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Dedication

This work is lovingly dedicated at the lotus feet of

Bhagavan Sri Sathya Sai Baba

“There is only one religion, the religion of Love.
There is only one caste, the caste of Humanity.
There is only one language, the language of the Heart.

There is only one God, He is Omnipresent.”

“Help Ever, Hurt Never!”

...Bhagavan Sri Sathya Sai Baba
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Message by Prof. R.G.
Scurlock, Emeritus Professor of
Cryogenic Engineering

formerly
Director, Institute of Cryogenics,

University of Southampton, Southampton, UK.
I should like to make several points briefly.

Firstly, I congratulate my former student in producing an up-to-date book on the properties and
applications of cryogenic liquids. This is particularly important today for the development of computer

modeling and CryoFD in the ever expanding range of cryogenic systems.

Secondly, since Dr. Thirumaleshwar mentions in Chapter 1 my proposal to extend the temperature range

for cryogenics up to 250K, I should like to describe some of the background to the proposal.

In the 1970/71 definition of cryogenics by Kurti et al (specifying the temperature range up to 120K) they
were aware of the complications presented by the development of cryo-medicine, cryo-surgery and cryo-
preservation, using temperatures well above 120K but well below the temperatures of the refrigeration
industry. They therefore proposed the term “cryology” to embrace a wider temperature range up towards
the ice-point. This proposal has not progressed into common usage, and the Gap between 120K and

250K has remained in confusion with poor coverage in both research and teaching.

In 1979, when the Institute of Cryogenics, Southampton University, UK. was set up, it rapidly became
almost overwhelmed by the problems being met by innovative industries using temperatures in the Gap.
Some 50% of the research and teaching activities became centred on these higher temperatures. What
was found was that the heat transfer by convection, the unstable evaporation, the convective flow patterns
etc in the temperature Gap were similar in dominance and kind to those at the lower temperatures
below 120K; and it was possible to develop a unified approach, via Cryogenic Fluid Dynamics, CryoFD,
applicable to all fluids, liquids and gases, below the ice-point.

It followed that cryogenics should be redefined to include the 1970/71 Cryology;, (ie. the whole temperature

range up to the ice-point) and this was first proposed in 1992 in “History and Origins of Cryogenics”,

and again in 2006 in “Low-Loss Storage and Handling of Cryogenic Liquids”
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However, some of the refrigeration industry has objected to being included as a sub-set of Cryogenics,
and the most recent proposal in 2013 has removed their temperature range below the ice-point down
to -23C from the definition.

The current proposal is therefore that Cryogenics should cover all temperatures up to 120K and the

Temperature Gap up to 250K.

Finally, some examples of current activity in the Gap include:

a) The requirement for computer-controlled freezing protocols for the cryopreservation of
stem cells.

b) The development of green energy cryogenic fuels for driving transport by sea, road and rail
using LNG under pressure.

¢) Providing a solution to engine failures from the formation of water ice crystals in jet fuel on
long-haul aircraft flying in the stratosphere at temperatures down to 200K.

d) Other problems close to the ice-point, which have not been regarded as the province of the

refrigeration industry.

My good wishes go to Dr. Thirumaleshwar for his continuing success in the field of Cryogenics.

Ralph Scurlock

Emeritus Professor of Cryogenic Engineering
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Preface

According to National Institute of Standards and Technology (NIST), ‘Cryogenic temperature range’
generally refers to temperatures below -150 C i.e. 123 K. Most of the ‘permanent gases’ liquefy below this

temperature. Temperature range from 123 K up to room temperature is the domain of ‘Refrigeration.

However, some authorities believe that cryogenic temperature range should be extended up to 0 deg.
C or 273 K. Prof. Ralph Scurlock, former Director of Institute of Cryogenics, Southampton, UK, under
whom the author studied, states: “I regard the temperature range should extend upwards towards 273K.
However, the refrigeration people objected to their temperatures, from -22 C up to zero C, being a
subset of my cryogenics. So my last suggestion was for Cryogenics to extend upwards to 250K or -23 C

to avoid their objection!”

Cryogenic fluids of interest are: Air, Nitrogen, Oxygen, Argon, Methane, Hydrogen, Neon, Fluorine,

Helium-4, Helium-3 etc.

However, Nitrogen, Oxygen, Methane, Hydrogen and Helium-4 and Helium-3 attract more attention

because of their applications.

Applications of cryogenics are many and in diverse fields. To name a few areas: Rocket propulsion, High
energy Physics, Electronics, Superconducting magnets and their various applications such as magnetic
levitation, whole body imaging etc., Space simulation and cryo-pumping, Medical applications to preserve
whole blood, tissue, bone marrow, and animal semen for long periods of time, cryo-destruction of
cancerous tissues, Food processing, Manufacturing processes in mechanical and chemical engineering,

Recycling of plastic materials etc.

In engineering colleges, post graduate degree in cryogenic engineering is offered with the following

general syllabus:

Introduction, properties of cryogenic fluids, properties of materials at low temperatures.
Gas liquefaction systems.

Gas separation and gas-purification systems.

Cryogenic refrigeration systems.

Storage and handling of cryogens.

Cryogenic instrumentation.

Vacuum technology.

Applications of cryogenic systems.
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This series, viz. Cryogenic Engineering: Software solutions focuses on the solutions of problems in
cryogenic engineering using software such as Mathcad, Engineering Equation Solver (EES) and EXCEL.
Only the essential theory and summary of equations required for calculations are given at the beginning
of each chapter. Thus, this book should be helpful to students when used in conjunction with any standard

text book on this subject.

Advantages of using computer software to solve problems are many:

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. Inaddition, 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-I deals with: Introduction, properties
of cryogenic fluids and properties of materials at low temperatures. Primarily, here we have a collection
of information and data from various sources, the focus being on the data that will be useful for
engineers to design cryogenic systems. Several Functions are written in EES, EXCEL and Mathcad for
various thermal and mechanical properties of materials. These Functions should be very much useful
in executing computer designs of cryogenic systems without any need to refer to data tables and graphs
for properties of materials. Several graphs for cryogenic properties of materials from NIST publications

are also presented. Rest of the chapters will be dealt with in subsequent parts which will follow.

S.I. Units are used throughout this book. Wide variety of worked examples presented in the book should

be useful for those appearing for University, AMIE and Engineering Services examinations.

Acknowledgements: Firstly, I would like to thank all my students, who have been an inspiration to me

in all my academic efforts.

I am grateful to Rev. Fr. Valerian D’Souza, former Director of St. Joseph Engineering College (SJEC),

Mangalore, for his love, deep concern and support in all my academic pursuits.

Sincere thanks are due to Rev. Fr. Joseph Lobo, Director, SJEC, for his kindness, regard and words of

encouragement.
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I would also like to thank Dr. Joseph Gonsalves, Principal, SJEC and Dr. Thirumaleshwara Bhat, Head,

Dept. of Mechanical Engineering, SJEC, for giving me un-stinted support in my academic activities.

I am indebted to my former colleagues at the Cryogenics section of Technical Physics Division, Bhabha
Atomic Research Centre (BARC), Bombay and Centre for Advanced Technology, Indore for their sincere

cooperation in a true spirit of team-work in all the projects that we undertook.

I salute and admire the vision and foresight of former Heads of Technical Physics Division, BARC viz.
late Mr. C. Ambasankaran, Mr. R.Y. Deshpande, Dr. S.R. Gowariker and late Mr. S.S. Ramamurthy in
initiating and guiding many of the ‘first of its kind’ projects for Indian Space Research Organization

(ISRO), designed and executed by the Cryogenics section.

I am especially grateful to Prof. R.G. Scurlock, for writing a message for this book. It was indeed
gracious of my former Professor, under whom I studied for M.Sc. in Cryogenics at the University of
Southampton, UK during 1970-72, and worked as a Visiting Research Fellow during 1993-94, to honor

me by writing this message.

My special thanks to Bookboon.com for publishing this free ebook . Ms Karin Jakobsen and Ms Sophie
Tergeist and their editorial staff have been most helpful.

Finally, I would like to express my sincere thanks and appreciation to my wife, Kala, who, as usual,
has given continuous support, help and encouragement in all my academic activities, making many

silent sacrifices.

M. Thirumaleshwar
March 2015
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About the Author

Dr. M. Thirumaleshwar graduated in Mechanical Engineering from Karnataka Regional Engineering
College, Surathkal, Karnataka, India, in the year 1965. He obtained M.Sc (cryogenics) from University

of Southampton, U.K. and Ph.D.(cryogenics) from Indian Institute of Science, Bangalore, India.

He is a Fellow of Institution of Engineers (India), Life Member, Indian Society for Technical Education,

and a Foundation Fellow of Indian Cryogenics Council.

He has worked in India and abroad on large projects in the areas involving heat transfer, fluid flow,

vacuum system design, cryo-pumping etc.

He worked as Head of Cryogenics Dept. in Bhabha Atomic Research Centre (BARC), Bombay and
Centre for Advanced Technology (CAT), Indore, from 1966 to 1992.

He worked as Guest Collaborator with Superconducting Super Collider Laboratory of Universities
Research Association, in Dallas, USA from 1990 to 1993.
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He also worked at the Institute of Cryogenics, Southampton, UK. as a Visiting Research Fellow from
1993 to 1994.

He was Head of the Dept. of Mechanical Engineering, Fr. Conceicao Rodrigues Institute of Technology,
Vashi, Navi Mumbai, India for eight years.

He also worked as Head of Dept. of Mechanical Engineering and Civil Engineering, and then as Principal,

Vivekananda College of Engineering and Technology, Puttur (D.K.), India.

He was Professor and coordinator of Post-graduate program in the Dept. of Mechanical Engineering

in St. Joseph Engineering College, Vamanjoor, Mangalore, India.

A book entitled “Fundamentals of Heat and Mass Transfer” authored by him and published by M/s
Pearson Education, India (2006) has been adopted as a Text book for third year engineering students

by the Visweswaraya Technological University (V.T.U.), Belgaum, India.

He has authored a free ebook entitled “Software Solutions to Problems on Heat Transfer” wherein
problems are solved using 4 software viz. Mathcad, EES, FEHT and EXCEL. This book, containing about

2750 pages, is presented in 9 parts and all the 9 parts can be downloaded for free from www.bookboon.com

He has also authored free ebooks on Thermodynamics entitled “Basic Thermodynamics: Software
Solutions” and “Applied Thermodynamics: Software Solutions” wherein problems are solved using 3
software viz. Mathcad, EES, and TEST. Each of these titles is presented in 5 parts and all the books can

be downloaded for free from www.bookboon.com

He has also authored three motivational, free ebooks, published by www.bookboon.com, entitled

as follows:
1. Towards Excellence...How to Study (A Guide book to Students)
2. Towards Excellence...How to teach (A guide book to Teachers)

3. Towards Excellence...Seminars, GD’s and Personal Interviews

Dr. M. Thirumaleshwar has attended several National and International conferences and has more than

50 publications to his credit.
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About the Software used

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

1. Mathcad 7 (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-1:

http://bookboon.com/en/software-solutions-to-problems-on-heat-transfer-ebook
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1 Introduction and Properties of
Cryogenic fluids

Learning objectives:

1. Inthis chapter, first, some general properties of cryogenic fluids, compiled from various sources
are given. Amount of cryogenic fluids required to cool metals is also tabulated.

2. Next, extremely useful general information on Cryogenic Fluids available from the Gas

Encyclopedia - Air Liquide website, viz. http://encyclopedia.airliquide.com/encyclopedia.asp
is explained.

3. Brief summary of properties of cryogenic fluids, collected from various sources, are given for
fluids such as Liquid Nitrogen, Liquid Oxygen, Liquid Argon, Liquid Neon, Liquid Fluorine,
Liquid Hydrogen, Liquid Helium (both Helium-I and superfluid He-II), and Helium-3.

4. Next, saturation properties of cryogenic fluids from NIST chemistry website, i.e. http://
webbook.nist.gov/chemistry/fluid/ are presented for N2, He-4, H2, Ne, F2, and Ar. Graphs of

various properties are also given.

5. Finally, properties of gases at 1 atm, along with many graphs, are given for He, H2, Ne, N2, 02, F2,
and Ar, again from NIST chemistry website, i.e. http://webbook.nist.gov/chemistry/fluid/

1.1 Introduction [1, 2, 31:

According to National Institute of Standards and Technology (NIST), Boulder, USA, ‘Cryogenic
temp range’ generally refers to temperatures below -150 C i.e. 123 K. Most of the ‘permanent gases’
liquefy below this temperature. Temperature range from 123 K up to room temperature is the domain

of ‘Refrigeration’

However, some authorities believe that cryogenic temperature range should be extended up to 0 deg. C
or 273 K. Prof. Ralph Scurlock, former Director of Institute of Cryogenics, Southampton, U.K., under
whom the author studied, states: “I regard the temperature range should extend upwards towards 273K.
However, the refrigeration people objected to their temperatures, from -22 C up to zero C, being a
subset of my cryogenics. So my last suggestion was for Cryogenics to extend upwards to 250K or -23 C

to avoid their objection!”

Cryogenic fluids of interest are: Air, Nitrogen, Oxygen, Argon, Methane, Hydrogen, Neon, Fluorine,

Helium-4, Helium-3 etc.
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However, Nitrogen, Oxygen, Methane, Hydrogen and Helium-4 and Helium-3 attract more attention

because of their applications.

Applications of cryogenics are many and in diverse fields. To name a few areas: Rocket propulsion, High

energy Physics, Electronics, Superconducting magnets and their various applications such as magnetic

levitation, whole body imaging etc., Space simulation and cryo-pumping, Medical applications to preserve

whole blood, tissue, bone marrow, and animal semen for long periods of time, cryo-destruction of

cancerous tissues, Food processing, Manufacturing processes in mechanical and chemical engineering,

Recycling of plastic materials etc.

Some properties of cryogenic liquids at their Normal Boiling Points [2]:

Property Oxygen Nitrogen MNeon e-Hvdrogen® Helinm-4 Adr Fluorine Afpon Methane
Nomnal boiling point (K 90.18 77.347 27.09 20.268 4224 8.9 8524 87.28 1117
Density (kg/m’) 1141 B0B.9 1204 70.78 12496 874 1506.8 1403 4250
Heat of vaporization (kJ /kg) 2129 198.3 86.6 4456 20.73 205.1 166.3 161.6 5113
Specific heat (kJ/(kg K)) 1.70 204 1.84 9.78 4.56 197 1.536 1.14 345
Viscosity (kg/(ms) x 10%) 188.0 157.9 124.0 13.06 3.57 168 2447 232.1 118.6
Thermal conductivitmW /{m K)) 151.4 139.6 113 118.5 X712 141 148.0 1232 193.1
Dielectric constant 1.4837 1434 1188 1.226 1.0492 1.445 1.43 1.52 1.6758
Critical temperature (K) 134.576 126.20 444 .96 3.201 133.3 1440 150.7 190.7
Crtical pressure (MPa) 5.04 3.3949 271 1.293 0.227 390 557 487 463
Temperature at triple point (K) 54.35 63,148 2456 13.803 335 838 887
Pressure at triple point (MPa x 10°7) 0.151 12.53 43.0 7.042 0.22 686 10.1
Some more data for cryogenic fluids [7]:
Property 02 N2 Ne e-H2 Hed Air F2 Ar CH4
o satvapkgm'3) |48 | 461 |48 |134 |155 |248 [563 |57 18
p_gas,293K(kgm™3) | 1.331 1.165 | 0.8385 | 0.08374 | 0.1863 | 1.205 | 1.538 | 1.66 0.6679
op_satvap(JkgK) | 0064 |1.03 [L.i7 |- 8§25 | 102 |0812]053 |2.09
op_gas 293K (kg K) | 0.922 | 1.046 | 1.035 | - 52 101 |0.824| 0523 |2.22
U _satvap(Pasx10°6) | 685 |5 15 |- 135 (38 |75 |7 749
L gas 203K (Pas x| 207 | 178 |32 - 185 |18 735 |23 11
10°6)
k_sat vap{Wm K} 00085 | 0.007 | 0.008 |- 0.0106 | 0.0073 | 0.007 0012
k gas293K(Wm.K) | 0.0262|0.025|0.049 |- 0.1465 | 0.0255 | 0.024 | 0.0167 | 0.032%
Tiqevapby 1 Winput | 036 | 054 | 084 |- 3337 | 048 |033 | 038 |04
in 24 hrs (lit.)
Approx. equivalents of 1 litre of liquid gas:
Liguefied gas (1 lit.) | Mass of lig. (kg) Vol. of gas produced,
lit (STP)
Helium 0.1252 700
Hvdrogen 0.708 780
Nitrogen 0.808 688
Fluorine 1.108 654
Oxvgen 1.140 759
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Amount of cryogenic fluid required to cool metals (o), kg/kg [8]:

Fluid Hed n2 N2
Initial temp. of metal 300K 77K 300K TTK 300K
¢ (ks'ks) & (ko/ko) o (ko/ko) & (ko/ko) o (ko/ko)
Alumininm
8.3 0.4 0.38 0.018 0.81
Using latent | gtainless
heat only Steel 42 0.13 0.2 0.0085 0.43
Copper =g 0.27 0.17 0.01z 0.37
Tsi Alomininm 0.2 0.028 0.078 0.0087 0.51
sing -
enthalpy of g:::lﬂe“ .1 0.013 0.037 0.0045 B.27
gas Copper 0.1 0.0z 0.037 0.0065 0.23

While using the above Table, you may also remember that sp. volumes of Liquid He4, Liquid H2
and Liquid N2 are:

8 lit/kg, 14.1243 lit/kg and 1.2376 lit/kg respectively.

(]
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1.2 General information on Cryogenic Fluids:

Ref.[11], i.e. Gas Encyclopedia - Air Liquide website, viz.

http://encyclopedia.airliquide.com/encyclopedia.asp

gives very useful data concisely for about 135 fluids. In addition, useful data can also be collected from
Ref.[1], [7] and [10].

Using Ref.[11] is demonstrated below:

1. As you click on the web address of Ref.[11], we get:

Ajr Liguide » Gag Encyclopedia

@0
Gas Encyclopedia

The Air Liquide Gas Encyclopedia ensures that you can quickly find full information on more than 135 gas
molecules.

Air Liquide and its research teams are making reference content on gases available to students,
scientists, professional users, and everyone interested.

Thanks to the Air Liquide Gas Encyclopedia, you will be able tao:

m Find all of the physical properties of gases (the main physical characteristics of molecules in their
solid, liquid and gaseous or supercritical states).

m Calculate the correspondence between the gaseous and liquid phase for a given weight or valume of
gas,

m Calculate the liquid phase density all along the liquid-vapor balance curve for nitrogen, carbon
dioxide, argon, hydrogen or oxygen,

m Download the vapor pressure curve for some gases,

m View the Safety Datasheets {SD5),

m Discover the main applications of these gases in industry and healthcare,

m Check material compatibility.

Using the Encyclopedia

You can run a search by entering a chemical formula, a UM transportation code or by choosing a
malecule name from the drop-down menu. Having trouble? Refer to our User Guide.

Gas selection
Chemical Formula Mglecule name UM Transportation Code
¥ Select a gas w N oK

After selecting a molecule, you can choose the unitz in which you want displayed numeric values.

18
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2. Select the gas required (say, Nitrogen) and hit Enter. We get:

Gas selection

Chemical Formula

After =electing a molec

Mo
Hitrogen

Maolecule name

Nitrogen ¥

Methoxyethane

Methyl bromide (R4061)

Methyl chloride (R40}

Methyl fluoride (R41}

ethyl vinyl ether

Methylamine

Wethylzilane

n-Butane

Neon

Nitric oxide

| Nirogen |
Nitrogen dioxide

Nitrogen oxychloride

Nitrogen trifluoride

Nitrous oxide

Octafluerobutene (R1318)
Octafluorocyclobutane (RC318)
Octafluoropropane (R218)
Oxygen

CAS Number : 7727-37-9
UH1066 (gas); UN1977 (liquid refrigerated)

Dinitrogen;

|

UHN Transpeortation Code

iplayved numeric values.

Main applications

(Gas Properties

Wapor Pressure Graph

Liguid Gas Conversion

Safety Data Sheets

Major Hazards

¥y ¥ vy vy

Material compatibility

GENERALITIES:

N2 THE PROTECTIVE GAS
AM INERT GAS WITH MAMNY INDUSTRIAL APPLICATIONS TO PROTECT, INERT
A COLD RESERVE: IT CAN BE LIQUEFIED BY COOLING IT AT -196°C.

19

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Introduction and Properties of Cryogenic fluids

Mitrogen was discovered in 1772 by Daniel Rutherford who called it noxious air or fixed air. But it was
Lavoisier who, in 1786, isolated it. The name nitrogen comes from Latin nitrogenium, where nitrum
(fram Greek nitron) means "saltpetre”, and genes means "forming”.

Mitrogen is mainly found in the atmosphere, where it accounts for 78 % by volume of the air we breath.
But nitrogen is also found:

- in the Earth's crust, to a limited extent {in the form of nitrates, etc_}),

- in organic form {in the living or dead plants and organisms which form humus)

- and in mineral form {ammonia), and thus contributes to soil fertility. In gaseous form, nitrogen is a
neutral and colorless gas. It is inerting and does not sustain life.

A nouvelle cuisine: Great chefs are always ready to innovate by creating new recipes. Liguid
nitrogen, at -196°C, enables these pioneers of molecular cooking to use their creativity by conceiving
new tastes and textures.

Nitrogen: Cylinders, Liquefied gas tank, Pipeline, On-site
SUPPLY MODE generator,

With us you can
shape the future.
Every single day.

For more information go to:
WWw.eon-career.com

Your energy shapes the future.
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Main applications

Industries Applications

Chemicals Mitrogen can be used for blanketing, as well as for :
- Storage for protecting raw materials or finished products in
liquid farm fram the formation of peroxides and/or gum, and from
contamination by oxygenated components
- Regeneration of purification beds (alumina and molecular sieve)
- Preparation of catalysts and transportion of polymer powders
- Medium for the exhaust of emitted heat in fluid bed reactors
- Temperature Control in reactors.

Pharmaceuticals Mitrogen is used for inerting, cryo-grinding, lyophilisation, drying,
liquid phase transfer of products or synthesis intermediates;
cryo-condensation of waste gases and low temperature storage.

Food and Beverage Liquid nitrogen: Ne is the most used cryogenic fluid, to chill,
freeze or store food products.
(Gaseous nitrogen: Ms is very commonly used in contact with
foodstuffs to avoid oxidation or micro-organism growth by inerting
of liquids. Modified Atrmosphere Packaging (MAP) preserves and
protects foods | pure nitrogen or mixed with COs) (S8ALIGAL™).

Glass. Cement and Lime Mitrogen is used as an inert gas especialy to create. in
combination with hydrogen, a reductive atmosphere aver the tin
bath in the float glass process.

Healthcare Low-temperature preservation of living tissues and cells

Laboratories & analysis Mitrogen is used as a carrier gas in gas chromatography for
various industrial and hospital analyses and quality control.
Mitrogen is the balance gas of the calibration gas mixtures for
environmental monitoring systems and industrial hygiene gas
mixtures.
Mitrogen is largely used as purge, dryier or blanket gas for
analyzers or chemical reactors (under gaseous state or at low
temperature liquid state).

Welding, Cutting & Coating Heat treatment of various metals.
Mitrogen is a component of the special mixtures used in CO5

lasers (& LASAL™)

Qil and Gas Quality protection of products and facilities (blanketing)
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Electronics Mitrogen is used as carrier gas for overall protection against
impurities and oxidation in semiconductor and soldering
processes. In its cold and liquid form, Mz is used as a cooling

medium in the environmental testing of electronic devices.

Automotive & transportation Gas Assisted Injection Moulding requires pressures between 10
bar (145 psi) and 200 bar {2900 psi) and a nitrogen content of
between 98.0 % and 99.9 %.

Tires filling with nitrogen increases their lifetime and therefore
decreases the recycling or treatment of this waste.

Other industries Pneumatic transportation of powdered flammahble materials
(charcoal).

Gas Properties

Maolecular Weight Malecular weight : 28.013 g/mol

Solid phase Melting point : 63.14999 K
Latent heat of fusion (1,013 bar, at melting point) : 25.702 kl/kg

Liquid phase Liquid density (1.013 bar at boiling point) - 806.11 kg/m?
Liquid/gas equivalent {(1.013 bar and 15 °C (59 °F)} - 680.4 valivol
Boiling paint (1.013 bar) - 77.34999 K
Latent heat of vaporization (1.013 bar at boiling point) - 199.18
kflkg

Density & temperature calculation of the liquid phase

Given the pressure (in bar), this module calculates the temperature and the density of the liquid phase
on the liquid-gas equilibrium curve

Enter the pressure in bar (between 1 and 32) har m
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If we enter, say, 2.5 bar in the above calculator, we get:

Enter the pressure in bar (between 1 and 32) 2.5 bar m

Results:
Temperature : 85.9 K
Liquid Density : 764.01 kg/m?
Critical point Critical temperature - 126.19 K

Critical pressure : 33.96 bar
Critical density - 313.3 kg/m?

Triple point Triple point temperature - 63.14999 K
Triple point pressure - 0.1252 bar

Gaseous phase Gas density (1.013 bar at boiling point) - 4.6096 kg/m?

Gas density (1.013 bar and 15 °C (59 °F)) : 1.1848 kg/m?
Compressibility Factor (Z) (1.013 bar and 15 °C {59 °F)} :
0.99971

Specific gravity - 0.967

Specific volume (1.013 bar and 25 °C (77 °F)) - 0.8734 m3/kg
Heat capacity at constant pressure (Cp) (1.013 bar and 25 °C (77
°F)) - 0.0292 kdi(kg.K)

Heat capacity at constant volume (Cv) (1.013 bar and 25 °C (77
°F)) - 0.0208 kdi(kg.K)

Ratio of specific heats (Gamma:Cp/Cv) (1.013 bar and 25 °C {77
*F)) - 1.4013

Wiscosity (1.013 barand 0 °C (32 °F)} : 1.6629E-05 Pa.s
Thermal conductivity (1.013 bar and 0 °C (32 °F)) : 0.024001
Wim.K)

Miscellaneous Solubility in water (1.013 bar and 0 °C (32 °F}) - 0.02348 vol/fval
Concentration in air - 78.08 vol %

Vapor Pressure Graph

The vapor pressure curve may be obtained by clicking on the
image. On the graph, pressure is in bar or 0.1 MPa, temperature
in K or °C. The critical point is indicated by a black spot on the
liquid-vapor equilibrium curve.
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If we click on the graph, we get:
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We can get Liquid/gas conversion from the calculators given below:

Liquid Gas Conversion

Liquid to gas conversion

This module enables avolume (measured at 1 atmosphere and boiling point) or a mass of liquid gas to be
converted into avolume or a mass of gas measured at 1 atmosphere and 15 °C.

Data : liquid Phase
Input the volume {m?) or mass (ka)

Gas to liquid conversion m

This module enables avolume (measured at 1 atmosphere and 15 *C) ora mass of gas in gaseous phase
to be converted into @ mass or avolume of liquid (measured at 1 atmosphere and boiling point).

Data : Gas Phase
Input the volume {m?) or mass (ka)

Go back to choo=ing the unitz m
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Safety Data Sheets

Safety Data Sheets (S05) include information on product ingredients, physical and chemical
properties, potential effects on toxicology and ecology, identification of hazards, handling and
storage instructions, as well as personnel protection recommendations and information related to
transportation requirements, first-aid and emergency processes.

Major Hazards

Major hazard : High Pressure and Suffocation

Toxicity (Am. Conf. Of Gov. Ind. Hygienists ACGIH 2000 Edition) : Simple Asphyxiant
Flammability limits in air (STP conditions) : Mon-flammable

Odour : None

UM Mumber : UN1066 (gas); UN1377 (liquid refrigerated)

EINECS Mumber - 231-783-9

DOT Label (USA) : NFG

DOT Hazard class (USA) : Non flammable Gas

Material compatibility

Air Liquide has assembled data on the compatibility of gases with materials to assist you in evaluating
which products to use for a gas system. Although the information has been compiled from what Air
Liquide believes are reliable sources (International Standards: Compatibility of cylinder and valve
materials with gas content; Part 1: 1SO 11114-1 (Jul 1998), Part 2: 150 11114-2 (Mar 2001}}, it must be
used with extreme caution. Mo raw data such as this can cover all conditions of concentration,
temperature, humidity, impurities and aeration. It is therefore recommended that this table is used to
choose possible materials and then more extensive investigation and testing is carried out under the
specific conditions of use. The collected data mainly concern high pressure applications at ambiant
temperature and the safety aspect of material compatibity rather than the quality aspect.

Material Compatibility
Metals

Aluminium Satisfactory
Brass Satisfactory
Copper Satisfactory

Ferritic Steels (e.g. Carbon steels)  Satisfactory

Stainless Steel Satisfactory
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Plastics
Polytetrafluoroethylene (FTFE) Satisfactory

Polychlorotriflusroethylene (PCTFE) Satisfactory

Vinylidene polyfluoride (FVDF) Satisfactory

(KYNAR™)

Polyamide (PA) (NYLON™) Satisfactory

Polypropylene (PF) Satisfactony
Elastomers

Buthyl (isobutene - isoprene) rubber Satisfactory

(IR}
Mitrile rubber (NBR) Satisfactory
Chloroprene (CR) Satisfactory

Chloroflucrocarbons (FKM) (VITON ™) Satisfactory

Silicon (Q) Satisfactory
Ethylene - Propylene (EFDM) Satisfactory
Lubricants
Hydrocarbon based lubricant Satisfactory
Fluorocarbon based lubricant Satisfactory
27
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You can also select the Units desired:

Selection of the units

Introduction and Properties of Cryogenic fluids

You can choose the units in which the values are displayed. By default, Sl units are selected

Cuantity Units

Mass QkgDblg

Volume o md RO

Pressure ® bar ' psi ' kPa

Temperature "COTFT@KOR

Density ® kg/m® O b maldl O (Ib-mol )it
Enthalpy ® kdikg - Btu/lb ) klfmol - keal/kg ' kealfmal ' Btu/lb-mol
Heat Capacity kdf{mol K) - Btuflb "F) " klifkg K) - Btuf{lb-mol °F)

keal/{kg k)
cal/imal K} "' J{mol K}

Viscosity Poise " Ibiift.s) ' pPa.s ®* Pas
Thermal Conductivity mWW/(m_K) 0 Btu ft/(h ft2 °F) © cal.cmi(h.cmZ °C) ® Wi(m.K)

(cal.cm)i(s.cm? °C)

Concentration *'yol % "“vaol ppm
Solubility * yolfvol ' Ib/t?
Specific volume * mikg b

valfval
(Ib-mol)ft® 0 maldl © g/l
Ifmol ' ft2/b-mol

We can get similar data for other fluids, by selecting the desired fluid, as shown above.

Nitrogen, Oxygen, Argon, Neon, Krypton, and Xenon are extracted from Air by low temperature

distillation/adsorption.

Hydrogen is produced by commercial processes, for ex.

cryogenic purification of gases produced in oil refining.
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Main source of Helium is natural gas where He4 content may be from 0.2% to as high as 1 or 2%. Helium

is produced from natural gas in a sequence of purification steps.

Liquid Nitrogen (LN2): LN2 is a clear, colorless fluid. It is produced by distillation of liquid air, since
atmospheric air contains about 79% (by volume) of nitrogen. LN2 boils at 77.4 K at atmospheric pressure.
By varying the pressure over LN2, we can get temperatures from 62 K (at 128 mbar ) to 126 K (at 33 bar).
Density of LN2 is 800 g/litre at 77 K, slightly less than that of water. Latent heat of vaporization of LN2
is about 199 J/g, i.e. 1 Watt of heat input evaporates about 22.6 cm/3/h of LN2. Its thermal conductivity
is about 1.38 mW/cm.K, and its viscosity is about 1500 micropoises. One litre of LN2 produces about
700 litres of gas at NTP. Main applications are: in food freezing and preservation of blood, bull semen,
tissues etc. Also it is used as an inert atmosphere, in cooling applications for microelectronics, metallurgy,

vacuum technology etc.

Liquid Oxygen (LOX): LOX has a characteristic blue color. LOX boils at 90.2 K at atmospheric pressure
and freezes at 54.4 K (at 1.2 mbar). It is slightly magnetic while other cryogenic fluids are not. It is
produced commercially by distillation of liquid air. Its density at 90 K is 1140 g/litre slightly larger than
that of water. One Watt of heat input results in an evaporation of 15 cm/3/h of liquid. LOX reacts with

hydrocarbons, so contact with oil, grease etc should be avoided. One litre of LOX produces about 700

litres of gas at NTP. Oxygen is toxic in concentrations of 60% at atmospheric pressure.
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Application areas: steel mills, cutting, combustion furnaces, medical, space etc.

Liquid Argon: Obtained from liquid air by distillation, since is present in air at about 0.93% by volume.
Liquid argon boils at 87.3 K at atmospheric pressure. Temp interval between its boiling and melting
temperatures is only 3.44 K. By varying the pressure over liquid argon the range of temp obtainable
is: 83.8 K (at 690 mbar) to 150.9 K (at 50 bar). Density of liquid argon is 1400 g/litre at 87 K. Argon is
inert and non-toxic. Liquid argon is colorless and clear. Solid Argon sinks in liquid argon. One Watt of
heat input results in an evaporation of 16 cm”3/h of liquid. One litre of liquid produces about 784 litres

of gas at NTP. Main application is as an inert atmosphere in welding, micro-component industries etc.

Liquid Neon: It is also produced as a by-product in an air separation plant. It is a clear, colorless liquid
which boils at 27.1 K at atmospheric pressure and freezes at 24.6 K, 1 atm. Neon is about 10 times more
expensive than helium. Neon boils at a higher temp as compared to hydrogen, but it has the advantage
that it is inert and has a higher heat of vaporization per unit volume as compared to hydrogen, making
it an attractive refrigerant. By varying the pressure over liquid neon the range of temp obtainable is:
24.5 K (at 425 mbar) to 44.5 K (at 27.8 bar). Liquid density is 1210 g/litre at 27 K. One Watt of heat
input results in an evaporation of 35 cm”3/h of liquid. One litre of liquid produces about 1350 litres of

gas at NTP. Main application is in lighting, ex: advertisement signboards etc.

Liquid Fluorine: It is light yellow in color, possesses pungent odour, and has a normal boiling point
of 85.4 K. It freezes in to a yellow solid at 53.6 K, 1 atm, and on sub-cooling to 45.6 K, it transforms
in to a white solid. Liquid Fluorine is the densest of cryogenic liquids, its density at normal boiling
point being 1510 g/litre. Fluorine is highly reactive. It reacts with almost all inorganic substances; even
ceramic powders can burn in fluorine. If it comes in contact with hydrocarbons, it reacts hypergolically
with a high heat of reaction and the metal container may even be ignited. Stainless steel and Monel are
generally used in Fluorine systems. Fluorine is highly toxic. For an exposure time of 1 h, fluorine is fatal
in concentration of 200 ppm. Max. permissible concentration for human exposure is approximately 1

ppm-hr. One Watt of heat input results in an evaporation of 13.75 cm/3/h of liquid.

Main applications [11]: In Industry, Uranium hexafluoride (UF,) is produced by direct fluorination of
uranium oxide or UF, using fluorine. Sulfur hexafluoride (SF,) or sodium fluoride are produced from

fluorine. Also, as a rocket fuel, it has high specific impulse.

Liquid Hydrogen: Hydrogen is produced by many commercial processes. The most economical process
is the one that involves catalytic conversion of hydrocarbons (such as: methane, propane, butane and
others) present in natural gas or casing-head gases by water/steam. Tonnage production is from gases
produced in oil refining using cryogenic techniques. Small scale production of hydrogen may be done by
water electrolysis; however, this process is quite expensive production of 1 kg of hydrogen may require
up to 60 or 70 kWh.
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Hydrogen is the lightest of gases and is used in balloons! Under atm pressure, it boils at 20.2 K. By varying
the pressure over liquid hydrogen, the range of temp obtainable is: 13.8 K (at 70 mbar) to 33 K (at 12.7
bar). It is also the lightest liquid, with a density of 70 g/lit at 20 K, and is used in rockets as a fuel. Heat
of evaporation of LH2 is about 445 J/g, and 1 Watt of heat input evaporates about 115 cm”3 of liquid

per hour. One litre of liquid, on evaporation, produces about 780 litres of gas at NTP.

Main application of hydrogen is as a rocket fuel. Also, it is used in high energy physics, hydrogen bubble

chambers, nuclear applications, industry, chemistry etc.

Hydrogen exists in two molecular states: ortho and para. In ortho-hydrogen (o-H2), spin vectors are in
the same direction and in para-hydrogen (p-H2), the spin vectors are in parallel direction. Equilibrium

percentage of o_h2 and p-H2 varies with temp as follows:

T(K) 20.39 30 40 70 120 200 250 300

% p-H2 in equilib. hydrogen 99.8 97.02 88.73 55.88 32.96 25.97 25.26 25.07

Note that at room temp hydrogen is a mixture of 75% ortho and 25% parahydrogen. This is known as
normal-hydrogen. As temp comes down, % of parahydrogen increases. At equilibrium, liquid hydrogen
contains 99.8% parahydrogen and 0.2% orthohydrogen, and may be treated as parahydrogen for all

practical purposes.

Ortho-para conversion is an exothermic process. And, this conversion process is very slow in liquid
state and can occur in gaseous state only in the presence of a catalyst.In liquid staste, heat of conversion
is about 706 J/g, which is more than the heat of evaporation of LH2 (i.e. 447 ]/g). Therefore, if LH2 is
stored in a dewar without converting it from ortho to para during the liquefaction, there will be very
high evaporation losses! And, it is customary to adopt ortho-para conversion using a catalyst during the
liquefaction process itself. Solid catalysts used are: activated carbon, metal oxides, hydroxides of iron,

nickel, chromium or manganese.

Hydrogen burns in the presence of oxygen or air and the flame propagates at a very high speed of about
2.7 m/s. Further, hydrogen ignites in air at atmospheric pressure over a wide range of concentrations, i.e.
in the range 4% to 75% of hydrogen (by volume). Therefore, while handling hydrogen, attention should

be given to both the fire and explosion hazards.
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Main applications of hydrogen from Ref.[11]:

Industries Applications

Food and Beverage Pure hydrogen is used for the production of plastics, polyester
and nylon. Hz gas is also used in the hydrogenation of amines

and fatty acids (food oils).

Glass, Cement and Lime Hydrogen is an active gas used in combination with nitragen to
create a reductive atmosphere over the tin bath in the FLOAT
glass process.

Hydrogen is used for heat treatment (oxoy-hydrogen flame) of the
hollow glass and the optic fibers pre-forms.

Metals industry Reductive atmosphere for various processes of heat treatment.
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Laboratories & analysis Hydrogen is used as a carrier gas in gas chromatography and in
various analytical instrument applications, most commonly as a
fuel component of combustion gases for Flame lonization (FID)
and Flame Photometric (FPD) detectors. Spark discharge
analyzers, total hydrocarbons measurements use also hydrogen

mixtures.
Welding, Cutting & Coating Heat treatment of various metals
Qil and Gas Desulfurization of fuel-oil and gasoline
Electronics Hydrogen is used as carrier gas in semiconductor processes,

especially for silicon deposition or crystal growing and as a
scavenger gas in atmosphere soldering as well as for annealing
copper films. The use of forming gases (that is H diluted in

nitrogen) allows virtually a complete elimination of oxygen and its
inconveniences in medium to high temperature processes.

Space and Aeronautics Hydrogen is used in their liquid states as ergols for the
propulsion of the cryogenic stages of the Ariane rocket.

Automotive & transportation Hydrogen is a carban-free energy source used in the fuel cells.

Liquid Helium [1,7,10]: Helium is a very special fluid. It does not freeze under its own vapor pressure.
To freeze liquid helium, at absolute zero temp, we have to apply a pressure of about 2.5 MPa over the

liquid! See the phase diagram below:
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Helium has two stable isotopes: He4 and He3. He4 is more abundant and He3 is rare, and therefore
more expensive. He4 is generally separated from Natural gas where the concentration of He4 may be 0.1
to 0.5%. Helium is mainly obtained from Natural gas wells located in USA, Poland, Russia and Algeria.
World consumption of He4 is about 35 million m/3/year. Main applications are in: balloons, diving,

inert atmosphere, welding, leak detection, pressurization in rockets, nuclear engineering etc.

Liquid helium boils at 4.216 K at atmospheric pressure. By varying pressure over liquid helium
temperature range obtainable is: 0.1 K (at 0.1 mbar) to 5.2 K (at 2.26 bar). It is a very light liquid,
density being about 125 g/litre at 4.2 K, i.e. about one-eighth that of water. It has very low latent heat
of evaporation ( = 20.9 J/g). One Watt of heat input results in an evaporation of 1.4 lit/hour of liquid.
And, evaporation of 1 litre of liquid results in 750 litres of gas at NTP.

Helium-4 vapors are quite dense; vapor at 4.2 K weighs 17 g/litre. As a consequence, 100 litres of vapor

at 4.2 K is equivalent to 10 m”3 of gas at NTP.

Also, enthalpy of vapor is quite large: as an example, to cool 1 kg of copper from 300 K to 4.2 K, we
need 30 litres of helium without using the enthalpy of vapor, whereas if we use the vapor enthalpy also,

we will need only 0.4 litres of helium.

If we pre-cool the copper with liquid nitrogen to 77 K, then to cool 1 kg of copper from 77 K to 4.2 K
we will need about 0.5 litres of liquid helium without using the enthalpy of vapor, and 0.2 litres of liquid

helium using the vapor enthalpy.

