€3 330
o 320
= 310
3001 _Tc2
20Qf e zpesz it
280

500 600 700 800 000  1x10° 11x10° 12107 13x10° 14x10° 1.5x10°

Owerall heat tr coeff U (Wim"2.K)

Prob. 3.3.32. 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. Nitrogen 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 1.747 kJ/kg.K, and the mean sp. heat of low pressure stream is 1.044 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.
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Mathcad Solution:
Data:

dih=20025 m._inside dia of high pressure stream flow tube
d o h=003 m._ outside dia of high pressure stream flow tube
dic:=00625 m_inside dia of low pressure stream flow tube
D h=045 m . diaofhelix

Pl = 100 bar ... high pressure flow

P2 = 1.013 bar ._. low pressure flow

Thl =300 K Tel =83 K Te2 =280 K
m h =025 kg's m co= 0233 kg's

cp b= 1747 JikgK cp o= 1044 JkgK

Calculations:

Q=m_cep_c(Te2 - Tel) e, Q=4962x 1I}4 W ___ heat transfer
Therefore:  Th? = Thi - — 2 e Th2=18638 K
Ao m_h'l:p_h
Thl + Th2 .
T _avg_hot = [—j} lLe. T avg_hot= 24319 K
Tcl + Te2 .
T avg cold = (el + Ted) lLe. T avg_cold = 187 K

To find heat tr coeff h_h for high pressure stream:

Ajn=ToLh ie Aih=4009x10 " m'2 ___ cross-sectional area
4 of high pressure flow
m_h . B} .
Gh=—— ie. G h=73500206 kog/s.m™2 ... mass velocity
—  Aih -
mu_h =mu 1MB NXT avz hot) e mu h=181%10 . Pa.s
tho h = tho 100B N2(T avz_hot) ie. rho h = 146167  kg/m3
Pr_h = Prandtl 100B_NXT avg hot) ie  Prh=0824 _ PrandtlNo.
Re h = -diB ie  Re h=7036x10 ...Reynolds No. of high
mu_h pr stream

Download free eBooks at bookboon.com

195



CRYOGENIC ENGINEERING:
CRYOGENIC LIQUEFACTION SYSTEMS

SOFTWARE SOLUTIONS VOL Il B

Since Re_h = 3000, we have:

—02(, 35dih)

b o= 0023Re b Uy 220D

\ Dh
e Hh=18x10 - ..Colburn j factor

Mow, we have:
i A 3 -
H h=| _hbh [P h” _..by definition
~ lephGh, ~

Therefore: heat tr coeff h_h on high pressure side:

h h:= g-cp_h-{}_h e hh=1882x10  Wm*2K.... heat tr.
= coeff. of high pressure
Pr h3 stream

To find heat tr coeff h_c for low pressure stream:

-

" m*2 ___ cross-sectional

Aic=2ldic-don ie Ajic=2361x10"
area of low pr. flow
m C . .
Groc=— ie. G o= 95633 kg/s.m"2 ... mass velocity
- A -

ie muc=1801x10 "  Pas

mu_c=mu 1MB NYT avg cold)

tho ¢ =rtho 100B N2(T avg cold) l.e. rho c=220.042 kg/m*3

Pr c = Prandtl 1B N2{T avg_cold) e Pr c= 1078
...Reynolds No. of low

Geldic-dol) o pecot1781x10°
prrssure stream

mu

Re c=

Since Re_c = 3000, we have:

-02], 35{dic-doh
jH o =0023Re_c 0.2 1+ 2 5(d1c-d o h)
D h

ie jH c=236Tx 1077 _..Colburn j factor

Therefore: heat tr coeff h_c on low pressure side:

jH_c
g ie. h c=251875 Wim~2.K.... heat tr. coeff. of

- high pressure stream

h c=

s | b
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Therefore, Overall heat tr coeff, U, based on area on high pressure side:

- . -1
! d )

U= — + —‘Lh |

‘hh dohhc)

ie. U= 260424 Wim~2.K ... Overall heat tr coeff.