Main applications of helium are [11]:

Industries Applications

Laboratories & analysis Helium is the most commonly gas used as carrier in gas
chromatography
Under liquid state, at -269 °C, helium is the cooling fluid for the
MR, MMR or EPR magnets

Space and Aeronautics The oxygen tank of new-generation Ariane 5 launch vehicle is
¥
pressurized by a liquid helium subsystem

Other industries - Balloon inflation
- leak detection
- because the boiling point of helium is close (-269 °C or 452 °F)
to the absolute zero (-273 "C) He is used for cooling of
superconducting magnets
- used in helium neon lasers, helium is a component of the
special mixtures used in COz lasers (§ LASAL™)
- blanket gas to exclude air from certain fabrication processes
- helium is used as a heat transfer material
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Helium, which is a rare gas, is the most difficult gas to liquefy. See from the phase diagram above that
there is no triple point for helium as for other fluids. Instead, there are two different liquid phases:
Helium-I (i.e. normal liquid) and Helium-II, i.e. the superfluid. The two liquid phases are separated by

the Lambda line, which occurs at ‘Lambda point’ temperature of 2.17 K and a pressure of 50 mbar.
Several properties undergo drastic changes at lambda point temp:
Specific heat: At 4.2 K the sp. heat value is about 4.18 J/g.K, and as the temp is decreased from 4.2 K,

the sp. heat goes on increasing up to the lambda point and reaches a value of about 8 J/g.K, and then

decreases, as shown below:
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Note that the sp. heat curve resembles the shape of greek letter lambda.

Thermal conductivity: LHe-I is like an insulator! Its thermal conductivity is about 0.27 mW/cm.K
whereas the thermal conductivity of LHe-II is very large, i.e. about 8000 W/cm.K at 1.9 K, i.e about
1000 times better than that of copper! As a result, there is no temperature stratification or presence of

bubbles in a superfluid helium bath.

Large thermal conductivity and specific heats of Helium-II find applications in cooling of

superconducting magnets.

Viscosity: Helium-II or superfluid helium behaves as if it has zero viscosity! Helium-I (i.e. above lambda
point temperature of 2.17 K) has a small viscosity of about 30 micropoises. Helium-II, i.e. below the
lambda point temperature, the viscosity of He-II depends on the method used for measurement of
viscosity: (a) by damping of disc oscillations in the liquid, the viscosity is above 5 micropoises, and (b)
by measurement of flow in narrow slits (10° Angstroms to 10 mm), the viscosity is lower than 0.001

micropoises. This is shown below:
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This behavior is explained by the two-fluid model of Tisza:

As per the two fluid model, the liquid He-II is imagined to be a mixture of two fluids: the normal fluid
and the superfluid; and, the superfluid possesses zero entropy and can move past other fluids and solid
boundaries with zero friction. With this model, liquid He-II has a composition of normal and superfluid
that varies with temperature, the liquid composition being 100% superfluid at absolute zero temp and

at the lambda point the liquid composition is 100% normal fluid.
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Two interesting phenomena observed with liquid He-II are:

a) Rollin film:
Here, levels of superfluids in two reservoirs, separated by a solid boundary, tend to equalize with the
superfluid creeping in a thin film (30 nm) along the solid boundary. This effect, known as ‘mechano-

caloric effect’ is shown below:

(a) beaker gets filed up (b) beaker gets emptied

beaker PESErYDIr

Displacement velocity may be 25 cm/s. The film flows from cold to hot places, and evaporates at the
lambda temp. Thus, the creeping film climbs along the neck of cryostats and along the pumping lines!

So, it is essential to have film-burners or diaphragms at temperatures less than 1 K.
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b) Fountain effect or thermo-mechanical effect:

As shown below, a U-tube is filled with a fine powder (alumina) and when heat is applied to the U-tube,
superfluid flows towards the hot point and the normal fluid is pushed out through the capillary in a

fountain. Height of the fountain may reach even one metre!

q\x‘\ Fauntzin

— capillary

T liguid He-

\

Helium -3 is generally produced in nuclear reactions and is therefore very expensive. Normal boiling

Helium-3 [1,7,10]:

point of He-3 is 3.2 K and density of liquid at the normal boiling point is 0.05895 g/cmA3. Heat of
vaporization at the normal boiling point is 8.49 J/g. Range of temp available by varying the pressure
over He-3 is 0.3 K at 0.001 mbar to 3.33 K at 1.16 bar.

One Watt of heat input evaporates about 3 litres/hour of liquid helium 3. And, one litre of liquid produces
about 460 litres of gas at NTP. Density of He-3 at 300 K is about 59 g/lit.

As in the case of liquid He-4, liquid He-3 remains in the liquid state under its own vapor pressure down
to absolute zero temp. He-3 must be compressed to 29.3 atm at 0.32 K (the min. point in the freezing

curve, see the fig. below) before it will solidify.

Phase diagram for Helium 3
—
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Some properties of He-3 are summarized below [6]:

Normal boiling point (K) 3.191
Critical constants

T. (K) 3.324

pe (MPa) 0.115

pe (kg/m®) 41.3
Density at 0 K (kg/m”) 82.3
Compressibility at 0 K (mm*/J) 361
Heat of vaporization at 0 K (J/mol) 20.56
Surface tension at 0 K (mJ/m?) 0.16
Velocity of sound at 0 K (m/s) 183
Thermal conductivity at 3.2 K (W/mK) 0.020
Viscosity at 3.2 K (uPas) 1.9
Magnetic moment (nuclear magnetons) 2.127
Vapor pressure at 1.7 K (kPa) 10.9
Specific heat at 1.0 K(J/mol - K) 4.222
Superfluid transition (mK) 2.6

An important application of He3 is to continuously produce a temp of a few milli-Kelvin in ‘dilution
refrigerators’ where a mixture of He4 and He3 is used. This topic will be discussed further in the chapter

on Cryogenic Refrigeration.

Other applications of He3 are in medical imaging and in neutron detectors.

39
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1.3 Data for Cryogenic Fluids — Saturation properties [9]:

1.3.1 Data for Nitrogen:

As you go to Ref.[9], i.e. http://webbook.nist.gov/chemistry/fluid/, you get:

Please follow the steps below to select the data required.

1. Please select the species of interest;
Mitragen w
2. Please choose the untts you wish to use:

| Quantity | Units

|Temperature @ Eelvin O Celsius O Fahrenheit O Ranlbine

|Pressure O MPa @ bar O atm O torr O psia

[Density O moll O molim3 O giml ® kgim3 O b-mole/d3 O lbmif3
|Energy O kTimel @ kIkg O kealimel © Btuflb-mole O kealls © Btufbm
|1i|.'FEll]l:it_V ® miz O ftfs O mph

|T|.-’isn:usit_‘,r | O yPa*: @ Pa*s O P O lbmft*s
® Mim O dynfem O it O Ibin

. +*
|Surf ace tension

*Surface tension values are only avalable along the saturation curve.

3. Choose the desired type of data:
O Isothermal properties & Saturation propetrties — temperature incretnents
O Isobaric properties O Saturation properties — pressure increments
O Isochoric properties
4. Please select the desired standard state convention:
Default for fluid b

5. | Pressto Continue

In the above, note that:

i. Under item 1, you can choose the desired species
ii. Under item 2, you select the Units in which you want the data

iii. Under item 3, choose the desired type of data

Now, observe that we have chosen Nitrogen for the fluid, and we have also chosen Units for various

quantities by selecting the appropriate radio buttons, and under item 3, note that we have chosen

‘Saturation properties — temp increments.
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There is a large selection of fluids possible under item 1, as shown below:

Dleaze follow the steps below to select the data required.

1. Please select the species of mterest:
W'ater b
2 wYater ~

Mitrogen
Hydrogen
Farahydrogen Fahrenheit O Rankine

Tnits

Deuterium
Chygen O torr O peia

Fluarine
O e e ml O kgfm3 O bemole®3 O b=

Coitondiogds, | alimol © Brufb-mole O keally © Biulbm
Dinitrogen monoxide
Deuterium cxide
hiethanol
Methane O Tom/ft*s
Ethians ft O Ibfin
Ethene
Fropane _
Fropene the saturation curve.
Fropyne

3. Cycloprapane

Butane . :
T EOUIETIIA PIOPETIES " Al ao T opetties — temperature incretnents

O Isobarc properties O Saturation properties — pressure increments

O Isochoric properties
4. Please select the desred standard state convention:
Diefault far fluid v

3. PreastDCDntinuel

Now, click on ‘Press to continue’ and we get:

Saturation Properties for Nitrogen — Temperature Increments

This option will supply data on the saturation curve over the specified temperature range. The range should not extend extend outside the minimum and maximum

values given. Calculations are limited to a maxium of 201 data points: increments resulting in a larger number of points will be adjusted upward to limit the number
of points computed.

1. Enter temperature range and increment in selected units:
Trow 65 (min vale: 63.151 K)
THien 125 (max vale: 126.192 K)
Tincrement |6

2. Check here if vou want to use the display applet (requires Java capable browser)
3. Number of digits to be displaved in tables (does not effect accuracy of computations): |5+

+. (Pross orData ]

In the above, we have chosen the low and high temp limits and the temp increment.
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Now, click ‘Press for Data’ We get:

Saturation Properties for Nitrogen — Temperature Increments

o Fhuid Data

o Auxiliary Data

® References

* Additional Information

o Important Information About This Data

* Notes

® Other Data Available:
o View data in HTML table.
© Download data as a tab-delimited text file.
o Main NIST Chemistrv WebBook page for this species.
o Recommended citation for data from this page.
o Fluid data for other species

SMS from your computer

...oync'd with your Android phone & number

Go to

— - y BrowserTexting.com
r:“"m‘h’mwm;;:-éwum:-s'ut Samu S

Andreas johesan

T Cooqmemtes 06, 3542 151737 Andrew MeDonald

Ullay N
Oh_coeliZ)

Anja Peterien

and start texting from
your computer!

(...) BrowserTexting
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View Table || Help |

Pressure (har
40.

30.

20.

/

10.

/

00 L g o e b by b e L

70. a0. a0. 100. 110. 120. 130.
Temperature (k)

\

=2}
=

¥ |Pressure:bar} |v| X |Temperature:l(} |v|

If we click on ‘View Data in HTML Table’, we get:

Vapor Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv ()/g*K)

65 0.17404 0.91308 1.0952 47.474 66.536 5.769 0.75174
71 0.44527 2.1647 0.46196 51.402 71.972 5.5751 0.75956
77 0.97152 4.4367 0.22539 54.989 76.887 5.4174 0.77052
83 1.878 8.168 0.12243 58.129 81.121 5.2853 0.78513
89 3.3055 13.888 0.072005 60.702 84.503 5.1706 0.80417
95 5.4052 22.272 0.0449 62.559 86.828 5.0672 0.82877
101 8.3358 34.264 0.029186 63.497 87.825 4.9698 0.86077
107 12.264 51.351 0.019474 63.196 87.079 4.8729 0.90257
113 17.371 76.307 0.013105 61.049 83.813 4.7692 0.96113
119 23.869 115.89 0.0086288 55.586 76.182 4.6439 1.0708
125 32.069 205.18 0.0048737 39.404 55.034 4.4263 1.4021
Cp (1/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
1.0633 163.2 3.8268 4.51E-06 0.0063374 vapor 65
1.0862 169.39 3.1922 4.95E-06 0.0068898 vapor 71
1.1214 174.55 2.7328 5.41E-06 0.0074688 vapor 77
1.1735 178.6 2.3884 5.88E-06 0.0081137 vapor 83
1.2497 181.43 2.1212 6.37E-06 0.0088772 vapor 89
1.3628 182.99 1.9057 6.91E-06 0.0098408 vapor 95
1.5379 183.18 1.7236 7.50E-06 0.011142 vapor 101
1.8304 181.93 1.56 8.18E-06 0.013035 vapor 107
2.4073 179.15 1.3996 9.04E-06 0.016066 vapor 113
4.0381 173.87 1.2045 1.03E-05 0.0219 vapor 119 l
23.743 160.26 0.8603 1.35E-05 0.04504 vapor 125
43
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Liquid Phase Data
Data on Saturation Curve
Temperature (K)

Introduction and Properties of Cryogenic fluids

Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (k)/kg Entropy (J/g*K) Cv (J/g*K)

65 0.17404 859.6 0.0011633 -147.05 -147.03 2.4834 1.1634
71 0.44527 834.21 0.0011987 -135 -134.95 2.6607 1.1231
77 0.97152 807.69 0.0012381 -122.87 -122.75 2.8248 1.0861
83 1.878 779.8 0.0012824 -110.59 -110.35 2.9784 1.053
89 3.3055 750.16 0.001333 -98.107 -97.667 3.1237 1.024
95 5.4052 718.26 0.0013922 -85.324 -84.571 3.263 0.99956
101 8.3358 683.25 0.0014636 -72.094 -70.874 3.3985 0.98039
107 12.264 643.7 0.0015535 -58.181 -56.276 3.5332 0.96856
113 17.371 596.85 0.0016755 -43.143 -40.232 3.6715 0.96914
119 23.869 536.02 0.0018656 -25.929 -21.476 3.8232 0.99885
125 32.069 426.08 0.002347 -1.1236 6.4029 4.0373 1.238
Cp ()/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m) Phase Temperature (K)
2.0034 976.36 -0.039833 0.00028011 0.17315 0.011789 liquid 65
2.0173 915.66 -0.037508 0.00021011 0.15962 0.010353 liquid 71
2.0398 855 -0.034334 0.00016294 0.14657 0.0089561 liquid 77
2.0751 793.36 -0.029951 0.00012993 0.13402 0.0076032 liquid 83
2.1292 729.84 -0.023813 0.0001059 0.12188 0.0062983 liquid 89
2.2126 663.5 -0.015025 8.77E-05 0.11009 0.0050469 liquid 95
2.3447 593.17 -0.00201 7.32E-05 0.098609 0.0038567 liquid 101
2.5679 517.24 0.018288 6.10E-05 0.087361 0.0027383 liquid 107
2.9973 433.19 0.052741 5.03E-05 0.076225 0.001708 liquid 113
4.1164 335.85 0.12154 4.00E-05 0.065124 0.00079579 liquid 119
16.717 195.48 0.35308 2.73E-05 0.059228 8.28E-05 liquid 125
Also, in the above plot, if we click on ‘View Table, we get:
View Table:
Temperature (K} |v Pressure {bar) w | Density (kg/m3) » [Volume (m3/kg) * |Phase ‘V|
E5.000 017404 undefined undefined liguid and vapor |~
65.000 017404 849.60 0.0011633 liguid
65.000 017404 0.91308 1.0952 wapor |
7A.000 0.76043 undefined undefined liquid and vapar |~
74.000 0.76043 816.67 0.0012245 liguid
T5.000 0.76043 3.5404 0.28245 wapor
84.000 22886 undefined undefined liquid and vapor
84.000 22886 7703 0.0012985 liguid
85.000 22886 9.8241 01omre wvapor
95,000 540452 undefined undefined ligquid and vapor
95.000 5.4052 718.26 0.0013922 liguid
95.000 5.4052 22272 0.044800 vapor
105.00 10,833 undefined undefined ligquid and vapor
105.00 10.833 B57.52 0.0015209 liguid
105.00 10,833 44959 0022243 vapar
115.00 19.370 undefined undefined ligquid and vapor
115.00 19.370 578.70 0.0017280 liguid
115.00 19.370 87.294 0.011456 wapor
125.00 32.069 undefined undefined ligquid and vapor
125.00 32.069 426.08 0.0023470 liguid |_|
12500 22 0RG 20518 OO048737F yapor | ¥
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Other parameters can be obtained from the pull down menu as shown below:

View XY Plot

Temperature (K} | w | Pressure (bar) w | Densit

B5.000 |internal Energy (kJikg) |~
B63.000 |Enthalpy (kJikg)
53.000 |entrapy (Jig*K)
72000 o gk
75.000

75.000 [P WIG°K)
g5.000 |Sound Spd. (mis) ]
a5 000 [Jowle-Thomson (K/bar)

85.000 |Viscosity (Pa*s) |

The Wake

the only emission we want to leave behind

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
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View XY Plot
Temperature (K) w |Internal Energy (kJ/kg) w |Enthalpy (kJ/kg) w |Entropy (Jig*K) w |Phase -
B5.000 undefined undefined undefined liquid and vapor
E5.000 -147.05 -147.03 24834 liquid
65.000 47.474 66536 5.7640 vapar
75.000 undefined undefined undefined liquid and vapor
75.000 -126.92 -126.83 27714 liguid
75.000 53.838 75316 54667 vapar
85.000 undefined undefined undefined liquid and vapar
a5.000 -106.46 -106.16 30277 liquid
85.000 59.056 823582 52454 vapor
95.000 undefined undefined undefined liquid and vapor
95.000 -85.324 -84.571 32630 liquid
95.000 f2.559 86.828 50672 wapor
105.00 undefined undefined undefined liquid and vapor
105.00 -62.915 -61.268 3.4882 ligquid
105.00 E3.462 87.857 49055 wapar
114.00 undefined undefined undefined liquid and vapor
115.00 -37.736 -34.389 37188 liquid
115.00 59.721 81.911 47311 vapor
125.00 undefined undefined undefined liquid and vapor
125.00 -1.1236 6.4029 4.0373 liquid
12500 39,404 25034 44263 yapor |7
View XY Plot
Temperature (K) w |Cv (Jig*K) w |Cp (Jig*K) w | Sound Spd. (mis) * |Phase hd
65.000 undefined undefined undefined liguid and wapor | *
65.000 1.1634 20034 976,36 liguid
£5.000 075174 1.0633 163.20 wapor
T5.000 undefined undefined undefined liguid and wapor
7a.000 1.0881 20311 ar5.28 liguid
75.000 0.76649 1.1080 172.95 wapor
a85.000 undefined undefined undefined ligquid and wapor
85.000 1.0429 2.0906 FT2.44 liguid
85.000 0.79094 1.1957 179.68 wapor
95.000 undefined undefined undefined liquid and wapor
95.000 0.99956 22126 BE3.50 liguid
95.000 0.82877 1.3628 182.99 wapor
105.00 undefined undefined undefined ligquid and wapor
105.00 097148 247849 543.30 liguid
105.00 088744 1.71349 182.51 wapar
115.00 undefined undefined undefined liguid and wapor
115.00 097416 3.2403 402,67 liguid
115.00 0.989a7 2.74490 177.74 wapor
125.00 undefined undefined undefined liquid and wapar
125.00 1.2380 16717 195.48 liguid
125,00 14021 23743 16026 wapor | ¥
View XY Plot
Temperature (K) w |Joule-Thomson (Kibar) | |Viscosity (Pa®s) ¥ | Therm. Cond. (W/m*K) * |Phase hd
65.000 undefined undefined undefined liguid and vapor |*
£5.000 -0.039833 0.00028011 017315 liquid
65.000 38268 4.5084e-06 0.0063374 vapar
T45.000 undefined undefined undefined liquid and wapor
75.000 -0.035506 0.00017675 0.15087 liquid
75.000 28707 5.2857e-06 0.0072706 wapar
85.000 undefined undefined undefined liquid and wapor
85.000 -0.028135 0.00012111 012893 liquid
85.000 22023 6.0405e-06 0.0083518 wapor
95.000 undefined undefined undefined liquid and vapor
95.000 -0.015025 8.7656e-05 0.11009 licquid
95.000 1.9057 B.9056e-06 0.0098408 wapor
105.00 undefined undefined undefined liquid and vapor
105.00 0010414 6.4882e-05 0.081081 licquid
105.00 1.6132 7.9386e-06 0012314 vapor
115.00 undefined undefined undefined liquid and vapor
115.00 0.069974 4 6895e-05 00725145 licquid
115.00 1.3409 9.4010e-06 0.017541 vapor
125.00 undefined undefined undefined liquid and vapor
125.00 0.35308 2.7250e-05 00589228 licquid
125,00 086030 1.3460e-05 0045040 yapor | ¥
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View XY Plot
Temperature (K) w | Joule-Thomson (Kibar) w |Viscosity (Pa*s) w | Surf. Tension (N/m}) w |Phase hd
65.000 undefined undefined undefined liquid and wapor | =
65.000 -0.039833 0.00028011 0.0117849 lijuidd
B5.000 3.8268 4 68084e-06 undefined wapor
Ta.000 undefined undefined undefined ligquid and wapor
75.000 -0.035506 0.00017675 0.0094170 licjuid
Ta.000 2.8707 5.2857e-06 undefined vapor
a5.000 undefined undefined undefined ligquid and vapor
85.000 -0.028135 0.00012111 0.0071627 ligguid
85.000 22923 6.0405e-06 undefined wapor
95.000 undefined undefined undefined liquid and wapor
95.000 -0.015025 8.7656e-05 0.00504649 licjuid
95.000 1.9047 6.9056e-06 undefined wapor
105.00 undefined undefined undefined ligquid and vapor
105.00 0.010414 6.4882e-05 0.0031022 ligguid
105.00 1.6132 7.9386e-06 undefined vapar
115.00 undefined undefined undefined liquid and wapor
1156.00 0.069574 4 6895e-05 0.0013887 licjuid
115.00 1.3404 9.4010e-06 undefined wapor
125.00 undefined undefined undefined ligquid and wapor
125.00 0.35308 2.7250e-05 8.2805e-05 ligjuid
12500 0e6020 13460205 undefined yapor |~
Similarly other plots are possible by selecting different X-axis and Y-axis parameters:
View Table Help
FPressure (har)
400 [
. iE
2 F
10
D D : 1 1 1 | I - i1 { ! I 1 1 1 1 1 1 1 1 1 I 1 1
B0 0. 80 90 100, 110
Temperature (k)
Y: |Pressure (bar) - X |Temperature (K) -
Temperature (K) -~
Pressure (bar)
iliary Data Density (kg/m3) _
Volume (m3/kag)
Internal Energy (kJikg) —
:nce States .g” al
Enthalpy (kJikag)
Entropy {J/Ig*K)
1al energy (U =0 at 273.16 K for saturated liquid. Cv (Jig*K) -
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For example, if we select Temp for X-axis and Enthalpy for Y-axis, we get:

| View Table || Help |
Enthalpy {kJika)
100.
[ L ] - L ]
—=— vapor
0. [ —— liguid H
0.0
-a0.
.
-100.
.
C .
450 cavvw s b by v v b b v b s b
60, To. a0 an. 100, 110, 120 1300
Temperature (K)
Y. |Enthal|:|y[k.lrkg} |V| x |Temperature {K) |V|

Proceeding along the lines described above, we get data/plots for other cryogenic fluids from this versatile
NIST Chemistry website:
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Managing Director Morten Suhr Hansen at mha@subscrybe.dk
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48 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/Subscrybe

Cryogenic Engineering:
Software Solutions: Part-I Introduction and Properties of Cryogenic fluids

1.3.2 Data for Oxygen:

Liquid Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv (J/g*K)

55 0.0017857 1303.5 0.00076719 -192.55 -192.55 2.1117 1.1766
64 0.018781 1264.2 0.00079102 -177.49 -177.49 2.3652 1.0529
73 0.10543 1223.2 0.00081756 -162.39 -162.38 2.586 1.0016
82 0.39226 1181 0.00084676 -147.28 -147.24 2.7812 0.96123
91 1.1022 1137.1 0.00087941 -132.08 -131.98 2.9571 0.92586
100 2.54 1090.9 0.00091668 -116.68 -116.45 3.1184 0.89489
109 5.0687 1041.3 0.00096038 -100.94 -100.46 3.2693 0.86841
118 9.0859 986.81 0.0010134 -84.669 -83.749 3.413 0.84699
127 15.014 925.25 0.0010808 -67.567 -65.944 3.5533 0.8322
136 23.303 852.02 0.0011737 -49.082 -46.347 3.6952 0.82802
145 34.477 755.13 0.0013243 -27.785 -23.219 3.8498 0.84969
154 49.307 547.04 0.001828 6.549 15.562 4.093 1.1293
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m) Phase Temperature (K)
1.6716 1126.9 -0.037886 0.00087313 0.20006 0.022501 liquid 55
1.6767 1108 -0.03644 0.00052457 0.18875 0.02003 liquid 64
1.6784 1043.2 -0.035277 0.000348%4 0.17628 0.017615 liquid 73
1.6836 971.26 -0.033614 0.00025106 0.16346 0.015259 liquid 82
1.7016 897.64 -0.030942 0.00019146 0.15043 0.01297 liquid 91
1.7375 822.19 -0.026804 0.00015243 0.13731 0.010753 liquid 100
1.7981 743.73 -0.020516 0.00012524 0.12399 0.0086185 liquid 109
1.8972 660.76 -0.010823 0.00010516 0.11045 0.0065785 liquid 118
2.0679 571.27 0.004867 8.93E-05 0.096719 0.0046507 liquid 127
2.4071 472.01 0.032862 7.57E-05 0.082988 0.0028633 liquid 136
3.3684 355.2 0.093865 6.21E-05 0.07018 0.0012695 liquid 145
37.253 178.08 0.36839 4.04E-05 0.066785 4.06E-05 liquid 154
Vapor Phase Data

Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy ()/g*K) Cv (J/g*K)

55 0.0017857 0.012499 80.009 35.397 49.685 6.5159 0.66556
64 0.018781 0.11313 8.8392 41.167 57.768 6.0411 0.69455
73 0.10543 0.55924 1.7882 46.867 65.721 5.7106 0.70528
82 0.39226 1.8709 0.5345 52.376 73.342 5.4713 0.69069
91 1.1022 4.8258 0.20722 57.437 80.276 5.2896 0.67463
100 2.54 10.425 0.095925 61.79 86.155 5.1445 0.67518
109 5.0687 19.919 0.050203 65.208 90.654 5.0226 0.69549
118 9.0859 34.978 0.028589 67.444 93.421 4.9145 0.73166
127 15.014 58.145 0.017198 68.117 93.938 4.8122 0.78071
136 23.303 94.137 0.010623 66.477 91.232 4.7068 0.8457
145 34.477 154.91 0.0064553 60.574 82.83 4.5812 0.94615
154 49.307 326.8 0.0030599 36.694 51.781 4.3282 1.2597
Cp ()/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
0.92809 141.11 48.026 4.07E-06 0.0047713 vapor 55
0.96333 151.54 17.684 4.80E-06 0.005672 vapor 64
0.97982 161.25 6.3548 5.54E-06 0.0065787 vapor 73
0.97196 170.29 3.1877 6.30E-06 0.0075007 vapor 82
0.97181 178.09 2.3091 7.09E-06 0.0084577 vapor 91
1.0064 184.06 1.9753 7.94E-06 0.0094862 vapor 100
1.0889 187.86 1.7484 8.89E-06 0.010653 vapor 109
1.2329 189.38 1.5467 9.98E-06 0.012078 vapor 118
1.4784 188.57 1.3637 1.13E-05 0.013991 vapor 127
1.9617 185.23 1.1931 1.30E-05 0.016876 vapor 136
3.3693 178.78 1.0071 1.57E-05 0.02219 vapor 145
51.062 161.95 0.64644 2.42E-05 0.0508 vapor 154
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1.3.3 Data for Helium-4:

Liquid Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv (J/g*K)

2.2 0.051477 146.18 0.0068406 -7.3943 -7.3591 -2.1124 5.7617
24 0.081428 145.46 0.0068746 -6.5402 -6.4843 -1.7392 3.0918
2.6 0.12127 144.38 0.0069261 -5.9946 -5.9106 -1.5202 2.2136
2.8 0.1727 143 0.0069931 -5.5229 -5.4022 -1.345 2.0173
3 0.2373 141.35 0.0070749 -5.0365 -4.8686 -1.1767 2.0609
3.2 0.31661 139.43 0.007172 -4.5041 -4.277 -1.0041 2.1706
3.4 0.41209 137.25 0.0072858 -3.9161 -3.6159 -0.82472 2.2822
3.6 0.52519 134.8 0.0074186 -3.2701 -2.8804 -0.63839 2.3758
3.8 0.65733 132.03 0.0075742 -2.5638 -2.0659 -0.44504 2.4488
4 0.80998 128.9 0.0077582 -1.7927 -1.1643 -0.24391 2.5045
4.2 0.9847 125.32 0.0079794 -0.94792 -0.1622 -0.033061 2.547%
4.4 1.1832 121.17 0.0082527 -0.012504 0.96394 0.19132 2.5843
4.6 1.4075 116.2 0.0086057 1.0454 2.2566 0.43649 2.6185
4.8 1.6602 109.9 0.009099 2.2934 3.804 0.71802 2.6565
5 1.9453 100.83 0.0099181 3.9251 5.8545 1.0809 2.7093
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m) Phase Temperature (K)
5.8003 216.59 -0.1129 3.62E-06 0.013631 0.00028652 liquid 2.2
3.2166 215.68 -0.19623 3.72E-06 0.0145 0.00026997 liquid 24
2.4528 216.56 -0.24815 3.75E-06 0.015265 0.0002522 liquid 2.6
2.3935 216.57 -0.24447 3.74E-06 0.015946 0.00023339 liquid 2.8
2.5978 214.33 -0.21509 3.69E-06 0.016553 0.00021376 liquid 3
2.8966 210.33 -0.18205 3.63E-06 0.017087 0.00019349 liquid 3.2
3.234 205.24 -0.15095 3.55E-06 0.017548 0.00017278 liquid 3.4
3.6026 199.38 -0.12141 3.47E-06 0.017934 0.00015184 liquid 3.6
4.0198 192.87 -0.09171 3.38E-06 0.018243 0.00013087 liquid 3.8
4.523 185.7 -0.059987 3.28E-06 0.018476 0.00011005 liquid 4
5.1788 177.75 -0.024173 3.18E-06 0.018637 8.96E-05 liquid 4.2
6.1181 168.87 0.018366 3.07e-06 0.018743 6.97E-05 liquid 4.4
7.646 158.8 0.071637 2.95E-06 0.018828 5.06E-05 liquid 4.6
10.7 147.11 0.14292 2.81E-06 0.018956 3.24E-05 liquid 4.8
20.24 132.96 0.24923 2.63E-06 0.019301 1.53E-05 liquid 5
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Vapor Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (k)/kg) Enthalpy (k)/kg Entropy (J/g*K) Cv (J/g*K)

2.2 0.051477 1.2038 0.83068 11.543 15.819 8.4229 3.4728
24 0.081428 1.7776 0.56257 12.016 16.597 7.878 3.4856
2.6 0.12127 2.493 0.40113 12.471 17.335 7.4205 3.4841
2.8 0.1727 3.3699 0.29675 12.9 18.025 7.0219 3.4721
3 0.2373 4.4284 0.22582 13.3 18.659 6.6658 3.452
3.2 0.31661 5.6903 0.17574 13.665 19.229 6.3416 3.4258
34 0.41209 7.1811 0.13925 13.989 19.728 6.0411 3.3948
3.6 0.52519 8.933 0.11194 14.265 20.145 5.7575 3.3602
3.8 0.65733 10.988 0.091006 14.485 20.467 5.4848 3.323
4 0.80998 13.406 0.074592 14.637 20.679 5.2169 3.2839
4.2 0.9847 16.275 0.061444 14.704 20.755 4.9472 3.2432
4.4 1.1832 19.734 0.050673 14.662 20.657 4.667 3.2011
4.6 1.4075 24.034 0.041607 14.465 20.321 4.3635 3.1572
4.8 1.6602 29.696 0.033674 14.024 19.614 4.0118 3.1097
5 1.9453 38.213 0.026169 13.093 18.183 3.5467 3.0526
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
6.0759 83.564 2.7045 5.45E-07 0.0040381 vapor 2.2
6.1988 86.335 2.2367 6.07E-07 0.0045326 vapor 24
6.3183 88.833 1.913 6.69E-07 0.0049927 vapor 2.6
6.4459 91.063 1.6819 7.32E-07 0.0054423 vapor 2.8
6.5921 93.038 1.5127 7.96E-07 0.0058927 vapor 3
6.7682 94.77 1.3862 8.62E-07 0.00635 vapor 3.2
6.9887 96.271 1.2902 9.29E-07 0.006818 vapor 3.4
7.2737 97.549 1.2162 1.00E-06 0.0073054 vapor 3.6
7.6537 98.614 1.1584 1.07E-06 0.0078134 vapor 3.8
8.1786 99.469 1.1127 1.15E-06 0.0083555 vapor 4
8.9377 100.12 1.0753 1.23E-06 0.0089516 vapor 4.2
10.11 100.58 1.0428 1.32E-06 0.0096385 vapor 44
12.117 100.88 1.0104 1.42E-06 0.010487 vapor 4.6
16.244 101.11 0.96925 1.54E-06 0.011648 vapor 4.8
29.094 101.63 0.89603 1.69E-06 0.013587 vapor 5
View Table | | Help |
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134 Data for Hydrogen:

Liquid Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv (J/g*K)

14 0.075414 76.971 0.012992 -53.717 -53.619 -3.0506 5.1623
17 0.31759 74.347 0.01345 -31.158 -30.731 -1.5935 5.4191
20 0.90717 71.267 0.014032 -4.939 -3.6661 -0.17424 5.6367
23 2.0438 67.594 0.014794 25.701 28.724 1.2556 5.8274
26 3.9399 63.081 0.015853 62.099 68.345 2.753 6.0154
29 6.8205 57.121 0.017507 107.26 119.2 4.4252 6.2414
32 10.957 47.086 0.021238 173.46 196.73 6.6981 6.8108
Cp ()/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m) Phase Temperature (K)
7.031 1268.3 -0.15728 2.55E-05 0.076669 0.0029925 liquid 14
8.1366 1203.3 -0.12913 1.80€-05 0.094986 0.0024958 liquid 17
9.5694 1129.1 -0.099177 1.37€-05 0.10329 0.0020051 liquid 20
11.489 1037.5 -0.065873 1.09e-05 0.10533 0.0015216 liquid 23
14.486 923.09 -0.023094 8.81E-06 0.10306 0.0010475 liquid 26
20.807 774.75 0.044733 7.07E-06 0.096891 0.00058656 liquid 29
57.285 552.87 0.21008 5.25E-06 0.084264 0.00014503 liquid 32
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Vapor Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (k)/kg Entropy (J/g*K) Cv (J)/g*K)

14 0.075414 0.13273 7.5343 343.39 400.21 29.366 6.2447
17 0.31759 0.47357 2.1116 358.97 426.03 25.275 6.3425
20 0.90717 1.2059 0.82926 3714 446.63 22.341 6.4341
23 2.0438 2.5335 0.39472 379.2 459.87 20.001 6.5925
26 3.9399 4.7675 0.20975 380.44 463.08 17.935 6.8618
29 6.8205 8.5604 0.11682 371.24 450.91 15.864 7.292
32 10.957 16.496 0.060621 335.87 402.29 13.122 8.0823
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
10.569 307.56 2.9101 6.67E-07 0.010426 vapor 14
11.047 333.81 2.2575 8.74E-07 0.01367 vapor 17
11.891 354.3 1.8665 1.06E-06 0.016692 vapor 20
13.471 368.87 1.5864 1.25E-06 0.02013 vapor 23
16.603 377.32 1.3577 1.46E-06 0.024369 vapor 26
24.444 379.64 1.1476 1.73E-06 0.030269 vapor 29
74.634 375.77 0.87733 2.27E-06 0.041855 vapor 32
View Table | | Help |
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1.3.5 Data for Neon:

Liquid Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv ()/g*K)

25 0.5092 1243.9 0.0008039 -4.0487 -4.0077 -0.15241 0.91376
26 0.71611 1226.1 0.0008156 -2.1306 -2.0721 -0.077133 0.90158
27 0.98173 1208.8 0.00082728 -0.27762 -0.1964 -0.0071635 0.89232
28 1.3159 1191.2 0.00083949 1.5837 1.6942 0.060576 0.88225
29 1.7287 1173 0.00085252 3.4853 3.6327 0.12737 0.87163
30 2.2307 1154 0.00086658 5.4406 5.6339 0.19374 0.86084
31 2.8324 1134 0.00088182 7.4533 7.7031 0.25986 0.85019
32 3.5446 1113.1 0.00089838 9.5232 9.8416 0.32574 0.84007
33 4.3782 1091.2 0.0009164 11.649 12.05 0.39136 0.83096
34 5.3443 1068.3 0.00093607 13.83 14.33 0.45675 0.82332
35 6.4543 1044.2 0.00095764 16.069 16.687 0.52201 0.81757
36 7.7202 1018.9 0.00098146 18.372 19.129 0.58737 0.81402
37 9.1543 992.03 0.001008 20.751 21.674 0.65317 0.81295
38 10.77 963.27 0.0010381 23.226 24.344 0.71997 0.81461
39 12.581 932 0.001073 25.828 27.178 0.78861 0.81945
40 14.603 897.21 0.0011146 28.608 30.236 0.86041 0.82833
41 16.855 857.03 0.0011668 31.656 33.623 0.93768 0.84313
42 19.355 807.59 0.0012382 35.155 37.552 1.0251 0.86831
43 22.121 739.37 0.0013525 39.548 42.54 1.134 0.91534
a4 25.168 632.15 0.0015819 45.791 49.772 1.29 1.0016
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m) Phase Temperature (K)
2.0029 652.08 -0.025101 0.00014536 0.16829 0.00547 liquid 25
1.8756 617.51 -0.027322 0.00013015 0.16188 0.005009 liquid 26
1.8603 596 -0.027053 0.00011733 0.15565 0.004567 liquid 27
1.8931 579.65 -0.025492 0.00010636 0.14953 0.0041439 liquid 28
1.9477 564.56 -0.023297 9.69E-05 0.14347 0.0037399 liquid 29
2.0117 548.99 -0.020788 8.86E-05 0.13745 0.0033549 liquid 30
2.0792 532.26 -0.01809 8.13E-05 0.13148 0.0029892 liquid 31
2.1481 514.19 -0.015212 7.47E-05 0.12554 0.0026426 liquid 32
2.2196 494.83 -0.012096 6.89E-05 0.11965 0.0023152 liquid 33
2.2966 474.28 -0.0086349 6.36E-05 0.11381 0.0020072 liquid 34
2.3844 452.65 -0.0046782 5.88E-05 0.10802 0.0017185 liquid 35
2.4903 429.96 -2.74E-05 5.43E-05 0.10227 0.0014492 liquid 36
2.6249 406.17 0.0055871 5.01E-05 0.096555 0.0011995 liquid 37
2.8047 381.08 0.012549 4.62E-05 0.090861 0.00096946 liquid 38
3.0586 354.35 0.021441 4.24E-05 0.085162 0.00075925 liquid 39
3.4429 325.39 0.033222 3.87€-05 0.079415 0.00056919 liquid 40
4.0889 293.27 0.049632 3.50E-05 0.073552 0.00039975 liquid 41
5.3776 256.54 0.07418 3.11E-05 0.067487 0.00025181 liquid 42
8.7614 213.78 0.11433 2.67E-05 0.061291 0.0001271 liquid 43
22.206 170.57 0.18283 2.10E-05 0.0567 3.04E-05 liquid 44
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Vapor Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv (J/g*K)

25 0.5092 5.1267 0.19506 73.828 83.76 3.3583 1.4777
26 0.71611 6.9815 0.14323 74.563 84.82 3.2649 1.0924
27 0.98173 9.3048 0.10747 75.121 85.672 3.1732 0.89354
28 1.3158 12.168 0.082184 75.56 86.375 3.0849 0.79294
29 1.7287 15.647 0.063908 75.908 86.956 3.0006 0.74439
30 2.2307 19.828 0.050434 76.178 87.428 2.9202 0.72373
31 2.8324 24.803 0.040317 76.373 87.792 2.8434 0.7184
32 3.5446 30.68 0.032594 76.492 88.045 2.7696 0.72184
33 4.3782 37.584 0.026607 76.529 88.178 2.6983 0.73072
34 5.3443 45.664 0.021899 76.477 88.18 2.6288 0.74336
35 6.4543 55.106 0.018147 76.324 88.037 2.5606 0.759
36 7.7202 66.143 0.015119 76.055 87.726 2.4928 0.77743
37 9.1543 79.087 0.012644 75.649 87.224 2.4248 0.79875
38 10.77 94.361 0.010598 75.078 86.492 2.3554 0.82334
39 12.581 112.58 0.0088829 74.303 85.479 2.2835 0.85184
40 14.603 134.66 0.007426 73.263 84.107 2.2072 0.88522
41 16.855 162.17 0.0061666 71.857 82.251 2.1237 0.92493
42 19.355 197.94 0.0050521 69.91 79.688 2.0283 0.973
43 22,121 248.26 0.004028 67.048 75.958 1.9112 1.0319
44 25.168 333.79 0.0029959 62.126 69.666 1.7421 1.1005
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
2.071 115.48 2.3404 4.14E-06 0.0060862 vapor 25
1.6402 121.12 1.8114 4.32E-06 0.0063535 vapor 26
1.4292 126.17 1.5446 4.51E-06 0.0066394 vapor 27
1.3352 130.23 1.4023 4.70E-06 0.0069474 vapor 28
1.3057 133.28 1.311 4.90E-06 0.0072816 vapor 29
1.3141 135.55 1.2393 5.10E-06 0.0076474 vapor 30
1.3471 137.25 1.1758 5.31E-06 0.0080515 vapor 31
1.399 138.54 1.1166 5.53E-06 0.0085022 vapor 32
1.4685 139.52 1.0606 5.75E-06 0.0090106 vapor 33
1.557 140.26 1.0073 5.99E-06 0.0095905 vapor 34
1.6685 140.78 0.95602 6.24E-06 0.01026 vapor 35
1.8104 141.11 0.90641 6.48E-06 0.011057 vapor 36
1.9943 141.24 0.8578 6.76E-06 0.011594 vapor 37
2.2403 141.18 0.80944 7.06E-06 0.013022 vapor 38
2.5837 140.93 0.76033 7.41E-06 0.014368 vapor 39
3.0926 140.49 0.70917 7.80E-06 0.016087 vapor 40
3.9164 139.83 0.65404 8.28E-06 0.01838 vapor 41
5.4496 138.95 0.59193 8.90E-06 0.021663 vapor 42
9.1322 137.87 0.5176 9.80E-06 0.026952 vapor 43
27.296 136.83 0.41789 1.15E-05 0.038728 vapor a4
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1.3.6 Data for Fluorine:

Liquid Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (k)/kg Entropy ()/g*K) Cv (J/g*K)

54 0.0028119 1703.3 0.0005871 -46.018 -46.018 -0.6716 0.94762
63 0.030036 1646.6 0.0006073 -32.833 -32.832 -0.44579 0.8873
72 0.16849 1589.4 0.00062917 -19.528 -19.517 -0.24839 0.85633
81 0.62208 1529.7 0.00065372 -6.13 -6.0893 -0.07305 0.83248
90 1.7296 1466.3 0.00068198 7.4521 7.57 0.085963 0.80622
99 3.9396 1398 0.00071533 21.334 21.616 0.23304 0.78002
108 7.7664 1323 0.00075585 35.651 36.238 0.37165 0.75639
117 13.761 1238.6 0.00080737 50.625 51.736 0.50525 0.73746
126 22.519 1138.3 0.00087854 66.725 68.703 0.63881 0.72835
135 34.739 1003.7 0.00099628 85.263 88.724 0.78335 0.75037
144 51.458 699.44 0.00142597 115.82 123.17 1.0152 1.0263
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m) Phase Temperature (K)
1.4965 1041.2 -0.03108 undefined undefined 0.022671 liquid 54
1.4734 1032.6 -0.031333 undefined undefined 0.019865 liquid 63
1.483 952.55 -0.029975 undefined undefined 0.017139 liquid 72
1.4989 861.47 -0.027831 undefined undefined 0.0145 liquid 81
1.5295 779.02 -0.024474 undefined undefined 0.011957 liquid 90
1.5786 700.92 -0.019456 undefined undefined 0.0095208 liquid 99
1.6557 621.85 -0.011801 undefined undefined 0.007208 liquid 108
1.7889 537.04 0.00077695 undefined undefined 0.0050404 liquid 117
2.0653 440.49 0.024205 undefined undefined 0.0030528 liquid 126
2.8936 321.84 0.078572 undefined undefined 0.0013109 liquid 135
46.003 152.29 0.34462 undefined undefined 2.56E-05 liquid 144
Vapor Phase Data

Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv ()/g*K)

54 0.0028119 0.023807 42.005 140.85 152.66 3.0077 0.54746
63 0.030036 0.21846 4.5774 145.7 159.45 2.6063 0.54898
72 0.16849 1.08 0.92597 150.37 165.97 2.3278 0.55368
81 0.62208 3.599 0.27786 154.65 171.94 2.1248 0.56356
90 1.7296 9.2442 0.10818 158.38 177.09 1.9696 0.57934
99 3.9396 19.903 0.050244 161.41 181.2 1.845 0.60013
108 7.7664 37.991 0.026322 163.56 184 1.7398 0.62448
117 13.761 67.058 0.014913 164.55 185.07 1.6448 0.65289
126 22.519 113.74 0.0087922 163.67 183.47 1.5497 0.6922
135 34.739 195.17 0.0051239 159.04 176.84 1.4361 0.76968
144 51.458 461.53 0.0021667 135.58 146.73 1.1788 1.1162
|Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
| 0.76669 128.59 7.4475 undefined undefined vapor 54
0.77048 138.72 5.2244 undefined undefined vapor 63
0.78235 147.74 3.8294 undefined undefined vapor 72
| 0.80801 155.43 2.8905 undefined undefined vapor 81
0.85186 161.52 2.2322 undefined undefined vapor 90
0.9179 165.77 1.7695 undefined undefined vapor 99
1.0156 167.94 1.4533 undefined undefined vapor 108
1.1769 167.82 1.2429 undefined undefined vapor 117
1.5156 165.45 1.091 undefined undefined vapor 126
i 2.6291 161.03 0.92577 undefined undefined vapor 135
84.654 143.81 0.53502 undefined undefined vapor 144
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View Table || Help |

Pressure (har
0.

a0.