To find the area and length of HX: Use the Function for Counterflow HX, already
written, along with the 'Solve block’ of Mathcad:

Ce=mccop e le. C c=243232

Ch=mheph e Ch=43673

Therefore: cold fluid is the min. fluid.

Therefore, effectivenesss:

I Te2 — Tel
4 Thl - Tel

Now, use the ‘Solve block’:

ie. g = 0548

A= _..guess value
At

Given

CnunterﬂanX[m_c_.m_h_.u:p_u:__u:p_h,]'hl,Tcl___—‘»L__L’}l L= 0848
Area = Find{A)
ie. Area = 4680 m*2 .... heat transfer area of HX
Therefore:

L=—"°9— m...length of tube

ie. L=327 m...length of tube ... Ans.
With this Area entered, apply the Mathcad Function for Counterflow HX again:
CounterflowED{(m_c,m_h,cp_c,cp_h,Thl, Tcl, Area,U) =
f"C_R" "WNTU"  "Effectiveness" "ThI" "Te(K)" QA "‘l

\ 0557 5.0198 no4e 1363608  289.033 4.9‘632:(1[#4;-
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Thus:

Overall heat transfer coeff. = U = 260.424 W/mA2.K...Ans.

Length of tube in HX = L = 59.7 m...Ans.

Heat transfer in HX = Q = 49632 W...Ans.

Prob. 3.3.33. 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.

Mathcad Function:

CrossFlowHX _bothUnmized epsilon(NTU . C_R) =

return {1 — exp{-NIU)) i C R =10
otherwise
:‘{]_'[_:3':: | | 0.781 |
Ae —lexplC RNTU™ ) _ 1)
CR
1 — exp{A)

To plot the epsilon — NTU graphs:

EFFECTIVENESS

NTU CR=0 CR=025 CR=05 CR=0.75 CR=1
0 0 0 0 0 0
0.5 0.393 0.372 0.352 0.333 0.315
1 0.632 0.587 0.545 0.505 0.469
1.5 0.777 0.719 0.662 0.608 0.558
2 0.865 0.803 0.739 0.675 0.615
2.5 0.918 0.859 0.791 0.722 0.655
3 0.95 0.896 0.828 0.755 0.684
3.5 0.97 0.922 0.856 0.781 0.706
3 0.282 0.941 0.877 0.8 0.723
4.5 0.989 0.954 0.893 0.816 0.737
5 0.993 0.964 0.905 0.828 0.749
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Crossl flow HX, both fluids un-mixed ... Effectiveness vs NTU

CRzﬂ _'_,_,_,-o—'—"-'—'_'_'_'____‘____ A R

09 > T
N A R
0.8 A

l—
0.7 =

L &

— 1

=

0.3
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03 fr” :
02
4

01

FlTecliveness, =

Laa
[F5}
[}
s
A
[}
A

0 ] 1 1.3 2 235

NTU

Prob. 3.3.34. Hot exhaust gases which enter a finned tube, cross flow HX at 300 C and
leave at 100 C, are used to heat pressurized water at a flow rate of 1 kg/s from 35 C to
125 C. The exhaust gas sp. heat is approx. 100 J/kg.K and the overall heat transfer coeff

based on the gas side surface area is U = 100 W/mA2.K. Determine the required gas side
surface area A using the NTU method. (Ref: Incropera)

Solution:

Use the Mathcad Function for a cross flow HX with both fluids un-mixed, written above:
Data:

mc=1 kgs cp_c = 4197 JkgK cp_ ho=1000 JhkgK U=100 Wim'2K

Tel=35 C Tc2=125 C Thl=300 C Th2 =100 C
Therefore:
Q=m_cep_c(Tc2 - Tel) e Q=3777x 1I:IIj V... heat transfer rate
And: m b= 9 2. m_h=1832 kg/s... mass flow rate of hot
R ep_h-{Thl — Th) fluid
Then:
Cc=mccp e e, C ec=419Tx 1|:||3 WK ... capacity rate of cold fluid
Ch=mhcph le. € h=1880x 1|:||3 WK ... capacity rate of hot fluid
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Therefore, hot fluid is the ‘minimum’ fluid.

ile. Cmin=Ch C_max =C_¢

i C R = €_min e CR=043 ....capacity ratio
AR T man -
Since hot fluid is minimum fluid, we can find the effectiveness as:

__ Thl- T

£ = =3 g =0.733 ...effectiveness of HX
M Thl - Tel

Now, to find the area required for HX:

First, find the NTU by using the Mathcad Function for cross flow HX with both fluids
un-mixed, along with the ‘Solve block’. Then, find the area from: NTU = U * A/ C_min

NIU =1 ... guess value
Given
CrossFlowHX_bothUnmized epsilon(NTU.C R)=¢
Find(NTU) = 2.024

ie. NTU = 2024

Therefare:
A NTU-C_min
A u
ie. A =38226 m*2 .... area of HX ... Ans.

To plot Tc2 vs Thl for given U values, other quantities remaining the same:

First, write Tc2 as a function of U and Thl:
A

C_tnin

NTU(U) =

E£[U) = CrossFlowHX_bothUnmixed_epsilon(INITU({U}.C_E)

Th(U.Thl) = Thi — &(U)-(Thl - Tecl)
m_ccp_c(Te2 — Tel)=m_h-cp_h-(Thl - Th2)  ._.by heat balance
m_h-cp_h-(Thl — Th(U.Thi))

m_c-cp_c

+ Tcl ...Tc2 as a function of U and Th1

Tc(T, Thi) =

Ex: Te2(100,300) = 125002 ....verified with the Tc2 in the stated problem
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Now, tabulate the results:

Values of Tc2 (C)

Th1 U==60 U=2a0 U=100 U =120

(C) WimA2.K Wim»2.K WimA2.K WimA2.K
200 80.402 86.612 91.039 04.29
220 85.905 92.868 97.832 101.477
240 01.408 09.123 104.624 108.6604
2a0 96.911 105.379 111.417 115.85
280 102.415 111.635 118.209 123.037
300 107.918 117.891 125.002 130.224
320 113.421 124.147 131.795 137.41
340 118.924 130.403 138.587 144,597
360 124.428 136.639 145.38 151.784
380 129.931 142.915 152.172 158.97
400 135.434 149.171 158.963 166.157

And, plot the results:

Cross flow HX .. both flmds un-mixed.. Tc2 vs Thl for various U
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—. au -
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o
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B
=
a
=
=
-~

- — — -
32 6

1 -\Sn Sn g
ot LA = A ald U Y 2=l 20 2ol &

Hot fluid inlet temyp, Thl {deg.C)

Prob. 3.3.35. Write a Mathcad Function to find the effectiveness of a Cross-low 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.
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Mathcad Function:

CrossFlowHX_Oneldized epsilon{NTU,C_mizedbyC_unmixed) =

return {1 — exp{-NTU)) of C mixedbyC unmixed = 0+ C_mixedbyC unmixed = 10
if C_mixedbyC _unmixed £ 1 ~ C_mixedbyC_unmixed = 0
C R« C_mixedbvC_unmixed

return 1 — e:-;p|: 2 (1- E};;;[—{:_R-}:H_?}}:|

if (C_mixedbyC unmized > 1 ~ C_mixedbyC_urmized < 10)
1

C_mixedbyC_unmized

C B «

1
ﬁ-[l = exp[-C_R-(1 — exp(-NTU]]

NIU =3 C_mizedbyC unmixed = 0.3

CrossFlowHX Oneldized epsilon{NTU C_mizedbyC unmixed) = 0.8403

To plot the Effectiveness-NTU graphs:

First, compute the Parametric Table:

EFFECTIVENESS

CR=0 CR=025 CR=05 CR=075 CR=1

NTU
0 0 ] 0 0 a
0.5 0.393 0.375 0.358 0.341 0.325
1 0.632 0.587 0.545 0.305 0.469
1.5 0.777 0.714 0.652 0.594 0.54
2 0.865 0.793 0.718 0.645 0.579
2.5 0.913 0.844 0.76 0.677 0.601
3 0.95 0.879 0.789 0.697 0.613
3.5 0.97 0.903 0.808 0.71 0.621
4 0.982 0.92 0.823 0.718 0.625
4.5 0.989 0.933 0.833 0.724 0.628
3 0.993 0.942 0.5841 0.728 0.63
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EFFECTIVENESS