40,

3o

20.

//

on L L 1 1 . L 1 1 1 L L 1 1 1 1
B0, 80. 100. 120. 140. 160.
Temperature (k)

\

I
=1

Y. | Pressure {bar)

| - | X: |Temperature (K) | - |

1.3.7

Liquid Phase Data

Data for Argon:

Data on Saturation Curve
Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (kJ/kg Entropy (J/g*K) Cv (J/g*K)

Temperature (K)
84
90
96
102
108
114
120
126
132
138
144
150

Cp ()/g*K)
1.1157
1.1212
1.1374
1.1637
1.2017
1.2553
1.3324
1.4485

1.64
2.0106
3.0262
23.582

0.70447
1.3351
2.3249
3.7825
5.8226
8.5644

12.13
16.648
22.252
29.096
37.363
47.346

861.1
819.45
776.45
731.83
685.24
636.24
584.19
528.16
466.63
397.21

313.8
174.74

1415.6
1378.6
1340.3
1300.1
1257.6
1212.1
1162.8
1108.4
1046.5
972.57
874.98
680.43

-0.040441
-0.038056
-0.034548
-0.029777
-0.023427
-0.014957
-0.0034666
0.012622
0.036324
0.074246
0.14528
0.37559

0.00070642
0.00072536
0.00074612
0.00076919
0.00079519
0.00082501
0.00085998
0.00090223
0.0009556
0.0010282
0.0011429
0.0014697

0.00030406
0.00024764
0.00020616
0.00017415
0.00014844
0.0001271
0.00010889
9.30E-05
7.87€-05
6.55E-05
5.24E-05
3.53E-05
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-121.27
-114.58
-107.85
-101.01
-94.033
-86.85

-79.396
-71.566
-63.188
-53.921
-42.905
-24.838

0.13001
0.12207
0.1141
0.10626
0.098464
0.090774
0.083208
0.075775
0.068468
0.061263
0.054216
0.050932

-121.22
-114.49
-107.68
-100.72
-93.57
-86.144
-78.353
-70.064
-61.062
-50.93
-38.635
-17.88

Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Surf. Tension (N/m)

0.013371
0.011853
0.010377
0.0089444
0.0075606
0.0062299
0.0049587
0.003755
0.0026307
0.0016037
0.00070743
3.86E-05
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1.3321
1.409
14814
1.5505
1.6172
1.6821
1.7461
1.8102
1.876
1.946
2.0268
2.1589

Phase
liquid
liquid
liquid
liquid
liquid
liquid
liquid
liquid
liquid
liquid
liquid
liquid

0.54881
0.52677
0.5084
0.49257
0.47882
0.46708
0.45763
0.45116
0.44921
0.45504
0.47972
0.70603

Temperature (K)
84
90
96
102
108
114
120
126
132
138
144
150
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Vapor Phase Data
Data on Saturation Curve
Temperature (K) Pressure (bar) Density (kg/m3) Volume (m3/kg) Internal Energy (kJ/kg) Enthalpy (k)/kg Entropy (J/g*K) Cv (J/g*K)

84 0.70447 41384 0.24164 25.335 42.358 3.2794 0.32489
90 1.3351 7.4362 0.13448 26.619 44,572 3.1763 0.33094
96 2.3249 12.397 0.080668 27.661 46.415 3.0865 0.33853
102 3.7825 19.495 0.051294 28.411 47.813 3.0068 0.34781
108 5.8226 29.3 0.03413 23.811 48.684 2.9343 0.35906
114 8.5644 42.526 0.023515 28.788 48.927 2.8669 0.37267
120 12.13 60.144 0.016627 28.244 48.413 2.8025 0.38934
126 16.648 83.59 0.011963 27.031 46.947 2.7389 0.41024
132 22.252 115.23 0.0086782 24.906 44.217 2.6736 0.43734
138 29.096 159.65 0.0062637 21.396 39.621 2.6022 0.47581
144 37.363 228.48 0.0043767 15.319 31.672 2.515 0.54719
150 47.346 394.5 0.0025348 -0.47956 11.522 2.355 0.82182
Cp (J/g*K) Sound Spd. (m/s) Joule-Thomson (K/bar Viscosity (Pa*s) Therm. Cond. (W/m*K) Phase Temperature (K)
0.55557 168.28 3.5545 6.83E-06 0.0052709 vapor 84
0.57569 172.83 3.0979 7.39E-06 0.0057436 vapor 90
0.60327 176.71 2.7325 7.96E-06 0.0062742 vapor 96
0.64062 179.89 2.4323 8.55E-06 0.0068815 vapor 102
0.69138 182.37 2.1795 9.19E-06 0.0075919 vapor 108
0.76168 184.11 1.961 9.87E-06 0.0084449 vapor 114
0.86265 185.09 1.7668 1.06E-05 0.0095027 vapor 120
1.0166 185.24 1.5875 1.15€E-05 0.010867 vapor 126
1.2751 184.49 1.4141 1.25E-05 0.012721 vapor 132
1.7932 182.6 1.2341 1.39€E-05 0.015451 vapor 138
3.3149 177.93 1.021 1.59E-05 0.020253 vapor 144
35.468 157.01 0.67455 2.13E-05 0.040853 vapor 150

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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0.0

Fressure (har
50, F

40.

30.

¥: |Pressure (bar) hd

View Table Help

—

/“/

80. 100. 120. 140.
Temperature (k)

X | Temperature (K) hd

160.

1.4

1.4.1

Data for Cryogenic Fluids — Properties of gases at 1 atm [9]:

For Helium at 1 atm.:

From the NIST website, viz. http://webbook.nist.gov/chemistry/fluid/

Select Helium for the gas, and ‘Isobaric properties’:

Please follow the steps below to select the data required.

1. Please select the species of interest:
Helium v

2. Please choose the units vou wish to use:

| Quantity ‘ Units

|Temperature @ Kelvin O Celsius O Fahrenheit © Rankine

|Pressure ‘ O MPa © bar ® am. O torr O psia

[Density | O moll O molm3 O gml ® kgm3 O l-molefi3 O lbm/f3
|Energ}‘ ‘ O klmol @ klkg O kealmol O Btulb-mole O kealg © Btulbm
|\’elucit§' ® m's O ft's O mph

|‘t"iSCDSil'§' ‘ O uPa*s @ Pa*s O cP O bmf*s

|Surfa|:e tension

® Nm O dyn'em O bt O Ibin

*Surface tension vahies are only available along the saturation curve.

3. Choose the desired tvpe of data:
© Isothermal properties ' Sanwation propertiss — temperature increments
® Isobaric properties O Saturation properties — pressure increments
O Isochoric properties

4. Please select the desired standard state convention:
Default for fluid b

5.| Pressto Continue
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Click on ‘Press to continue’:

Isobaric properties for Helium

This option will supply data on a constant pressure curve over the specified temperature range. Values should not extend extend outside the minimum and
maximum values given. Calculations are limited to a maxum of 201 data points; ncrements resulting in a larger number of points will be adjusted upward to limit
the number of points computed.

1

. Enter pressure in selected units:

1

(Acceptable range: 0.0 to 986.9233 atm)

2. Enter temperature range and increment in selected units:

Tiow

5
305

(max value: 1500.0 K)

Thien

Tinerement |10

* The minimum temperature limit is the highest of the following values:
o 21768 K
© The temperature at which a density of 146.24 kg/m3 is reached.
3. Check here ff you want to use the display applet (requires Java capable browser)
4. Number of digits to be displayed in tables (does not effect accuracy of computations): |5
5

- | Press for Data

In the above, we have given 5 Kas T, and 305 K as T, with a temp increment of 10 deg. Click

on ‘Press for Data), and we get:

Isobaric Properties for Helium

o Fluid Data

o Auxiliary Data

» References

» Additional Information

o Important Information About This Data

* Notes

® Other Data Available:
o View data in HTML table.
o Download data as a tab-delimited text file.
o Main NIST Chemistry WebBook page for this species.
o Recommended citation for data from this page.
o Fhuid data for other species

Fluid Data

Isobaric Data for P = 1.0000 atm

View Table Help

Density (ka/m3)
12
-

a0 -

40

0o L L T | L L L L | L h n I T I T t T
100, 150, 200.
Temperature (K)

ana.

Y: |Density (kg/m3) X: |Temperature (K)
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In the above, click on ‘View Data in HTML Table’ and we get:

Isobaric Data
for P =1.0000
atm
Pressure Density Volume Internal Energy Enthalpy Entropy -
Temperature () | (atm) | (ke/m3) | (ma/ke) (lu/ke) targ) | wgrg | ©VEM
5 1 11.978 0.083484 18.146 26.605 6.1816 3.1588
15 1 3.2727 0.30556 51.215 82.176 12.393 3.1202
25 1 1.9481 0.51333 82.708 134.72 15.079 3.1204
35 1 1.3901 0.7194 114.01 186.91 16.835 3.1193
45 1 1.0812 0.92492 145.25 238.97 18.143 3.1184
55 1 0.88479 1.1302 176.46 2590.98 19.187 3.1179
65 1 0.74885 1.3354 207.66 342.96 20.056 3.1175
75 1 0.64915 1.5405 238.84 394.93 20.799 3.1172
85 1 0.57289 1.7455 270.02 446.89 21.45 3.117
95 1 0.51267 1.9506 301.19 498.83 22.027 3.1168
105 1 0.4639 2.1556 332.36 550.78 22.547 3.1167
115 1 0.42362 2.3606 363.53 602.72 23.02 3.1166
125 1 0.38977 2.5656 394.69 654.66 23.453 3.1165
135 1 0.36093 2.7706 425.86 706.59 23.852 3.1164
145 1 0.33606 2.9756 457.02 758.53 24.224 3.1164
155 1 0.3144 3.1806 488.18 810.46 24.57 3.1163
165 1 0.29537 3.3856 519.34 862.39 24.895 3.1163
175 1 0.2785 3.5906 550.51 914.33 25.2 3.1162

This e-book
ismadewith SETASIGN
SetaPDF

\7\‘ PDF components for PHP developers

www.setasign.com
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185 1 0.26346 3.7956 581.67 966.26 25.489 3.1162

195 1 0.24996 4.0006 612.83 1018.2 25.762 3.1162

205 1 0.23778 4.2056 643.99 1070.1 26.022 3.1162

215 1 0.22673 4.4106 675.15 11221 26.269 3.1161

225 1 0.21666 4.6156 706.31 1174 26.505 3.1161

235 1 0.20744 4.8206 737.47 1225.9 26.731 3.1161

245 1 0.19898 5.0256 768.63 1277.8 26.948 3.1161

255 1 0.19118 5.2306 799.79 1329.8 27.155 3.1161

265 1 0.18397 5.4356 830.95 1381.7 27.355 3.1161

275 1 0.17729 5.6406 862.1 1433.6 27.547 3.116

285 1 0.17107 5.8455 893.26 1485.6 27.733 3.116

295 1 0.16527 6.0505 924.42 1537.5 27.912 3.116

Cp /e*K) Sound Spd. Joule-Thomson Viscosity Therm. Cond. Phase Temperature
(m/s) (F/atm) (Pa*s) (W/m*K) (K)
6.7704 119.51 1.4531 1.39E-06 0.01023 vapor 5
5.2961 228.53 0.31512 2.97E-06 0.021914 vapor 15
5.2295 295.48 0.10776 4.13E-06 0.030089 vapor 25
5.2108 349.41 0.020573 5.10E-06 0.037156 vapor 35
5.2031 395.95 -0.025542 5.96E-06 0.043614 vapor 45
5.1994 437.52 -0.053088 6.75E-06 0.049655 vapor 55
5.1972 475.45 -0.070842 7.43E-06 0.055383 vapor 65
5.196 510.57 -0.08289 8.17E-06 0.06086 vapor 75
5.1951 543.41 -0.091371 8.83E-06 0.066131 vapor 85
5.1946 574.38 -0.097501 9.47E-06 0.071225 vapor 95
5.1942 603.76 -0.10202 9.99E-06 0.076167 vapor 105
5.1939 631.77 -0.10539 1.05E-05 0.080975 vapor 115
5.1937 658.6 -0.10794 1.11E-05 0.085664 vapor 125
5.1935 684.37 -0.10986 1.17E-05 0.090245 vapor 135
5.1934 709.21 -0.11132 1.22E-05 0.09473 vapor 145
5.1933 733.2 -0.11241 1.28E-05 0.099126 vapor 155
5.1933 756.44 -0.11323 1.336-05 0.10344 vapor 165
5.1932 778.98 -0.11383 1.38E-05 0.10768 vapor 175
5.1932 800.89 -0.11425 1.44E-05 0.11185 vapor 185
5.1931 822.22 -0.11453 1.49€-05 0.11595 vapor 195
5.1931 843 -0.1147 1.54€-05 0.12 vapor 205
5.1931 863.29 -0.11477 1.59E-05 0.12398 vapor 215
5.1931 883.11 -0.11478 1.64E-05 0.12792 vapor 225
5.193 902.5 -0.11472 1.69E-05 0.1318 vapor 235
5.193 921.47 -0.11461 1.74€-05 0.13564 vapor 245
5.193 940.07 -0.11446 1.78E-05 0.13943 vapor 255
5.193 958.3 -0.11427 1.83€-05 0.14317 vapor 265
5.193 976.2 -0.11406 1.88E-05 0.14688 vapor 275
5.193 993.77 -0.11383 1.92E-05 0.15054 vapor 285
5.193 1011 -0.11358 1.97E-05 0.15417 vapor 295
5.193 1028 -0.11331 2.02E-05 0.15777 vapor 305
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In addition to the plot shown above, many other plots are possible, by selecting different parameters

for X-axis and Y-axis:

View Table Help

Density (kofm3
12.

a0 -

[ p
[=

Density (ko/m3)
Volume (m3/kag)
Internal Energy (kJikg)
Enthalpy (k.J/kg)
Entropy (Jig*K})

Cv (Jig*K)

Cp (Jig™K)

Sound Spd. (mis)
Y: |Density (kag/m3)

LN

For example, if we select Temp for X-axis and Enthalpy s Y-axis, we get immediately:

| View Table || Help |
Enthalpy (kdiko)
1600.
12000 =
g0o0.
400,
s L 2= S S S S S S S EO S SO S S
0.0 a0. 100. 150. 200. 250. 300. 350
Termperature (K
v: [Enthalpy (kJika) v X: [Temperature (K) v
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And, for viscosity of helium, we get:

Isobaric Data for P =1.0000 atm

View Table || Help |

Wiscosity (Pa*s)
2.4e-5

—=— wapor

2.0e-5
1.6e-5
1.2e-3
8.0e-6

4.0e-6

0.0 —
140. 200. 240. 300 350

Temperature (K

=1
=
i
=
=
=

¥Y: |Viscosity (Pa*s) |V| ¥ |Temperature (K) |V|
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And, for thermal conductivity, we get:

Isobaric Data for P = 1.0000 atm

Introduction and Properties of Cryogenic fluids

View Table | ‘ Help |
Therm. Cand. {Am*k)
0.18
:

01z

00s

004 -

oo i M I 1 L [ I | L s %
0o a0, 100. 140, 200. 280 300, 350,
Temperature (K
¥: |Therm. Cond. (Wim*K) |v| X |Temperature (K) |V|
Proceeding along similar lines, we get data for other cryogenic fluids:
14.2 For Hydrogen at 1 atm.:
Temperature (K) Pressure Density Volume Internal Energy Enthalpy Entrf)py Cv Jig*K)
(atm) (kg/m3) (3/ke) (kJ/ke) (&J/ke) 'K
21 1 1.2813 0.78047 377.14 456.23 22.393 6.3952
31 1 0.81774 1.2229 443.61 567.51 26.739 6.2312
41 1 0.60795 1.6449 507.39 674.06 29.719 6.2162
51 1 0.48538 2.0602 570.42 779.17 32.014 6.2246
61 1 0.40444 2.4725 633.43 883.96 33.89 6.2798
71 1 0.34684 2.8832 697.14 989.28 35.488 6.4
81 1 0.30369 3.2928 762.29 1095.9 36.894 6.5868
91 1 0.27014 3.7018 829.53 1204.6 38.158 6.8279
101 1 0.24328 4.1104 899.32 1315.8 39.318 7.1042
111 1 0.2213 4.5187 971.95 1429.8 40.394 7.397
121 1 0.20297 4.9267 1047.5 1546.7 41.402 7.6912
131 1 0.18746 5.3346 1125.9 1666.5 42.352 7.9758
141 1 0.17414 5.7423 1207.1 1789 43.254 8.2443
151 1 0.1626 6.15 1290.9 1914 4411 8.4928
161 1 0.1525 6.5575 1377 2041.5 44,927 8.7199
171 1 0.14357 6.965 1465.3 2171 45.708 8.9255
181 1 0.13564 7.3724 1555.5 2302.5 46.456 9.1101
191 1 0.12854 7.7798 1647.5 2435.8 47.172 9.2751
201 1 0.12214 8.1871 1741 2570.6 47.86 9.4219
221 1 0.11109 9.0017 1932.1 2844.2 49.157 9.6666
231 1 0.10628 9.409 2029.3 2982.6 49.77 9.7675
241 1 0.10187 9.8162 21274 3122 50.361 9.856
251 1 0.097815 10.223 2226.4 3262.3 50.931 9.9333
261 1 0.094068 10.631 2326.1 3403.2 51.482 10
271 1 0.090598 11.038 2426.4 3544.8 52.014 10.059
281 1 0.087375 11.445 2527.3 3686.9 52.529 10.109
291 1 0.084373 11.852 2628.6 3829.5 53.028 10.152
301 1 0.081571 12.259 2730.3 3972.5 53.511 10.19
311 1 0.078949 12.666 28324 4115.8 53.979 10.221
321 1 0.076491 13.074 2934.7 4259.4 54.434 10.248
66
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Cp Jg*K) Sound Spd. Joule-Thomson Vi isco'sity Ther'm. Cond. Phase Temperature
(m/s) (F/atm) (Pa*s) (W/m*K) X
11.825 363.69 3.1599 1.11E-06 0.017584 vapor 21
10.786 455.75 1.7538 1.61E-06 0.02545 vapor 31
10.56 528.22 1.1723 2.08E-06 0.032568 vapor 41
| 10.48 590.61 0.84458 2.51E-06 0.039028 vapor 51
1| 10.491 645.58 0.63452 2.90E-06 0.045223 vapor 61
| 10.586 694.31 0.48811 3.26E-06 0.051346 vapor 71
10.757 737.68 0.38044 3.60E-06 0.057074 vapor 81
| 10.987 776.68 0.29868 3.92E-06 0.062792 vapor 91
I 11.256 812.28 0.23536 4.22E-06 0.065001 vapor 101
11.544 845.35 0.1856 4.51E-06 0.075625 vapor 111
11.834 876.54 0.14601 4.79E-06 0.082141 vapor 121
12,116 906.34 0.11411 5.06E-06 0.088747 vapor 131
12.382 935.04 0.088081 5.33E-06 0.095257 vapor 141
1 12.628 962.87 0.066589 5.59E-06 0.10162 vapor 151
i 12.854 989.98 0.048627 5.84E-06 0.10816 vapor 161
| 13.058 1016.5 0.033446 6.09E-06 0.1146 vapor 171
13.242 1042.4 0.020478 6.33E-06 0.12087 vapor 181
13.406 1067.8 0.0092918 6.57E-06 0.12704 vapor 191
13.552 1092.7 -0.0004462 6.80E-06 0.13303 vapor 201
13.795 1141.3 -0.016555 7.26E-06 0.14463 vapor 221
13.896 1165 -0.023289 7.49E-06 0.15025 vapor 231
13.984 1188.3 -0.029326 7.71E-06 0.15577 vapor 241
14.061 1211.3 -0.03477 7.92E-06 0.16111 vapor 251
14,128 1234 -0.039704 8.14E-06 0.16636 vapor 261
14,186 1256.3 -0.044199 8.35E-06 0.17151 vapor 271
14.236 1278.3 -0.048311 8.56E-06 0.17649 vapor 281
14.279 1300 -0.052088 8.77E-06 0.18145 vapor 291
14.316 1321.4 -0.055571 8.97E-06 0.18624 vapor 301
14.347 1342.6 -0.058791 9.18E-06 0.19102 vapor 311
14.374 1363.5 -0.061779 9.38E-06 0.19568 vapor 321
Isobaric Data for P = 1.0000 atm
View Table || Help |
Density dafm3)
1.6
:

12

s

04 -
D_D_...I....I N R R T M

0.0 a0, 100. 140, 200. 280 300 340,
Temperature (K
Y: |Density (kg/m3) | v | X: |Temperature (K) | - |
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Isobaric Data for P = 1.0000 atm

View Table H Help |
Cp (g™
18 F
14, F
13. |
12 F
1M1, F
10, | ' ' ' ' | ' ' ' ' | ' ' ' ' | ' L ' ' | ' ' ' ' |
0.0 a0. 100. 150, 200. 280, 300. 350,
Temperature (K3
Y: |Cp (Wig'K) |v| X: |Temperature (K) |v|
360°
hinki
thin mg.
D I i tt
eloltte.
Discover the truth at www.deloitte.ca/careers © Deloitte & Touche LLP and affliated entities.
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Isobaric Data for P = 1.0000 atm

View Table || Help |

Enthalpy {kika)

5000.
z

son0. E

;000 |

w00 E

1000 F

gp B e b b e e e e e e e e e
0.0 a0. 100. 140. 200. 240, 300. 350

Temperature (k)
Y: |Enthalpy (kJ/kg) |V| X |Temperature (K} |V|

14.3 For Neon at 1 atm.:

Temperature (K) Pressure Density Volume Internal Energy Enthalpy Entrf)py Cv Jig*K)
(atm) (kg/m3) (m3/kg) (kJ/kg) (kJ/kg) J/g*K)

27 1 1208.8 0.00082727 -0.27864 -0.19481 -0.0072013 0.89235
27.104 1 1207 0.00082853 -0.083951 2.99E-15 7.40E-17 0.89131
27.104 1 9.5773 0.10441 75.173 85.752 3.1638 0.87949

37 1 6.7898 0.14728 81.936 96.859 3.5147 0.62667

47 1 5.2891 0.18907 88.286 107.44 3.768 0.62128

57 1 4.3406 0.23038 94.556 117.9 3.9697 0.61965

67 1 3.6836 0.27148 100.79 128.3 4.1378 0.61901

77 1 3.2006 0.31244 107.01 138.67 4.2821 0.61871

87 1 2.8302 0.35333 113.22 149.02 4.4085 0.61855

97 1 2.537 0.39417 119.42 159.36 4.521 0.61845

107 1 2.299 0.43497 125.62 169.7 4.6224 0.61839

117 1 2.102 0.47575 131.82 180.02 4.7146 0.61835

127 1 1.9361 0.5165 138.01 190.34 4.7993 0.61831

137 1 1.7946 0.55724 144.2 200.66 4.8775 0.61829

147 1 1.6723 0.59797 150.39 210.98 4.9502 0.61827

157 1 1.5657 0.63869 156.58 221.29 5.0181 0.61825

167 1 1.4719 0.6794 162.76 231.6 5.0817 0.61824

177 1 1.3887 0.7201 168.95 241.92 5.1417 0.61822

187 1 1.3144 0.7608 175.14 252.23 5.1984 0.61821

197 1 1.2477 0.8015 181.32 262.53 5.2521 0.6182

207 1 1.1874 0.84219 187.51 272.84 5.3031 0.61819

217 1 1.1327 0.88288 193.69 283.15 5.3517 0.61819

227 1 1.0828 0.92356 199.88 293.45 5.3982 0.61818

237 1 1.0371 0.96424 206.06 303.76 5.4426 0.61817

247 1 0.9951 1.0049 212.24 314.07 5.4852 0.61817

257 1 0.95639 1.0456 218.43 324.37 5.5261 0.61816

267 1 0.92057 1.0863 224.61 334.68 5.5654 0.61816

277 1 0.88734 1.127 230.79 344.98 5.6033 0.61815

287 1 0.85643 1.1676 236.97 355.28 5.6399 0.61815

297 1 0.8276 1.2083 243.16 365.59 5.6751 0.61814

307 1 0.80065 1.245 249.34 375.89 5.7093 0.61814

69

Download free eBooks at bookboon.com



Cryogenic Engineering:

Software Solutions: Part-I

Introduction and Properties of Cryogenic fluids

Cp W/g*K) Sound Spd. Joule-Thomson Vi isco.sit_v Ther.m. F:ond. Phase Temperature
(m/s) (F/atm) (Pa*s) (W/m*K) (029)
1.8603 596.02 -0.049344 0.00011734 0.15565 liquid 27
1.8621 594.15 -0.049126 0.0001161 0.155 liquid 27.104
1.4151 126.64 2.7826 4.53E-06 0.0066704 vapor 27.104
1.0704 157.92 1.5135 6.17E-06 0.0093328 vapor 37
1.0501 178.97 1.0289 7.75E-06 0.011928 vapor 47
1.0422 197.55 0.76098 9.23E-06 0.014254 vapor 57
1.0383 214.42 0.58899 1.06E-05 0.01639 vapor 67
1.036 229.99 0.46851 1.19E-05 0.018382 vapor 77
1.0346 244,55 0.37914 1.31E-05 0.020259 vapor 87
1.0336 258.27 0.31014 1.43E-05 0.022041 vapor 97
1.0329 271.28 0.25525 1.54E-05 0.023742 vapor 107
1.0324 283.69 0.21056 1.64E-05 0.025372 vapor 117
1.032 295.57 0.17351 1.74E-05 0.026938 vapor 127
1.0317 306.99 0.14232 1.84E-05 0.028448 vapor 137
1.0315 317.99 0.11574 1.93E-05 0.029905 vapor 147
1.0313 328.63 0.092849 2.03E-05 0.031317 vapor 157
1.0311 338.92 0.072951 2.11E-05 0.032686 vapor 167
1.031 348.92 0.055519 2.20E-05 0.034016 vapor 177
1.0309 358.63 0.040142 2.28E-05 0.035312 vapor 187
1.0308 368.08 0.026435 2.37E-05 0.036576 vapor 197
1.0307 377.3 0.014316 2.45E-05 0.037812 vapor 207
1.0307 386.3 0.0033956 2.52E-05 0.039021 vapor 217
1.0306 395.09 -0.0064405 2.60E-05 0.040206 vapor 227
1.0306 403.69 -0.015335 2.68E-05 0.041368 vapor 237
1.0305 412.11 -0.023407 2.75E-05 0.042511 vapor 247
1.0305 420.36 -0.030756 2.82E-05 0.043634 vapor 257
1.0304 428.45 -0.037469 2.90E-05 0.04474 vapor 267
1.0304 436.39 -0.043616 2.97E-05 0.04583 vapor 277
1.0304 444,19 -0.04926 3.04E-05 0.046904 vapor 287
1.0304 451.86 -0.054455 3.10E-05 0.047964 vapor 297
1.0303 459.39 -0.059246 3.17E-05 0.04501 vapor 307
Isobaric Data for P = 1.0000 atm
View Table || Help |
Density (kgfm3)
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so |
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a0 |
20
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Isobaric Data for P = 1.0000 atm

View Table || Help |

Enthalpy (kb))
400.

—=— vapor
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300,
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Temperature (k)
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=
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1.44 For Nitrogen at 1 atm.:

Temperature (K) Pressure Density Volume Internal Energy Enthalpy Entrf)py Cv Jg*K)
(atm) (kg/m3) (m3/kg) (kd/kg) (kd/kg) J/g*K)

77 1 807.7 0.0012381 -122.87 -122.74 2.8248 1.0861
77.355 1 806.08 0.0012406 -122.14 -122.02 2.8342 1.0841
77.355 1 4.6121 0.21682 55.189 77.158 5.409 0.77128

87 1 4.0458 0.24717 62.786 87.83 5.5391 0.75916

97 1 3.5977 0.27795 70.499 98.662 5.6569 0.7528

107 1 3.2433 0.30833 78.12 109.36 5.7619 0.74927

117 1 2.9547 0.33844 85.686 119.98 5.8568 0.74716

127 1 2.7146 0.36838 93.217 130.54 5.9434 0.74582

137 1 2.5114 0.39819 100.72 141.07 6.0232 0.74494

147 1 2.3369 0.42791 108.21 151.57 6.0972 0.74433

157 1 2.1855 0.45756 115.69 162.06 6.1662 0.7439

167 1 2.0527 0.48716 123.16 172.52 6.2308 0.74359

177 1 1.9353 0.51672 130.62 182.98 6.2916 0.74336

187 1 1.8307 0.54624 138.08 193.43 6.3491 0.74319

197 1 1.7369 0.57573 145.53 203.87 6.4035 0.74306

207 1 1.6524 0.6052 152.98 214.3 6.4551 0.74297

217 1 1.5757 0.63465 160.42 224.73 6.5043 0.74289

227 1 1.5058 0.66408 167.87 235.15 6.5513 0.74285

237 1 1.442 0.6935 175.31 245.58 6.5962 0.74282

247 1 1.3833 0.7229 182.75 256 6.6393 0.74281

257 1 1.3293 0.7523 190.19 266.41 6.6806 0.74282

267 1 1.2793 0.78168 197.62 276.83 6.7204 0.74285

277 1 1.233 0.81106 205.06 287.24 6.7587 0.74291

287 1 1.1899 0.84043 212.5 297.66 6.7956 0.743

297 1 1.1497 0.8698 219.94 308.07 6.8313 0.74312

307 1 1.1122 0.89916 227.38 318.48 6.8658 0.74328
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Cp U/g*K) Sound Spd. Joule-Thomson Visco.sity Ther}n. cond. Phase Temperature
(m/s) (F/atm) (Pa*s) W/m*K) (L29)
2.0398 855.04 -0.062624 0.00016295 0.14657 liquid 77
2.0415 851.39 -0.062215 0.00016065 0.14581 liquid 77.355
1.1239 174.82 4.942 5.44E-06 0.0075047 vapor 77.355
1.0927 186.89 3.8561 6.10E-06 0.0085006 vapor 87
1.0754 198.34 3.1097 6.77E-06 0.0095597 vapor 97
1.0652 209 2.5838 7.42E-06 0.010577 vapor 107
1.0588 219.05 2.1945 8.07E-06 0.011552 vapor 117
1.0544 228.58 1.8951 8.70E-06 0.012492 vapor 127
1.0513 237.69 1.6581 9.31E-06 0.013403 vapor 137
1.0491 246.43 1.4659 9.92E-06 0.014283 vapor 147
1.0474 254.85 1.307 1.05E-05 0.015152 vapor 157
1.0461 262.98 1.1735 1.11E-05 0.015996 vapor 167
1.0451 270.85 1.0599 1.17E-05 0.016822 vapor 177
1.0443 278.49 0.96193 1.22E-05 0.017631 vapor 187
1.0437 285.91 0.87671 1.28E-05 0.018425 vapor 197
1.0431 293.14 0.80191 1.33E-05 0.019203 vapor 207
1.0427 300.19 0.73573 1.386-05 0.019967 vapor 217
1.0423 307.08 0.67679 1.43E-05 0.020719 vapor 227
1.042 313.8 0.62397 1.49E-05 0.021457 vapor 237
1.0418 320.38 0.57637 1.54E-05 0.022184 vapor 247
1.0416 326.83 0.53326 1.59E-05 0.022899 vapor 257
1.0415 333.14 0.49405 1.63E-05 0.023603 vapor 267
1.0414 339.34 0.45823 1.68E-05 0.024297 vapor 277
1.0413 345.42 0.42539 1.73E-05 0.024982 vapor 287
1.0413 351.39 0.39518 1.78E-05 0.025658 vapor 297
1.0414 357.26 0.36729 1.82E-05 0.026324 vapor 307
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1.4.5 For Oxygen at 1 atm.:

Temperature (K) Pressure Density Volume Internal Energy Enthalpy Entrf)py Cv Uig*
(atm) (kg/m3) (m3/kg) (kd/kg) (kd/kg) Jg*K)

90 1 1142.1 0.00087557 -133.78 -133.69 2.9383 0.9295!
90.188 1 1141.2 0.00087629 -133.46 -133.37 2.9418 0.9288
90.188 1 4.4671 0.22386 57.006 79.688 5.3042 0.6755

100 1 3.9946 0.25034 63.598 88.963 5.4019 0.6527

110 1 3.6106 0.27697 70.235 98.299 5.4908 0.6541!

120 1 3.2962 0.30338 76.859 107.6 5.5718 0.6543/

130 1 3.0336 0.32964 83.463 116.86 5.6459 0.6537

140 1 2.8107 0.35578 90.048 126.1 5.7144 0.6530

150 1 2.619 0.38183 96.617 135.31 5.7779 0.6524:

160 1 2.4521 0.40781 103.17 144.49 5.8372 0.6519

170 1 2.3055 0.43374 109.72 153.67 5.8928 0.6515!

180 1 2.1757 0.45963 116.26 162.83 5.9452 0.6513/

190 1 2.0598 0.48549 122.79 171.99 5.9947 0.6512!

200 1 1.9557 0.51132 129.33 181.13 6.0416 0.6512

210 1 1.8618 0.53713 135.86 190.28 6.0862 0.6513!

220 1 1.7765 0.56291 142.39 199.42 6.1288 0.6516:

230 1 1.6987 0.58869 148.92 208.57 6.1694 0.6519'

240 1 1.6275 0.61445 155.45 217.71 6.2083 0.6524!

250 1 1.562 0.6402 161.99 226.86 6.2457 0.6531

260 1 1.5016 0.66594 168.53 236.01 6.2816 0.6539:

270 1 1.4458 0.69167 175.09 245.17 6.3161 0.6548

280 1 1.3939 0.71739 181.65 254.34 6.3495 0.656

290 1 1.3457 0.74311 188.22 263.52 6.3817 0.6572

300 1 1.3007 0.76882 194.81 272.71 6.4128 0.6587

310 1 1.2586 0.79453 201.41 281.92 6.443 0.6603

Cp U/g*K) Sound Spd. Joule-Thomson Vi isco.sity Tller!n. Fond. Phase Temperatu
(m/s) (F/atm) (Pa*s) (W/m*K) (8]
1.6988 905.91 -0.05709 0.00019685 0.15189 liquid 90

1.69%4 904.35 -0.056969 0.00019582 0.15161 liquid 90.188
0.97068 177.45 4.2933 7.01E-06 0.0083691 vapor 90.188
0.9356 188.33 3.3717 7.75E-06 0.0093114 vapor 100
0.93186 198.09 2.8735 8.49E-06 0.010266 vapor 110
0.92824 207.32 2.4702 9.22E-06 0.011212 vapor 120
0.92481 216.14 2.142 9.94E-06 0.012148 vapor 130
0.92198 224.58 1.876 1.06E-05 0.013074 vapor 140
0.91978 232.68 1.6594 1.13E-05 0.013989 vapor 150
0.91808 240.5 1.481 1.20E-05 0.014892 vapor 160
0.9168 248.04 1.3322 1.27E-05 0.015785 vapor 170
0.91583 255.35 1.2064 1.34E-05 0.016668 vapor 180
0.91513 262.44 1.0987 1.40E-05 0.01754 vapor 190
0.91464 269.33 1.0056 1.47E-05 0.018403 vapor 200
0.91436 276.04 0.92429 1.53E-05 0.019256 vapor 210
0.91425 282.58 0.85254 1.59E-05 0.020102 vapor 220
0.91433 288.95 0.78875 1.65E-05 0.020939 vapor 230
0.91459 295.17 0.73164 1.71E-05 0.02177 vapor 240
0.91502 301.25 0.68019 1.77E-05 0.022595 vapor 250
0.91563 307.19 0.63358 1.83E-05 0.023415 vapor 260
0.91642 313.01 0.59114 1.89E-05 0.02423 vapor 270
0.9174 318.69 0.55232 1.94E-05 0.025042 vapor 280
0.91855 324.27 0.51669 2.00E-05 0.025851 vapor 290
0.91989 329.72 0.48386 2.06E-05 0.026657 vapor 300
0.9214 335.07 0.45352 2.11E-05 0.027462 vapor 310
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Isobaric Data for P = 1.0000 atm
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Isobaric Data for P = 1.0000 atm

View Table || Help |
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1.4.6 For Fluorine at 1 atm.:

Temperature (K) Pressure Density Volume Internal Energy Enthalpy Entrf)py Cv J/g*K)
(atm) (kg/m3) (m3/kg) (kd/kg) (kdJ/kg) J/g*K)

80 1 1536.6 0.00065079 -7.6364 -7.5704 -0.091767 0.83532
85.037 1 1501.8 0.00066587 -0.067469 -1.21E-14 -1.91E-17 0.82091
85.037 1 5.6413 0.17726 156.41 174.37 2.0505 0.56993

90 1 5.2976 0.18876 159.31 178.43 2.097 0.56564

100 1 4.7271 0.21154 165.06 186.49 2.1819 0.55989

110 1 4.2739 0.23398 170.73 194.43 2.2576 0.55644

120 1 3.9032 0.2562 176.34 202.3 2.3261 0.55437

130 1 3.5937 0.27827 181.93 210.12 2.3887 0.55328

140 1 3.3308 0.30023 187.5 217.92 2.4464 0.55296

150 1 3.1044 0.32212 193.06 225.7 2.5001 0.5533

160 1 2.9073 0.34396 198.62 233.47 2.5503 0.55424

170 1 2.7341 0.36575 204.19 241.25 2.5974 0.55575

180 1 2.5806 0.38751 209.77 245.04 2.642 0.55778

190 1 2.4435 0.40925 215.38 256.85 2.6842 0.5603

200 1 2.3203 0.43097 221.01 264.68 2.7243 0.56324

210 1 2.2091 0.45267 226.67 272.54 2.7627 0.56658

220 1 2.1081 0.47436 232.36 280.43 2.79%4 0.57024

230 1 2.016 0.49604 238.09 288.35 2.8346 0.57419

240 1 1.9316 0.51771 243.86 296.32 2.8685 0.57837

250 1 1.854 0.53938 249.67 304.33 2.9012 0.58273

260 1 1.7824 0.56104 255.53 312.38 2.9328 0.58723

270 1 1.7162 0.58269 261.43 320.47 2.9633 0.59182

280 1 1.6547 0.60434 267.38 328.61 2.9929 0.59648

290 1 1.5975 0.62598 273.37 336.8 3.0217 0.60117

300 1 1.5441 0.64762 279.41 345.03 3.0496 0.60586
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Cp U/g*K) Sound Spd. Joule-Thomson Visco.sity Ther.m. Fond. Phase Temperature
(m/s) (F/atm) (Pa*s) (W/m*K) (L29)
1.4963 871.37 -0.051309 undefined undefined liquid 80
1.5106 823.56 -0.048324 undefined undefined liquid 85.037
0.82522 158.37 4.6817 undefined undefined vapor 85.037
0.81405 163.45 4.1187 undefined undefined vapor 90
0.79907 173.08 3.2575 undefined undefined vapor 100
0.78995 182.06 2.6418 undefined undefined vapor 110
0.78419 190.52 2.1862 undefined undefined vapor 120
0.78057 198.55 1.8397 undefined undefined vapor 130
0.77846 206.22 1.5705 undefined undefined vapor 140
0.7775 213.56 1.3573 undefined undefined vapor 150
0.77748 220.6 1.1859 undefined undefined vapor 160
0.77826 227.38 1.0459 undefined undefined vapor 170
0.77973 233.92 0.93021 undefined undefined vapor 180
0.78179 240.23 0.83348 undefined undefined vapor 190
0.78439 246.33 0.75178 undefined undefined vapor 200
0.78743 252.25 0.68211 undefined undefined vapor 210
0.79086 257.98 0.6222 undefined undefined vapor 220
0.79462 263.56 0.57028 undefined undefined vapor 230
0.79863 268.99 0.52496 undefined undefined vapor 240
0.80286 274.27 0.48515 undefined undefined vapor 250
0.80724 279.43 0.44995 undefined undefined vapor 260
0.81174 284.47 0.41865 undefined undefined vapor 270
0.81632 289.4 0.39068 undefined undefined vapor 280
0.82093 294.23 0.36555 undefined undefined vapor 290
0.82556 298.96 0.34287 undefined undefined vapor 300
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Isobaric Data for P = 1.0000 atm
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1.4.7 For Argon at 1 atm.:

Temperature (K) Pressure Density Volume Internal Energy Enthalpy Entropy Cv Jig"K)
(atm) (kg/m3) (m3/kg) (kd/kg) (kJ/kg) Jg"K)

87 1 1397.3 0.00071568 -117.93 -117.86 1.3711 0.53722
87.302 1 1395.4 0.00071664 -117.59 -117.52 1.375 0.53612
87.302 1 5.7736 0.1732 26.069 43.618 3.2208 0.32804

97 1 5.1472 0.19428 29.339 49.024 3.2795 0.32192

107 1 4.6366 0.21568 32.628 54.482 3.333 0.31855

117 1 4,222 0.23685 35.87 59.869 3.3812 0.3166

127 1 3.8776 0.25789 39.08 65.211 3.425 0.31538

137 1 3.5864 0.27883 42.271 70.523 3.4653 0.31458

147 1 3.3367 0.2997 45.447 75.814 3.5025 0.31403

157 1 3.12 0.32051 48.613 81.088 3.5372 0.31364

167 1 2.9301 0.34128 51.771 86.351 3.5697 0.31336

177 1 2.7623 0.36202 54.924 91.605 3.6003 0.31315

187 1 2.6128 0.38273 58.072 96.852 3.6291 0.31299

197 1 2.4788 0.40342 61.216 102.09 3.6564 0.31286

207 1 2.358 0.42409 64.357 107.33 3.6824 0.31276

217 1 2.2485 0.44475 67.496 112.56 3.707 0.31268

227 1 2.1487 0.46539 70.633 117.79 3.7306 0.31262

237 1 2.0575 0.48603 73.769 123.02 3.7531 0.31257

247 1 1.9737 0.50665 76.903 128.24 3.7747 0.31252

257 1 1.8966 0.52727 80.036 133.46 3.7954 0.31249

267 1 1.8252 0.54788 83.167 138.68 3.8154 0.31246

277 1 1.7591 0.56848 86.298 143.9 3.8346 0.31243

287 1 1.6976 0.58908 89.429 149.12 3.8531 0.31241

297 1 1.6402 0.60968 92.558 154.33 3.8709 0.31239

307 1 1.5866 0.63027 95.687 159.55 3.8882 0.31237

Cp Jig*K) Sound Spd. Joule-Thomson Viscosity Ther.m. Cond. Phase Temperature
(m/s) (F/atm) (Pa*s) (W/m*K) (L8]
1.1169 840.45 -0.071837 0.00027352 0.12605 liquid 87
1.1172 838.33 -0.071613 0.00027071 0.12565 liquid 87.302
0.56583 170.86 6.0004 7.14E-06 0.0055249 vapor 87.302
0.55059 181.12 4.8479 7.95E-06 0.0061537 vapor 97
0.54167 190.92 4.0164 8.78E-06 0.00682 vapor 107
0.53616 200.12 3.4065 9.60E-06 0.0074756 vapor 117
0.53253 208.84 2.9412 1.04E-05 0.0081172 vapor 127
0.53001 217.17 2.5752 1.12E-05 0.0087458 vapor 137
0.52819 225.15 2.28 1.20E-05 0.0093626 vapor 147
0.52683 232.84 2.0373 1.28E-05 0.0099686 vapor 157
0.5258 240.26 1.8344 1.35E-05 0.010565 vapor 167
0.52499 247.45 1.6623 1.43E-05 0.011151 vapor 177
0.52434 254.42 1.5146 1.50E-05 0.011728 vapor 187
0.52382 261.21 1.3866 1.57E-05 0.012297 vapor 197
0.5234 267.81 1.2745 1.65E-05 0.012857 vapor 207
0.52304 274.25 1.1757 1.72E-05 0.01341 vapor 217
0.52275 280.54 1.0879 1.79e-05 0.013954 vapor 227
0.52249 286.68 1.0095 1.85E-05 0.014491 vapor 237
0.52228 292.7 0.93892 1.92E-05 0.015021 vapor 247
0.5221 298.59 0.87519 1.99E-05 0.015543 vapor 257
0.52194 304.36 0.81733 2.06E-05 0.016059 vapor 267
0.5218 310.03 0.76458 2.12E-05 0.016568 vapor 277
0.52168 315.59 0.7163 2.19E-05 0.01707 vapor 287
0.52157 321.05 0.67196 2.25E-05 0.017567 vapor 297
0.52147 326.42 0.6311 2.31E-05 0.018057 vapor 307
80
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Isobaric Data for P = 1.0000 atm
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2 Properties of materials at
low temperatures

Learning objectives:

1. In this chapter, topics on ‘Low temp properties of materials, such as mechanical properties,
thermal properties, electrical properties and properties of some Type-I and Type-II and High
temp. superconductors, are dealt with.