~xty  CR=133 CR=2 CR=4. CR=10 C_R =100
0 0 0 0 0 0
0.5 0.341 0.357 0.375 0.393 0.393
1 0.503 0.542 0.585 0.632 0.632
1.5 0.588 0.644 0.706 0.777 0.777
2 0.636 0.702 0.778 0.865 0.865
2.5 0.663 0.736 0.82 0.018 0.918
3 0.679 0.756 0.846 0.95 0.95
3.5 0.689 0.768 0.861 0.97 0.97
4 0.694 0.776 0.87 0.982 0.982
4.5 0.698 0.78 0.876 0.989 0.989
5 0.7 0.783 0.88 0.993 0.993

Note that for (C_mixed/C_unmixed) values greater than 10, the effectiveness values

remain the same.

Now, plot the results:

Crossl flow HX, one fluid un-mixed ... Effectiveness vs NTU

<

FlTecliveness,

Download free eBooks at bookboon.com



CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

Prob. 3.3.36. Write Mathcad Functions to find the Exergy of mass low for N2, He and H2.

Mathcad Function for N2:
This function returns the specific availability of N2 in kJ/kg as a function of

T [K], P [bar], V [m/sec], Z [m], and ‘dead state’ PO (bar), TO (K)

Exergy_massflow N2(T, P, V. Z. T0,PD) =

return 0 if T=T0 A~ P=PF0
g+ 281

h « enthalpy N2{P.T)

s «— entropy N2(P.T)

hl « enthalpy N2{PD. TN
sl « entropy N2[PO. T

-

v g-Z
+ —
2 - 1000 1000

(h — h0) — TO - (s — s0) +

Ex: T =430 K To=300 K =10 Z=0 PF=200 bar PO = 1013 bar
Then:
Exergy massflow N2(T.P,V.Z T0,P0) = 406874 kJ/kg .... exergy of mass flow

Mathcad Function for He:
This function returns the specific availability of He in kJ/kg as a function of

T [K], P [bar], V [m/sec], Z [m], and ‘dead state’ PO (bar), TO (K)

Exergy_massflow He(T P, V.Z. TO.P0) = |retumn 0 f T=T0 A~ P=P0
g+ 281

h « enthalpy He(P. T}

s « entropy He(P.T)

hi « enthalpy He{P0,T0)
s+ entropy_He(P0.TD)

v g - Z
(h—hly) —T0-{s-s0) + + —
2 - 1000 1000
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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

I
aa
Ln
=1
oy
=
=1
I
aa
=1
=
oy

Ex TI: =0 Z=0 P=1200 bar PO = 1015 bar

Then:

Exergy massflow He(T PV Z TO.PJ) = 3375 = 10 kJ/kg .... exergy of mass flow

Mathcad Function for H2:
This function returns the specific availability of H2 in kJ/kg as a function of

T [K], P [bar], V [m/sec], Z [m], and ‘dead state’ PO (bar), TO (K)

Exergy_massflow HA(T,P.V.Z. TO.P)) = |retumn 0 f T=TOAP=P0
g+ 281

h « enthalpy HYP. T}

s« entropy HYP.T)

hl « enthalpy HAPO. T
sl + entropy H2(P0O,TD)

-

v z-Z
(h — hi) — T0 - (s — s0) + + 2=
2 - 1000 1000
Ex: T=30 K To=300 K V=0 Z=0 P:=200 bar P0:=1013 bar
Then:

Exerzy massflow H2(T.P.V.Z.T0.P0) = 6.732 = 10° kJ'kg .... exergy of mass flow

Prob.3.3.37. 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.

Mathcad Function:

ExergvAnalysis_SimplelindeHampson N2({P1,T1,P2,P0.T0,V.Z} =
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CRYOGENIC ENGINEERING:
SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

y « Ideal LHeycle N2(P1,T1.P), ,
Wperkggas « Ideal LHeycle NX(PL.TLPY), ,
Wperkgliq < Ideal LHcycle N2(P1.T1LP2), .
Wideal « Ideal_LHeycle N2(P1.T1.P2),
FOM ¢ Ideal LHeycle N2(P1,T1.P2), -

efl «— Exergy massflow N2(T1 P1 .V Z T0 PO}
ef? « Exergy massflow N2({T1 P2, V. Z T0. PO}
hé «— HFSATR(P1)

h3 « HGEATR(PL)

T3 « TSAT(P1)

hd « hé + {1 - v) - HFGSATR(P1)

h3 «— hi

T3 « Temp_N2(P2.h3)

efi «— Exergy massflow N2(T3 P2V Z TO PO
sf «— SFSATR(PL)

g3 « SGSATP(FL)

s4 « s6 + (1 — v) - SFGSATR(FI)

efi «— Exergy massflow N2(T3 P2V Z TO PO
sl « entropy N2[PO.TH)

hi « enthalpy N2{P0. T

eff « (hd — h0) — TO - (54 — s0)

efS « (hS — h0) — TO - (s3 — s0)

eff « (hé — hl) — TO - (s6 — s0)

W rev « eff — efl

W_act «+— Wpertkslig

W_rev

W_act

eta Il cycle «—

"y "Wpetkgliglklkg)"  Ueta I" "efl(kIkg)" ef2{klkg)" "efd(klkz)" efd{klkg)" "efi(kI 'kg}“‘"l_
¥ Wpetkslig eta 11 evcle efl ef2 ef3 efd ef3 _,-'
Ex: Tl =300 K 0 =300 K y=0 Z=10

P1=1013 bar  P0=1013 bar P2 =200 bar

Applying the above written Function, we get:

f"}-‘" "WpetksligkIks)" "eta II" "efl{kIkz)" "ef2(kIkz)" "efi(kIkz)" efdl{klkgz)" "Efﬁ[k.Tkg}”H'l_

-
a

EKI}.EI'T-'-I- 6377 = 10 0121 0 472259 350956 237157 184453 _,J
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SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

i.e.
Ligl-'rau:tinﬂ Y} P2} = ExergvAnalysis_SimpleLindeHampson N2 [l:"l_.'l'l_.P'E_.PIJ'_.l'I:I'_.‘-'_.Z}1 0 LigFraction _v({P2)} = 0.074

-

‘i.K'EerkEliE PY) = ExergyAnalysisSimplelLindeHampson N2 [Pl_.l'l_.P2_.PI:I',l'III'_.‘-'_.Z}1 i Wpetkgliq(P2) = 6.377 « 10°

Wperkegas(P2) = Wperkgliq(P2) - LigFraction_y(P2) Wperkggas(P2) = 472239
eta_II{P2) = ExersvAnalysis_SimpleLindeHampson N2 [Pl_.l'l_.PE__P[I'__TEI'__‘.'__Z}l__: eta_II{P2) = 0/121
efl = ExergvAnalysis_SimplelindeHampson N2 [l"l__'1'1_.l:‘E_.l:‘I:I'_.l'I:I'__‘n'_.Jl'}L3 efl = 0
ef? == ExergyAnalysis SimpleLindeHampson N2 [Pl_.1'1_.PE_.P[I'__l'l]'__‘n'___'»'f}l.____1 of) = 473350
efi = ExergyAnalysis SimpleLindeHampson N2 [Pl_.l'l_.PE_.PIZI'__l'l]l__‘n'___'»'f}1._j of3 = 550036
efd = ExergyAnalysis SimplelindeHampson N2{P1.T1 _.PE_.P‘I}_.]'EI'__T__Z::-L 6 efd = 237.157
ef3 = ExergyAnalysis SimpleLindeHampson N2 [PI,TI,PE,P‘[I'__TD__\'__Z::-U efy = 194 433
Note: Exergetic effcy = eta_II = 0.121...Ans.
Exergy losses in components:
Exergy loss in compressor (of isoth. effcy. = 70%):
Wperkzgas(P2) = Wperkgliq(P2) - LigFraction ¥(PY) o ywperkzeas(P2) = 674656 kiikg

0.7

WWriting an exergy balance for the compressor:

efl + Wperkzgas(P2) = ef2 + Ae..,,  Where e is the exergy loss in compressor
Therefore:  Ae ., = efl — ef2 + Wperkgzas(P2)

e Aepomy = 202397 kJ/kg .... Ans.