2. First, a very useful compilation of material properties from various sources is given.

3. Of particular interest are the polynomial curve fit equations for properties at low temperatures,
and in some cases, graphs given by the NIST-Cryogenics website.

4. Several Functions are written in EES, EXCEL and Mathcad for thermal and mechanical
properties of most of the materials of interest in cryogenics. This will make computer designs
of cryogenic systems very easy. When no equations are available from the NIST- cryogenics site,
graphs from standard text books are digitized and data is used either to get curve fit equations
or to prepare look up tables for interpolation.

5. Many numerical problems are solved to illustrate the use of computer calculations.

2.1 Definitions, Statements and Formulas used [1-7]:
2.1.1 Properties at ambient temperatures:

Properties of materials undergo substantial changes — sometimes, dramatic - as temperature is lowered

from ambient to cryogenic range (i.e. below 150 K).

Materials of interest are: Stainless steels (SS) of various grades, Aluminium and its alloys, copper and

its alloys, plastics etc.

To start with, we show below the properties of Aluminium, copper and SS:
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For Aluminium [6]:

Physical properties

Phase
Melting point

Boiling point

Density (nearrt)

Liquid density
Heat of fusion

Heat of
vaporization

Molar heat
capacity

solid

933.47 K (66032 °C,
1220.58 °F)

2743 K (2470 °C,
4478 °F)

270gcm™
(atD *C, 101.325 kPa)
atm.p.: 2.375 g-cm™

10.71 kJ-mol™
284 kl-moal™

24 .20 Jmol™ KT

Vapor pressure

P{Pay| 1 10

100 1k | 10k 100k

atT (K)| 1482 16321817 | 2054 | 2364 | 2730

“I studied
English for 16
'years but...
...I finally
learned to
speak it in jus
Six lessons”

Jane, Chinese architect
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Miscellanea

Crystal structure

Speed of sound

Thermal
expansion

Thermal
conductivity

Electrical
resistivity

Magnetic
ordering

Young's modulus
Shear modulus
Bulk modulus
Poisson ratio
Mohs hardness

Vickers
hardness

Brinell hardness
CAS number

face-centered cubic (fcc)

thin rod: (rolled)
5000 m-s7" (atrt)
23 proem KT
(at25°C)

237 W-m K1
at20°C: 28.2n0'm
paramagneticl?!

70 GPa
26 GPa
76 GPa
0.35
275
167 MPa

245 MPa
7429-90-5
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For Copper [7]:

Physical properties Miscellanea
hase solid Crystal structure face-centered cubic (fcc)
lelting point 135777 K (1084.62 °C,
1984.32 °F)
oiling point 2835 K (2562 °C, 4643 °F)

ensity (nearrt.)

8.96 g-cm™
(at0°C, 101.325 kPa)

iquid density atm.p.: 8.02 g-cm™?
eat of fusion 13.26 kJ-mol™
eat of 300.4 kJ-mol™
aporization
lolar heat 24 440 J-mol~ 1K1
apacity

Vapor pressure
P{Pa)| 1 10 (100 | 1k [ 10k (100K
T (K)| 1509|1661 | 1850 | 2089 2404 | 2834

For Stainless Steel [8]:

Speed of sound

Thermal
expansion

Thermal
conductivity
Electrical
resistivity
Magnetic
ordering
Young's modulus
Shear modulus
Bulk modulus
Poisson ratio
Mohs hardness

Vickers
hardness

Brinell hardness

thin rod: (annealed)
3810 m-s7" (atrt)

16.5 pm-m KT
(at 25 °C)

401 W-mKT

at20 *C:16.78 n(m

diamagneticl]

110-128 GPa
43 GPa

140 GPa
0.34

3.0

369 MPa

874 MPa (HB=35}

Ambient Temperature Physical Properties of
Common Stainless Steels

(Carbon Steel| _G10200 | 7.64 [0.278] 447 [0.107] 010 | 3.8 | 207 ]300

Download free eBooks at bookboon.com

2 320100
301 S30100 | 8.03 | 0.29 - - 0.7z 28.3 183 28
304L 530403 | 7.50 |0.285] 500 (012 | 0.72 283 200 25
305 530500 | 7.90 |0.285( 500 | 012 [ 0.72 28.3 200 28
321 332100 | 792 |0.286( 500 | 012 [ 072 28.3 183 28
347 534700 | 7.96 |0.288| 500 (012 | 0.72 28.3 193 28
308 530800 | 803|029 502 (012 | 0.78 30.7 200 28
310 531000 | 803 | 025 | 502 | 012 [ 0.94 37.0 200 25
316L 531603 | 7.95 |0.287| 465 [0.12| 0.74 2581 200 28.0
317L 531703 | 785 0287 - - 0.75 31.1 - -
J17LMN 531726 | 8.02 |0.250] 502 (0.112| D.85 33.5 200 25.0
S04L NOBS04 | 7.95 |0.287( 461 |0.1M0( 0.85 74 150 28.0
531254 | 7.95 |0.287| 498 [0.11%| 0.85 33.5 200 28.0
NO8367 | 8.06 |0.291( 461 |0.110( 0.85 35.0 185 28.2
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Typical mechanical properties for architectural metals

Download free eBooks at bookboon.com

Building Material Tensile Tensile Yield Elongation
Strength to | Strength Strength, in 2in.
weight k=i (MPa) k=i (MPa) [B0mm]},
ratio min. %
Stainlezz Steelz
316 Annealed 257 75 (515 30 (205 35
304 Annealed 257 75 (515 30 (205 35
2205 324 105 (723 74 (510 30
HSLA Steel, 34 - 1.5 in. (20-40 239 &7 (450 45 (315 21
i}
Structural Steel (plate and bar) 261 S8/80 36 (250 23
(400/550)
Carbon steel =heet, cold rolled 164 45 (317 24 (234) 35
Aluminum Alloys
3003-H14 222 22 (150 21 (145 40
3105-H14 255 25 (170 22 (150 5
S005-H18 265 28 (180 25 (170} 3
6061-T6 450 45 (310} 40 (275) 12
6063-TS 276 27 (185 21 (145) 12
Copper 112 35 (250 28 (195 30
87




Physical constants and thermal properties

Building Density Lbs/in? | Coef. Thermal Thermal
Material {g/cm?3) Expansion Conductivity
68-212°F 212°F (100°C)
(20-100°C) Btu-in/ft2-hr-F
pin/in °F (W/ m-"K)
(pm/m-°K)
Stainless Steels
316 0.29 (8.0) 5.3 (15.5) 113 (16.3)
304 0.29 (8.0) 9.6 (17.2) 113 (16.3)
2205 0.235 (7.85) 7.22 (13.0) 110 (16.0)
Gray Iron 0.27 (7.5) 6.5 (11.9) 3438 (50)
Carbon Steel 0.28 (7.8) 6.7 (12.1) 324 (47)
HSLA Weathering 0.28 (7.8) 6.7 (12.1) 324 (47)
Stesl
Copper £11000 0.321 (8.39) 9.6 (17.2) 2688 (387)
Alluminum Alloys
3003 Hid 0.099 (2.73) 12.5 (23.2) 1100 (159)
3105 0.098 (2.72) 13.1 (23.8) 1150 (172)
5005 0.098 (2.70) 13.2 (23.75) 1350 (200)
6061 T6 0.098 (2.70) 13.1 (23.8) 1160 (167)
6063 TS 0.097 (2.70) 13.0 (23.4) 1450 (209)

(i) Metalz Handbook Vol. 2, 10th Edition, Properties and Selection:

Purpo=e Materialz, ASM International, 1550

(i) Harold E. McGannon, The Making, Shaping & Treating of Steel,

Steel
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Representative design values for longitudinal and transverse compression and tension:

Grade | Direction and type 0.2% Yield Young's Shear modulus, G
of stress Strength k=i (MPa) modulus, 10F p=i (GPa)
E x 10% psi
(GPa)
04l LT 33 (262) 28 (193) 1 (77)
LC 36 (250)
T 338 (259) 25 (198
TC 37 (255
316L LT 40 (277 28 (193 10.7 (74
LC 41 (285)
T 41 (285 25 (158
TC 43 (297
2205 LT 75 (513) 25 (200} 11.3(78
LC 78 (323)
T 79 (544 30 (207
TC Ta (540

From Nill De=ign Manual for Structural Stainlezs Steel

LT - Longitudinal tenzion LC - Longitudinal compres=ion
TT - Transverse tenzion  TC - Transverse compression
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2.1.2 Variation of properties with temperature:

As temperature falls down to cryogenic range, yield stress and ultimate stress increase, generally. This

is shown in Tables below [9]:

Yield stress and ultimate stress:

Yield stress o, of several materials (units are MPa)

Material a, (0 K) a, (80 K) 5, (300 K)
304L-55 1350 1,300 1.150
6061-T6 Al 345 332 282
OFHC-Cu (Anncaled) 90 &8 75
Cu+2 Be 752 690 552
Brass (70% Cu, 30% Zn) 506 473 420
Inconel X-750 940 905 &15
G10-CR 758 703 414
Teflon 130 65 20
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Properties of materials at low temperatures

Ulumate stress of several materials (units are MPa)

Material a7 (0 K) o, (80 K) T, (300 K)
A L-58 1600 1410 1,200
Gla1-Ta Al 80 422 312
OFHC Cu {annealed) 418 360 e
Cu 2 Be 045 &07 620
Brass (T(Fx Cu, 304 Zn) 914 B4 656
Inconel X-750 1,620 1496 1,222
G-10-CR 758 q05 414
Teflon 194 86 21

Barron [1] gives graphical presentation of variation of different properties of materials with temp:

a) Ultimate strength:
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/
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E- 1200 (7) “H-..H [4:_—__--___
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—
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Fig.2.1.2.a Ultimate strength for several engineering materials: (1) 2024-T4 aluminum; (2) beryllium copper;
(3) K Monel; (4) titanium; (5) 304 stainless steel; (6) Cl020 carbon steel; (7) 9 percent Ni steel; (8) Teflon;
(9) Invar-36 (Durham et al. 1962).
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b) Yield strength:

Variation with temp:

2000
1800 \
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\,\
1400 \
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= \ (4] I
2 1000 ~1 . ]
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Fig. 2.1.2.b Yield strength for several engineering materials: (1) 2024- T4 aluminum: (2) beryllium copper;
(3) K Monel; (4) titanium; (5) 304 stainless steel; (6) Cl020 carbon steel; (7) 9 percent Ni steel; (8) Teflon;
(9) Invar-36 (Durham et al. 1962).
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c) Fatigue strength:
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Fig. 2.1.2.c Fatigue strength at 10° cycles: (I) 2024- T4 aluminum; (2) beryllium copper;
(3) K Monel; (4) titanium; (5) 304 stainless steel; (6) Cl020 carbon steel (Durham et al. 1962).
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d) Impact strength:
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Fig. 2.1.2.d Charpy impact strength at low temperatures: () 2024-T4 aluminum; (2) beryl- lium copper; (3) K
Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steel; (7) 9 percent Ni steel (Durham et al. 1962).
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e) Ductility (% elongation):
60 i

(5) /
50 //

N

I/
|
\

(1)

7T
/

Per cent elongation before failure
N o
o o

s
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10 /‘ f
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0 s0 100 150 200 250 300 350

Temperature, K

Fig. 2.1.2.e Percent elongation for various materials: (I) 2024-T4 aluminum; (2) beryllium copper;
(3) K Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steel; (7) 9 percent Ni steel
(Durham et al. 1962).
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f) Young’s Modulus E (i.e. the rate of change of tensile stress with respect to strain at constant

temperature in the elastic region):

Variation of E with temp [9, 1]:

Young's modulus E, of several materials (units are GPa)

Material_ E, (D K) E, (B0 K) E, (300 K)
304 -85 210 214 199
6061-TH Al T8 77 70
OFHC-Cu {annealed) 139 139 128
Cu+2 Be 134 130 118
Brass (T0% Cu, 30% Zn) 110 110 103
Inconel{ X-750) 252 223 210
G-10-CR. 36 34 28
Teflon 0.7 2.8 4
240
220
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— T[N
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. ‘"""--."-—-—-____,____ i
I e N T
&0
40
20 1
0
0 50 100 150 200 250 300 350

Temperature, K

Fig. 2.1.2.f Young's modulus at low temperatures: (I) 2024- T 4 aluminum; (2) beryllium copper; (3) K Monel;
(4) titanium; (5) 304 stainless steel; (6) CIO20 carbon steel; (7) 9 percent Ni steel (Durham et al. 1962).
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In addition to Young’s Modulus, E, there are two other moduli defined:

a) Shear modulus, G: defined as the rate of change of shear stress with respect to shear strain at
constant temperature in the elastic region; and

b) Bulk modulus, B: defined as the rate of change of pressure (corresponding to a uniform three-
dimensional stress) with respect to volumetric strain (change in volume per unit volume) at

constant temperature.

These three moduli are related through Poisson’s ratio v, (i.e. the ratio of strain in one direction due to

a stress applied perpendicular to that direction to the strain parallel to the applied stress) as follows:

_E
T 3(1-2v)

_E
T 2(1+v)

Typical values of Poisson’s ratio for a few materials:

(Ref: http://www.engineeringtoolbox.com/poissons-ratio-d_1224.html)

Poisson's Ratio Poisson's Ratio

Material ey Material Iy
Upper limit 05 Lead 0.431
Aluminum 0.334 Limestone 02-03
Aluminum, 6061-T6 0.35 Magnesium 0.35
Aluminum, 2024-T4 0.32 Magnesium Alloy 0.281
Beryllium Copper 0.285 Marble 02-03
Brass, 70-30 0331 Molybdenum 0.307
Brass, cast 0.357 Monel metal 0.315
Bronze 0.34 Nickel Silver 0.322
Concrete 01-02 Mickel Steel 0.291
Copper 0333 Polystyrene 0.34
Cork 0 Phosphor Bronze 0.359
Glass, Soda 0.22 Rubber 048-~05
Glass, Float 02-027 Stainless Steel 18-8 0.303
Granite 02-03 Steel, cast 0.265
Ice 0.33 Steel, Cold-rolled 0.287
Inconel 0.27-0.38 Steel, high carbon 0.295
Iron, Cast - gray 0.211 Steel, mild 0.303
Iron, Cast 0.22-0.30 Titanium (29.0 Ti) 0.32
Iron, Ductile 0.26 - 0.31 Wrought iron 0.278
Iron, Malleable 0.271 Z-nickel 0.36
Zinc 0.331
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Elastic Modulii for some common materials:

(Ref: http://www.engineeringtoolbox.com/stress-strain-d_950.html)

. Young's Modulus Shear Modulus Bulk Modulus
Material 1010 Nym2 108 Ib/in? 1010 N/m2 108 Ibfin? 1010 N/m2 108 Ib/in?
Aluminum 70 10 2.4 34 7.0 10
Brass 91 13 36 51 6.1 85
Copper 1 16 42 60 14 20
Glass 55 78 23 33 37 52
Iron 9.1 13 7.0 10 10 14
Lead 16 23 0.56 08 077 1.1
Steel 20 29 8.4 12 16 23
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Cryogenic Engineering:

Software Solutions: Part-I Properties of materials at low temperatures

And, www.Essom.com gives:

MODULI OF ELASTICITY AND POISSON’S RATIO

Matevial Modulus of elasticity £ Shear modulus of elasticity G Poisson’s
ksi GPa ksi GPa ratio v
Al“‘;&‘;?_“,;'éloys 10,000- 11,400 70-79 3.800-4,300 26-30 0.33
6061- T6 10,600 73 4,000 28 0.33
2075- T6 10,000 70 3,800 206 0.33
- 10,400 72 3,900 27 0.33
Brass 14,000-16,000 96-110 5,200-6,000 36-41 0.34
Bronze 14,000-17.,000 96-120 5.200-6,300 36-44 0.34
Cast iron 12,000-25,000 §3-170 4,600-10,000 32-69 0.2-0.3
Concrete ( compression) 2,500-4,500 17-31 0.1-0.2
Copper and Copper
alloys 16,000-18.,000 110-120 5,800-6,800 40-47 0.33-0.36
Glass 7,000-12.,000 48-83 2,700-5,100 19-35 0.17-0.27
Magnesium all oys 6,000-6,500 41-45 2,200-2,400 15-17 0.35
Niclel 30,000 210 11.400 80 0.31
Plastics
Nylon 300-500 21-34 0.4
Polyethylene 100-200 07-1.4 0.4
Rock (Compression)
Granite, marble, quartz | 6,000-14.000 40-100 0.2-0.3
Limestone, sandstone 3,000-10,000 20-70 0.2-0.3
Rubber 0.1-0.6 0.0007-0.004 0.03-0.20 0.0002-0.001 0.45-0.50
Steel 28,000-30,000 190-210 10,800-11,800 75-80 0.27-0.30
Titanium alloys 15,000-17 000 100-120 5,600-6,400 39-44 0.33
Tungsten 50,000-55,000 340-380 21,000-23,000 140-160 0.2
Wood (bending)
Douglas fir 1.600-1.900 11-13
Oak 1,600-1,800 11-12
Southern pine 1.600-2,000 11-14

Reference : “Mechanics of Material” by James M. Gere, Stephen P. Timoshenko, 1997
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Note:

There is a web calculator to calculate the various Elastic constants when any two are given:

Ref: (http://www.efunda.com/formulae/solid mechanics/mat _mechanics/calc_elastic constants.

cfm#calc)

For isotropic materials, only two independent elastic constants are needed for describing the stress-strain
relationship, i.e., Hooke's Law.

This calculator computes the inter-relations among the 5 commonly used elastic constants:

Symbol Name Other Names
E Youngs modulus Elastic modulus, tension modulus
n Foisson ratio
5 orm Shear modulus Rigidity modulus, 2nd Lamé constant
K Bulk modulus Compression modulus
1 1st Lame constant
Input
|E:‘r’0ung's Modulus Vl |?D |
| nu: Poisson's Ratio V| |I}.3 |

Units for modulii (E, G, K, 1)

100
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Answer

Young's Modulus E: 70.00 GPa
Poisson's Ratio n:  0.30
Shear Modulus G: 26.92 GPa

Bulk Modulus K: 58.33 GPa

Lamé's Constant 1: 40.38 GPa

Calculate Again ‘ ‘ Restore Values
Possible Inputs are:
Input
E:Young's Modulus Vl 70
's Modulus

nu: Poisson's Ratio

G: Shear Modulus

L K: Bulk Modulus

lambda: Lamé&'s constant

And the possible Units are:
Input

|E:Ynung's Modulus V| |?IJ |

| nu: Poisson's Ratio V| |I}.3 |
Units for modulii (€, G, K, 1)
Pa
kFa
Answer MP3

Young's Modulus E: 70.00 GPa psi
ksi

101
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Table of Relations among Elastic Constants

The relationships amongst the 5 elastic constants are shown in the table below.

In the following, K is the Bulk Modulus:

Input Output Relations
Constants E - y = c = _ .-
B E By
E n - ) 2(1 +v) 3[1—21)) |:1—|—v)(1—2v)
E—20 G G(E—20)
E, G - -
2G 3(36-F) 35z
3K—F 3KE 3K (3K —E)
E, K - _
74 SE-F O — F
= i 21 E—31+R E+31+R )
" E+A1+R 4 5
EG(I—HJ) S
n, G 2(3[:14-13) - m —
s 3K (1-2v) 35
i e _ 2(1+v) _ T+v
oy All+v){(1—2v) _ A1—2v)  Al+v) )
.l v 2y By
o K EG 3K —-20G ] ] 3 _ 23
" 3K+ 6K 420 3
. G(3A+26)  _ A ] 314-2G _
" 1+ 2(A+3) 3
K, 1 M E (k-2 - i}
3K -2 3K —14
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For the case of {E, I} input, the factor R is defined as,

R=+JE? 192 y2m

The 2" Law of Thermodynamics requires that the following limits hold on the elastic constants,

E, G, and K =0

—lr:iv‘:_:l
2
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Example:

For 304SS at 80 K: Young’s Modulus, Ey = 214 GPa, v = 0.305. Then, we have:

Input
'E: Young's Modulus v| [214 |
| nu: Poisson's Ratio v| |0.305 |
Units for modulii (E, G, K, 1)

Answer

Young's Modulus E: 214.0 GPa
Poisson's Ratio n: 0.31
Shear Modulus G: 81.99 GPa

Bulk Modulus K: 182.9 GPa

Lamé's Constant1: 128.2 GPa

g) Thermal conductivity [9]:

Conductivity of various technical alloys (units are W/m K)

Alloy 10K WK 50K 100 K 200 K 0K
AL 5083 30.3 30.3 31.3 35.5 47.9 59.2
AL 6061-TH 238 50.1 100 120 135 160
34 SUS 077 1.95 58 94 13 14.9
BeCu 5.1 10.3 24 44.5 79.5 112
Manganin 1.7 4.1 10.1 14 17.2 22
Constantan 3.5 B.7 8.1 20 328 249
Ti-6%Al-4%V 0.87 1.5 26 4 59 1.7
PbSn (56-44) 20 28.5 407 45 48 51
104
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Fig. 2.1.2.g1 Thermal conductivity of materials at low temperatures
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Fig. 2.1.2.92 Thermal conductivity of amorphous solids
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Thermal conductivity of a pure metal is affected by Residual Resistivity Ratio (RRR) [9]:

Ordinary copper:  5<RRR=150
OFHC copper: 100<RRR<200
Very pure copper  200<RRR=5000

axio?

-
"
E
Sy
= o3
=
IDG lIJl 1 | JJIJJl|. L
4 1o 100 300
T(K)

Fig.2.1.2.04 Thermal conductivity versus temperature of differing purities of copper
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Ref.[14] gives very useful Tables of thermal conductivities of materials:

» Thermal conductivity

?g“" kowem e Metals and alloys

L
hll 55304 CuRRR=30 Brass Comstantan Manganin inconel 718 KMorel Imar36 | TiGAI4Y  A-RRR=30| 6061-T6  5083-T0 Miobium
i 0042 45 0.6% | 950EL2 | TIEL2 0107 0.138 SEE0R 0124 286 22 0877 04 2.60E02
2 0103 a2 i5 i0.285 0.48 02313 035 B05E02 023 CTR | a7 45 i 6.00E-02
4 02T 184 158 0.878 0484 0.504 0.883 0185 0403 14 953 312 el 0.176
[} 10,384 I 608 igd 10348 0,808 153 0345 0558 i "3 458 M5 0.304
8 0.565 67T 885 252 1% 114 228 0533 0725 ] el 673 wr 0.436
10 07 A57 118 35 i7 148 305 074 0.8y 204 A8 85 = 057
15 133 &70 185 607 2% 225 ] 126 1.21 420 k1l 132 7549 10.858
20 1.95 248 25 a7 41 2495 TA 18 is5 544 0.1 178 a5 113
25 2.61 957 2hz 1 2R 353 568 2.36 1.1 8% el.1 23 2749 142
0 33 1000 28 13 [ 4 10 249 18 it T M6 % 17
5 402 a74 58 144 758 4135 1.2 338 2.11 11 2.3 308 823 153
A0 a7 203 W3 155 a8 455 12.2 a5 23 &a w5 M5 i 226
20 LT3 T3z 42 1841 10.1 53 13.5 44 28 ST 100 42 & 281
&0 [T taR 453 183 11.2 5T 14.2 5.8 28 d57 111 482 [ 337
T 16 514 51 188 12 6.1 1439 6.6 iz K, ] 113 o i 3493
Yl 8.07 a7 5T 19 126 6.35 153 TA7 E 344 7 e 585 43
a 3.2 485 55 181 128 645 15.5 T4 346 % 118 = % 444
0 5.85 438 [ 185 135 6.8 16 8 37 24 120 (7] =5 c04
100 24 A7 (=] 2 i T4 6.5 85 358 268 1 [7) 55 55
120 | 104 403 T8 208 148 763 7.4 933 445 2% 124 fL] ] 628
140 | 11.2 358 TaT 214 154 208 5.2 10 483 i 128 801 A5 689
160 | 119 3 85 218 % 85 5.8 10.6 L2 r.] 13 i 3] M5 T3
180 25 mz i 724 166 885 25 1.2 555 =) 113 a2t 5 776
200 13 £ 33 28 7.2 92 20 7 ta r.] 135 ) s 81
Z20 ] 135 350 o2 k] 18 EEH 20.4 123 8.22 5 #4 104 BA5 85
240 135 358 103 235 el Qa4 208 128 6.54 .} ur 110 5 485
260 143 358 108 239 201 102 21.3 131 6.87 iy 152 116 45 Q12
280 146 7T 3 M2 211 105 218 134 T2 ) 156 172 5 932
300 145 385 1] 49 iy 22 137 17 i} 160 128 5 a5

Thermal conductivities
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h) Strength to conductivity ratio (Figure of Merit):

Figure of ment ( g/k) for several different structural materials (units are MPa-m-K/W)

Material afl (4 K) afk (280 K) afk (300 K)
304 sx 6,000 160 80
6061 Té AL 36 3 i
G-10 12,000 1,600 500
Brass 150 9 3
Copper 2 2.5 3

Note: High FOM materials have high strength and low thermal conductivity, such as stainless steel or
certain fiberglass composites (G-10). And, alow FOM material has a high thermal conductivity and low

strength, e.g. pure metals like aluminum and copper.

i) Thermal conductivity integrals [1, 10]:

1,000,000

100,000

thermal conductivity integral, 8 = JEdT [W/m]

T T ™

1 10 100 I IED(]
temperature, T [K]

Fig.2.1.2.i Thermal conductivity integrals
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Using the Thermal conductivity integrals:

Heat transfer rate, Q:

Q= KI W__.where A = area of cross-section (m*2), and
L = Length of section {m)
T
K= J k, dT Wim ____ thermal cond. integral

ki ... thermal cond, W/m.K
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Following Table gives Thermal conductivity integrals (W/m) for a few materials [1]:

Aluminum Beryllium Steel Stainless
Temperature {6063-T5) copper (Clozo) steel (304)
(K} k, K &y K ky K ky K
4 34 0 19 0 3.0 0 0.24 0
10 86 360 4.8 19 11.5 43 0.77 29
20 170 1,650 106 95 24.0 222 1.95 16.3
30 230 3,650 16,2 229 320 502 3.30 424
40 270 6,200 210 415 386 B67 4.70 82.4
50 280 8,950 26.1 650 47.6 1,310 5.80 135
a0 270 11,700 300 910 53.6 1,810 6.80 198
70 248 14,300 33.7 1.250 57.5 2,360 1.60 270
80 230 16,700 310 1.600 60.0 2,950 8.26 M9
S0 222 19,000 40.1 1,990 61.8 3,550 8.86 416
100 216 21,100 43.0 2,400 62.9 4,170 9.40 528
120 207 25,300 48.4 3300 64.1 5450 10.36 126
140 2001 29300 533 4,320 646 6,750 11.17 939
160 200 33300 57.6 5440 64.8 8,050 11.86 1,170
18O 200 37,300 615 6,640 04.9 9,350 1247 1410
200 200 41,300 65.0 7910 65.0 10,700 13.00 1,660
250 200 51,300 724 11,300 65.0 13,900 14.07 2,340
300 200 61,300 785 15000 65.0 17,200 14.90 3,060
Monel
{drawn) Tellon Glass

Temperatune

(K) ky K ks K ky K

4 0.43 0 0,046 0.0 0.097 0.00

10 1.74 6 0.096 0.44 0,120 0.68

20 4.30 36 0.141 1.64 0,146 2.00

30 6.90 93 0.174 323 0.190 .68

40 9.00 173 0.193 5.08 0,24 5.86

50 10,95 273 0.208 7.16 0.29 B.46

60 12.09 168 0.219 9.36 0.3 115

70 13.06 513 0228 116 0.39 15.1

80 13.90 647 0.235 139 0.44 194

S0 14.63 791 0241 163 0.50 240

100 15.27 940 0245 18.7 0.55 292

120 16.26 1,260 0251 237 0.64 40.8

140 1734 1,590 0255 287 0.73 542

160 18.25 1,950 0.257 338 0,79 644

180 19.02 2320 0258 390 0,85 858

200 1969 2710 0259 442 0.90 103.0

250 21,02 3,730 0260 572 0.98 150.0

300 220 4,800 0.260 70,2 1.02 199.0

111

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Ref.[14] gives very useful Tables for thermal cond. integrals of materials:

» Thermal conductivity integrals

Temp. _I'-:-‘(Tixﬂ' (W /m) Metals and alloys
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j) Specific heats of solids:

For solids, the Debye model gives a satisfactory representation of the variation of the specific heat with

temperature. From Debye theory:

ORT’ opr x'e*d T T
C, = 3 b X © X2 =3R| — |D| — | where 0, is called the Debye characteristic temperature
6°p 70 (" -] Op Op

and is a property of the material, and D(T/8),) is called the Debye function.
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A plot of the specific heat as given by above eqn. is shown below:

3.0 —
/

2.0
[

on
1.0
ol
0 1.0 2.0 3.0
T/8,,

Fig.2.1.2.j1 Specific heat of a few materials (as per Debye Theory)
At high temperatures (T > 2 0,), sp. heat approaches a constant value of 3R, the Dulong Petit value.
At low temperatures (T < 0,/12), sp. heat cv is expressed as: cv = 233.78 * R * (T/6,)’

Table of Cv/R against T/0 [1]:

Ty ool R Tdp /R Ti8p ool R

0,05 0,1191 0.45 2,3725 1,60 2,9422
0,09 0,1682 0,50 2,4762 1,70 2,9487
0,10 0,2275 0.60 2,6214 1,80 29542
0,12 0,3733 0,70 2,7149 1,90 29589
0,14 0,5464 0,80 2,7481 2,00 2,9628
0,16 0,7334 0,90 28227 2,20 2,9692
0,18 0,9228 1,00 2,8552 2,40 2,9741
0,20 1,1059 1,10 28796 2,60 29779
0,25 1,5092 1,20 2,8984 2,80 29810
0,30 - 1,823] 1,30 12,9131 3,00 29834
0,35 2,0597 1,40 29248 4,00 2,9844
0.40 2,2376 1,50 29344 5,00 2,9900
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Debye Characteristic Temperatures (0,) of Some Representative Elements and Compounds [2]:

I [ I i

Element R K Element R K Element °R K Compound R K
Ac 180 100 Ge 666 370 Fb 153 85 AgCl 324 180
Ag 196 220 H (para) 207 115 Pd 495 275 Alums 144 &0
Al 693 385 H (ortho) 189 105 Pr 216 120 Asz 0 252 140
Ar 162 90 H (n-Ds) 189 105 Pt 405 235 As,05 432 240
As 495 275 He 54 30 Rb 108 60 AuCu; (ord.) 360 200
Aun 324 180 Hf 351 195 Re 540 300 AuCuy (disord.) 34 180
B 2196 1220 Hg 180 100 Rh 630 350 BN 1080 600
Be 1692 940 I 189 105 Rn 720 400 CaF> 246 470
Bi 216 120 In 252 140 Sh 252 140 Crn 648 360
C (diamond) 3650 2028 Ir 522 290 Se 270 150 FeS 1134 630
C (graphite) 1500 2700 K 180 100 S 1134 630 KBr 324 180
Ca 414 230 Kr 108 60 Sn ifec) 432 240 KCl 414 230
Cd (hep) 504 280 La 234 130 Sn (tetra) 252 140 KI 351 195
Cd (bce) 306 170 Li 756 420 Sr 306 170 LiF 1224 620
Ce 198 110 Mg 594 330 Ta 414 230 MgO 1440 800
a 297 165 Mn 756 420 Th 315 175 MoS, 522 290
Co 792 440 Mo 675 375 Te 234 130 NaCT 304 280
Cr 774 430 N 126 70 Th 252 140 RbBr 234 130
Cs &1 45 Na 270 150 Ti 639 155 Rbl 207 115
Cu 558 310 Nb 477 265 Tl 162 90 810, (quartz) 459 255
Dy 279 155 Nd 270 150 v 504 280 Ti0, (rutile) 210 450
Er 297 165 Ne 108 60 w 567 315 ZnS 468 260
Fe 828 460 Ni 792 440 X 414 230

Ga (rthomb) 432 240 (8] 162 90 Zn 450 250

Ga (tetra) 225 125 Os 450 250 Zr 432 240

Gd 288 160 Pa 270 150 AgBr 252 140

Sp. heats of some materials of construction used in cryogenics [2]:
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Fig.2.1.2.j2 Specific heat of a few materials of construction
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Sp. heats of some selected substances [2]:

Table 5.2 Specific Heats (Cp) of Some Selected Substances [cal /(g K)]

Temperature (K) Al Mg Cu Ni *-Mn x-Fe p-Fe Cr 18-18 858" Monel Fused silica Pyrex  Teflon
20 0.0024 00040  0.0019 00012 00025 00011 00014 0.0006 0.0011 0.0014 0.006 0.0055  0.0183
50 0.0337 00580  0.0236 00164 00211 00129 00218 0.0090 0.016 0.0186 0.0272 0.0264  0.0491
7 0.0815  0.119 0.0471 00392  0.0473 00343 0.0487 0.0277 0.038 0.0417 0.0470 0.047  0.0739
90 0.102 0.141 0.0554  0.0488 0.0574 0.0441 00604  0.0381 0.050 0.0509 0.0570 0.0575  0.0851

100 0.116 0.155 0.0607 00555 00641 00516 00684  0.0459 0.057 0.0571 0.0643 0.065 0.0931

150 0164 0202 0.0774 00785 0.0872 00775 0.0975 00757 0.085 0.0782 0.0982 0.101 0.132

200 0.191 0.221 0.0854 00915 01003 00918 0118 0.0925 0.099 0.0897 0.129 0.132 0.166

298 0215 0.235 0.0924 01060 01146 01070 01251 0.1073 0.114 0.1019 0.177 0.182 0.248°

* 55 =stainless steel.
B AL2BOK.