Exergy loss in Heat Exchanger:

Writing an exergy balance for the HX:

ef? + (1 — LigFraction vw(P2}) - efi = efi + {1 — LigFraction w(P2}) - efl + Aepp:
where Ae. is the exergy loss in HX

Then: Moy = ef2 + (1 — LigFraction_y(P2)) - ef5 — [ef3 + {1 — LigFraction v{P2}) - efl]

e, Aegy=101357  kJ/kg .... Ans.
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Exergy loss in Expansion valve:

Writing an exergy balance for the Expansion valve:

efi = efl + Aegy where Aeg,, is the exergy loss in Expn. valve

I8 Aegy = efd — eft
e Aegy=313799  KJIKg ... Ans.
Thus:
Liquid yield, y = 0.074 kg liq. / kg gas compressed...Ans.
Work per kg gas compressed = Wperkggas = 472.26 kJ/kg...Ans.
Work per kg liquid = Wperkgliq = 6377 kJ/kg...Ans.
Exergetic effcy (or, second law effcy) of cycle = nII = 0.121 ( = FOM)...Ans.

Exergy losses in compressor (assuming its isoth. effcy is 70%) = Aecomp = 202.34 kJ/
kg...Ans.

Exergy losses in Heat Exchanger = AeHX = 101.36 kJ/kg...Ans.
Exergy losses in Expansion Valve = AeEV = 313.8 kJ/kg...Ans.
Plot y, Wperkgliq, and 1, against P2, other parameters remaining constant:

First, compute the Parametric Tables:
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CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL II B CRYOGENIC LIQUEFACTION SYSTEMS
P2|bar) LigFkrn.y Wperkglig(kJikg) eta_ll

50 0.024 14658.82 0.053

&0 0.028 12937.815 0.06

70 0.032 11635.667 0.066

80 0.037 10635.615 0.072

ap 0.041 5847.833 0.078
100 0.044 5189.6435 0.084
110 0.048 8678.1598 0.089
120 0.052 8220.691 0.094
130 0.055 7863.717 0.098
140 0.058 7539.095 0.102
150 0.061 7275.096 0.106
160 0.064 7035.384 0.11
170 0,087 6830.260 0.113
180 0.069 6658.036 0.116
190 0.072 6312.775 0.118
200 0.074 6376.562 0.121

Now, plot the results:

Ideal Linde-Hampson system for N2 - v vsP2
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]
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Ideal Linde-Hampson system for N2 - Wperkgliq vsP2

1610

15107

1.4x10°

1.310%

1.210"

1.1:10%

1x10*
0 10°

Wperkglig (klflkg)
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- =

7=x10° ——]
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e S

Ideal Linde-Hampson system for N2 - II Law effcy. vs P2
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Prob. 3.3.38 In an Ideal Kapitza liquefaction system for Nitrogen, the system operates
from 101.3 kPa (1 atm) and 300 K to 5.0 MPa. At 5.0 MPa and 250 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. Make an exergy analysis.
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CRYOGENIC ENGINEERING:

SOFTWARE SOLUTIONS VOL Il B CRYOGENIC LIQUEFACTION SYSTEMS

Note: Calculation formulas for y, Wperkggas, Wperkgliq, Fom etc. are the same as for
Ideal Claude cycle.

Data:
P1:=1013 bar P2=350 bar TI=300 K  Ti=230 K
FlowEatio x = 0.3 m: 00 K ::w= 0 gm: 0 m= 1.013 bar

Then, using the Function for Ideal Claude cycle, written above:

IdealClaundeSystem N2{P1 P2 T1 T3 FlowEatio x) =

f'f"I_iq_l-'rau:ﬁnn-}-'" "Wexp perkgzas(klkg)" "Whet_perkggas(klkz)" "Wnet_perkgliqkl'ks)" "Wideallkl'ks)" "FD'.\-I"“'_
\ 0.212 81.787 263.723 1243 % 107 771.028 ne2 )
i.e.

Y= IdealElaudeS}-'stem_}Q[Pl__PE__TI_.Ti,l-"lanaﬁn_:{}l 0

e
1
=
[
—
b

Work of expander per kg gas compressed in compressor =

Wexp perkaaas = IdealClaudeS}-'stem_HE[Pl_.PE_.]'I__]'S__Flanatin_x}l i Wexp_perkgzas = §1.787
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Wnet perkoszas = IdealClaudES}-‘stem_EE[Pl_.PE__TI,TB__I-"IQ“'Ratin_}:}l - Whet perkgzas = 263.723

Wet perkalig = IdealClaudeSj,-‘stem_}{E[Pl_.PE,Tl,TS__anx‘Raﬁn_}:}l 3 Whet perkglig = 1243 = 10°

Wideal = Idealﬂlaudeﬂ}fstem_HE[Pl_.P2__1'1_.Ti__l-"leraﬁu_:{}lr__1 Wideal = 771.028

m: IrdvaalﬂlaurdvaS‘_‘,-'stvar:rl_}wIE[Pl_.PE_.1'1__1'3_.l-"lu::n'-‘rE_m:i-::n_:»:}1._j FOM = 0.62
Further:

=l = entropy_N2(P1.T1) e, sl=684  klkgK

hl = enthalpy N2(P1,T1) e hl=311192  klikg

=2 = entropy_N2(P2.T1) e, s2=3638  klkgK

53 = entropy_N2(P2.T3) le. s3=343 kdikg.k

se =33 ..far isentropic expansion

he = enthalpy N2 Ps(Pl,se) L& he= 80254 kdkg

Alternatively:

he = enthalpy N2(P2,T3) - %ﬁiﬁ ie.  he=80254 kdikg

Tg = TSAT(PI) ie. Tzg=77166 K

T3 =Tg If =Tg

hS = HFSATP(PI) + (1 - v) - HFGSATP(P1) e h3 = 34.668 kJ/kg

hi =h3 . forisenthalpic expansion in the expansion valve

T4 = Temp N2(P2.h) e T4=130785 K

Te = Temp N2{Pl he) e,  Te= 30142 K

h2 = enthalpy N2(P1,T1) e hl=311.192 kJikg

hg = HGSATP{P1) ie. hz = 76074 kJikg

h3 = enthalpy N2(P2.T3) e h3=243827 kJikg

By heat balance at the mixer, where the exit of expander and the sat vapor from the liquid reservoir
are mixed:

he = {1 — FlowRatio_x — v} - hg + FlowRatio_x - he
: Ly

ie. hé = 79056 kd/kg
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By heat balance on HX-2:

{1 - FlowRatio x) - (h3 — hd) = {1 - v} - (h7 — h§)

i.e. we get:
N Hm-RaTu_x} - (h3 - hd) e o118 kJikg
—y
Then:
T7 = Temp N2(P1.h7) e T7=204607 K
T6 = Temp_N2(P1.h6) e Te=79068 K

By heat balance on HX-1:
h2 - h3= (1 - ) - (hl_prime — h7)

h2 — h3
l-w

=3 hl prime = h7 +

e hl_prime=207314  kJikg

Also, we have:

=0 = entropy_ N2(P0_TD) l.e. s0=684 AL
10 = enthalpy N2(P0.T0) e h0=311192 kl/kg
55 = SFSATP(P1) + (1 - v) - SFGSATR(P1) e s5=4866 kl/kg.K.. in two-phase
region
hz = HGSATP(FP1) l.e. hg=T6974 kdkg
sg == SGSATP(PI) e sg=35415 kd/kg.K
Exergies:
&fl = Exergy_massflow_N2(T1,P1,V.Z T0.P0) e, efl=10 kdikg

efl_prime = Exergy_massflow N2(T1 prime P1_ V. Z T0O.P0) 1e.  efl prime = 0315  kl'kg

£f) = Exergy_massflow_N2(T1,P2,V.Z T0,P0) e, ef2 =343309 klkg

ef3 = 350952 kJikg

Eﬁu: Exersy massflow N2(T3 P2, V. Z T0.P0Y ie.