Note: 1 cal/g.K = 4.1868 kJ/kg.K
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Sp. heats of some substances used in Cryogenics [9]:

10"

10°

Cr [U(g K)]
S

Properties of materials at low temperatures

Glass/resin

Stainless steel 3108

-3
-4
10 .
ey Be ]
- E
5 |- - \\. Cu
1[} L i1 1 a3l L1 g aail
1 10 100
T(K)
Fig.2.1.2.j3 Specific heat of a few materials
Sp.heats of some technical solids is given below (in J/g.K) [4]:
Material 5K SOK 75K 100K 150K 200K 93K
Metals
Al 00175 0142 0322 451 0633 0797 0897
Cu 0.015 0097 0,187 0.252 0322 0.355 0.383
Fe (LB 0051 0.136 0216 0.324 0.384 0444
Nb 0.020 0085 0.147 (.188 0.230 0248 0.262
MNi 000498 0069 0,156 0.232 0.329 0.383 0435
5i (LNES 0078 0170 (0.260 0425 0.557 0694
Ti 0.0137 0098 0.210 (0.300 0408 466 0518
w 00041 0032 0.4 0087 0112 0.123 0.133
Alfos
Al2024 — e — (.46 0.65 0.73 .84
CuZn (65135) 0.022 0118 0.21 0.27 0.33 .36 0377
Constantan 0013 .08 017 0.24 0.32 .36 041
Inconel 718 — 0.a7 .16 0.27 0.36 .40 043
Nb-38Ti 0.03 .11 024 —_ — — —
SnPb (5M50) 00632 0116 0140 0.152 0.163 0170 0.178
5.5 34316 0019 0092 019 0.28 0.35 0.42 047
Ti-HAl-4W —_ — 021 —_ 040 .49 0.55
Nown-metals
Sapphire 00014 00148 00558 0126 0.313 0.501 0.763
Mg 00019 00207 0.0ES 0.195 00449 (.66 0916
Pyrex 0.043 — — 0.28 0406 0.533 0.72
Silica 0038 0111 0188 0.263 0.420 0.546 0.728
£, 0009 0041 0075 015 0.26 0.35 045
Palymers
Epoxy 0.13 0.27 0349 (.48 — 1.0 1.3
G10 (GFRF) — 0.3 0.4 05 e 1.0 1.5
Nylon 6 —_ - 0.47 — 0.81 101 1.5
Stycast 0.032 088 015 0.22 — — —
Teflon LR T 0.21 0.29 0.39 0.56 0.72 1.0
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Ref.[14] gives graphs and very useful tables for sp. heats and Ah of a large number of materials:

# Specific heat capacity curves for some materials

104+
[T o e s g e e e S i e e B
10°; =
-
— - i __
' 2 el | — S 3041
< 1024 e
X | 1
— |
= 1074 A
o |
E [=——Ti
Al BOB1-
o 1004 16061-T6
'% Constantan (Cu-Ni)
= Manganin (Cu-Mn...)
B 401 | 9 1
| ==+ G10{epoxy + glass fibers)|
| = Pyrex |
102;
= |=-—eHe gas
L :
| M2 gas
1 10 T (K) 100 1000
e, ot .y .
# Specific heat capacities of some materials
T‘E}TIF' & (1/keK) Metalsand alloys
v TiBAl- Al 6061-T6  S083-TD  Niobium
1 D454 0389 0110 025 0001 0. 100 [iT1 2 | 0.0851 0.080 Dooz
2 | osa o7 | ozzo | o481 | o i 0108 75 | ooz
4| 180 150 | 0473 | o0sm g | oz 05z
s | 2220 220 | o784 | 150 D15 2
8 3500 2540 1.180 22T OBET 233
10 5020 3700 1700 IZH0 1400 1300
45 | z1z0 sz | 3mE0 | eam0 1840 0.3
20 | iz2 000 | 700 | 1210 530 21.00
25 260 18.30 1250 2130 17.80 Ty
30 28.30 30,00 21.00 3500 3180 E8.00
35 | 4200 asd0 | 3120 | saE0 5130 8280
o | a0 g200 | 4500 | =m0 7750 1100
s0 | w000 wo | 780 | 120 1420 1500
e | 1220 wo | 1wo | 1m0 2140 2000
70 | =70 g0 | 1m0 | zno 2670 2400
T 128.0 830 1imo 230 1%0 2610
B0 ar.o 200 180.0 2500 LT 2700
s | 20 2150 | 2mo | zmo 420 3000
a00 | z=00 2000 | 2400 | 290 4810 70
120 | 0.0 2820 | 2ma0 | @0 570 280
140 3z8.0 350 ia 1860 8530 I5TD
160 384.0 3470 3®o 1880 T120 Irsn
180 | 230 w0 | amao | amo TE00 3900
200 | 4130 %50 | 3mo | amo 70 4000
20 | 4210 $180 | 2E20 | 420 EE0 100
20 | 40 a220 | 3|0 | 440 8430 4170
260 | 4470 4290 | 400 | 4480 880 4220
280 | 4230 4380 | 4mo | 4m0 e 4250
a0 | 4700 4440 | 4m0 | smo 90z 0 4250

Constantan: Cu-Mi
Menganin: Cu-Mn-Mi
Monel: Mi-Cu-Fa
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» Specific heat capacities of some materials

Temp. p (Wkg-K) Thermal Insulators

(K} 3 Carbon
Pyrex Glass ITF‘.’;F’E" Pﬂ_‘j"‘&”ﬁe nomalte  Epoxy  ReinforcedPlastic.  Mylar, PET

v : clah lay) CRFP narmal
1 0003 0.04 0.0M 0018 000885 003 00188 0013
F 0028 0.32 01E 0144 00513 017 0.2 0104
4 0487 262 15 113 0538 155 161 0829
& 083 833 8 257 208 572 378 23
3 218 4 137 285 478 74 8.83 758
10 4.19 18 24 15 247 13 10 13
13 137 3 B4 ¥ 7 123 194 7
0 74 78 ® %) 45 8 0 43
2 443 102 ) 3 &5 117 a 3
30 23 5 = 187 ME 150 205 75
3 03 45 = e 105 120 g4 a2
40 9.4 &3 210 1O 125 210 733 195
50 136 22 2% 0 170 770 105 240
60 74 238 2% D0 3 328 40 282
70 209 774 3 7 252 380 3 13
7 739 301 3 3 777 47 200 g
80 7 3 2 0 223 440 211 0
90 %4 350 am 0 321 480 % 400
100 72 305 4B 820 355 540 774 442
120 21 FER) T 7 2 EE pre =
140 166 547 5% 1080 431 1 405 &1
160 458 589 875 1200 53 826 457 704
180 =02 858 73 1330 585 213 528 777
300 239 74 22 450 &3 1000 ] 43
230 570 785 810 1570 ass 1080 B 208
340 808 832 88 1650 745 1150 741 857
260 859 501 1070 1200 791 230 808 1040
280 714 573 1150 1800 8% 1250 231 40
300 73 1010 120 0 220 350 230 180

EXPERIENCE THE PC
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER.. BN o 0nc & e oroe Toowy &
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Temp Al= 5’_5“13 (1/ke) Metak and alloys
(K} B
h
1 ) [ [} ) [} 0 [ 0 0 [} [} 0
2 QEar 001es Qe 0151 (VR 3 0.5% (Rl 067 00z 0078 [ R 00002
4 i35 0128 01 0807 0514 29 DR 177 | 00635 0452 omE | 047
B 2z M5 Q45 187 106 658 203 445 0IE i7 1497
g Mo igch 133 3188 208 "7 105 TR 0006 242 242 4z
1] ] 237 397 582 308 B3 ] 134 256 483 48z 1HE
13 53 el 7 173 12T ne Be 333 121 133 15 a8z
20 07 333 =4 438 |s 0.3 45 BZz 4z 476 &aE 1Z
s 185 20 =i 02 “ 10 e 18z 01 110 110 258
0 k] 154 3D ans 185 20 ] 303 a7 4 =4 0z
5 az4 308 = 5] e 352 452 30 533 e 441 aq1 oM
AD T3 [:15] 1] T B2 T =i o] [25] e Tl 1240
H 1520 380 230 D 1330 1540 0 TOED 141 1830 1830 2540
B0 i) 23530 3330 230 2480 250 2050 3430 &30 320 3520 4280
™ 4140 4060 ] 4080 4000 410 5] 30 4250 5130 6130 5500
m 5380 5340 500 5380 5280 530 4470 Eara o0 8310 8310 B30
1] S0E 540 TS0 S8R0 5800 5850 5000 T 8370 o350 S350 “3
0 00 E120 =80 B170 2020 TED 2250 k) f==] 13300 13300 12000
100 10500 #0300 12100 10800 0500 10300 2210 13200 11700 7800 17800 15112
120 132 15870 17730 15880 1210 13600 14440 0330 18260 22400 400 21330
140 20 el i) 24000 2171 2700 24500 20410 26600 2500 40800 40800 ZEADD
160 2800 22300 30500 ZE000 22200 28200 2R 100 28100 a0 8400 3500
180 35700 3100 I7a00 28200 35100 33500 3B 42000 43000 o] R0 43300
200 44500 42400 44500 44000 42200 43300 41240 S0A00 S2400 SA800 24800 51306
H 300 42300 31700 4000 45700 00 AET 10 0D 22100 108000 01000 101000 T
240 S0 SO0 ] 6500 7300 ] SHe10 [T ] T3 117800 117800 117800 L]
260 TOT0 200 56500 G300 E5000 £8400 08 ] TEA0D 22400 134800 134300 1HED T
280 TOEID 71800 TAMID 71500 TR TIO0D T 85500 L2000 152800 152800 1EZE0D 84500
L300 | &s200 TEE00 21500 JIE00 20200 B30 21510 450D 103600 170800 T 170800 SE0ED
AFJ=J:}_:£I' (1/ke) Thermallnsulators
Temp. 1x
(K} Carbon
Polycarbon ate G-10 (nomal Regin forcedM aatic,
v PyrexG lass Teflon (PTFE) Am orphous Nylon to doth lay) Epocxy CRFP normal Mylar, PET
1 o o o o ¥ o o
2 0028 0.1% 00800 0.0655 2BEE0Z 0.0757 0101
4 LR 273 147 113 0.3 148 178
] 0953 11 933 232 302 Q2 T34
:] 18z 4 ®o 175 269 I 1T
10 104 521 [k 479 7 = s 130
13 8 i) 2068 10 21 108
20 134 &8 =07 2a7 = i T 230
25 % 1260 1140 520 070 405
0 &0 1990 1900 2n4 74D 532
15 a5 2200 2ED 20 1380 560 10
40 1400 Z9ED 340 4470 1840 340 1230 2T
50 2580 4220 &1 80 2000 2420 =40 240 4970
80 4430 7020 EE 12600 EEE] =] WED T80
70 G050 9580 11900 18000 TESD 12500 070 10600
v THD 11600 #4300 22400 a4 15300 5230 13000
B0 8280 12300 12400 24470 0400 16600 [+ 0] HO00
20 10800 15200 19200 31500 12400 24200 o1 00 TR0
100 13500 13500 23400 30400 16800 26400 11700 22000
120 19500 12280 205D T4 IE200 TRAD HT T
140 25700 100 43400 5800 o H00D 25300 43300
160 I3 90D 2600 5 ] Zr00 BTE00 00D s i ]
180 44700 TR TI000 /I 24000 43000 TIZ
200 55200 104500 BED00 700 10400 5200 FEI
220 G50 134 100 104300 15300 4200 124500 GrEDD 0000
240 TTomD oS00 123300 2 16400 THEDD 147400 B1G0D 124000
260 Q0E00 20700 143400 254400 24000 174400 TI00 144000
280 104300 237000 166400 2ERADD 110000 156400 114700 165000
100 118500 Z76 000 180400 327400 127000 222400 132700 1EE000
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Note: Above two tables for Ah will be very helpful to calculate the amount of heat to be removed

while cooling from a given temp T1 to a lower temp T2.

k) Coeff. of thermal expansion [1,4,9,14]:

Linear thermal contraction ALSL (%) from 293K, and a at 293 K {10~9 K"} [79.81-85]

ALSL (%) al 108 K~")
Material 4K 40K BD K 100K 150K 0K 193K
Meials
Al 0414 0412 03490 0.369 0.294 0.201 29
Cu 0.326 0323 0302 0.283 0.221 0149 16.65
Fe 0204 0202 0195 0185 0.149 0.0z 11.8
Mi 0.229 0227 0217 0.206 0. 165 0112 12.8
5i o022 0022 023 0.024 0.024 0019 256
Ti(pc) 0151 0.150 0142 0.134 0.107 0073 56
w OLOEE 08T LOEl 0.076 0.059 0.040 442
Allows
Al2024 0.3%6 0.394 0372 0.351 0.278 0190 212
AlS083 0415 0413 03490 0368 0.294 0.201 228
Beryleo 25 0316 0315 0296 0277 0.218 0.151 179
Brass (65/35) 0384 (380 0350 0.326 0.253 0169 19.6
FegyNiyg 045 ERICES e 0.045 0.030 0.020 |
Hastelloy C 0218 0216 0204 0.193 0.154 0105 128
Inconel X 0.229 0228 0217 0.205 0. 164 0112 13.0
Nb-45Ti 0188 0184 0167 0.156 0117 0.078 210
CwMbTi 0265 0262 0.245 0.231 0178 0117 =12
5.5 3316 0.29% (0.206 0278 0.260 0.303 0138 158
5.5 310 0.273 0270 0252 0.237 0.187 0127 14.5
Ti-fHAl-4V 0173 0171 162 0.154 0118 0.078 B
Non-metals
Sapphire {||] 0.OTLS 00715 OLOTOSE 00649 .61 0045 5.80
Sapphire { L) 00605 00605 00595 (.0585 0.052 0.039 5.06
Mgy 0139 00139 0137 0.133 0.114 0.043 103
Pyrex 0056 0057 54 0050 0.0395 0.027 30
Rilica —(L0005  —00003 001 0.0013 00030 00031 0.45
Zry (staby) 0131 0.130 0124 0118 0098 (1.06GE 80
YBCO-123({ab) .15 0.15 —_ 014 0115 .08 10
YEBCOOD-123(c) 0.36 035 033 0.31 0.25 017 17
Palymers
Toron 0448 0434 0387 0.358 0.279 0191 =24
Araldite L. 1.2 0.935 .88 0.71 0505 =i}
Mylon 1.39 135 1.25 1.17 0.95 .67 =K
Stycast 044 .43 .40 038 0.32 0225 30
Teflon 2.14 206 1.93 1.85 1.60 1.25 =200
G10 () 0705 (.69 64 (.60 0.49 .35 =40
GI10 (L) 0.24 0.235 021 0.20 0.155 .11 =12
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Also, we have:

a) metals
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Fig.2.1.2.k1 Thermal expansion of a few metals
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b) non-metals
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Fig.2.1.2.k2 Thermal expansion of a few non-metals
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Fig. 2.1.2k3 Linear coefficient of thermal expansion for several materials at low temperature:
(1) 2024-T4 aluminum; (2) beryllium copper; (3) K Monel; (4) titanium; (5) 304 stainless steel;
(6) C1020 carbon steel (NBS Monograph 29, Thermal Expansion of Solids at Low Temperatures).
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Relationship between sp. heat and coeff. of thermal expansion [1]:

For crystalline solids, the Gruneisen relation is:

where B = vol. coeff. of thermal expansion, defined as the fractional change in volume per unit change

in temp while the pressure on the material remains constant,

p = density of the material,
B = Bulk modulus, and

G is the Gruneisen constant given by:

G= L.d_ED ... where V is the volume of material
Bp dV

G has values between 1 and 3 for solids.

Also, we have:

|3 T E‘.'T

Pio0K  SV300K

Values of Gruneisen constants, computed from room temp properties, for a few materials are given
below [2]:

Material G Material G

Li 1.17 Mo 1.57
MNa 1.25 W 1.62
K 1.34 Fe 1.60
Mg 1.51 Mi 1.88
Al 217 Co 1.87
&n 2.14 Pd 223
Ph 273 Pt 254
sh 0.4z Ma(’l 1.63
Bi 1.14 Kl 1.60
Cu 1.96 K Br 1.68
Au 303 FeS, 1.47
£n 2.01 Phs 1.94
Cd 219 Ta 1.75
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1) Electrical conductivity [1,2,9]:

Resistivity of pure metals (e.g. Copper):

LI
0 RRR= p (273 K) / pl4K) =
€ §
1
fé 4
E ol B
a 10 E E
1072 —
= / E
- s/ E
C s/ N
exto 311l T L 1 ual |
4 10 100 300

T(K)

Fig.2.1.2.11 p-vs-T for differing purities of copper, p(273K) = 15.45 nQ (Powell & Fickett)

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

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

YOU CAN WORK
AT RMB

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

Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider

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



http://www.rmb.co.za

Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Resistivity of various alloys:

Table 2.4 Electrical resistivity of various technical alloys (units of n{l-m) [3, 14]

Alloy K 20K S0 K 100 K 200 K 300 K RER
AL 5083 30.3 30.3 313 35,5 479 592 1.95
AL 6061-T6 13.8 13.9 14.8 18.8 309 419 3
304 SUS 490 491 505 545 640 720 .46
BeCu 56.2 57 58.9 63 72 B3 .48
Manganin 419 425 437 451 469 476 1.13
Constantan 461 461 461 467 480 491 1.07
Ti-6% AL-4%V 1.470 1470 1. 480 1.520 1,620 1690 1.15
PbSn (56-44) 4.0 52 16.8 43.1 05.5 148 EY)
Pt - 0.367 7.35 28 69.2 107 290

Ref.[1] gives following graph for variation of resistivity ratio with temp for a few materials:

"e/’;ufﬁ;ﬁ f
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Temperature, K

Fig. 2.1.2.12. Electrical resistivity ratio for several materials at low temperatures: (1) copper; (2) silver;
(3) iron; (4) aluminum (Stewart and Johnson 1961).
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m) Emissivity (¢) [1]:
Emissivity is the ratio of the energy emitted by the material to the energy that would be emitted by a
‘perfect black body; at the same absolute temperature. ‘Monochromatic emissivity’ refers to a particular
wavelength whereas ‘total emissivity’ considers the total energy emitted by a black body, integrated over

all the wave lengths. In engineering calculations ‘total emissivity’ is used.

Emissivity depends on the surface, its surface treatment, the temp and of course, the wavelength

of radiation.

Values of emissivity for a few materials are given below:

Emiszivity £ for some materials at three temperatures
Material T[K] g,
300 0.20
Stainless steel &0 0.12
4 0,10
300 0.25
Aluminium {unpolished) 80 0.12
4 0.07
300 0.2
Aluminium (polished mechanically) B0 0.10
4 0.06
300 0.15
Aluminium (polished electronically) 80 (.08
4 .04
Chromium 300 0.08
300 (.03
Copper (polished mechanically) 80 0.019
4 0.01%
300 0.05
Tin B0 0.01%
4 0.012
300 0.03
Brass (polished) &0 0.029
4 0.01%
300 0.045
Pl £0 0.022
B 300 0.3
o &0 0.10
300 0.022
Silver 80 0008
4 0.005%

Radiation from a ‘gray’ surface of emissivity (¢) at a temp of T (K) is = Q (W), given by:

P=ccAT
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where Q is in W, and o is the Stefan_Boltzmann constant = 5.67E-04 W/mA2.K"4.
Net radiation between two gray surfaces temperatures T1, T2 (in K) is:

0=EcA(T) - T

where E is the Emissivity factor which depends on the emissivities of two surfaces, their geometric

configuration and orientation and the type of reflection (i.e. specular or diffuse).
For the three important cases of a small object in a large surrounding, two infinitely long parallel plates,

two infinitely long concentric cylinders and concentric spheres, we have the net radiation heat transfer

between the surfaces, given by the following [15]:

1. Small object 1, in a large surrounding 2:

Qp=Apee {1—14_ T:_I}

360°
thinking

Deloitte
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2. Parallel plates:

where
A 1_ ry

."'l.z T2

4. Concentric spheres (inner sphere is 1):

A l-a-(’l il ['3*:]
Q1=

T ot 1

—_— Y |

b ["‘2](‘2 )

wherae

(n) Superconductivity [1,2,9]:
Certain elements, alloys and compounds, when cooled below a certain temp (called transition or critical
temp. T ), lose their electrical resistance, and the material is said to be superconducting’. The phenomenon

of superconductivity was discovered by Kamerlingh Onnes in 1911.

It is observed that if an external magnetic field is applied, when a ‘critical field, HC’ is reached,

superconductivity is destroyed and the material becomes ‘normal’
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Depending upon the magnetization characteristics, superconductors are classified as of Type-I or Type-II:

——=Type I

Type O
-M d
e
a
4 |
¢ |
|
| |

He, H. He,

H

Fig. 2.1.2m1. Magnetization curve for Type-l and Type-Il conductors
Type-Isuperconductor has one critical field, He. Type-IT has two critical fields: H  and H_, as shown above.

Type-I Superconductors are perfectly diamagnetic, i.e. magnetic field is expelled from a superconductor,

as shown below:

V\W\erﬂvv \ 3
Normal Superconducting

Fig. 2.1.2m2. Type-| Superconductor is perfectly diamagnetic
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Variation of critical field with temp:

This variation is parabolic:

2200

2000 \\

1800 |—- \ -
1600 e -
oo \
1200 é\\

1000 y
}* \

800

600

400 ::\\
200 — %“ \
Bl 3"’\\ \ N\ \

c 1 2 8 &£ 5 &8 7 8 0

Magnetlic Field Strength, gauss

Temperature, K

Fig. 2.1.2m3. Magnetic Field strength vs Temp for some Superconductors

The magnetic field-temperature characteristics of a Type I superconductor is given by an empirical
relationship between the critical temperature and field,

>

T\ 2
H.(T) = Ho |1 - (?)

where H  is the threshold field at T = 0 K, and T is the transition temp at zero field.

Silsbee hypothesis [1]: “When the electric current flowing in a superconductor produces a magnetic field

at the surface of the material which equals or exceeds the threshold field, the normal state is restored.”
The current corresponding to the threshold field is called the threshold current.

For a long wire of diameter d, the magnetic field produced at the surface of the wire by an electric current
Iis: H=0.4*1/d;ie. the threshold current is:

I,=25*H, *d

Here, H, is in Gauss, d in cm, and I in Amps.
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Data (i.e. T, and H ) for some Type-1 and Type-II superconductors are given below [9]:

Table 2.10 Crntical temperature and critical field of Type I superconductors [30]

Material TAK) ot y(mT)
Aluminum 1.2 9.9
Cadmium 0.52 3.0
Gallium 1.1 5.1
Indium 34 276
Iridium 0.11 1.6
Lead 7.2 803
Mercury o 432 41.3
Mercury p 4.0 3.0
Osmium Q.7 6.3
Rhenium 1.7 20.1
Rhodium 0.0003 49
Ruthenium 05 6.6
Tantalum 4.5 83.0
Thalium 24 17.1
Thorium 14 16.2
Tin 37 306
Tungsten 0.016 0.12
Zinc 0.9 53
Zirconium 0.8 4.7

oy,
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Table 2.11 Critical temperature and upper critical field of common Type I superconductors [35]

Material TAK) pd (T
Nb 93 0.29

v 54 0.7

NbTi 9.3 13

Nbs Sn 18 23

ViGa 15 23

Nbs Ge 20.5 41

Another class of materials that become superconducting are ‘High Temp Superconductors (HTS)’.

These are Type-II superconductors that have a substantially higher T values:

Table 2.12 Critical properties of HTS materials. Two
values of H_, indicate anisotropic material property [34]

Superconductor T.(K) i (T
MzB- 39 16/2.5
LaSrCu( 40 S0
YBCO a0 670/120
BizSr:CaCu.Og o0 28032
Bi]SF]CHgCIlgDm 110

TIBaCaCu(,, 110

TIBaCaCuO,, 125 =120
HgBa;CasCusOy 133 =160

213 Cryogenic properties of materials from the National Institute of Standards and
Technology Boulder, CO 80303, USA...NIST — Cryogenics website [11]:

As we enter this website viz. http://www.cryogenics.nist.gov/MPropsMAY /materialproperties.htm

We get:

mology

Material Measurement Luboruior_y

\ ; g AL
Cryogenics Technolog
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Material Properties

Aluminum 1100 (UNS A91100) Molybdenum

Aluminum 3003-F(UNS A93003) Nickel Steel Fe 2.25 Hi

Aluminum 5083-0 (UNS A35083) Hickel Steel Fe 3.25 Ni (UNS 520103)
Aluminum 6061-T6 (UNS A96061) Hickel Steel Fe 5.0 Ni (UNS 520153)
Aluminum 6063-T5 (UNS A96063) Mickel Steel Fe 9.0 Ni (UNS $21800)
Apiezon N Platinum

Balsa Polyamide (Nylon)
Beechwood/phenolic Polyethylene Terephthalate (Iylar)
Beryllium Polyimide {(Kapton)

Beryllium Copper Polystyrene

Brass (UNS C2600) Polyurethane

Copper (OFHC) (UNS C10100/ C10200) Polyvinyl Chloride {PWVC)
*rev 02032010

Sapphire

Silicon

Stainless Steel 304 (UNS S30400)
Stainless Steel 304L (UNS S30403)
Stainless Steel 310 (UNS S31000)
Stainless Steel 316 (UNS S31600)

Fiberglass Epoxy G-10

Glass Fabric/polyester

Glass matiepoxy

Inconel 718 (UMS N107718)

Indium

Invar (Fe-36Mi) (UNS K33600)
Kevlar49 Fiber

Teflon
Ti-6AI-4V (UNS R56400)
Titanium 15-3.3.3

Kevlar49 composite

Lead

Click on the desired material, and we get the properties:

One great advantage is that the properties are presented as logarithmic polynomial equations, which

makes it easy to program in a computer. In some cases, graphs are also presented.
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2.1.3.1 As an example, in we click on 304 Stainless Steel, we get:

Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a -1.4087 22.0061
b 1.3982 -127.5528
C 0.2543 303.647
d -0.6260 -381.0098
e 0.2334 274.0328
f 0.4256 -112.9212
g -0.4658 24.7593
h 0.1650 -2.239153
i -0.0199 0
data range 4-300 4-300
equation range 1-300 4-300
curve fit % error relative to data 2 5
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Curve fit equation of the form:

logio y = a+b(logioT) + c(logioT) * + d(logioT)* + e(logioT) * + fillogioT) * + g(logioT) * + h(logioT) 7 + i(logioT) ®

Solves as:

y=10 a+b(logioT) + c(logioT) * + d(logioT) * + e(logioT) * + fllogioT) > + g(logioT) * + h(logioT) " + i(logieT) *

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),

and y is the property to solve for.

Young’s Modulus

Young’s Modulus

Linear expansion

Units units: GPa units: GPa [lil;]llizl‘:iélr';g;] . );]1 /?nS
a 2.098145E2 2.100593E2 -2.9554E2
b 1.217019E-1 1.534883E-1 -3.9811E-1
C -1.146999E-2 -1.617390E-3 9.2683E-3
d 3.605430E-4 5.117060E-6 -2.0261E-5
e -3.017900E-6 -6.154600E-9 1.7127E-8
o (K) 23
> -300.04
data range (K) 5-65 48-293 4-300
equation range (K) 5-57 57-293 4-300
curve fit % error relative to data 1 1 5

equation of the form:
y=a+bT+cT?>+dT*+eT* >T > Tiow

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and 7 is
the temperature in K (x-x- x-axis), and y is the property to solve for.
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And, the plots:

Thermal Conductivity of Stainless Steel 304 from 4K to 300K

£
:
S
3
=
$
:
E
0 50 100 150 200 250 300 350
Temperature (K)

Specific Heat of Stainless Steel 304 from 4K to 300K

Specific Heat (JIKgK)

o 50 100 150 200 250 300 350
Temperature (K)
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Youngs Modulus (GPa)

Youngs Modulus for Stainless Steel 304 from 4K to 300K
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Linear Expansion of Stainless Steel 304 from 4K to 300K

Properties of materials at low temperatures

5.00e-4
g- 0.00
=
< =5.00e-4
&
£ -1.00e-3
2
E -1.50e-3
]
§ -2.00e-3
*
- 2.50e-3
s
b
=
= -3.00e3
-3.50e-3 +
1] 50 100 150 200 300
Temperature (K)
2.1.3.2 For 6061-T6 Aluminum UNS A96061:
Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a 0.07918 46.6467
b 1.0957 -314.292
[d -0.07277 866.662
d 0.08084 -1298.3
e 0.02803 1162.27
f -0.09464 -637.795
g 0.04179 210.351
-0.00571 -38.3094
i 0 2.96344
data range 4-300 4-300
equation range 1-300 4-300
curve fit % error relative to data 0.5 5
139

Download free eBooks at bookboon.com




Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) * + d(logioT) > + e(logioT) * + fllogioT) > + g(logioT) © +
h(logioT) " + i(logioT) 8

Solves as:
y=10 a+b(logioT) + c(logioT)* + d(logioT) * + e(logioT) * + fllogioT) > + g(logioT) * +
h(logioT) 7 + i(logi0T) 8

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),
and y is the property to solve for.

Young's Modulus Linear expansion

UNITS GPa [(L-L,,)/L,,1 x 10 ° unitless, eg. m/m
a 7.771221E1 -4.1277E2
b 1.030646E-2 -3.0389E-1
C -2.924100E-4 8.7696E-3
d 8.993600E-7 -9.9821E-6
e -1.070900E-9 0
T.. K 18
f> -415.45
data range (K) 0-299 4-300
equation range (K) 2-295 4-300
curve fit % error relative to data 1 4

equation of the form:
y=a+bT+cT?>+dT*+eT* >T>Tiw

y:f T<T10W

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and 7 is
the temperature in K (x-axis), and y is the property to solve for.
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Thermal Conductivity of AL 6061-T6 from 4K to 300K
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Specific Heat of AL 6061-T6 from 4K to 300K

Specific Heat (J/kgK)

0 50 100 150 200 250 300 350
Temperature (K)

Youngs Modulus for AL 6061-T6 from 2K to 295K

Youngs Modulus (GPa)

0 50 100 150 200 250 300 350
Temperature (K)
142

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Linear Expansion of 6061-T6 Aluminum from OK to 300K
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2.1.3.3 For SS 304L:

Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a -1.4087 -351.51
b 1.3982 3123.695
C 0.2543 -12017.28
d -0.6260 26143.99
e 0.2334 -35176.33
f 0.4256 29981.75
g -0.4658 -15812.78
0.1650 4719.64
i -0.0199 -610.515
data range 4-300 4-20
equation range 1-300 4-23
curve fit % error relative to data 2 1
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Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) 2 + d(logioT) * + e(logioT) * + fllogioT) > + g(logioT) © +
h(logioT) 7 + i(logioT) ®

Solves as:
v=10 a+b(logioT) + c(logioT) > + d(logioT) > + e(logioT) * + fllog10T) > + g(logioT) © +
h(logioT) " + i(logioT)

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),
and y is the property to solve for.
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Linear expansion

Units [(L-L,,.)/L, ;.1 x 10 ® unitless, eg. m/m
a -2.9554E2
b -3.9811E-1
C 9.2683E-3
d -2.0261E-5
e 1.7127E-8
o (K) 23
> -300.04
data range (K) 4-300
equation range (K) 4-300
curve fit % error relative to data 5

equation of the form:
y=a+bT+cT*+dT>+eT* >T>Tiow

y:f T < Tiow

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is the
temperature in K (x-axis), and y is the property to solve for.

2.1.3.4 For OFHC copper:

Thermal Thermal Thermal Thermal Thermal
Conductivity Conductivity Conductivity Conductivity Conductivity

RRR =50 RRR = 100 RRR =150 RRR =300 RRR = 500
UNITS W/(m-K) W/(m-K) W/(m-K) W/(m-K) W/(m-K)
a 1.8743 2.2154 2.3797 1.357 2.8075
b -0.41538 -0.47461 -0.4918 0.3981 -0.54074
C -0.6018 -0.88068 -0.98615 2.669 -1.2777
d 0.13294 0.13871 0.13942 -0.1346 0.15362
e 0.26426 0.29505 0.30475 -0.6683 0.36444
f -0.0219 -0.02043 -0.019713 0.01342 -0.02105
g -0.051276 -0.04831 -0.046897 0.05773 -0.051727
h 0.0014871 0.001281 0.0011969 0.0002147 0.0012226
i 0.003723 0.003207 0.0029988 0 0.0030964
low range 4K 4K 4K 4K 4K
high range 300K 300K 300K 300K 300K

curve fit % error
relative to data
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For Thermal Conductivity only:
Curve fit equation of the form:
logiok=(a+cT% +eT+gT > +iT?/(1+bT* +dT+fT '3 +hT?)

solves as:
k=10(a+cT+eT+g T +iT?)/(1+bT " +d T+ fT +hT?)

Specific Heat Expansion Coefficient
UNITS J/(kg-K) 10¢* (1/K)
a -1.91844 -17.9081289
b -0.15973 67.131914
C 8.61013 -118.809316
d -18.996 109.9845997
e 21.9661 -53.8696089
f -12.7328 13.30247491
g 3.54322 -1,30843441
h -0.3797 -
i 0 -
data range 4-300 4-300
equation range 4-300 4-300

curve fit % error relative to data

For properties: specific heat and expansion coefficient curve fit equation of the form:

Curve fit equation of the form:

logio y = a+b(logioT) + c(logioT) 24 d(logioT) 34 e(10g107’)4 + f{logioT) S+ g(logioT) 64
h(logioT) 7+ i(logioT) 8

Solves as:
v=10 a+b(logioT) + c(logioT) > + d(logioT) > + e(logioT) * + fllogioT) > + g(logioT) © +
h(logi0T) 7 + i(log10T) 8

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),
and y is the property to solve for.
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2.1.3.5 For Teflon:

Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a 2.7380 31.88256
b -30.677 -166.51949
C 89.430 352.01879
d -136.99 -393.44232
e 124.69 259.98072
f -69.556 -104.61429
g 23.320 2499276
h -4.3135 -3.20792
i 0.33829 0.16503
data range 4-300 4-300
equation range 4-300 4-300
curve fit % error relative to data 15
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Curve fit equation of the form:
h(logioT) 7 + i(logioT) 8

Solves as:

h(logioT) " + i(logoT) ®

and y is the property to solve for.

logio y = a+b(logioT) + c(logioT) > + d(logioT) + e(logioT) * + fllogioT) * + g(logioT) ¢ +

y=10 a+b(logioT) + c(logioT) > + d(logioT) > + e(logioT) * + f{logioT)> + g(logioT) © +

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),

Linear expansion
Units [(L-L,g,)/L,1 x 10 ° unitless, eg. m/m
a -2.125E3
b -8.201E-1
C 6.161E-2
d -3.171E-4
e 6.850E-7
o (K) NA
> NA
data range (K) 4-300
equation range (K) 4-300
curve fit % error relative to data 2
data

equation of the form:

y=a+bT+cT>+dT*+eT* >T>Tiow

y:f T < Tiow

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is
the temperature in K (x-axis), and y is the property to solve for.

148

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I

2.1.3.6 For Beryllium Copper:

Properties of materials at low temperatures

Thermal Conductivity
UNITS W/(m-K)
a -0.50015
b 1.93190
C -1.69540
d 0.71218
e 1.27880
f -1.61450
g 0.68722
h -0.10501
i 0
data range 2-80
equation range 1-120
curve fit % error relative to data 2

Curve fit equation of the form:

log ,y=a+b(log, T) + c(log, T)* + d(log, T)* + e(log  T)* + fllog, T)° + g(log, , T) ¢ + h(log, , T)” + i(log, T)*

Solves as:

y—10 a+b(log, T) + c(log T)* + d(log T)* + e(log T)* + f(log, T)* + g(log, T) ° + h(log, T)” + i(log, T)*

Where: Coefficients a — i are summarized in the appropriate table and T is the temperature in K (x-axis),

and y is the property to solve for.
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Thermal Conductivity
UNITS [(L-L,,.)/L,. ] x 10° unitless, eg. m/m
a -3.1150E2
b -4.4498E-1
C 1.0133E-2
d -2.4718E-5
e 2.6277E-8
o (K) 24
f> -316.68
data range (K) 4-300
equation range (K) 4-300
curve fit % error relative to data 1.5

equation of the form:

y=a+bT+cT?>+dT*+eT* >T>Tiow
y=f T < Tiow

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is the
temperature in K (x-axis), and y is the property to solve for.

2.1.3.7 For 9% Ni Steel:

Thermal Conductivity Specific Heat

UNITS W/(m-K) J/(kg-K)

a -0.0712785 15503.108

b -3.48735 -37280.377

C 10.6547 26788.417

d -12.9153 7010.0877

e 8.89066 -22731.651

f -3.51482 15386.526

o] 0.743643 -5175.7968

h -0.0657884 896.97274

i 0 -64.055866
data range 4-300 60-300
equation range 4-300 55-300

curve fit % error relative to data 2 15
150

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) * + d(logioT) * + e(logioT) * + f(logaoT) * + g(logoT) © +

h(log1T)7 + i(log1oT)
Solves as:
y=10 a+b(logioT) + c(logioT) * + d(logoT) * + e(logioT) * + fllogioT) ® + g(logioT) © +
h(lOng) 7+ i(Iong) 8
Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),

and y is the property to solve for.
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Young's Modulus Linear expansion
Units GPa [(L-L,,,)/L, .1 x 10 ® unitless, eg. m/m
a 2.05335E2 -2.104E2
b 1.74835E-2 -5.699E-2
d -3.65760E-4 5.072E-3
d 8.71545E-7 -1.381E-5
e -7.78130E-10 1.897E-8
T.. (K) 6
f> -210.56
data range (K) 1-298 4-300
equation range (K) 1-298 4-265
curve fit % error relative to data 1 1.5

equation of the form:

y=a+bT+cT +dT +8T >T>Tiow
y=f T<T|0W

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is the
temperature in K (x-axis), and y is the property to solve for.

I Nickel Steel (Fe - 9.0N1) Thermal Conductivity k
30.00
.--"""—-—-
25.00 =
e /
E
= 20.00 v
; |—— Eqn. Fit |
S
& 15.00 -
=
L=
c
B
e 10.00 7
E
@
F s.00
0.00
0 50 100 150 200 250 300 350
Temperature, K

152

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Nickel Steel (Fe -9.0Ni)
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2.1.3.8 For Invar:

Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a -2.7064 28.08
b 8.5191 -228.23
d -15.923 777.587
d 18.276 -1448.423
e -11.9116 1596.567
f 4.40318 -1040.294
g -0.86018 371.2125
h 0.068508 -56.004
i 0 0
data range 4-300 4-20
equation range 4-300 4-27
curve fit % error relative to data 2 2
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Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) > + d(logioT) * + e(logioT) * + fllogioT)* + gl(logioT) ® +

h(lOng) 74 i(lOgloT) 8

Solves as:

v=10 a+b(logioT) + c(logioT) > + d(logioT) * + e(logioT) * + fllogioT) ® + g(logioT) © +

h(logioT) 7 + i(logioT) &

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis), and

y is the property to solve for.

Young's Modulus Linear expansion
Units GPa [(L-L,g,)/L,,1 X 10 ° unitless, eg. m/m
a 1.41565E2 -5.265E1
b 2.54435E-2 1.009E-1
d -1.00842E-3 8.395E-4
d 6.72797E-6 -1.973E-6
e -1.08230E-8 8.794E-11
Tiow (K) 80
> -40
data range (K) 1-298 4-300
equation range (K) 3-298 4-300
curve fit % error relative to data 1 5

equation of the form:
y=a+bT+cT2+dT3+eT* >T>Tow

y=f T<T|ow

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is the
temperature in K (x-axis), and y is the property to solve for.
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Invar (Fe-36NI) Thermal Conductivity
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Properties of materials at low temperatures

a
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2.1.3.9 For Brass (UNS C26000):

Thermal Conductivity
UNITS W/(m-K)
a 0.021035
b -1.01835
C 4.54083
d -5.03374
e 3.20536
f -1.12933
g 0.174057
h -0.0038151
i 0
data range 5-116
equation range 5-110
curve fit % error relative to data 15

Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) > + d(logioT)* + e(logioT) * + fllogioT) > + g(logioT) ° +
h(logioT) " + i(log10T) ®

Solves as:
y=10 a+b(logioT) + c(logioT) > + d(logioT) * + e(logioT) * + fillogioT) * + g(logioT) © +
h(logioT) " + i(logioT) 8

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),
and y is the property to solve for.
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Brass Thermal Conductivity
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2.1.3.10 For Polyamide (Nylon):

Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a -2.6135 -5.2929
b 2.3239 25301
C -4.7586 -54.874
d 7.1602 71.061
e -4.9155 -52.236
f 1.6324 21.648
g -0.2507 -4.7317
h 0.0131 0.42518
i 0 0
data range 4-300 4-300
equation range 1-300 4-300
curve fit % error relative to data 2 4
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Curve fit equation of the form:
log1o y = a+b(logioT) + c(log1oT) * + d(log1oT) * + e(logioT) * + f(logioT) ° + g(loguoT) © +

h(logioT) 7 + i(log1oT) &
Solves as:
y=10 a+b(logioT) + c(logioT)? + d(loguoT) * + e(logioT) * + flloguoT) ® + g(logueT) © +
h(logioT) 7 + i(logsoT) &
Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis), and

y is the property to solve for.

Linear expansion
Units [(L-L,,.)/L,,1 x 10 ® unitless, eg. m/m
a -1.389E3
b -1.561E-1
C 2.988E-2
d -7.948E-5
e 1.181E-7
o (K) NA
> NA
data range (K) 4-300
equation range (K) 4-300
curve fit % error relative to data 1

equation of the form:
y=a+bT+cT?+dT3+eT* >T>Tiw
y=f T<Tiow
solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is

the temperature in K (x-axis), and y is the property to solve for.

162

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Nylon Thermal Conductivity
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2.1.3.11 For Platinum:

Properties of materials at low temperatures

Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a -7.33450054 -1.6135538
b 80.8550484 0.95823584
C -268.441084 1.4317770
d 481.629105 -3.5963989
e -503.890454 5.1299735
f 314.812622 -2.4186452
g -115.699394 -0.12560841
h 23.0957119 0.34342394
i -1.93361717 -0.06198179
data range 3-298 1-296
equation range 4-295 1-295
curve fit % error relative to data 3 3

Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) > + d(logioT) > + e(logioT) * + fllog1oT) > + g(logioT) ® +
h(logioT) 7 + i(logioT) 8

Solves as:
=10 a+b(logioT) + c(logioT) * + d(logioT) * + e(logioT) * + fllogioT) * + g(logioT) © +
h(logioT) 7 + i(logioT) 8

Where: Coefficients a - / are summarized in the appropriate table and T is the temperature in K (x-axis), and y is
solve for.
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Platinum Specific Heat
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2.1.3.12 For Titanium 15-3-3-3:

Composition: Bal Ti, 14.88% V, 3.13 Cr, 2.88 Sn, 3.00 Al,

Thermal Conductivity

UNITS W/(m-K)

a -2.398794842

b 8.970743802

C -29.19286973

d 54.87139779

e -59.67137228

f 38.89321714

g -14.94175848

h 3.111616089

i -0.270452768
data range 1.4-300
equation range 1.4-300

curve fit % error relative to data 3

Curve fit equation of the form:
logio y = a+b(logioT) + c(logioT) * + d(logioT) > + e(logioT) * + fllogioT) > + g(logioT) * +
h(logioT) 7 + i(logioT) ®

Solves as:
y=10 a+b(logioT) + c(logioT) > + d(logioT) * + e(logioT) * + fllogioT) > + g(logioT) ¢ +
h(logioT)” + i(logioT) ®

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis),
and y is the property to solve for.
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2.1.3.13 For Lead:
Thermal Conductivity
UNITS W/(m-K)
a 38.963479
b -221.40505
C 597.56622
d -900.93831
e 816.40461
f -455.08342
g 152.94025
h -28.451163
i 2.2516244
data range 4-296
equation range 5-295
curve fit % error relative to data 2
167
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Curve fit equation of the form:

log,,y = a+b(log, 7 + c(log, T)* + d(log, T)* + e(log, T * + fllog, ,T)* + g(log, ,T) ¢ + h(log, ,T)” + i(log,,T)®

Solves as:

y=1 a+bllog, T) + c(log, ) ? + d(log,,T) * + e(log, 1) * + fllog, ) * + g(log,,T) ® + h(log, )7 + i(log,,T) ®

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis), and y is the
property to solve for.
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Cead Thermal Conductivity
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2.1.3.14For Molybdenum:

Thermal Conductivity
UNITS W/(m-K)
a 10.78259
b -72.13065
C 228.57351
d -384.50447
e 381.43825
f -228.83783
g 81.26658
h -15.69097
i 1.26814
data range 2-373
equation range 4-300
curve fit % error relative to data 3
169
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Curve fit equation of the form:

log,, x = a+b(log,T) + c(log, T)? + d(log,,T)* + e(log, N * + flog, T)* + g(log, 1) ¢ + h(log, )7 + i(log,, ) ®

Solves as:

10 dtbllog, T) + cllog, 7)? + d(log, T) * + e(log, , ) * + fllog, ) * + g(log, ,T) ¢ + h(log, )7 + i(log, T) ®

Where: Coefficients a — i are summarized in the appropriate table and T is the temperature in K (y-axis)

Linear Expansion

UNITS [(L-L,,.)/L,.,1 x 10 * unitless, eg. m/m
a -90.912613
b -0.127173
C 0.00266801
d -5.0432E-06
e 3.5183E-09
T, (K NA
> NA
data range (K) 20-500K
equation range (K) 20-350K
curve fit % error relative to data 4

equation of the form:
X=a+bT+cT2+dT3+eT* >T>Tiow

X:f T<T|ow

solves as expected: Where: Coefficients a-e are summarized in the appropriate table and T is the temperature in K
(x-axis), and y is the property to solve for.

Download free eBooks at bookboon.com




Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Molybdenum Thermal Conductivity
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Molybdenum Linear Expansion
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2.1.3.15 For Polyimide (Kapton):
Thermal Conductivity Specific Heat
UNITS W/(m-K) J/(kg-K)
a 5.73101 -1.3684
b -39.5199 0.65892
d 79.9313 2.8719
d -83.8572 0.42651
e 50.9157 -3.0088
f -17.9835 1.9558
g 3.42413 -0.51998
h -0.27133 0.051574
i 0 0
data range 4-300 4-300
equation range 4-300 4-300
curve fit % error relative to data 2 3
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Curve fit equation of the form:

log,,y = a+b(log, T) + c(log,,T)* + d(log, T)* + e(log, 1) * + fllog, ,T)* + g(log, ,T) ¢ + h(log,, )7 + i(log, ) ®

Solves as:

y=10 at+bllog, T) + c(log, ) ? + d(log, T) * + e(log, 1) * + fllog, ) * + g(log,,T) ® + h(log, ) + ilog,,T) *

Where: Coefficients a - i are summarized in the appropriate table and T is the temperature in K (x-axis), and y is the
property to solve for.
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2.1.3.15 And, summary of coefficients for a few materials

And, summary of coefficients for a few materials is given by E.D. Marquardt, J.P. Le, and Ray Radebaugh
in a paper presented 11" Intl. cryo-cooler conference in year 2000 at Keystone, Co. USA.[12]

Thermal cond (k, W/m.K):

The general form of the equation for thermal conductivity, k, is given in eqn.(1) below:

log(k)=a+blogT+c(logT)’ +d(log T) +e(log T)" +

1
flogT)’ + g(log T)* +h(log T) +i(log T)*, 2l

where a, b, ¢, d, e, f, g, h, and i are the fitted coeflicients, and T is the temperature (K). These are common

logarithms.
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Table 1A. Coetficients for thermal conductivity for metals.

6061 -T6 718 Beryllium

Coell. Aluminum 304 55 Inconel copper Ti-6Al-4V
i 0.07918 -1.4087 -5.28921 -0.50015 =5107.8774
b 1.09570 1.3982 39.4470 1.93190 19240.422
C 007277 0.2543 =83.4353 -1.69540 =30789.064
d 0.08084 =0.6260 08.1690 0.71218 27134.756
5 0.02803 (0.2334 =67. 20858 1.27880 =14226.379
f -0.09464 0.4256 26.7082 -1.61450 4438.2154
g 0.04179 -0.4658 -5.72050 0.68722 -763.07767
h -0.00571 0.1650 0.51115 -0.10501 55.796592
1 0 -0.0199 0 0 0

data range | 4-300K 4-300 K 4-300 K 4-300 K 20-300 K

Table 1B. Coefficients for thermal conductivity for non-metals.

Polyamide Polyimide G110 CR G110 CR

Coell. Tellon {nylon) {Kapton) (norm}) {warp)
a 2.7380 -2.6135 5.73101 -4.1236 =2 64827

b -30.677 2.3239 =39 51949 13788 880228

¢ 29430 -3, 7586 799313 -26.068 =24 B9UR

d -136.99 7.1602 -R3 572 26.272 41.1625

3 124.69 -4 9155 509157 -14.663 -39 K754

) -649. 556 1.6324 -17.9835 4.4954 231778

g 23.320 -0.2507 3.42413 -0.6905 -7.95635

h -4.3135 0.0131 -0.27133 0.0397 1 48806

1 0.33829 0 0 0 =0.11701
data range 4-300 K 4-300 K 4-300 K 10-300 K 12-300 K

For Oxygen-free copper:

logk =

=

22154 = 0880687 +0.29505T = 0.0483 107" +0.003207T

1—0474617™ + 0138717 -0.0204307T" +0.0012817*

Note: Above eqn should be used with caution since k of oxygen-free copper depends on RRR.
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For Specific heat:

The general form of the equation is the same as Equation 1.

Table 2 shows the coeflicients for the specific heat (cp, J/kg.K):

Table 2. Coefficients for specific heat.

OFCH 6061 -T6
Coefl. copper Aluminum 304 55 G-10 Teflon

a -1.91844 46.6467 22.0061 -2.4083 31.8825
b =0.15973 -314.292 -127.5528 7.6006 =166.519
[ 561013 Bo6.662 303.6470 -8.2982 352.019
d -18.99640 -1298.30 -381.0098 7.3301 259.981
e 21.96610 1162.27 274.0328 -4.2386 -104.614
f -12.73280 -637.795 -112.9212 1.4294 249927
g 3.54322 210.351 24.7593 -0.24396 -3.20792
h -0.37970 -3R.3094 -2.239153 0.015236 0.165032
| 0 2.96344 0 0 0

data range 3300 K 3300 K 3300 K 3300 K 32300 K

Note: We have written Functions for thermal and mechanical properties of many materials in EES,

EXCEL and Mathcad. See below.
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214 Properties of materials from built-in functions in EES:

One of the main advantages of EES is that it has built-in functions for properties of a large number of

materials and fluids.
Following is the procedure to access these properties:

1. In the EES Menu, go to Options-Function Info. We get:

@ File Edit Search Calculate  Tables Flots  Windows Help Examples

E-E| Variable Info Fg |‘EE

Function Info Cirl+Alt+

Unit Conversion Info
Constants

Unit System Cirl+alt-+J
Stop Criteria Cirl +alt+5
Default Infa

[ AT =
TN =1

o
g

[T}
o
[

Preferences

Purge Unused Variables

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

\7\‘ PDF components for PHP developers

www.setasign.com
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2. Click on Function Info. We get the following window. Here, select the Solid/liquid fluid

properties radio button, and we see:

Function Information

Math and string functions

Fluid properties

~
r
i+

Sohd/higuid properties:

Heat Transfer

Mechanical Design

. B )

" EES library routines

" External routines

? Function Info |A|I data ﬂ ? Property Info
alpha_ [1/K] Carbon_steel -
beta_ [1/K Carbon_steel_AISITO10

g cement mortar
DELTALM._292 [] Chromium
E_ [GPa] Clay
epsilon_ [ ] Coal-anthracite
k_ [wW/im-K] Cobalt
mu_ [M-s/m2] Concrete & stone mix
nu_[1] Copper
P¥_ [vapor preszure] [kPa] Cotton
tho_ [ko/m3] Dowtherm_Q
Su_ [MPa] Dowtherm_RP
Sy_ [MPal b

CR Paste

Ex: |c=c_['Engine Oil-unuszed’, Temperature]

x Done

Function Information

Math and string functions

Fluid properties

o m .

Solid/liquid properties
Heat Transfer

Mechanical Design

Sl B 1

3. In the ‘All data’ drop down menu, we can choose any of the following:

e

" EES library routines

" External routines

? Function Info

All data hd

All data

alpha_ [17K] Meta el ¥
beta  [1/K Liquid Metals kel AISITO10

0 Building M aterials rtar
DELTALML_ 293 [ ] Insulation
E_ [GPa] Fluids
epsilon_ [ ] Molten Salts cite
k_ [wfm-K] Mizcellaneous
mu_ [M-s/m2]
nu_[]
Pv_ [vapor pressure] [kPa]
tho_ [kg/m3]
Su_ [MPa]
Sy_ [MPa] w

? Property Info

Ex: |c=c_['Engine Oil-unused’, Temperature]
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4. If we choose ‘Metals, we get:

Function Information

{~ Math and string functions " EES library routines
" Fluid properties (" External routines

* Solid/liquid properties

" Heat Transfer

" Mechanical Design

~

? Function Info Metal: d ? Property Info

alpha_ [1/K] Aluminum
beta_ [1/K B eryllium
g Bizmuth
DELTALM_293 [] Boron
E_ [GPa] Brazs
epsilon_ [ ] Bronze
k_ [w/m-K] Cadmium
mu_ [N-s/m2] Carbon_steel
nu_[1 Carbon_steel AISITO10
Pv_ [vapor prezzure] [kPa] Chromium
tho_ [kg/m3] Cobalt
Su_ [MPa] Copper
Sy_[MPa] Germanium b

Ex: |c=c_['AIuminum', Temperature]

X oo

5. One problem with EES is that all cryogenic properties are not available for all materials of

interest. For example, if we need Young’s Modulus, E, and select E in the LHS, we get:

Function Information

("~ Math and string functions i~ EES library routines
" Fluid properties {~ External routines
f* Sohd/hguid properties

Heat Transfer

Mechanical Design

i B ]

? Function Info Metals ﬂ ? Property Info

alpha_ [1/K]
beta_ [1/K] Stainless_AlIS1302
c_ [kd/kg-K]

DELTALAL 293

epsilon_ [ ]

k_ [W/m-K]

mu_ [H-s/m2]

nu_[]

Pv_ [vapor preszure] [kPal
rho_ [kg/m3]

Su_ [MFPa]

Sy [MPa]

Ex: |E=E_['A|uminum', Temperature]

X _Dore
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i.e. E is available only for Aluminum and SS=AISI 302.

Also, for many materials, properties may be available only down to 100 K and not below.

Further, EES is primarily an equation solver and not a ‘cryogenic specific’ software.

Therefore, first preference should be to use the equations/graphs from NIST-Cryogenics data, and if
any data is not available there, then check with EES.

2.2 Problems solved with EES:

Prob.2.2.1 Write EES Functions to determine the thermal conductivities of SS-304L, OFHC copper,
6061- T6-Aluminium, Beryllium copper, SS-304, Brass, Invar, Lead, Nylon and Teflon, using the data
from NIST-Cryogenics website.

EES Functions:

FUNCTION k_ss304L(T)

“Thermal cond. of SS-304L. Ref: NIST-Cryogenics.

kin W/m.K, and, T in K”

{Finds Th. cond. in the range: T = 1 - 300 K:}

IF (T < 1) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 1 and 300 K I’)

ENDIF

a :=-1.4087; b := 1.3982; ¢ := 0.2543; d := -0.6260; e := 0.2334; f := 0.4256; g := -0.4658; h := 0.1650;
i:=-0.0199

k_ss304L = 10/ (a+b*(log10(T)) + c*(logl0(T))A 2 + d*(log10(T))A 3 + e*(logl0(T))~ 4 + £*(log10(T))~
5 + g*(log10(T))” 6 + h*(log10(T))" 7 + i*(log10(T))" 8)
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FUNCTION k_OFHC_copper(T)
“Thermal cond. of OFHC copper (RRR = 500). Ref: NIST-Cryogenics.
kin W/m.K, Tin K”
{ Finds Th. cond. in the range: T = 4 - 300 K:}
IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K )
ENDIF

a := 2.8075; b := -0.54074; c := -1.2777; d := 0.15362; e := 0.36444; f := -0.02105; g := -0.051727; h :=
0.0012226; i := 0.0030964

k_OFHC_copper = 10/ ((a+c * TA05 + e * T + g* TALS5+i*TA2) /(1 +b*TA05 +d* T+ f*TALS
+ h * TA2))

END

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

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

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to
work at RMB. For more information visit us at www.rmb.co.za
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FUNCTION k_AL_6061_T6(T)

“Thermal cond. of Aluminium-6061-T6. Ref: NIST-Cryogenics.

kin WmXK, Tin K”

{ Finds Th. cond. in the range: T = 1 - 300 K:}

IF (T < 1) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 1 and 300 K !’)

ENDIF

a := 0.07918; b := 1.0957; ¢ := -0.07277; d := 0.08084; e := 0.02803; f := -0.09464; g := 0.04179; h :=
-0.00571;i:= 0.0

k_AL_6061_T6 = 10~ (a+b*(logl0(T)) + c*(loglo(T))A 2 + d*(loglO(T))A 3 + e*(loglO(T))A 4 +
*(logl0(T))A 5 + g*(logl0(T))A 6 + h*(logl0(T))A 7 + i*(log10(T))A 8)

END

For Beryllium copper:

Original graph from Ref.[1] were digitized using the PlotDigitizer [Ref: 13]. The resulting data tables
were transferred to EES as a Lookup Table. Then, the EES Function is written using the built-in Function

‘Interpolatel’ for linear interpolation. Following are the results:

FUNCTION k_BeCu(T)

“Thermal cond. and sp. heat of Beryllium copper. Ref: Barron ...digitized and put in Lookup Table of EES.
kin W/m.K;

{ Finds Th. cond. in the range: T = 1 - 400 K:}

IF (T < 1) or (T > 400) THEN

CALL ERROR(‘Temp. must be between 1 and 400 K I)
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ENDIF
k_BeCu =interpolatel(‘k_BeCu, “Temp;, K, Temp = T)

END

FUNCTION k_SS_304(T)
“Thermal cond. and sp. heat of SS-304 . Ref: Barron...digitized and put in Lookup Table of EES.
k in W/m.K>
{ Finds Th. cond. in the range: T = 4.2 — 420 K:}
IF (T < 4.2) or (T > 420) THEN
CALL ERROR(‘Temp. must be between 4.2 and 420 K I)
ENDIF
k_SS_304 =interpolatel(‘k_SS304; “Temp, ‘K, Temp = T)

END

FUNCTION k_Brass(T)
“Thermal cond. of Brass. Ref: NIST-Cryogenics.
kin W/m.K)
{ Finds Th. cond. in the range: T =5 - 110 K:}
IF (T <5) or (T >110) THEN
CALL ERROR(‘Temp. must be between 5 and 110 K )

ENDIF
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a := 0.021035; b := -1.01835; ¢ :=4.54083; d :=-5.03374; e :=3.20536; f := -1.12933; g := 0.174057; h :=
-0.0038151;i:=0

k_Brass = 10/ (a+b*(log10(T)) + c*(logl0(T))~ 2 + d*(logl0(T))A 3 + e*(logl0(T))A 4 + f*(logl0(T))A
5 + g*(logl0(T))" 6 + h*(logl0(T))~ 7 + i*(logl0(T))A 8)

FUNCTION k_Invar(T)

“Thermal cond. of Invar. Ref: NIST-Cryogenics.
kin W/m.K/

{ Finds Th. cond. in the range: T = 4 - 300 K:}
IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K )

ENDIF
360°
thinking.
u
Deloitte.
Discover thC truth at WWW.dClOitte,CalcareerS © Deloitte & Touche LLP and affiliated entities.
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a:=-2.7064; b := 8.5191; ¢ :=-15.923; d :=18.276; e := -11.9116; f := 4.40318;
g :=-0.86018; h := 0.068508; 1 := 0

k_Invar = 10~ (a+b*(log10(T)) + c*(log10(T))~ 2 + d*(log10(T))~ 3 + e*(logl0O(T))" 4 +
t*(log10(T))A 5 + g*(logl0(T))~ 6 + h*(logl0(T))A 7 + i*(logl10(T))A 8)

END

FUNCTION k_Lead(T)

“Thermal cond. of Lead. Ref: NIST-Cryogenics.

kin W/m.K

{Finds Th. cond. in the range: T = 5 - 295 K:}

IF (T < 5) or (T > 295) THEN

CALL ERROR(‘Temp. must be between 5 and 295 K !)

ENDIF

a:=38.963479; b := -221.40505; ¢ :=597.56622; d :=-900.93831; e := 816.40461;
f:=-455.08342; g := 152.94025; h := -28.451163; i := 2.2516244

k_Lead = 10~ (a+b*(logl0(T)) + c*(logl0(T))A 2 + d*(log10(T))~ 3 + e*(logl0(T))~ 4 + f*(logl0(T))~
5 + g*(log10(T))” 6 + h*(log10(T))" 7 + i*(log10(T))" 8)

END

FUNCTION k_Nylon(T)

“Thermal cond. of Nylon. Ref: NIST-Cryogenics.

kin W/m.K)

{ Finds Th. cond. in the range: T = 1 - 300 K:}
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IF (T < 1) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 1 and 300 K !’)

ENDIF

a:=-2.6135; b := 2.3239; ¢ :=-4.7586; d :=7.1602; e := -4.9155; f := 1.6324; g := -0.2507;
h:=0.0131;i:=0

k_Nylon = 10~ (a+b*(log10(T)) + c*(log10(T))A 2 + d*(log10(T))A 3 + e*(logl0(T))A 4 + f*(log10(T))A
5 + g*(log10(T))” 6 + h*(log10(T))” 7 + i*(log10(T))» 8)

END

FUNCTION k_Teflon(T)

“Thermal cond. of Teflon. Ref: NIST-Cryogenics.

kin W/ m.K)

{ Finds Th. cond. in the range: T = 4 - 300 K:}

IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K ")

ENDIF

a:=2.7380; b :=-30.677; ¢ := 89.43; d := -136.99; e := 124.69; f := -69.556; g := 23.320; h := -4.3135; i
== 0.33829

k_Teflon = 10~ (a+b*(log10(T)) + c*(log10(T))A 2 + d*(log10(T))" 3 + e*(logl0(T))A 4 + f*(log10(T))~
5 + g*(log10(T))” 6 + h*(log10(T))” 7 + i*(log10(T))" 8)

END
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FUNCTION k_pyrex(T)

“Thermal cond. of pyrex glass. Ref: Barron...digitized ans put in Lookup Table of EES.

kin W/m.K?

{ Finds Th. cond. in the range: T = 4.0 - 300 K:}

IF (T < 4.0) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4.0 and 300 K I")

ENDIF

k_pyrex =interpolatel(‘k_pyrex, “Temp, ‘K, Temp = T)

END

oy,
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“Prob.2.2.2 Find out Strength to conductivity ratios at a temp of 80 K, for
(iii) OFHC copper, and, (iv) Teflon”

EES Solution:

Temperature = 80 “K”

“Yield strengths from the Table under section 2.1.2:”

sigma_y_304L = 1300“MPa ... yield strength for SS 304L”
sigma_y_Al6061T6 = 332“MPa ... yield strength for 6061 T6 Al”
sigma_y_OFHC_copper = 88“MPa ... yield strength for OFHC copper”
sigma_y_Teflon = 65“MPa ... yield strength for Teflon”

“Thermal conductivities from the EES functions written by us above:”

k_304L = k_ss304L(Temperature) “W/m-K”

k_Al6061T6 =k_AL_6061_T6(Temperature) “W/m-K”
k_OFHC_copper = k_OFHC_copper(Temperature) “W/m-K”
k_Teflon = k_Teflon(Temperature)“W/m-K”

“Therefore, their strength-to-conductivity ratios:”

Ratio_304L = sigma_y_304L / k_304L “MPa/(W/m-K)”
Ratio_Al6061T6 = sigma_y_Al6061T6/k_Al6061T6“MPa/(W/m-K)”

: (i) SS-304L (ii) 6061 T6-Al

Ratio_OFHC_copper = sigma_y_OFHC_copper/k_OFHC_copper“MPa/(W/m-K)”

Ratio_Teflon = sigma_y_Teflon /k_Teflon"MPa/(W/m-K)”

Results:

Unit Settings: 51 K MPa J mass deg

kapgl = 8174 [Wim-K] kagog1Te = 8556 [Wim-K]
KOFHC copper = 398 [Wiim-K] kTeflan = 0.2341 [dim-K]
Fatiooga = 1602 [MFa-m-F ] FatioagosTe= 3.83 [MFPa-mgM]
RatiogFHE copper = 01577 [MPa-m-KAw] RatioTeflon = 277.7 [MPa-mg /]
Gy304L = 1300 [MPa] CypalE051TE = 332 [MPa]

Gy OFHC copper = 88 [MPa] Gy Teflon = B5 [MPa]

Temperature =80 [K]

Download free eBooks at bookboon.com



Thus:

Strength-to-conductivity ratios are:

For SS 304L: 160.2 MPa-m-K/W .... Ans.

For 6061-T6-Aluminium: 3.88 MPa-m-K/W .... Ans.

For OFHC copper (RRR = 500): 0.1577 MPa-m-K/W .... Ans.

For Teflon: 277.7 MPa-m-K/W .... Ans.

Prob.2.2.3 A strut, 3 mm in dia and 5 cm in length is to support two vessels in a cryostat. If the two
ends of the strut are at 80 K and 5 K, find out the heat transferred, if the material of strut is (i) SS 304L,
(ii) SS 304, (iii) Beryllium copper (iv) Invar, (v) Nylon, and (vi) Teflon, (vii) Pyrex glass. Take the variation

of thermal conductivity with temp in to account.

EES Solution:

“Data:”

d =0.003"m”
L =0.05"m"
T1 =5K”
T2 = 80“K”

“Calculations:”

“We will use the built-in EES Function ‘Integral’ to get the Thermal conductivity integrals:”

A =pi*dAr2/4“mA2 ... area of cross-section of the strut”

Q_SS304L = (A/L) * integral(k_SS304L(T),T,T1,T2) “W.... heat transfer for SS304L"
Q_SS304 = (A/L) * integral(k_SS_304(T),T,T1,T2) “W.... heat transfer for S5304”
Q_BeCu = (A/L) * integral(k_BeCu(T),T,T1,T2) “W.... heat transfer for BeCu”
Q_Invar = (A/L) * integral(k_Invar(T),T,T1,T2) “W.... heat transfer for Invar”
Q_Nylon = (A/L) * integral(k_Nylon(T),T,T1,T2) “W.... heat transfer for Nylon”
Q_Teflon = (A/L) * integral(k_Teflon(T),T,T1,T2) “W.... heat transfer for Teflon”
Q_pyrex = (A/L) * integral(k_pyrex(T),T,T1,T2) “W.... heat transfer for pyrex glass”
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Results:

Unit Settings: 51 K MPa J mass deqg

A =0.000007069 [rm<] d=0.003 [m]

L=0.05 [m] Clpery= 01583 M)

Dppear = 003742 1] Cliyylorn = 0.002003 [i]

Cpprew = 0002837 1] Clggang = 0.04581 W]

Clgganggr = 0.04946 W T eflan = 0.0075947 [

T =80 [K] T1 =5 [K]

TZ =80 [K]

Thus:

Heat transfer from 80 K to 5 K:

For SS304L = Q_SS304L = 0.04946 W .... Ans.
For $S304 = Q_SS304 = 0.04582 W .... Ans.
For BeCu = Q_BeCu = 0.1583 W .... Ans.

For Invar = Q_Invar = 0.03742 W .... Ans.
For Nylon = Q_Nylon = 0.002003 W .... Ans.
For Teflon = Q_Teflon = 0.001947 W .... Ans.
For Pyrex = Q_pyrex = 0.002837 W .... Ans.
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“Prob.2.2.4 Given that thermal conductivity of Stainless Steel 304 varies as: k(T) = 1.5 TA0.4 (W/m.K),
find out the heat transferred in a rod of 10 mm dia and 100 mm length, if the two ends are maintained

at 80 K and 300 K, respectively. [9]”

EES Solution:

“Data:”

d=0.010“m
L =0.100m”
T1 =80“K”

T2 = 300“K”

“Calculations:”

“We will use the built-in EES Function ‘Integral’ to get the Thermal conductivity integrals:”
A =pi*dAr2 /4 “mA2...area of cross-section of the rod”

Q_SS304 = (A/L) * integral( 1.5*T~(0.4),T,T1,T2) “W...heat transfer for S5304 from 300 K to 80 K”

Results:
Unit Settings: 51 K MPa J mass deq
A = 0.00007854 [m<] d=0.01 [m] L=0.1 [m]
Clggang = 2.083 [ T =300 [K] T1 =80 [K]
T2 =300 [K]

Thus:

Heat transferred = Q_SS304 = 2.083 W .... Ans.

Prob.2.2.5 Write an EES Function to determine (cv/R) when (T/8,) is known. Here, 0 is the Debye

temp of the material.

EES Function:

Under Section 2.1.2, we have given the Table of (cv/R) vs (T/6,) from Ref.[1].
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Now, enter it as a Lookup Table in EES:

To do this, go to EES - Tables - New LookupTable:

& EES Professional: C:\Documents and Settings\personal\Desktop\Cryog. Th

File Edit Search Options Calculate WERES Plots  Windows

g B Ch W | E Mew Parametric Table

Alter Values

Retrieve Parametic Table
Store Parametric Table
Insert/Delete Runs

& Equations Window Insert/Delete Vars
Delete Parametric Table

Mew Lookup Table

Open Lookup Table
Insert/Delete Lookup Rows
Insert/Delete Lookup Cols
Delete Lookup Table

Help  Examples

E Lookup Table

Save Table

Linear Regression

Clicking on New Lookup Table brings up the following:

New Lookup Table

Title |Lookup 2

Mo. of Columnsz |2 'v!

Mo. of Rows 36 =

/ 1].9 x Cancel |

= | [ 9

In our Table, there are 2 columns and 36 rows. Fill up as shown above and click OK. We get a blank

Table. Fill it up with data as shown below. Name the Table and the two columns.

192
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Only part of the Table is shown, to conserve space:

i Lookup Table (- [sz
CvbyR_vs_ThyThetaD |
1 = - ™ A
ThyThetaD CvbyR
Row 1 0.04 011591
Row 2 0.09 0.1682
Row 3 0.1 02274
Fow 4 012 0.3733
Row 5 014 05464
Row B 0.16 0.7334
Row 7 018 09228
Fow 8 0.2 1.106
Row 9 0.25 1.509
Fow 10 0.3 1.823
Row 11 0.35 2.06
Fow 12 0.4 2238
Row 13 045 2373
Row 14 0.5 2476
Row 15 0.6 2621
Row 16 0.7 2714
Row 17 0.8 2.748
Fow 18 0.9 2823
Row 19 1 2 855
Fow 20 11 2.8a
Row 21 1.2 2.898
Row 22 1.3 2913
Row 23 1.4 2925 o

Now, we can use the built-in EES Function ‘Interpolate’ to get the value of (Cv/R) at any (T/Theta_D)

(or vice versa). Following is the desired EES Function:
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FUNCTION CvbyR(TbyThetaD)

{ Finds Cv/R for given T/ThetaD...from Debye Theory...from Lookup Table, by cubic interpolation.

Use Interploatel for linear interpolation.}

IF (TbyThetaD < (1/12)) THEN

CVbyR = 233.78 * (TbyThetaD)A3

ELSE

CvbyR = interpolate(‘CvbyR_vs_TbyThetaD; TbyThetaD;CvbyR} TbyThetaD’ = TbyThetaD)

ENDIF
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Prob.2.2.6 Use the above written EES Function to get sp. heat of Aluminium, copper, Niobium, Chromium

and Silver at a temp of 25 K.

EES Solution:
“Data:”

“Debye Temps:”

Theta_D_Al = 385K .... Aluminium”
Theta_D_Cu = 310K .... copper”
Theta_ D_Nb= 265“K ... Niobium”
Theta_D_Ag = 220K .... silver”
Theta_D_Cr = 430K .... Chromium”

“Mol. weights: [Ref: http://www.lenntech.com/calculators/molecular/molecular-weight-calculator.htm]

M_Al = 26.98
M_Cu = 63.55
M_Nb =92.91
M_Ag = 107.87
M _Cr=052

T — 25((K))
R_u = 8314.47 “J/kg K”

“Calculations:”

“(T / Theta_D) ratios:”

TbyTheta_D_Al = T/Theta_D_Al “...for Al”
TbyTheta_D_Cu = T/Theta_D_Cu “...for Cu”
TbyTheta_D_Nb = T/Theta_D_Nb “..for Nb”
TbyTheta_D_Ag = T/Theta_D_Ag “...for Ag”
TbyTheta_D_Cr = T/Theta_D_Cr “...for Cr”

“Therefore, sp.heats:”

cv_Al = (R_u/M_Al) * CvbyR(TbyTheta_D_Al)“J/kg.K ..... cv for AI”
cv_Cu = (R_u/M_Cu) * CvbyR(TbyTheta_D_Cu)“J/kg.K ..... cv for Cu”
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cv_Nb = (R_u/M_Nb) * CvbyR(TbyTheta_D_Nb)“J/kg.K ..... cv for Nb”
cv_Ag = (R_u/M_Ag) * CvbyR(TbyTheta_D_Ag)“J/kg.K ..... cv for Ag”
cv_Cr = (R_u/M_Cr) * CvbyR(TbyTheta_D_Cr)“J/kg.K ..... cv for Cr”

Results:

Unit Settings: 51 K MPa J mass deq

Cupg = 24.93 [JkorK] cvay = 19.73 [JkgK] vy = 7,346 [JkoK]
oy = 16.04 [JkgK] Cup = 17.22 [JikgK] Mag =107.9

Mg = 26.98 M, = 52 My, = 6355

Mpp = 92.91 R, =834 [Wkgmokk] [T =25 [K]
ThyThetap ag = 0.1136 ThyThetag 4 = 0.06434  ThyThetap o = 0.05814
ThyThetap c, = 0.08085  ThyThetap yp=0.09434  6pag =220 [K]

Bp.al =385 [K] 6p,cr=430 [K] 6pcu =310 [K]

60.Nb =285 [K]

Thus, at 25 K:

Sp. heat of Aluminium = 19.73 J/kg.K ... Ans.
Sp. heat of copper=16.04 J/kg.K ... Ans.

Sp. heat of Niobium = 17.22 J/kg.K ... Ans.
Sp. heat of Chromium = 7.346 J/kg.K ... Ans.
Sp. heat of Silver = 24.93 J/kg.K ... Ans.

“Prob.2.2.7 Write EES Functions for sp. heat of various materials used in Cryogenics.”
FUNCTION cp_ss304(T)

“Sp. heat. of SS-304. Ref: NIST-Cryogenics.

cpinJ/kg K, and, T in K”

{ Finds cp in the range: T = 4 - 300 K:}

IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K I’)
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ENDIF

a:=22.0061; b := -127.5528; ¢ := 303.647; d := -381.0098; e := 274.0328; f := -112.9212; g := 24.7593; h
:=-2.239153;i:=0

cp_ss304 = 10/ (a+b*(log10(T)) + c*(logl0(T))A 2 + d*(1og10(T))~ 3 + e*(logl0(T))A 4 + £*(logl10(T))A
5 + g*(log10(T))” 6 + h*(log10(T))" 7 + i*(logl0(T))" 8)

END

FUNCTION cp_ss304L(T)

{ Finds Sp. heat in the range T =4 - 23 K:}

IF (T < 4) or (T > 23) THEN

CALL ERROR(‘Temp. must be between 4 and 23 K !)

ENDIF

al := -351.51; bl := 3123.695; cl := -12017.28; d1 := 26143.99; el := -35176.33; fl := 29981.75; gl :=
-15812.78; h1 := 4719.64; il := -610.515

cp_ss304L = 10~ (al+b1*(logl0(T)) + cl*(loglO(T)A 2 + d1*(loglO(T))A 3 + el*(loglO(T))A 4 +
f1*(log10(T))A 5 + g1*(logl10(T))A 6 + h1*(logl0(T))~ 7 + il *(log10(T))~ 8)

END

FUNCTION cp_AL_6061_T6(T)

“Sp. heat of Aluminium-6061-T6. Ref: NIST-Cryogenics.

cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 4 - 300 K:}
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IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K )

ENDIF

a := 46.6467; b := -314.292; ¢ := 866.662; d := -1298.3; e := 1162.27; f := -637.795; g := 210.351; h :=

-38.3094; i := 2.96344

cp_AL_6061_T6 = 10~ (a+b*(logl0(T)) + c*(loglo(T))A 2 + d*(loglO(T))A 3 + e*(loglO(T))A 4 +

£(logl0(T))A 5 + g*(log10(T))A 6 + h*(loglO(T))A 7 + i*(logl0(T))A 8)

END

FUNCTION cp_OFHC_copper(T)

“Sp. heat of OFHC-copper. Ref: NIST-Cryogenics.
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cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 4 - 300 K:}

IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K I)

ENDIF

a:=-1.91844; b := -0.15973; ¢ := 8.61013; d := -18.99640; e := 21.96610; f := -12.7328; g := 3.54322; h
:=-0.37970;i:=0

cp_OFHC_copper = 10~ (a+b*(log10(T)) + c*(loglO(T)A 2 + d*(loglO(T))A 3 + e*(loglO(T))A 4 +
t*(log10(T))A 5 + g*(logl0(T))~ 6 + h*(logl0(T))A 7 + i*(logl10(T))~ 8)

END

FUNCTION cp_Nylon(T)

“Sp. heat of Nylon. Ref: NIST-Cryogenics.

cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 4 - 300 K:}

IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K I)

ENDIF

a:=-5.2929;b:=25.301; c:=-54.874; d := 71.061; e := -52.236; { := 21.648; g := -4.7317; h := 0.42518;1:= 0

cp_Nylon = 10/~ (a+b*(log10(T)) + c*(log10(T))A 2 + d*(log10(T))A 3 + e*(log10(T))A 4 + £*(log10(T))A
5 + g*(log10(T))" 6 + h*(logl0(T))~ 7 + i*(log10(T))A 8)
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FUNCTION cp_Teflon(T)

“Sp. heat of Teflon. Ref: NIST-Cryogenics.

cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 4 - 300 K:}

IF (T < 4) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 4 and 300 K ")

ENDIF

a := 31.88256; b := -166.51949; ¢ := 352.01879; d := -393.44232; e := 259.98072; f := -104.61429; g :=
24.99276; h := -3.20792; i := 0.16503

cp_Teflon = 10~ (a+b*(log10(T)) + c*(1og10(T))~ 2 + d*(log10(T))~ 3 + e*(logl0(T))A 4 + f*(log10(T))A
5 + g*(log10(T))” 6 + h*(log10(T))” 7 + i*(1og10(T))» 8)

END

FUNCTION cp_Brass_65_35(T)

“Sp. heat of Brass. Ref: Digitized and used in a Lookup Table in EES-linear interpolation.

cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 20 - 300 K:}

IF (T < 2) or (T > 305) THEN

CALL ERROR(‘Temp. must be between 2 and 305 K )

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

ENDIF

cp_Brass_65_35 = interpolatel(‘cp-Brass65/35, “Temp, ‘cp, Temp = T)

END

FUNCTION cp_pyrex(T)

“Sp. heat of Pyrex. Ref: CERN Accel. School-2013. Put in Lookup Table in EES- and- linear interpolation.

cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 1 - 300 K:}

IF (T < 1) or (T > 300) THEN

CALL ERROR(‘Temp. must be between 1 and 300 K )
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ENDIF

cp_pyrex= interpolatel(‘cp_pyrex, “Temp, ‘cp, Temp = T)

END

FUNCTION cp_Lead(T)

“Sp. heat of Lead. Ref: BNL Selected Cryogenic Data Notebook — 1980- Put in Lookup Table in EES-

and- linear interpolation.

cpinJ/kgK, T in K”

{ Finds sp. heat in the range: T = 1 - 310 K:}

IF (T <1)or (T >310) THEN

CALL ERROR(‘Temp. must be between 1 and 310 K )

ENDIF

cp_Lead= interpolatel(‘cp_Lead, “Temp, ‘cp, Temp = T)

“Prob.2.2.8 Find the sp. heats at 25 K for the following materials, using the EES Functions written above:
(i) SS304 (ii) 6061-T6 Al (iii) OFHC copper (iv) Brass (v) Teflon (vi) Nylon, and (vii) Pyrex”

EES Solution:
“Data:”

T — 25((K”

“Calculations:”

cp_SS304 = cp_ss304(T) “J/kg.K ... sp. heat of SS 304”
cp_Al = cp_AL_6061_T6(T) “J/kg.K ... sp. heat of Aluminium”
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cp_OFHC_Cu = cp_OFHC_copper(T) “J/kg.K ... sp. heat of OFHC-copper”
cp_Brass = cp_Brass_65_35(T) “J/kg.K ... sp. heat of Brass”

cp_Teflon = cp_Teflon(T) “J/kg.K ... sp. heat of Teflon”

cp_Nylon = cp_Nylon(T) “J/kg.K ... sp. heat of Nylon”

cp_Pyrex = cp_pyrex(T) “J/kg.K ... sp. heat of Pyrex”

Results:
Unit Settings: 51 K MPa J mass deq
cpa = 18.28 [Jko+] CPBrage = 18.36 [JfkgK]
CPMylon = 150 [Jfkg-K] CROFHC.Cu = 19.22 [JfkgH]
CPPyrex = 44.3 [Jfkok] cpggang = 20063 [Jko-K]
CRTeflon = 102 [JkgK] T =25 [K]

Thus:

At 25 K:

Sp. heat of SS304 = 20.63 J/kg.K .... Ans.

Sp. heat of Aluminium 6061-T6 = 18.28 J/kg.K .... Ans.
Sp. heat of OFHC copper = 15.22 J/kg.K .... Ans.

Sp. heat of Brass = 18.36 J/kg.K .... Ans.

Sp. heat of Teflon = 102 J/kg.K .... Ans.

Sp. heat of Nylon = 150 J/kg.K .... Ans.

Sp. heat of Pyrex = 44.3 J/kg.K .... Ans.

“Prob.2.2.9 Find the amount of heat to be removed for 1 kg of following materials to be cooled from
300 to 77 K, taking in to account the variation of sp. heats with temp. (i) SS304 (II) 6061-T6 Al (iii)
OFHC copper (iv) Brass (v) Teflon (vi) Nylon (vii) Pyrex (viii) Lead”

EES Solution:
“Data:”

T1=77 “K”
T2 =300"K”
m = 1 «kg))

“Calculations:”

Q_SS304 = m * integral(cp_ss304(T) ,T, T1, T2) “J ... heat to be removed for 1 kg of SS 304”
Q_Al = m * integral(cp_AL_6061_T6(T) ,T, T1, T2) “J ... heat to be removed for 1 kg of Al-6061-T6”
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Q_OFHC_Cu = m * integral(cp_OFHC_copper(T),T, T1, T2) “ ... heat to be removed for 1 kg of
OFHC copper”

Q_Brass = m * integral(cp_Brass_65_35(T),T, T1, T2) “J ... heat to be removed for 1 kg of Brass”
Q_Teflon = m * integral(cp_Teflon(T) ,T, T1, T2) “J ... heat to be removed for 1 kg of Teflon”
Q_Nylon = m * integral(cp_Nylon(T) ,T, T1, T2) “J ... heat to be removed for 1 kg of Nylon”
Q_Pyrex = m * integral(cp_pyrex(T) ,T, T1, T2) “T ... heat to be removed for 1 kg of Pyrex”

Q_Lead = m * integral(cp_Lead(T) ,T, T1, T2) “J ... heat to be removed for 1 kg of Lead”

Results:
Unit Settings: 51 K MPa J mass deg
m =1 [ko] Clap = TEEE54 [J] Cprazs = 81661 [J]
O gad = 27626 [J] Cihylon = 254014 [J] QoFHC oy = 74142 [J]
Clpyrey = 111282 [J]| Clggang = 86575 [J] T eflon = 153726 [J]
T =300 [K] T1 =77 [K] TZ =300 [K]

Thus:

For 1 kg of material, amount of heat to be removed, while cooling from 300 K to 77K:
For SS304 = 86574 ] .... Ans.
For Aluminium 6061-T6 = 168854 J .... Ans.
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For OFHC copper = 74142 ] .... Ans.
For Brass = 81661 ] .... Ans.

For Teflon = 153726 .... Ans.

For Nylon = 254014 ] .... Ans.

For Pyrex = 111293 ] .... Ans.

For Lead = 27626 ] .... Ans.

“Prob.2.2.10 Write EES Functions for Yield stress of various materials used in Cryogenics.”