&4 = Exergy_massflow_N2(T4.P2.V.Z.T0.P0) e, eft=3507667 klkg
ef5 = (hS — h0) — TO - (s5 - s0) ie  efs=316803  klkg
eff = Exergy_massflow N2(T6,P1,V.Z.T0.P0) e eff= 190617 kJikg
ef7 = Exergy_massflow N2(T7.P1,V.Z.T0.P0) lLe.  ef7 =20211 kJikg
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ef & = Exergy massflow N2(Te P1,V,Z T0 P ie. ef e=187378  kl'kg

ef g:=(hzg-hl) -T0. (=g - =0) ie. of 2= 104453 kdikg

Exergy losses in components:

Exergy loss in compressor (of isoth. effcy. = 70%):

T1- (sl - s2) - (hl — h2)

Wpetkogas = 8. Wperkszas = 508.184 kdikg
Weerkazas, = perke

Writing an exergy balance for the compressor:

efl + Wperkggas = of2 + Ae oy where Ae___ is the exergy loss in compressor

Therefore:  Ae o = efl - ef2 + Wperkggas

e Aeigmg = 162.673 kJ/kg .... Ans.
Exergy loss in Heat Exchanger, HX-1:

Writing an exergy balance for the HX-1:

where Ae,.., is the exergy loss in

ef2 + (1 —v) - efT=efd + (1 - v) - efl_prime + Aoy HYA

Then: Moy = ef2 + (1= v) - of T — [efd + (1 — ¥) - efl_prime]
ie. Mo = 10232 kJ/kg .... Ans.
Exergy loss in Heat Exchanger, HX-2:

Writing an exergy balance for the HX-2:
(1 - FlowRatio_x) - f5 + {1 — v} - eff= {1 — FlowBatio_x) - eft + {1 — v} - ef | + Aeyner

...where Ae., iIs the exergy loss in HX-2

Then: Mo = [(1 — FlowEatio_x) - ef3 + {1 — v) - efff] — [{1 — FlowEatio_x) - efd + {1 — v} - ef7]

e Aeypn=338%9 kJkg ... Ans.
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Exergy loss in Expander:

Writing an exergy balance for the Expander:

efi=ef &+ Aepp where Aeg.. is the exergy loss in Expander

I8 Aepyp=efi-ef e
=3 .":'I.Em = 163.574 I'LJ.lrkg .... ANs.
Exergy loss in Expansion valve:

Writing an exergy balance for the Expansion valve:

efi= efi + Aegy where Aeg,, is the exergy loss in Expn. valve
ig. Aepy = eff — ef5
e, Aegy = 190.864 kJ'kg .... Ans.
Note: Exergy losses in compressor, expander and expansion valve are the major ones.
Plot y, Wperkgliq, eta_II against P2:

Write the required quantities as functions of P2:

(P2} = IdealClaudeSystem N2(P1.P2,T1,T5 FlowRatio_x), . w2 = 0212

Laa

Waet perksliq(P2) = IdealClaudeSystem _N2{P1.P2,T1,T3 FlowRatio_x), , Wnet_perkgliq(P2) = 1.243 =« 10

Wideal = IdealClaudeSystem N2{P1. P2, T1, T3 FlowRatio_x), | Wideal = 771.028
Pt - — —1.4

FOM(P2) = IdealClaudeSystem_N2(P1.P2.T1.T3 FlowRatio_x), FOM(P2) = 0.62

= 13,2055 ...define a range variable
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We get:
P2 = w(P2) = Whet_perkeliq(P2)  FOM(P2) =

15 0.165 1.04-103 0.741
20 0.177 1.0858-103 0.708
23 0.186 1.125-103 0.685
30 0.193 1.16-103 0.665
33 0.199 1.185-103 0.651
40 0.205 1.208-103 0.638
45 0.208 1.226-103 0.629
30 0.212 1.243-103 0.e2
33 0.216 1.259-103 0.612

Now, plot the results:

Ideal Kapitza system for N2 - v vsP2

Liglraction, ¥
=
I

0.133

018
0.173
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