Original graphs from Ref.[1] were digitized using the PlotDigitizer [Ref: 13]. The resulting data tables
were transferred to EXCEL and plotted. The “Trendline’ menu was used to fit the plot to a 4" order

polynomial. Then, the EES Functions are written using these curve-fit equations. Following are the results:

For 55-304 For 2024-T4 Aluminium For Teflon
T(K} Yield stress (MPA) TIK} Yield stress (MPA) TIK) Yield stress (MPA)
0 1347.933 0 526.0093 0 142.4609
50.05241 1327.601 50.0801 434.447 50,5231 83.77415
99.606044 1307.235 99.68258 375.7238 100.0841 57.928350
148.0599 1286.834 150.358 338.9562 150.7387 37.59671
197.6278 1255.509 198.8114 318.5534 199.1783 28.15445
248.3032  1218.74 249.4453 314.6614 249.8121 24.26039
298.9924 1171.012 298.9854 305.25335 299.3385 25.81112
350 1128.763 350 323.2765 350 27.43078
For Be-Cu For Ti For 9% Ni Steel, Invar-36
TiK) Yield stress (MPA) TiK) Yield stress (MPA) TiK) Yield stress (MPA)
0 9479815 0 1824.629 0 1134.242
49,58172 B528.9539 48.68187 1541.258 50.49541 976.9285
99.19804 759.2742 99.56491 1340.111 100.1671 863.4147
149.8873 711.5461 149.2989 1177.283 149.7973 TB2.7765
199.4482 685.7005 198.9983 1041.853 195.4067 718.5761
248.9884 676.2927 248.6769 922.8596 250.089 676.3272
299.6153 677.8779 299.4492 B09.3803 299.6638 639.5231
350 ©690.4216 350 712.3387 350 ©08.2327
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For K-Monel For C1020-C steel
TIK]) Yield stress (MPA) TIK]) Yield stress (MPA)
0 1090.408 0 712.3042
50.44004 1020.763 49,8932 582.3871
100.0494 956.5622 99.52338 501.7485
149.6242 919.7581 150.2264 443.0622
198.0915 B888.39388 199.822 389.8203
249.860060 B857.1429 249.3968 353.0162
300.5013 847.7695 298.9578 327.1706
350 B849.3203 350 295.8802
For 585 304
1400 V=2 JB55E-08x°- 1 6446E-05x°+ 2.6638E-03x7 -5 2548E-01x +
1350 1.3482E+03
T ‘\‘\*\ R?=9.9982E-01
E 1200 \\
g 1250 \'\
T 1200
= el
S
1150 ~
1100 T T T T T T 1
0 50 100 150 200 250 300 350 400
Temp (K)
For 2024-T4-Aluminium
600
L y= 2.6112E-08x°-2.4015E-05x3 + 1.0138E-02x% - 2.3091E+00x +
500 S 2643E+02
g \\ Rf=9.988EE-01
g 300 "
E 200
@
(=
100
0 T T T T T T T 1
0 50 100 150 200 250 300 350 400
Temp (K)
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For Teflon

150

1440
— v=15834E-08x*-1.6104E-05x% + 6.7618E-03x?-1.3980E+00x + 1.4176E+02
g 120 N RT=0.9832E-01
=
= 100
2 “a
& EBO \\\
=
w
2 a0 *‘\0\1—0,——4

20
0 T T T T T T T 1
a 50 1400 150 200 250 300 350 4400
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For Be-Cu
1000 v= 2.3953E-08x%-2.4822E-05%3 + 1. 1880E-02%2 - 2.8776E+00x% +
200 *~ 0.4741E+02
— a00 e R?=0.9981E-01
% 700
=~ 500
g 500
w400
T 300
= 200
100
0 T T T T T T T 1
0 50 100 150 200 250 300 350 400
Temp (K)
For Titanium
2000
1800 * Y= 6.8681E-08x"- 6 4487F-05x% + 2 4406F-02x° - 6.7607E+00x +
— 1800 - 1.8235E+03
g R*=9.9995E-01
1400
=
S 1200 H*-\_*
g 1000
% 800 \"““--&
—
600
* 400
200
G T T T T T T T 1
0 50 100 150 200 250 300 350 400
Temp (K)
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For 9% Ni steel
1200
1000 ‘\ Y= -9 7458E-06%5 + 9.1459E-03x%2 - 3 5097E+00x% + 1.1335E+03
3 R®=0.9994E-01
Z BOO
> *\‘\*\0\_’
& 500
=
= 400
g
™
200
ﬂ T T T T T T T 1
a 50 100 150 200 250 300 350 400
Temp (K)
For k-Monel
1200 v=15041E-08x%-1.1053E-05x% + 4 8733E-03x - L. 6ETRE+00% +
L\ 1.0012E+03
1000 B*=09R93F-01
A M
Z 800
b
g 600
i
2 400
4
G
200
ﬂ T T T T T T T 1
a 50 100 150 200 250 300 350 400
Temp (K)
For C1020-C steel
800
200 * w=2.7150E-08x%-2.7840E-05x7 + 1.1711E-02x% - 3.0361E+00x + 7.1124E+02
- R*=09952E-01
g 6500
g 400 .
E 300 *
£ 200
100
0 T T T T T T T 1
aQ 50 100 150 200 250 300 350 400
Temp (K)
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Now, the EES Functions:

FUNCTION Yield_stress_SS304(T)
“Yield stress of SS304. Ref: Cryogenics Systems by Barron.
Yield stress in MPa, T in K”
{ Finds Yield stress in the range: T = 0 - 350 K:}
IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K )
ENDIF

Yield_stress_SS304 = 2.2855E-08 * TA4 - 1.6446E-05*TA3 + 2.6638E-03*TA2 — 5.2548E-01*T +
1.3482E+03
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FUNCTION Yield_stress_ AL_2024_T4(T)

“Yield stress of 2024-T4-Aluminium. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K !’)

ENDIF

Yield_stress_AL_2024_T4 = 2.6112E-08* TA4 — 2.4015E-05 * TA3 + 1.0138E-02* TA2 - 2.3091E+00*T
+ 5.2643E+02

FUNCTION Yield_stress_Teflon(T)

“Yield stress of Teflon. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Yield_stress_Teflon = 1.5834E-08 * TA4 - 1.6104E-05 * TA3 + 6.7618E-03 * TA2 - 1.3980E+00 * T +
1.4176E+02
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FUNCTION Yield_stress_BeCu(T)

“Yield stress of Berylium copper. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K !’)

ENDIF

Yield_stress_BeCu = 2.3953E-08 * TA4 — 2.4822E-05 * TA3 + 1.1880E-02 * TA2 - 2.8776E+00 * T +
9.4741E+02

FUNCTION Yield_stress_Ti(T)

“Yield stress of Titanium. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Yield_stress_Ti = 6.8681E-08 * TA4 — 6.4487E-05 * TA3 + 2.4406E-02 * TA2 — 6.7607E+00 * T +
1.8235E+03

212

Download free eBooks at bookboon.com



FUNCTION Yield_stress_9%NiSteel(T)

“Yield stress of 9% Ni Steel. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Yield_stress_9%NiSteel = -9.7458E-06 * TA3 + 9.1459E-03 * TA2 - 3.5097E+00 * T + 1.1335E+03
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FUNCTION Yield_stress_kMonel(T)

“Yield stress of k-Monel. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K !’)

ENDIF

Yield_stress_kMonel = 1.5041E-08 * TA4 - 1.1053E-05 * TA3 + 4.8733E-03 * TA2 - 1.6876E+00 * T +
1.0912E+03

FUNCTION Yield_stress_C1020CSteel(T)

“Yield stress of C1020-CSteel. Ref: Cryogenics Systems by Barron.

Yield stress in MPa, T in K”

{ Finds Yield stress in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Yield_stress_C1020CSteel= 2.7150E-08 * TA4 - 2.7840E-05 * TA3 + 1.1711E-02 * TA2 - 3.0361E+00 *
T + 7.1124E+02
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“Prob.2.2.11 Find the Yield stress to density ratios of following materials, at a temp of 20 K: (i) 2024-
T4_Aluminium (rho = 2740.31 kg/mA3) (ii) 304 SS (rho = 7805.73 kg/mA3) (iii) Monel (rho = 8885.25
kg/mA3) (iv) Beryllium copper (rho = 8303.97 kg/mA3) (v) Teflon (rho = 2297.43 kg/mA3)”

“EES Solution:”

T= 20 “K))

sigma_y_Al = Yield_stress_AL_2024_T4(T)"MPa”
sigma_y_SS304= Yield_stress_SS304(T)"MPa”
sigma_y_KMonel= Yield_stress_kMonel(T)"MPa”
sigma_y_BeCu = Yield_stress_BeCu(T)"MPa”
sigma_y_Teflon = Yield_stress_Teflon(T)"MPa”

rho_Al = 2740.31“kg/m~A3”
rho_SS304 = 7805.73 “kg/m~A3”
rho_KMonel = 8885.25“kg/m~3”
rho_BeCu = 8303.97“kg/m~3”
rho_Teflon = 2297.43“kg/mA3”

“Therefore:”

Stressbyrho_Al = sigma_y_Al / rho_Al“MPa.m/3/kg”
Stressbyrho_SS304 = sigma_y_SS304 / rho_SS304“MPa.m/3/kg”
Stressbyrho_KMonel = sigma_y_KMonel / rho_KMonel“MPa.m"3/kg”
Stressbyrho_BeCu = sigma_y_BeCu / rho_BeCu“MPa.m"3/kg”
Stressbyrho_Teflon = sigma_y_Teflon / rho_Teflon“MPa.mA3/kg”

Results:

Unit Settings: 51 K MPa J mass deq

pal = 2740 [kg/m? pBeCy = B304 [ko/mT

PKMonel = 5885 [kg/m-] pss304 = 7806 [kgim

PTeflon = 2297 [ka/m3] oy al = 4841 [MFa]

oy peCy= 894.4 [MPa] Oy KMonel = 1058 [MPa]

oy 55304 = 1339 [MPa] Oy Teflon = 116.4 [MP3]

Stresshyrthog = 01767 [MParm3fkg] Stresshyrhogery = 01077 [MParm3fkg]
Stresshythopmonel = 0.1192 [MPa-m3kg] Stresshyrhogsags = 01715 [MParm3ikg]
StresshythoT sign = 005066 [MPa-m3kg] T =20 [K]
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Cryogenic Engineering:

Software Solutions: Part-I Properties of materials at low temperatures
Thus:

Strength to density ratios:

For 2024-T4_Al = 0.1767 MPa-mA3/kg .... Ans.

For SS 304 = 0.1715 MPa-m~3/kg .... Ans.

For KMonel = 0.1192 MPa-mA3/kg .... Ans.

For Beryllium copper = 0.1077 MPa-m~3/kg .... Ans.

For Teflon = 0.05066 MPa-m~3/kg .... Ans.

“Prob.2.2.12 Using the EES Functions written above, find the Yield stress to conductivity ratios of
following materials, at a temp of 30 K: (i) SS-304 (ii) Beryllium copper, and (iii) Teflon”

EES Solution:
“Data:”

T — 30 “K”

SMS from your computer

...oync'd with your Android phone & number

Go to

o e — mre e~ I BrowserTexting.com
| _ e

T Cooqmemtes 06, 3542 151737

L
Oh_cocl T
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216 Click on the ad to read more

Download free eBooks at bookboon.com


http://www.browsertexting.com/

“Calculations:”

sigma_y_SS304 = Yield_stress_SS304(T)“MPa... Yield stress of SS304”
sigma_y_BeCu = Yield_stress_BeCu(T)“MPa... Yield stress of BeCu”
sigma_y_Teflon = Yield_stress_Teflon(T)“MPa... Yield stress of Teflon”
k_SS304 = k_SS_304(T)“W/m.K....th. cond. of SS 304”

k_BeCu= k_BeCu(T)“W/m.K....th. cond. of BeCu”

k_Teflon= k_Teflon(T)“W/m.K....th. cond. of Teflon”

Ratio_SS304 = sigma_y_SS304/k_SS304“MPa-m-K/W .... ratio for SS304”
Ratio_BeCu = sigma_y_BeCu/k_BeCu“MPa-m-K/W .... ratio for BeCu”
Ratio_Teflon = sigma_y_Teflon/k_Teflon“MPa-m-K/W .... ratio for Teflon”

Results:
Unit Settings: 51 K MPa J mass deg
kpery = 12.02 [m-F] kggang = 316 [Wim-K]
kTeflon = 01738 [im-k] Fatiogen, = 7249 [MPam-KAN]
Fatioggags= 4222 [MPa-m-KAN] FatioTaflon = BOE.E [MPa-m-KAN]
Oy BeCu= 8711 [MPa] Gps5an4 = 1334 [MPe]
Ty Teflon = 1055 [MFa] T =30 [K]

Thus:

Strength to conductivity ratios:
For SS 304 = 422.2 MPa-m-K/W.... Ans.
For BeCu = 72.49 MPa-m-K/W.... Ans.

For Teflon = 606.8 MPa-m-K/W.... Ans.

“Prob.2.2.13 Write EES Functions to determine Young’s Modulus for important materials used in

Cryogenics.”
Original graphs from Ref.[1] were digitized using the PlotDigitizer [Ref: 13]. The resulting data tables

were transferred to EXCEL and plotted. The “Trendline’ menu was used to fit the plot to a 3'/4" order

polynomial. Then, the EES Functions are written using these curve-fit equations. Following are the results:
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Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

For 55 304:

Temp (K} E(GPa)
765625 200.362
229688 19819 EY vs T for $5304
37.1875 196561
492188 195475 250
65.625 19276
82.0313 190.588
08.4375 188.959
119.219 185.701
132.344 134.072
147 656 1819
164.063 179.729
180.469 178.1 o T . T T T T T )
196.875 175.385 0 50 00 150 200 250 300 350 400
211.094 173756 Temp (K)
226.406 171.584
238438 169.955
248281 168.326
264,688 166.697
280 164525
299,638 162.353
308.438 160.724
322,656 159.095
3325 157.466
348906 155.294

y=3.8231E-0Bx° - 2.352BE-05x% - 1.2801E-01x + 2.0137E+02

= 'w

100

&
=]

[%3]
(=]

Youngs Mod. (Gpa)

For Aluminium 2024-T4:

Temp (K} E (GPa)

0O &8B.5068
19.6875 87.4208 Eyvs Tfor 2024-T4 Al
37.1875 85.7919
49 2188 85.2489 a0
68.9063 B83.6199
84.2188 825339
98 4375 31991
120.313 79.819
137.813 78.1901

148.75 78.1901
165.156 77.6471

183.75% 76.0181
197969 74959321
213281 743391 Temp (K)
231875 738462
248 281 727602
269.063 7T1.6742
284 375 T16742
300781 711312
331.406 70.0453
348906 70.5882

We-
7E0E-01

=545

L 4

L 3
L 4

Youngs Mod. (G pa)
(¥, )
(=)

o T T T T T T T 1
0 50 100 150 200 250 300 350 400
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Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

For Beryllium copper:

Temp (K] E([GPa)

D 133575
142188 132.489 Eyvs T for BeCu
32 8125 131946
136 i .
48175  130.86 134 y=-4.5328E-08¢ + 2.4?{152 [;58;;3-5.0915?35-91:( +1.3340E+02
62.3438 130317 z 132 - ih —= .
77.6563 1209774 g 130 T
- 128
984375 122688 3 o e
-
118125 128145 = H‘M
136719 127.059 g 1
=]
14875 125973 = ﬁg \Lﬁ\‘_
167344 12543 ~5
115 T T T T T T T 1
199.063| 124.344 0 50 100 150 200 250 300 350 400
719844 123258
243281 122172 Temp (K}

272344 120543
299688 119457
321563 1183571
3485906 117.285
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Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

For K Monel:

Temp (K] E(GPa)

o 189276
164063 191674
317188 191674 Eyvs T for K Monel
48.125 190588 184 _ i
601563 190.045 102 y=-2.5448E-08x° + 1. 2554E-05x" - 4. 24595E-02x + 1.926BE+02

. .
78.75 189.502 R"=9.5768E-01

97.3438 188.959
123594 187.33
147656 186.244
171719 185.701
196.875 1B4.615 175 Ty
215.465 184.072 176
237.344 182.986 0 50 100 150 200 250 300 350 400
248281 182.443
270.156 1819
299.688 180.272
321563 179.186
335781 178.643
348.906 178.643

Youngs Mod. (Gpa)
ERE

Axis Title

For Titanium:

Temp (K] E(Gpa)
0 118371
113 - < .
2515683 117.328 y=E.G3E5E-10x" - 7.2610E-07xF + 1L.EAT1E-0dx - 3.77E7E-02x+

492188 116742 118 1184EE-52
74375 116742 117 ‘\
955313 115656 116
124688 115656 115 M
L

147656 11457 114
172813 11457

113

197969 114027 \
112
225313 113.484 S

2=009301E-01

248281 112941 11

274531 111.355 110 \
299688 111.312 109 . . . . . T . 1
32375 110.783 0 50 100 150 200 250 300 350 400

348906 110226
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Cryogenic Engineering:
Software Solutions: Part-I

For C1020 C steel:

Temp (K) E([GPa)

o
19.6875
38.375
49.2138
71.0938
97.3438
124 688
147.656
172813
196.875
224219
248 281
275.825
298.594
322.656
348.906

21991
218.824
217.738
217.195
216652
215.023
213.937
212851
211.765
210679

209.05
208.507
208.335
205.245
204 706
203.077

For 9 % Ni steel:

Temp (K] E [GPa)

o
20,7813
38.2813

48.125
68.9063
84.2188
124 688
147.656
176.094
195781
224219
249375
274531
299.688
322.656
348.906

21448
212.851
211222
210679

209.05
207421
204.163
202.554
199.819
157 647
196.018
193.846
192217
1500045
188.416
186.244

Properties of materials at low temperatures

Youngs Mod. (Gpa)

222
220
218
216
214
212
210
208
206
204
202

Ey vs T for C1020 Steel

X - - . +H12

R*=5.5810E-01

i ¥

-\"1“

50 100 150 200 250 300 350 400

Temp (K}

Youngs Maod. (Gpa)

220
215
210
205
200
155
150
185
18D

Eyvs T for 9% Ni steel

¥=7.5177E-0Bx® - 2. 3851E-05x° - B.1419E-02x + 2.1453E+02

R*=55347E-01

50 100 150 200 250 300 350 400
Temp (K)

Now, write EES Functions, using the curve fit equations obtained above:

EES Functions:

FUNCTION Youngs_Modulus_SS304(T)

“E_y for SS304. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”

{ Finds E_y in the range: T = 0 - 350 K:}

221
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IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K !’)

ENDIF

Youngs_Modulus_SS304= 3.8231E-08 * TA3 - 2.3528E-05 * TA2 - 1.2801E-01 * T + 2.0137E+02

END

FUNCTION Youngs_Modulus_AL_2024_T4(T)

“E_y for Aluminium 2024-T4. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”

{ Finds E_y in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Youngs_Modulus_AL_2024_T4= 2.4395E-07 * TA3 - 3.1441E-05* TA2 - 7.1171E-02 * T + 8.8637E+01

END

FUNCTION Youngs_Modulus_BeCu(T)

“E_y for Beryllium copper. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”

{ Finds E_y in the range: T = 0 - 350 K:}
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Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

IF (T < 0) or (T > 350) THEN

CALL ERROR(“Temp. must be between 0 and 350 K I)

ENDIF

Youngs_Modulus_BeCu= -4.5324E-08 * TA3 + 2.4745E-05 * TA2 - 4.9673E-02 * T + 1.3340E+02

END

FUNCTION Youngs_Modulus_KMonel(T)

“E_y for K-Monel. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”

{ Finds E_y in the range: T = 0 - 350 K:}
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IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K !’)

ENDIF

Youngs_Modulus_KMonel= -2.5449E-08 * TA3 + 1.2554E-05 * TA2 — 4.2499E-02 * T + 1.9268E+02

END

FUNCTION Youngs_Modulus_Titanium(T)

“E_y for Titanium. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”

{ Finds E_y in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Youngs_Modulus_Titanium= 8.9385E-10 * TA4 — 7.2610E-07 * TA3 + 1.8471E-04 * TA2 - 3.7787E-02
*T + 1.1846E+02

FUNCTION Youngs_Modulus_C1020_Steel(T)

“E_y for Titanium. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”
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{ Finds E_y in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K I)

ENDIF

Youngs_Modulus_C1020_Steel= -2.9236E-08 * TA3 + 9.5092E-06 * TA2 — 4.7625E-02 * T + 2.1975E+02

END

FUNCTION Youngs_Modulus_9%Ni_Steel(T)

“E_y for Titanium. Ref: Cryogenics Systems by Barron.

Ey in GPa, T in K”

{ Finds E_y in the range: T = 0 - 350 K:}

IF (T < 0) or (T > 350) THEN

CALL ERROR(‘Temp. must be between 0 and 350 K !)

ENDIF

Youngs_Modulus_9%Ni_Steel= 7.5177E-08 * TA3 - 2.3851E-05 * TA2 - 8.1419E-02 * T + 2.1453E+02

END

“Prob.2.2.14 Using the above written EES Functions, determine Young’s Modulus at 20 K for: (i) AL-
2024-T (ii) SS 304 (iii) Beryllium copper (iv) k Monel (v) Titanium (vi) C1020 Steel (vii) 9% Ni Steel”
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EES Solution:

T — 20 “K”

E_y _AL2024T4 = Youngs_Modulus_AL_2024_T4(T) “GPa.... Young’s Mod. for AL-2024-T4”
E_y_S§S304 = Youngs_Modulus_SS304(T) “GPa.... Youngs Mod. for SS304”

E_y_BeCu = Youngs_Modulus_BeCu(T) “GPa.... Young’s Mod. for BeCu”

E_y_KMonel = Youngs_Modulus_KMonel(T) “GPa.... Young’s Mod. for KMonel”
E_y_Titanium = Youngs_Modulus_Titanium(T) “GPa.... Young’s Mod. for Titanium”
E_y_C1020Steel = Youngs_Modulus_C1020_Steel(T) “GPa.... Young’s Mod. for C1020 Steel”
E_y_9%NiSteel = Youngs_Modulus_9%Ni_Steel(T) “GPa.... Young’s Mod. for 9% Ni Steel”

Results:

Unit Settings: 51 K MPa J mass deqg

Ey axnistes =212 [GPa] E,alzoz474 =872 [GPa]
Eypery=132.4 [GF4] E,Cc10205teel = 218.8 [GPa]
EykManel =191.8 [GFa] Eysgang = 195.8 [GPa]

Ey Titanium=117.8 [GFa] T =20 [K]
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Thus:

Young’s Modulus values at 20 K:

For Aluminium 2024-T4: 87.2 GPa ... Ans.
For SS 304: 198.8 GPa ... Ans.

For Beryllium copper: 132.4 GPa ... Ans.
For K Monel: 191.8 GPa ... Ans.

For Titanium: 117.8 GPa ... Ans.

For C1020 Steel: 218.8 GPa ... Ans.

For 9% Ni Steel: 212.9 GPa ... Ans.

Prob.2.2.15 Using the above written EES Functions, determine Young’s Modulus, Bulk Modulus and
Shear Modulus at 20 K for: (i) AL-2024-T (ii) SS 304 (iii) Beryllium copper (iv) Titanium

(b) Plot the variation of Bulk Modulus and Shear Modulus for these materials as the temp varies from
5 K to 300 K.

EES Solution:

“Data:”

T — 25 ((K”

nu_AL = 0.32 “Poisson’s rtio for AL2024-T4”
nu_SS304 = 0.305 “Poisson’s rtio for SS 304”
nu_Titanium = 0.32 “Poisson’s rtio for Titanium”

nu_BeCu = 0.285 “Poisson’s rtio for BeCu”

“Calculations:”

“Young’s Moduli:”

E_y_AL2024T4 = Youngs_Modulus_AL 2024 _T4(T) “GPa.... Young’s Mod. for AL-2024-T4”
E_y_SS304 = Youngs_Modulus_SS304(T) “GPa.... Young’s Mod. for SS304”

E_y_BeCu = Youngs_Modulus_BeCu(T) “GPa.... Young’s Mod. for BeCu”

E_y_Titanium = Youngs_Modulus_Titanium(T) “GPa.... Young’s Mod. for Titanium”

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

“Bulk Moduli:”

B_AL2024T4 = E_y_AL2024T4/ (3 * (1 - 2 * nu_AL)) “GPa.... Bulk Mod. for AL-2024-T4”
B_SS304 = E_y_SS304 / (3 * (1 - 2 * nu_SS304)) “GPa.... Bulk Mod. for SS 304”
B_Titanium = E_y_Titanium / (3 * (1 - 2 * nu_Titanium)) “GPa.... Bulk Mod. for Titanium”
B_BeCu=E_y BeCu/ (3 *(1-2*nu_BeCu)) “GPa.... Bulk Mod. for BeCu”

“Shear Moduli:”

G_AL2024T4 = E_y_AL2024T4 / (2 * (1+ nu_AL)) “GPa.... Shear Mod. for AL-2024-T4”
G_SS304 = E_y_SS304 / (2 * (1 + nu_SS304)) “GPa.... Shear Mod. for SS 304”
G_Titanium = E_y_Titanium / (2 * (1+ nu_Titanium)) “GPa.... Shear Mod. for Titanium”
G_BeCu=E_y BeCu/ (2* (1+ nu_BeCu)) “GPa.... Shear Mod. for BeCu”

Struggling to get
interviews?

Professional CV consulting & writing assistance
from leading job experts in the UK.

N Take a short-cut to your next job!

._- =) Improve your interview success rate by 70%.

TheCVagency

Visit thecvagency.co.uk for more info.

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


http://thecvagency.co.uk

Results:

Unit Settings: 51 K MPa J mass deg

BaLzozat4 = 8041 [GPa] Beery =102.5 [GPa]
BTitarium = 108.9 [GFa] Eyalz0z4T4 = 86.84 [GFa]
Eys5ang = 198.2 [GFa] Ey Titanium=117.6 [GFa]
Gpery=51.43 [GFa] Gggapg = 76.92 [GFa]
yy =032 vpery = 0.285
Titarium = 0.32 T =25 [K]

Thus, at 25 K:

Young’s Modulus (E_y):

For AL-2024-T4 = 86.84 GPa ... Ans.
For SS 304 = 198.2 GPa ... Ans.

For Titanium = 117.6 GPa ... Ans.
For BeCu = 132.2 GPa ... Ans.

Bulk Modulus (B):

For AL-2024-T4 = 80.41 GPa ... Ans.
For SS 304 = 169.4 GPa ... Ans.

For Titanium = 108.9 GPa ... Ans.
For BeCu = 102.5 GPa ... Ans.

Shear Modulus (G):

For AL-2024-T4 = 32.89 GPa ... Ans.
For SS 304 = 75.92 GPa ... Ans.

For Titanium = 44.559 GPa ... Ans.
For BeCu =51.43 GPa ... Ans.

Download free eBooks at bookboon.com
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(b) Plot the variation of Bulk Modulus and Shear Modulus for these materials as the temp varies
from 5 K to 300 K:

First, compute the Parametric Table:

1 [ 2 | 4 = ™
P T E, aL202474 E, =5304 E, peru E, Titanium
1.18 K] [GPa] [GPa] [GPa] [GPa]
Fun 1 a 33.23 2007 133.2 118.3
Run 2 20 872 193.8 1324 117.8
Fun 3 40 a35.76 1952 131.4 172
Run 4 Gl 34. 3 1936 1305 116.7
Fun & a0 g2.87 191 1295 116.3
Run i o0 a1.45 188.4 1286 1159
Hun 7 120 8007 1857 127.7 115.5
Fun g 140 ¥8.73 183.1 126.8 115.1
Fung TEN F7.44 180.4 12619 114.8
Fun 10 180 ¥B8.23 177.8 126 114.3
Run 11 200 751 1761 1241 113.9
Fun 12 220 74.06 1725 123.2 113.4
Run 13 240 ¥3.12 169.8 1223 113
Fun 14 260 7229 167 .2 121.4 112.4
Fun 15 280 71.hB 164.5 120.4 1119
Hun 16 300 F1.04 1619 119.5 111.4
1 ™| ™ Il [ b
T BaL 202474 Bss3ng Beecu Britarium
[K] [GPa] [GFa] [GPa] [GFa]
] 81.74 171.6 103.2 109.5
] 20 20,74 169.9 1026 109
] 40 794 167.7 101.9 108.5
] fill 78.06 165.5 101.2 1081
] an 7673 153.2 100.4 107.7
] 100 7542 161 0972 107.3
] 120 7413 128.7 o9 01 107
] 140 7289 156.5 953 106.6
] Ta0 1.7 164.2 97 B 106.3
] 180 7058 152 o059 1059
] 200 B953 1497 OR.2 105.5
] 220 B3.57 147.4 9549 105
] 240 G7.7 1451 9479 104.6
] 260 Fi.94 1429 G403 1041
] 280 B3 140.5 0336 103.6
] 200 B5.78 138.4 9254 1031
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1 ™ 1o 11 ™12 12 ]
T Gal 202474 Gezang Gaecy itanium
(K] [GPa] [GPa] [GPa] [GPa]

a 33.44 fB.91 51.81 443

20 33.03 817 51.52 44 51

4 32.43 7518 51.14 44,39

&l 31.93 74.18 A0.73 4421

a0 31.39 73.18 A0.41 44.05

f00 30.85 F217 50.05 439

J20 30.33 71.16 497 43.75

T4 29.82 7015 49.34 4361

Y0 29.33 BY.14 48.949 43.47

Ja0 268.688 B5.12 45.64 43.31

200 28.45 b7 .1 48.249 4315

220 28.05 bE.03 47.93 4297

240 2T Ba.07 47 .58 4279

260 2738 54.05 472 4258

250 2712 B3.04 46.86 4239

300 26.91 B2.02 465 4219

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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And, the plots:
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“Prob.2.2.16 An air core magnet is used to produce a field of 100,000 Gauss and is constructed of 10,000
turns of Aluminium wire having a total electric resistance of 25 ohms at 0 C. The length of the solenoid
is 50 cm, and the solenoid may be assumed to be an ideal coil, for which magnetic field strength is given
by: H=0.4*pi * N * I/ L, where N = total no. of turns, I is the current in Amps, and L is the length
of solenoid in cm. Determine the power dissipated at 0 C and the power dissipated if the coil were

immersed in liquid hydrogen at 20 K, for the same field strength. [1]”

EES Solution:

“Data:”

H = 100000“Gauss.... field strength”

N = 10000..no. of turns”

L =50 “cm...length of solenoid”

R_0C = 25“0Ohms .... resistance of wire at 0 C”
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“Calculations:”

H=04*pi*N*I/L“..finds current I, Amps”

“At 20 K, we have the resistivity ratio, from the graph:”

R_20K / R_0C = 0.04 “.finds electrical resistance R_20K (Ohms) at 20 K”

“At 0 C, power dissipated, P_0C:”

P_0C =122 * R_0C “W...power dissip. at 0 C”

“At 20 K, power dissipated, P_20K, for the same current, I.”

P_20K = Ir2* R_20K “W...power dissip. at 20 K, for the same current, I”

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

\7\‘ PDF components for PHP developers

www.setasign.com
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Results:

Unit Settings: 51 K MPa J mass deg

H =100,000 [Gauss] | =397.9 [A] L=50 [cm] M =10.000
Foo= 3.958E+06 [ Fank = 158,314 ] Foo =25 [(7] Foge=1 [£J]
Thus:

Power dissipated at 0 C = P_0C = 3958 kW .... Ans.

Power dissipated at 20 K, for the same field = P_20K = 158.314 kW ... Ans.

“Prob.2.2.17 Determine the threshold field strength for Lead at 4 K, assuming that the parabolic rule

for transition curve is valid”

EES Solution:

From the Table given under the section on Superconductivity above, we have, for Lead:

T0 =7.2 K, Ho = 80.3 mT = 803 Gauss.

Then, we have:

“Data:”

T 0=72K”
H_0 = 803“Gauss”

T — 4“K))

“Calculations:”
“Parabolic rule:”

H. T=H_0* 1 - (T/T_0)A2) “...finds H_T, i.e. threshold field at T = 4 K, (Gauss)”
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Results:

Unit Settings: 51 K MPa J mass deg

Hp =803 [Gauss] Hr = 555.2 [Gauss] T =4 [K] Tg=7.2 [K]

Thus:

Threshold field for Lead at 4 K = 555.2 Gauss ... Ans.

“Prob.2.2.18 Determine the threshold current for a Tantalum wire at 3.3 K, assuming that the parabolic

rule for transition curve is valid. Wire dia is 1.25 mm [1]”

EES Solution:

From the Table given under the section on Superconductivity above, we have, for Tantalum:

T,=4.5K, H, =83 mT = 830 Gauss.

Then, we have:

“Data:”

T 0=4.5K>
H_0 = 830“Gauss”

T=33K”

d=0.125 “cm”

“Calculations:”
“Parabolic rule:”

H.T=H_0*(1-(T/T_0)A2) “..inds H_T, i.e. threshold field at T = 3.3 K, (Gauss)”

“Threshold current at T(K):”

[.T=25*H_T*d “Amp...Note that d should be in cm when H_T is in Gauss”
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Results:

Unit Settings: 51 K MPa J mass deg

d=0125 [om] Hp =830 [Gauss] Ht =383E [Gauss] It =119.9 [4]
T =33[K] Tp=45 [K]
Thus:

Threshold field for Tantalumat 3.3 K = 383.6 Gauss ... Ans.

Threshold current for a wire of 0.125 cm dia = 119.9 Amp ...Ans.

2.3 Problems solved with EXCEL:

Prob.2.3.1 Write EXCEL-VBA Functions to determine the thermal conductivities of SS-304L, OFHC
copper, 6061- T6-Aluminium, Beryllium copper, SS-304, Brass, Invar, Lead, Nylon and Teflon and Pyrex
using the data from Barron / NIST-Cryogenics website.

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

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

YOU CAN WORK
AT RMB

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

Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider
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EXCEL-VBA Functions:

For SS 304L:

Properties of materials at low temperatures

bption Explicit

End
End If

= -1.4087
1.3582
0.2543
-0.626
= 0.2334
0.4256
-0.4658
0.165
-0.01%93

ool Mmoo 0w

k ==3304L = 10 © (a + b
d * (Log(T) / Log(lD})
e * (Log(T) . Log(l0))
g * (Log(T) / Logild))

End Function

IfFT < 1 0r T > 300 Then

»

Function k s5s304L (T As Doukble) As Double
'gives th. cond. of 55304L as a function of T (K). Ref: NIST-Cryvogenics.
'k in W/m.K, and, T in K

Dim a Az Double, b 4= Double, c &4s Double, d As Double
Dim e Az Doubkle, £ 4= Doubkle, g &L= Doubkle, h &As Double, i A= Double

M=2gBox ("T must be between 1 ¥ and 300 K !!1")

(Log(T) / Log(l0)) + ¢ * (Log(T) / Log(l0)) ~ 2 + _

3+
4 + £ * (Log(T) / Log(l0)) ~ 5 + _
& + b * (Log(T) / Log(l0)) ~ 7 + i * (Log(T) / Log(l0)) ~ &)

238
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For OFHC copper:

Function k GFHC copper(T &s Double) As Double
'gives th. cond. of OFHC copper as a function of T (K). Ref: NIST-Cryogenics.
'k in W/m.¥, and, T in K

Dim a As Doukle, b As Doukle, c As Doubkle, d As Double
Dim e As Doubkle, £ As Double, g A= Doukle, h As Doubkle, i As Doukle

IfT < 4 Or T > 300 Then

MsgBox ("T must be between 4 K and 300 K !'1'™)
End
End If

= 2.8075
-0.54074
-1.2777
0.15362
0.36444
-0.02105
-0.051727
0.0012226
0.0030964

{SES w  ) PO o T
I

k OFHC copper = 10 ~ ((a + ¢ * T ~ 0.5 +e * T + g * T ~ 1.5 +1 = T~ 2} / (1 + _
b *T~0.5+d=*T+£*T=1,5+n*T=" 2}

End Funetion

For AL-6061-T6:

Function k AL 6061 _T&(T As Double) As Double
'gives th. cond. of AL 6061_T6 as a function of T (K). Ref: NIST-Cryogenics.
'k in W/m.K, and, T in K

Dim a &= Doubkle, b A= Doukle, c As Doukle, d &s Doubkle
Dim e &= Double, f A= Doukle, g A= Doukle, h &Ls Double, i As Double

IfT<10xr T > 300 Then

M=gBox ("T must be between 1 K and 300 K !''™)

End

End If

a = 0.07318
b = 1.0857

c = —-0.07277
d = 0.08084
e = 0.02803
f = -0.09464
¥ = 0.04179
h = -0.00571
i=0%

k BL 6061 T6 = 10 ~ (a + b * (Log(T) / Log(l0)) + e * (Log(T) / Log{l0)) ~ 2 + d * (Log(T) / _
Log(10)) ~ 3 + & * (Log(T) / Log(l0)) ~ 4 + £ * (Log(T) / Log(l0)) * 5 + g * (Log(T) / _
Log(10)) ~ € + h * (Log(T) / Log(l0)) ~ 7 + i * (Log(T) / Log(lQ)) * &)

End Function
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For Beryllium copper:

We have the graph from Barron [1]:

10,000

1000

L Wim-K

100 —=]
.l"", .-!":r_..d"’r
- |
; e D]
o i P -
L AT Tay 1=
}'{/’ .i"', il
e 4 o
J{;::f f-{.ﬂf =
; yARRV/ 2
-
Zr
i A P
VAN | Z
4 2
i
1 2 4 8B10 20 40 80 100 2oo 400

Tempesature, K
Figure 1-4  Thermal conductivity of solids at low temperabares: (1) 2024-T4 aleminume (2) beryllium
copper; (3) K Monel; (4) tosiem; (5) 304 scainless seel: (6) C1020 carboa steel: (7) pure copper.
single crysial; (3) Teflon (Siewan and Jobnson 1961).

Curve no. 2 in the above fig. is for BeCu.
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It is digitized with the Java based free Plot Digitizer. (Ref: http://plotdigitizer.sourceforge.net) and then
curve fitted with EXCEL:

Th. cond of BeCu (Ref: Barron):
T(K) K (W/m.K)
0.993106 0.4171
1.447596 0.343202

1.823386  0.74936 80 T =S 10B1E-00%° + 5176360627 1.9319E-03x7+ 4 4120501 -
2.581783 1.034345 1.3556E-01

3.653385 1.513408 7 R?=9.9992E-01 /
4.740489 1.96984 &0
6.150204 2.639755 50 4/
8.21577 3.436369 /
11.29895 4.474015 g /"
30
e

k of Beryllium copper

15.09587 5.656863
20.16018 7.803986
25.41279 9.866953
34.94466 13.22631
4157771  15.3143 0 . . T . )
57.1889 19.3b6580 0 100 200 300 400 500
72.0993 23.77575
108.1967 30.96821
162.3897 39.17781
198.9439 44.06585
258.2876 51.04404
316.3839 59.11055
410.7593 68.47118

Thermal cond. (W) m.K)

Temp (K)

360°
thinking.

Deloitte.

DiSCOVCI‘ thC truth at WWW.dClOittC.Ca/CaI‘CCI‘S © Deloitte & Touche LLP and affiliated entities.
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Now, write the VBA Function for k of BeCu:

Function k_EeCu(T &s Doukle) As Double

'gives th. cond. of Beryllium copper as a function of T (K). Ref: Graphs from Barron [1].
'Digitized, curve-fitted in EXCEL.

'k in W/m.¥, and, T in K

[f T < 1 0r T > 410 Then
MsgBox ("T must be between 1 K and 410 K !'!'")
End

End If

k_EBeCu = -0.0000000051081 * T ~ 4 + 0.0000051763 * T ~ 3 - 0.0019313 * T ™ 2 +
0.44125 * T - 0.13556

End Function

For SS 304:

We have, the equation from NIST-cryogenics, and we write the VBA Function:

Funcrtion k 55304 (T A= Double) As Double
'gives th. cond. of 55304 a= a function of T (K). Ref: NIST-Cryogenics.
'k in W/m.K, and, T in K

Dim a A= Doubkle, b As Double, c A= Double, d As Double
Dim & A= Double, f A= Doukle, g As Double, h As Double, i &As Double

IfE T < 10xr T > 300 Then

M=sgBox ("T must be between 1 E and 300 E !'!'")
End
End If

= -1.4087
1.3%882
0.2543
-0.626
= 0.2334
0.4258
-0.4658
0.165
-0.0189

[ U VI O P T
|

k 55304 = 10 ~ (a + b * (Leg(T) / Log(l0)) + ¢ * (Log(T) / Log(l0)) ~ 2 + d * (Log(T) / _

Log(10)) ~ 3 + & * (Log(T) / Log(l0})) ~ 4 + £ * (Log(T) / Log(l0)) ~ 5 + g * (Log(T) / _
Log(l0)) =~ &6 + h * (Log(T) / Log(ld)) = 7 + i * (Log(T) / Log(l0)) =~ 8)
End Function
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For Brass:

We have the graph from Ref.[9]:

Properties of materials at low temperatures

Thermal Conductivity [ W/(m-K)]
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Digitize the curve for Brass and curve fit in EXCEL:

k For Brass
T(K) k(W/m.}
4,175603 4.02279
160 k for Brass 5.031142 4.35132
Y=-2.1928E-08x* + 2.1989E-05x° - 8.4043E-03x% +
1.5971E+00% - 3.2756E+00 3.841571  6.35395
140 R =0 9O30EOT 7.03845 7.82748

/ 8.640631 10.0455

120 + 11.00907 12.8850
/( 14.55947 17.2280

100 19.25719  24.025
/ 24.08406 30.8245
31.25726 37.8977

39.08726 46.6196

60 45.36705 52.7772
52.66214 62.3162

BO

40 70.93435 76.5737
f 90.34502 86.5689

20 110.8702 97.9225
f 149.3028 110.613
o : : : : 176.4967 115.083
0 100 200 S o 704.8032 119.767

237.6783 129.998
265.7054 129.784

Now, write the VBA Function for k of Brass:

Function k _Brass (T As Double) &s Double

'give=s th. cond. of 55-304 a=s a function of T (K). Bef: Graph=s from Van Scievier.
'Digitized, curve-fitted in EXCEL.

'k in W/m.¥, and, T in K

IfT < 4 0r T > 300 Then

M=gBox ("T must be between 4 K and 300 K 'I!'™)
End

End If

k Brass = -0.00000002192% * T =~ 4 + 0.000021%89 * T ~ 3 - 0.0084043 * T ~ 2 +
1.5871 = T - 3.2756

End Function
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For Invar:

Function k Invar(T As Double) As Double
'gives th. cond. of Invar as a function of T (E). Ref: NIST-Cryogenics.
'k in W/m.E, and, T in K

Dim a As Double, b As Doubkle, c &s Doubkle, d As Doukle
Dim e As Doubkle, £ &s Doukle, g &s Doukle, h As Doukle, i As Double

If T < 4 0r T > 300 Then

MsgBox ("T must be between 4 E and 300 K 11m)
End
End If

= -2.7064
= 8.5191

= -15.823
= 18.276

= -11.811l&
= 4.40318
= -0.86018
= 0.068508
=0

[T O o I P T 4

k Invar = 10 ~ (a + b * (Log(T) / Log(l0)) + c * (Log(T) / Log(l0)) ™~ 2 + d * (Log(T) / _
Log(1l0)) ~ 3 + e % (Log(T) / Log{l0)) ™~ 4 + £ * (Log(T) / Log(l0)) ~ 5 + g * (Log(T) / _
Log(l0)) ~ & + h * (Log(T) / Log(lo)) =~ 7 + i * (Log(T) / Log(l0)) = 8)

End Function

W [
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For Lead:

Function k Lead(T As Doukle)
of Lead as a function of T

'giwves th. cond.

'k in W/m.K, and, T in K

Dim a As Double,
Dim e As Doukle,

If T «< 5 0xr T > 295 Then

M=gBox ("T must ke between 5 K and 295 K

b As Double,
f Zs Doukle,

Properties of materials at low temperatures

L= Double

(). Ref: NIST-Cryogenics.

d &= Doukle
h Zs Doukle,

c A= Double,

g As Doukle, i A=z Double

11m)

End
End If
a = 38.963479
b = -221.40505
c = 597.56822
d = -800.93831
e = §16.40461
f = -455.08342
g = 152.84025
h = -28.4511&3
i = 2.2516244
k Lead = 10 ~ {a + b * (Log(T) / Log(l0)) + ¢ * (Log(T) / Log(lD)) ~ 2 + d * (Log(T) / _
Log(l0}) ™~ 3 + e * (Log(T) / Log(l0)) ~ 4 + £ * (Log(T) / LogilD)) ~ 5 + g * (Log(T) / _
Log(l0)) ~ & + b * (Log(T) / Log(ld)) ~ 7 + i * (Log(T) / Log(l0)) =~ 8)
End Function
For Nylon:
Function k Nylon(T &s Doukle) As Doubkle
'gives th. cond. of Nylon as a function of T (K). Ref: NIST-Cryogenics.
'k in W/m.K, and, T in K
Dim a As Doukle, b As Double, c &s Doubkle, d &s Doukble
Dim & As Double, £ As Double, g As Double, h As Double, i As Double
IfT< 1 Cr T » 300 Then
MsgBox ("T must be between 1 K and 300 K 117)
End
End If
a = -2.81355
b = 2.3239
c = —-4.758&
d = T7.1602
e = -4.9155
£ = 1.6324
g = -0.2507
h = 0.0131
i=20Q
k Nylon = 10 ~ {a + b * (Log(T) / Log(l0)) + c * (Log(T) / Leog(l0))} ~ 2 + d * (Log(T) / _
Log(l0}) =~ 3 + e * (Log(T) / Log(1l0)) ~ 4 + £ * (Log(T) / Log(l0)) ~ 5 + g * (Log(T) / _
Log(l0)) ~ & + h * (Logi(T) / Log(l0)) ~ 7 + i * (Log(T) . Log(l0)) =~ 8)
End Function
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For Teflon:

Function k Teflon(T &s Doubkle) As Double
'gives th. cond. of Teflon as a function of T (K). Ref: NIST-Cryogenics.
'k in W/m.K, and, T in K

Dim a &s Double, b A= Double, c &s Doubkle, d &s Double
Dim e As Double, f A= Doubkle, g &s Double, h As Double, i A= Double

IfT< 4 Cr T > 300 Then

M=gBox ("T muast be between 4 K and 300 E !'!'™)
End
End If

2.738
-30.877
g9.43
-136.8%9
124.8%9
-689.55¢6
23.32
-4.3135
0.3382%

S w T T (R o R o T S 11
T T | A A

k Teflon = 10 * (a + b * (LogiT} / Logild)) + ¢ *= (Log(T) / Leg(l0)) ~ 2 + d * (Log(T) / _
Log(l0)) * 3 + e * (LogiT) / Logil0)}) ~ 4 + £ = (Log(T) / Log(l0)) *~ 5 + @ *= (Log(T) / _
Log(10)}) ™~ & + n * (Log(T) / Log(l0)) ~ 7 + i * (Log(T) / Logilo}) *~ &)

End Function
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For Pyrex glass:

Using the graph from Ref. [9], curve for Pyrex glass is digitized, and we get the following Table of k vs T:

A B C

97 T(K) k_Pyrex{(W/m.K) |

98 3.974 0.105

o9 4.546 0.1091
100 5.379 0.1133
101 6.154 0.1133
102 6.808 0.1176
103 7.921 0.1176
104 9.062 0.1176
105 11.09 01222
106 13.12 0.1269
107 15.01 0.1318
108 17.76 0.1369
109 20.67 0.1534
110 24.05 0.1655
111 27.05 0.1736
112 31.47 0.2001
113 35.41 0.2242
114 39.83 0.2512
115 46.35 0.271
116 52.14 0.3154
117 57.68 0.3534
118 60.67 0.267
119 70.58 0.4113
120 76.78 0.4437
121 34.93 0.4736
122 97.17 0.557
123 120.9 0.6483
124 136 0.7264
125 150.5 0.7545
126 169.3 0.8139
127 190.5 08781
128 237 0.9473
129 253.5 0.9839
130 295 1.022
131 300 1.022
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Now, the above data is curve fitted with ‘Curve Expert”:

[ MMF Model

k vs T for Pyrex

k Pyrex (Wim.K)

T T
20.0 120.0 160.0 200.0 240.0 280.0 320.0

T
0.0 40.0

Temp (K)
And, the curve fit equation is:
k = (a*b+c*TAd)/(b+TAd), where
a= 0.10576279
b= 4300.1909
C= 1.2216365
d= 1.7397766
249
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Now, write the VBA Function for k as a function of T:

Function k Pyrex (T As Doukle) As Double

'gives th. cond. of Pyvrex glass a= a function of T (K). Bef: Graph=s from Ref.[9].
'Digitized, curve-fitted in 'Curve Expert'.

'k in W/m.E, and, T in K

Dim a A= Doukle, b L= Double, c A= Double, d A= Double

= 0.10576279
4300.1509
1.2216365
1.7337766

oo oo
n

IfT< 4 Cr T > 300 Then

MagBox ("I must be between 4 K and 300 K 17}
End

End If

EPyrex = (a *b+c*T>d / (b+T"d)

End Funcrtion

Prob.2.3.2 Using the above written EXCEL-VBA Functions for the thermal conductivities of SS-304L,
OFHC copper, 6061- T6-Aluminium, Beryllium copper, SS-304, Brass, Invar, Lead, Nylon, Teflon and

Pyrex, determine the thermal conductivities of these materials at 80 K.

(]
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world’s wind turbines.
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Solution:

When these Functions are written in EXCEL VBA, they are available for use in the ‘User defined’ category
of EXCEL Functions.

Following is the worksheet which gives thermal cond. values of these materials at 80 K:

D4 - fe | =k_ss3041(80)
B C D

1
2
3 Material k at 80 K {W/m.K)
a4 $5304L | 8.114]
5 OFHC Cu 558.037
6 6061 _AL T6 85.561
7 BeCu 25.245
3 55304 8.114
9 Brass r 81.065
10 55304 8.114
11 Invar B.386
12 Lead 36.981
13 MNylon 0.257
14 Teflon 0.234
15 Pyrex 0.466

Note that the Formula entered in cell D4 can be seen in the Formula bar; similarly the formulas for

other materials are entered in cells D5 to D15.

Prob.2.3.3 Write EXCEL-VBA Functions for the thermal conductivity integrals for SS-304, OFHC
copper, 6061- T6-Aluminium, Beryllium copper, SS-304L, Brass, Invar, Lead, Nylon and Teflon and

Pyrex, between temperatures Tmin and Tmax.

Solution:

Thermal conductivity integrals are useful to calculate the heat loss through the necks of Dewars or
Cryostats when the temperatures vary from a low temperature Tmin to a higher temperature Tmax ,and

the thermal conductivity also varies with temperature.

If the area of cross-section is A (m”2) and length, L (m), and k (W/m.K) is given as function of T, we

have the heat transfer Q given by:

0-()-

Tmax
f Tmin

k(T)~dT W
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Quantity within the Integral can be calculated for various materials of interest, if the relation between

k and T are known.

Since we have already written VBA Functions for thermal conductivities of these materials as functions

of T, now it is easy to calculate the thermal cond. integrals.

There are two cases: (i) thermal conductivities as function of T are presented in a tabular form, or

(ii) thermal conductivities as functions of T are given in a formula.

Methods of calculating thermal conductivity integrals for both these cases in EXCEL-VBA are now

explained:

Remember that integral [ k(T).dT is the area under the curve of k vs T. Numerical method of calculating
this area is to divide the area in to a large no. of sub-areas of trapezoidal shape and sum the areas of

each trapezoid.

Case 1: Thermal conductivity integral when k vs T is given in a Tabular form:

We write a general VBA Function to calculate the area when the range of x-values and the range of

y-values are given:

Function Function Integral T (x wvalues, yv_values) Rs Double
'gives Function integral, when function is given as Table. Ref: Walkenbach.
'Uses Trapezoidal method to find the integral from Tabkle values

Dim area As Double
Dim N1 &= Integer, J &= Integer

area = 0
N1l = y _walues.Count
For J = 2 To N1
area = area + (x_walues(J) - x wvalues(J - 1)) * (y_walues(J) + v walues(J - 1)) [ 2
Hext J

Function Integral T = area

End Function

Above simple Function has two inputs: x-values range and y-values range. It calculates the Integral by

summing up the areas of trapezoids.
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As an example, let us say that the values of k vs T are given for SS 304 in a Tabular form as follows:

F18 - fe | =k_S5304(D18)
A B c _ D | E
16 Th cond vs T for 55304:

17 T values k values
18 20 [2.168622]
19 25 2.825386
20 30 3.468573
21 35 4.085846
22 40 4.670281
23 45 5.21865
24 50 5.730167
25 55 6.205596
26 60 6.646641
27 65 7.055534
28 70 7.434752
29 75 7.786845
30 80 8.114319

With us you can
shape the future.
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Now, use the above written Function to find out thermal cond. integral between 20 K and 80 K for SS 304:

E34 - Jx | =Function_Integral_T({D18:D30,E18:E30)

A B C D E F
28 70 7434752
29 75 7.786845
30 a0 8.114319
31
32
33
34 Thcond IntegrﬂI:I 331.348?_|me e ANS,
35

In cell E34 the Function is used; see the Formula bar and observe the range of x-values and y-values.

The result is 331.3487 W/m.

Note: Accuracy of calculated value obviously depends on the number of trapezoids. i.e. the increment

in value of T. Here, we have used AT = 5 deg. If we use AT =1 deg., the accuracy will be better.

Case 2: Thermal conductivity integral when k vs T is given in a Functional form:

Here, we write a VBA Function which has a flexibility to change the number of sub-divisions (or

trapezoids).

For SS 304:

Function ThCondIntegral 55304 (Tmin As Doukle, Tmax As Double, N &s Integer) As Doubkle

'"Finds Th. cond. integral by Trapezoidal rule
N is the no. of trapezoidal divisions

'"Tmin, Tmax are temps in K,

'Ref: Excel Scientific and

Dim dx RAs Doukle, i As
Dim sum A= Doubkle
Dim v &= Doubkle
dx = (Tmax - Tmin) / N
sum = (k_55304(Tmin) +
For i = 1 To (H - 1)

¥y = k_55304(Tmin +

sum = sum + ¥
Next i

zum = sum * dx

ThCondIntegral 55304

End Function

Engineering Cookbook by Dawvid M.

Integer

k 55304 (Tmax)) / 2%

fdz = 1))

Sum

Bourg
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In the above Function, Inputs are temp limits, Tmin and Tmax and no. of sub-divisions, N.

As an example of use of this Function, solve the problem solved earlier when k vs T was given in Tabular

form, i.e. find the thermal conductivity integral for SS 304 between the temp limits of 5 K and 80 K:

E36 - fe | =ThCondintegral_S5304(20,80,100)
A B C D E F

28 70 7.434752

29 75 7.786845

30 80 8.114319

31

32

33

34 Theond Integral= 331.3487 W/m ... Ans.
35

36 By ThCondIntegral Function I 331.%92.|me...ﬂn5.

T

The Function is entered in cell E36, see the Formula bar. Note that we have used N = 100, i.e. 100 sub-

divisions. And the values of thermal conductivity integrals obtained by both the methods are quite close.

If we use N = 500, we get:

E36 - fe | =ThCondintegral_S5304(20,30,500)
A B C D E F

28 70 7.434752

29 75 7.786845

30 20 8.114319

31

32

23

34 Theond Integral= 331.3487 W/m ... Ans.
25

36 By ThCondiIntegral Function I 331.4912_|me...hn5.

Answer in cell E36 is almost the same as obtained earlier with N = 100.
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Now, let us write VBA Functions for thermal conductivity integrals of other materials, viz. OFHC
copper, 6061- T6-Aluminium, Beryllium copper, SS-304L, Brass, Invar, Lead, Nylon, Teflon and

Pyrex, between temperatures Tmin and Tmax:

Function ThCondIntegral OFHC copper (Tmin &s Double, Tmax As Doukle, N As Integer) As Doukle

'Find=s Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'"Ref: Excel Scientific and Engineering Cookbook by Dawvid M. Bourg

Dim dx A=s Double, i A=s Integer
Dim sum As Doukle
Dim v As Double
dx = (Tmax - Tmin) / N
sum = (k_OFHC copper(Tmin) + k OFHC copper (Tmax)) S 2%
For i = 1 To (N - 1)
¥y = k OFHC copper(Tmin + (dx * 1))
sum = Sum + Y

Hext 1

sum = sum * dx

ThCondIntegral COFHC copper sum

End Function
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function ThCondIntegral AL 6061 T6(Tmin As Double, Tmax As Double, N As Integer) As Double
'Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'"Ref: Excel Scientific and Engineering Cookbook by David M. Bourg
Dim dx Zs Doukle, i &s Integer
Dim sum A=z Double
Dim ¥ As Doukle
dx = (Tmax - Tmin) / N
zum = (k AL 6061 T&(Tmin) + k AL &0&1 T6&(Tmax)) / 2#
For i =1 To (H - 1)
¥ = k AL 6061 T6(Tmin + (dx * 1))
sum = sum + ¥
Hext 1

sum = sum * dx

ThCondIntegral AL 6061 T6

Sum

End Function

Function ThCondIntegral BeCu (Tmin As Double, Tmax As Doukle, N As Integer) As Doubkle
'Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'"Bef: Excel Scientific and Engineering Cookbkook by David M. Bourg
Dim dx As Doubkle, i As Integer
Dim sum Ls Double
Dim v As Doubkle
dx = (Tmax - Tmin) / M
sum = (k_BeCu(Tmin) + k_BeCu(Tmax)) /[ 2%
For i = 1 To (H - 1)
¥ = k BeCu(Tmin + (dx * 1i})
sum = sum + ¥
Hext i
sum = sum * dx

ThCondIntegral BeCu = sum

End Function
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Function ThCondIntegral 55304L(Tmin As Double, Tmax As Double, N As Integer) &As Double
'"Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal divisions
'Ref: Excel Scientific and Engineering Cookbook by David M. Bourg
Dim dx As Double, i Az Integer
Dim sum A= Doukle
Dim v &= Doukle
dx = (Tmax - Tmin) /S W
sum = (k =s304L(Tmin) + k =s304L(Tmax)) / 2%
For i =1 Te (H - 1)
¥ = k_=53304L (Tmin + (dx * 1))
sum = sum + ¥y
Hext 1
sum = sum ¥ dx

ThCondIntegral 55304L = sum

End Function

Function ThCondIntegral Brass (Tmin As Doukle, Tmax As Doukle, N &s Integer) &s Doukle

'Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'Ref: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx &A= Doukle, i As Integer
Dim sum A= Double
Dim v As Doukle
dx = (Tmax - Tmin) / W
sum = (k_Brass(Tmin) + k_Brass(Tmax)) / 2#
For i = 1 To (H - 1)
¥ = K Brass(Tmin + (dx = 1))
sum = sum + ¥

Hext 1

sum = sum * dx

ThCondIntegral Brass sum

End Function

258

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Function ThCondIntegral Invar(Imin As Double, Tmax As Double, N As Integer) As Double
'"Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'"Ref: Excel Scientific and Engineering Cookbook by David M. Bourg
Dim dx As Double, i As Integer
Dim sum As Doukle
Dim v A3 Double
dx = (Tmax - Tmin) / N
sum = (k Invar(Tmin) + k Invar(Tmax)) / 2#
For i = 1 To (H - 1)
¥ = k Invar(Tmin + (dx * 1))
Sum = sum + ¥
Hext 1
sum = sum * dx

ThCondIntegral Invar = sum

End Function
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Function ThCondIntegral Lead(Tmin 4s Double, Tmax As Double, N As Integer) As Double
'Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in ¥, H i=s the no. of trapezoidal divisions
'"Bef: Excel Scientific and Engineering Cookbook by David M. Bourg
Dim dx As Double, i &s Integer
Dim =sum &L= Double
Dim v As Double
dx = (Tmax - Tmin) / ¥
sum = (k Lead(Tmin) + k Lead(Tmax)) / 2%
For i = 1 To (H - 1)
¥ = Kk Lead(Tmin + (dx = 1))
sum = sum + ¥
Hext 1
sum = sum ¥ dx

ThCondIntegral Lead = sum

End Function

Function ThCondIntegral Nylon(Imin As Double, Tmax As Double, N As Integer) &s Double

'Finds Th. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'"Bef: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx As Doukle, i As Integer
Dim sum A= Double

Dim v &= Doukle

dx = (Tmax - Tmin) / W

sum (k_Nvlon(Tmin) + k_Nylon(Tmax)) / 2%
For i = 1 To (H - 1)

¥ = k Nylon(Tmin + (dx = 1))

sum = sum + ¥
Hext 1

sum = sum * dx

ThCondIntegral Nylon sum

End Function
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Function ThCondIntegral Teflon(Tmin As Double, Tmax As Double, N As Integer) As Double

h. cond. integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal divisions

'Finds T
'"RBef: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx As Double, i &=z Integer
Dim sum A= Double
Dim v A= Doukble
dx = (Tmax - Tmin) / W
sum = (k_Teflon(Tmin) + k_Teflon(Tmax)) / 2%
For i = 1 To (H - 1)
¥ = k Teflon(Tmin + (dx * 1))
sum = sum + ¥
Hext i
sum = sum * dx

ThCondIntegral Teflon = sum

End Function

Function ThCondIntegral Pyrex (Tmin As Doukle, Tmax A3 Double, N As Integer) As Double

'Finds Th. cond. integral by Trapezoidal rule
'Tmin, Tmax are temps in K, N is the no. of trapezoidal divisions
'"Ref: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx As Double, i &Ls Integer
Dim sum &= Double
Dim v A= Doukle

dx = (Tmax - Tmin) / H
sum = (k_Pyrex(Tmin) + k_Pyrex(Tmax)) [/ 2#
For i = 1 To (N - 1)

¥ = k_Pyrex(Tmin + (dx = 1})
sum = sum + ¥
Hext 1

sum = sum * dx

IhCondIntegral Pyrex

!

End Function

Prob.2.3.4 Using the above written EXCEL-VBA Functions for the thermal conductivity integrals for
OFHC copper, 6061- T6-Aluminium, Beryllium copper, SS-304L, Brass, Invar, Lead, Nylon, Teflon and
Pyrex, calculate the thermal conductivity integrals for these materials between temperatures Tmin =
20 K and Tmax = 80 K.
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Solution:

Following worksheet gives the results:

E33 o Jx | =ThCondIntegral_OFHC_copper(20,80,500)
A B G D E F
37
38 Th. Cond. Integral For OFHC copper (20 - 80 K} 115629.5_w,|"m...hn5.
29
40 Th. Cond. Integral For Beryllium copper (20- 801 1040.631 W/m... Ans.
41
42 Th. Cond. Integral For 55304L (20 - 80 K} 331.4912 W/m... Ans.
43
44 Th. Cond. Integral For Brass (20 - 80 K} 3302.771 W/m... Ans.
45
46 Th. Cond. Integral For Invar (20 - 80 K) 250.1898 W/m... Ans.
a7
48 Th. Cond. Integral For Lead (20 - 80 K} 2488.788 W/m... Ans.
49
50 Th. Cond. Integral For Nylon (20 - 80 K} 13.35179 W/m... Ans.
51
52 Th. Cond. Integral For Teflon {20 - 80 K) 12,1816 W/m... Ans.
53
54 Th. Cond. Integral For Pyrex (20 - 80 K) 18.13093 W/m... Ans.

Note that in cell E38, Function for Thermal conductivity integral for OFHC copper is entered. Observe
in the Formula bar that we have used Tmin = 20 K, Tmax = 80 K, and the no. of trapezoidal divisions
N = 500. With these conditions, thermal conductivity integral for OFHC copper is 116629.5 W/m.

Similarly, thermal cond. integrals for other materials are calculated.

Prob.2.3.5 Write a VBA Function to determine (Cv/R) when (T/8,) is known. Here, 8 is the Debye

temp of the material.

Solution:

From Barron, we have (Cv/R) against (T/6,) in Tabular form:

Note that (T/6) values are from cell M57 to M92, and corresponding (Cv/R) values are from cell N57
to N92.
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0 om [ N ThyThetaD CvbyR
56 ThyThetaD CvbyR 0w [ owm Tk [ oL
57| 005 01191 76 11 288
58 | 009 01682 77| 12 2.8%8
59 01 02275 78| 13 2913
60 | 012 03733 79 14 2825
61 0.14 05464 80| 15 2934
52 | 0.16 07334 81 16 2942
53 | 0.18 09228 82 17 2349
54| 02 1106 83 18 2954
65 | 025 1509 84 15 2359
66 03 1823 85 2 2963
67 | 035 206 86 22 2388
58 | 04 2238 87 24 2974
69 045 2373 g8 26 2978
70 05 2476 g9 28 2981
71 06 2621 90| 3 2983
72 07 2715 91 4 2984
73 08 2748 92 5 239
74 08 2823

75 1 2855

We shall first get the curve fit equation from ‘Curve Expert’ and then write a VBA Function which will
get the value of CvbyR for any given value of TbyThetaD.
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With Curve Expert: X-axis is TbyThetaD and Y-axis is CvbyR:

5 =10.026282290
r=0.99967355

) i

3T 4.6 55

X Axis (units)

Curve fit equation is:

MMF Model: y = (a*b+c*x/Ad)/(b+xAd), where

a= -0.027636752
b= 0.036770896
Cc= 2.9757569
d= 2.3734036
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Now, we will write the VBA Function which uses this curve fit equation to get the value of CvbyR for

a given value of TbyThetaD:

Function CvbyR curvefit (TbyThetal &s Double) As Double

'gives CvbvE as a function of ThyThetal. BRef: Barron

'Thetal = Debyve Temp (K), T in K

'Hote: R = Eu/M where Ru = 8314.47 J/kg.K, M = Mol. wt. of material
Dim a &= Doukle, b &= Double, c 45 Double, d &= Double

= -0.037636752

LOS6TTOE9E

9757569
3784036

[ T T
1
R R D

If TbyThetal < 0.05 Then

MzgBox (" use: CvbyR = 233.8 * (TbyThetaD) =~ 3™)

End

End If

If TbyThetal > 5 Then

MsgSox (" use: CvhyR = 3™)
End

End If

CvbyR_curvefit = (a * b + ¢ * TbyThetaD ~ d) / (b + TbyThetaD ~ d}

End Function

Note that in the above Function, CvbyR values are obtained by curve fit equation for values of TbyThetaD
between 0.05 and 5.

Prob.2.3.6 Use the above written VBA Function to get sp. heat of Aluminium, copper, Niobium,

Chromium and Silver at a temp of 25 K.
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Solution:

Following is the EXCEL worksheet:

ce1 - f | 8314.47

A B C
59
60 Data:
61 =3 | 8314.47 !J Jkg.K
62 Theta_0_Al = 385 K
63 Theta_0_Cu = 310 K
641 Theta_D_Mhk= 265 K
65 Theta_D_Ag = 220 K
66 Theta_D_Cr= 430 K
67
68 b_Al = 26.98
69 b_Cu = 63.55
70 b_Mh = 92.91
71 b_Ag = 107.87
72 b_Cr = 52
73
74 T= 25 K
75
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cs4 - fe | =CvbyR_curvefit{c78)
yil B C
Fi: ThyThetaD AL 0.004935065
79 ThyThetaD Cu 0.080645161
a0 ThyThetaD Nb 0.094339623
81 ThyThetaD_Ag  0.113636364
82 ThyThetaD Cr 0.058139535
83
84 cvoyR_AL | o0.080341801 |
85 CvbyR_Cu 0.15480255
260 CvbyR_Nb 0.233968720
87 CvbyR_Ag 0.364990217
38 CvbyR _Cr 0.053894671

See that in cell C84 CvbyR is calculated for Aluminium. Formula bar shows the VBA Function used.

And, results:

30 - fx | =CBa*($C361/C68)
A B c D

a9

90 Cv_AL 2475006 Di/kgk...ans.
91 Cv_Cu 20.25336 1/kg.K ... Ans.
92 Cv_Nb 20.93775 1kg.K ... Ans.
93 Cv_Ag 28.13204 1kg.K ... Ans.
94 Cv_Cr 8.61742 1kg.K ... Ans.

ag

Results can be read in cells C90 to C94. Cv is given as: Cv = CvbyR * R, where R = Ru/M.

See the formula entered in cell C90, in the Formula bar.

Prob.2.3.7 Write EXCEL VBA Functions for sp. heat of various materials used in Cryogenics, viz. SS304,
SS304L, AL-6061-T6, OFHC copper, Nylon, Teflon, Brass, Pyrex and Lead.
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VBA Functions:

For SS304:

Function cp_ss3304(T As Double) As Doubkle
'gives th. cond. of 55 304 as a function of T (K). Ref: NIST-Cryogenics.
'cp in J/kg.K, and, T in K

Dim a As Double, b A= Double, c A= Doubkle, d A= Double
Dim e As Double, f A= Double, g As Double, h &s Doubkle, i &s Double

IfE T < 4 Or T > 300 Then

M=sgBox ("T mast be between 4 K and 300 K !'!7)
End
End If

= 22.0061

= =127.5528
= 303.647

= -381.00%98
= 274.0328
= -112.8212
= 24.7583

= -2.23%8153
=0

B H om0 o
|

cp_=s5304 10 ™~ (a + b * (Log(T) / Log(ld)) + c * (Log(T) / Log(ld)) ~ 2 +
Log(ld)) ™~ 3 + e * (Log(T) / Log(l0)) ~ 4 + £ * (Logi(T) / Log(l0)) ~ 5 + g
Log(l0)) ~ & + h * [ngtT] S Log(lo)) ~ 7 + i * (Log(T) / Log(ld)) =~ 8)

d * (Log(T) / _
* (Log(T) / _

End Function

For SS304L:

Function cp s3304L(T As Double) As Double
'gives th. cond. of 55 304L as a function of T (E). Ref: NIST-Crvogenics.
'cp in J/kg.K, and, T in K

Dim a As Doubkle, b As Double, c As Double, d &s Doubkle
Dim & A= Double, f As Double, g As Double, h &s Doubkle, i As Double

If T< 4 Or T > 23 Then

MsgBox ("T must be between 4 K and 23 K !!'™)
End

End If

= -351.51
= 3123.685
= -12017.28
= 26143.89%9
= -35176.33
= 289B1.75
= -15812.78
= 4719.64
= —-610.515

B Homo@R o0 oW

cp_==2304L = 10 ~ (a2 + b * (Log(T) J/ Log(l0)) + c * (Logi(T) / Log(l0)) ~ 2 + d * (Logi(T) / _
Log{10)) ~ 32 + e * (Log(T) / Log(1l0)) ™~ 4 + £ * (Log(T) / Log(l0)) ™~ 5 + g * (Log(T) / _
Log(l0)) ~ & + h * (Log(T) / Log(l0)) =~ 7 + i * (Log(T) / Log(l0)) "~ 8)

End Function
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For AL-6061-T6:

Function cp AL €061 T&(T As Double) As Double
ves th. cond. of AL €061 T6 as a function of T (K). Ref: NIST-Cryogenics.

'ep in J/kg. K, and, T in K

Dim a2 &As Doukle, b ks Doukle, c ks Doubkle, d A=s Doukble
Dim e As Doukle, £ As Doubkle, g Bs Double, h As Double, i As Double

IfT«< 4 C0r T > 300 Then

M=gBox ("T must be between 4 K and 300 K !'1™)
End

End If

46.6487
-314.28%2
= 866.662
= -12%88.3
1182.27
= —§£37.785
= 210.351
= -38.3094
2.96344

o o0 W
I I

cp AL €061 T6 = 10 ~ (a + b * (Log(T) / Log(l0)) + ¢ * (Log(T) / Log(l0)) ™~ 2 + d * (Log(T) / _
Log(l0)}) ~ 3 + e * (Log(T) / Log(l0)) ~ 4 + £ = (Log(T) / Leg(10})) ~ & + g * (Leg(T) / _
Log{l0}} ~ 6 + h * (Log(T) / Log(l0)) =~ 7 + i * (Log(T) / Log(l0)) ~ 8)

End Function
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For OFHC copper:

Function cp OFHC copper(T As Double) As Double
'gives th. cond. of OFHC_copper as a function of T (K). Ref: NIST-Cryogenics.
'cp in J/kg.¥, and, T in K

Dim a ARs Double, b As Double, c As Double, d Rs Double
Dim e As Doukle, f A= Doukle, g Ls Doukle, h As Doukle, i &= Double

If T < 4 Cxr T > 300 Then

M=gBox ("T mu=t be between 4 K and 300 K !''™)
End

End If

= -1.91844
-0.15973
2.61013

-18.9964
21.96861

= -12.7328
3.54322

-0.3737

=0

[ = T I | I w A T o1}
I

cp OFHC copper = 10 "~ (a + b * (Log(T) / Log(l0)) + c * (Log(T) / Log(lO)) ™~ 2 + d * (Log(T) / _
Log(10))y ™~ 3 + * (Log(T) / Log(l0)) ~ 4 + £ * (Log(T) / Log(ld)) = 5 + g * (Log(T) / _
Log(l0)) ~ 6 + n * (Log(T) / Log(l0)) ~ 7 + i * (Log(T) / Log(l0}) *~ &)

End Function

For Nylon:

Function cp Mylon (T As Double) As Double
'gives th. cond. of Hylon az a2 function of T (E). Ref: NIST-Cryogenics.
'cp in J/kg.¥K, and, T in K

Dim a &3 Double, b As Double, c As Double, d As Double
Dim e &s Double, f As Double, g A= Double, h As Double, i As Double

IfT < 4 Cr T >» 300 Then

MagBox ("T must be between 4 K and 300 K !'!'")
End

End If

= -5.232%
= 25.301
-54.874
T71.061
-52.238
21.648
-4.7317
0.42518
=0

| ST = R R | Y o R R 1
I

cp Nylon = 10 ~ (a + b * (Log(T) J Log(l0)) + c * (Log(T) / Log(l0)) ~ 2 +
Log{l0)) ~ 3 + e * (Log(T) / Log(l0)) ~ 4 + £ * (Log(T) / Log(ld)) =~ 5 + g
Log(l0)) ~ 6 + h * (Log(T) / Log(l0)) =~ 7 + i * (Log(T) / Logi(ld)) =~ 8)

d * (Log(T) / _
* (Log(T) / _

End Function
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For Teflon:

Function cp Teflon(T As Double) As Double
'gives th. cond. of Teflon a=s a function of T (K). Ref: NIST-Cryogenics.
'cp in J/kg.®, and, T in K

Dim a As Doukle, b As Doubkle, c As Double, d &s Doukle
Dim e As Doukle, £ As Doubkle, g A3 Doubkle, h &3 Doubkle, i As Doukle

IfT«< 4 0r T > 300 Then

M=sgBox ("T must be between 4 E and 300 E !'!'")
End

End If

B Hhom oo o

= 31.8825¢6

-166.51949
352.01879
-393.44232
259.98072
-104.61429
24.99278
-5.207%82
0.16503

cp_Teflon = 10 ~ {(a + b * (Log(T) / Log(l0)) + c * (Log(T) / Log(lo)) ~ 2 +d * (Log(T) / _
Log(10)) ~ 3 + e * (Log(T) / Log(l0)}) ~ 4 + £ * (Log(T) / Log(l0)) ~ 5 + g * (Log(T) / _
Log(l0)}) ~ 6 + h * (Log(T) / Log(l0)}} ~ 7 + i * (Log(T) / Log(lo}} ~ 8)

End Function

For Brass:

Function cp Brass curvefit (T As Double) As Doukle

'gives Cp as a function of T. Ref:

9]..digitized, curve fit with 'Curve Expert'.

Dim a As Double, b A= Double, c A= Double, d &A= Double

IfT«< 2 0r T > 300 Then

M=gBox (" T must be between 2 K and 300 K 11!™)
End
End

[ T 1 ]

If

-2.7773824
14383.254
494 ,.3505
2.0881122

cp Brass curvefit = (a * b + c * T ~ d) S+ T ™~ d)

End Function
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For Pyrex:
Function cp Pyrex curvefit (T As Double) As Double
'gives Cp a= a function of T. Ref:[14]..digitized, curwve fit with 'Curve Expert'.

Dim a A=s Doubkle, b As Double, c &= Double, d As Double

ITT«< 10r T > 300 Then

MagBox (" T must be between 1 K and 300 K !'!'™)
End

End If

a = 2.8634691

b= -29.672675

c = 0.67340045

cp Pyrex curvefit = Expla + b / T + © * Log(T))

End Function

For Lead:

We have the cp vs T values in Tabular form in the Excel Worksheet in the range M209:N257. We will

use linear interpolation to get the value of cp for a given value of T.
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As a first step, we have VBA Function for linear interpolation:

Function Interplinear (lockup value As Doukble, known xS, kKnown vs)
'Ref: Walkenbach.

Dim pointer As Integer
Dim X0 As Doukle, Y0 As Double, X1 A= Double, ¥1 A=s Doubkle

pointer = Application.Match(lookup value, known xs, 1)

X0 = known x=(pointer)
Y0 = known y=(pointer)
X1 = known x=(pointer + 1)
¥l = known ys(pointer + 1)

Interplinear = ¥0 + (lookup walue - X0} * (Y1l - ¥0) FOo¥1L - XKD

End Function

Above Interpolation Function has 3 inputs: the look up value for which the corresponding y value
is required, the range of known x values and the range of known y values. It does the simple

linear interpolation.

Now, this Interpolation function is used to get the corresponding value of cp for a given value of T from
the Table of T vs cp for Lead:

Function cp_Lead (T As Double) As Double

Sp. heat of (Normal) Lead: Ref: BNL Selected Cryogenic Data MNotebook — Vol., 1 (fAuwg. 12980)

'T= Temp (K), cp in J/kg.XK

If T« 10Cr T > 310 Then

M=gBox (" T must be between 1 K and 310 K !'1!™)
End

End If

cp_Lead = Interplinear (T, Range ("M209:M257"), Range ("N203:N257"))

End Function

Prob.2.3.8 Using the above written EXCEL VBA Functions for sp. heat of SS304, SS304L, AL-6061-T6,
OFHC copper, Nylon, Teflon, Brass, Pyrex and Lead, determine the sp. heats of these materials at 25 K.
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Solution:

Following is the EXCEL Worksheet:

C135 - fe | =cp_ss304(20)
A B C

132

133 Sp. heats at 20 K:

134 Material cp (J/ke.K)

135 ss3o4 | 134528 |

136 55304L 11.87770

137 AL _6061_T6 8.85427

138 OFHC copper 7.43086

139 Nylon 99.90099

140 Teflon 76.79180

141 Brass 65/35 14.49425

142 Pyrex 29.87920

143 Lead 52

144

Note that in cell C135, we have the cp of SS304 at 20 K. Function used can be seen in the Formula bar.

Similarly, cp of other materials is calculated.

Prob.2.3.9 Write EXCEL VBA Functions for sp. heat integrals of of SS304, SS304L, AL-6061-T6, OFHC

copper, Nylon, Teflon, Brass, Pyrex and Lead, between the temperatures Tmin and Tmax.

Solution:
Remember that when a mass m (kg) is cooled from a temp of Tmax to Tmin, the amount of heat rejected,

Q (]) is given by:

Q=m.[["PcpdT ]

Tmin

Since we have already written VBA Functions for cp as a function of T for many materials, it is now

easy to write the Functions for Sp. heat integrals (just as we wrote for Thermal conductivity integrals):
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For SS304:

Function Spheat Integral 55304 (Tmin s Double, Tmax Rs Double, N As Integer) Rs Double

'"Finds Sp. heat integral by Trapezoidal rule
"Tmin, Tmax are temps in K, W i=s the no. of trapezoidal divisions
"Bef: Excel Scientific and Engineering Cookbook by Dawvid M. Bourg

Dim dx A= Doukle, i A=z Integer
Dim sum &s Doukle
Dim y &= Double

dx = (Tmax - Tmin) / W
sum = (cp 55304 (Imin) + cp 55304 (Tmax) ) J 2%

For i = 1 To (H - 1)
¥ = cp_=52304 (Tmin + (dx * 1))
Fum = sum + Y

Next 1

sum = sum * dx
Spheat Integral 55304 = sum

End Function

In the above Function, inputs are: temp limits Tmin and Tmax and no. of trapezoidal subdivisions, Note
that we can choose the no. of trapezoidal divisions, N. (say 100, 200...or 1000 etc.). Obviously, larger

the no. of divisions, higher is the accuracy.
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Similarly, for other materials:

For SS304L:

Function Spheat Integral S55304L(Tmin As Double, Tmax Az Double, N A= Integer) A= Double

'"Find=s 5p. heat integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, N is the no. of trapezoidal divisions
'"Ref: Excel Scientific and Engineering Cookbook by Dawvid M. Bourg

Dim dx A= Doukle, i &= Integer
Dim sum As Double
Dim y As Double]

dx = (Tmax - Tmin) / W
sum = (cp_=23304L(Imin) + cp_s5=5304L (Tmax)) ;2%

For i =1 To (N - 1)
¥y = cp_83304L (Tmin + (dx * 1))
sum = sum + ¥

Hext i

sum = sum * dx
Spheat_Integral 55304L = sum

End Function

For AL-6061-T6:

Function Spheat Integral AL 6061 T6 (Tmin As Double, Tmax As Double, N As Integer) As Double

'Finds S5p. heat integral by Trapezoidal rule
'"Tmin, Tmax are temp=s in K, N is the no. of trapezoidal divisions
'"Ref: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx As Doubkle, i As Integer
Dim sum &s Double
Dim v A= Doubkle

dx = (Tmax - Tmin) / W
zum = (cp AL 6061 T6&(Tmin) + cp AL 6061 T6(Tmax)) / 2#

For 1 = 1 To (W - 1)
¥y = cp AL 6061 T6&(Tmin + (dx * 1i})
sum = sum + ¥

Hext i

sum = sum * dx
Spheat_Integral AL 6061 T6

Sum

End Function
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For OFHC copper:

Function Spheat Integral OFHC copper (Tmin As Double, Tmax As Double, N As Integer) As Double

'Find= S5p. heat integral by Trapezoidal rule
'Tmin, Tmax are temps in K, N is the no. of trapezoidal diwvisions
'Ref: Excel Scientific and Engineering Cookbook by Dawvid M. Bourg

Dim dx A= Double, i A= Integer
Dim sum As Double
Dim y¥ A= Doubkle

dx = (Tmax — Tmin) / W
zum = (cp OFHC copper(Tmin) + cp OFHC copper (Tmax)) / 2#

For i = 1 To (N - 1)
¥ = cp OFHC copper (Tmin + (dx * 1))
sum = sum + ¥

Next i

sum = sum * dx
Spheat Integral OFHC copper = sum

End Function

For Nylon:

Function Spheat_Integral Mylon(Imin As Doukle, Tmax As Doubkle, N As Integer) As Doubkle

'Finds 5p. heat integral by Trapezoidal rule
'"Tmin, Tmax are temps in K, W is the no. of trapezoidal divisions
'"Bef: Excel Scientific and Engineering Cookbook by Dawid M. Bourg

Dim dx &= Doukle, i &s Integer
Dim sum As Doukle
Dim v A= Double

de = (Tmax — Tmin) / N
sum = (cp Nylon(Tmin) + cp Nylon(Tmax)) / 2%

For i = 1 To (N - 1)
v cp_Nylon(Tmin + (dx * 1)
sum = sum + Yy

Hext 1

sum = sum * dx
Spheat_TIntegral Nylon = sum

End Function
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For Teflon:

Function Spheat_Integral Teflon (Tmin As Double, Tmax As Double, N As Integer) Rs Double

'Finds S5p. heat integral by Trapezoidal rule
'Tmin, Tmax are temps in K, N i=s the no. of trapezoidal diwvisions
'"Bef: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx A= Doukle, i &= Integer
Dim sum &s Doukle
Dim v A= Doukle

dx = (Tmax - Tmin) / W
sum = (cp Teflon(Tmin) + cp Teflon(Tmax)) J 2%

For i =1 To (N - 1)
¥ = cp Teflon(Tmin + (dx * 1))
gum = sum + Y

HNext i

Fum = sum * dx
Spheat_Integral Teflon = sum

End Function
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For Brass:
Function Spheat Integral Brass(Tmin &= Doukle, Tmax &s Doukle, N &3 Integer) As Double

'"Find=s 5p. heat integral by Trapezoidal rule
"Tmin, Tmax are temps in K, W iz the no. of trapezoidal divisions
"Ref: Excel Scientific and Engineering Cookbook by Dawid M. Bourg

Dim dx &= Doukle, i L= Integer
Dim sum A=z Doukle
Dim v A= Doubkle

dx = (Tmax - Tmin) / N
sum = (cp Brass curvefit (Tmin) + cp Brass curvefic (Tmax)) ;2%

For i = 1 To (H - 1)
¥ = cp_Brass curvefic (Tmin + (dx * 1))
Fum = sSum + ¥

Hext i

sum = sum * dx
Spheat Integral EBrass = sum

End Function

For Pyrex:

Function Spheat Integral Pyrex (Tmin As Double, Tmax As Double, N As Integer) As Double

'"Finds 5p. heat integral by Trapezoidal rule
"Tmin, Tmax are temps in K, N iz the no. of trapezoidal diwvisions
"Ref: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx &= Doukle, i &= Integer
Dim =sum &A= Double
Dim y A= Doukle

dx = (Tmax - Tmin) / N
sum = (cp_Pyrex curvefit(Tmin} + cp_Pyrex curvefit (Tmax)) ;2%

For i =1 To (N - 1)
¥ = cp_Pyrex curvefic(Tmin + (dx = 1))
Fum = sum + ¥

HNext i

sum = sum * dx
Spheat Integral Pyrex = sum

End Function
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For Lead:

Function Spheat Integral Lead(Tmin As Double, Tmax As Double, N Rs Integer) As Double

'Finds 5p. heat integral by Trapezoidal rule
'"Tmin, Tmax are temps in ¥, N iz the no. of trapezoidal divisions
'Bef: Excel Scientific and Engineering Cookbook by David M. Bourg

Dim dx As Doukble, i As Integer
Dim sum &A= Double
Dim v As Double

dx = (Tmax - Tmin) / W
sum = (cp Lead(Tmin) + cp Lead(Tmax)) / 2%
For i = 1 To (N - 1)
¥ = cp_Lead(Tmin + (dx * 1))
Bum = sum + ¥
Hext 1

sum = sum * dx
Spheat_Integral Lead = sum

End Function

Prob.2.3.10 Using the above written EXCEL VBA Functions for sp. heat integrals of SS304, AL-6061-T6,
OFHC copper, Nylon, Teflon, Brass, Pyrex and Lead, determine the amount of heat to be removed from

1 kg of each material as it is cooled from Tmax = 300 K to Tmin = 77 K.

Solution:

Tmax

We have: @ = m. mein cp.dT J

Following is the EXCEL worksheet for calculations:

C148 v Je | =1 * Spheat_Integral_S5304(77,300,100)
fit B C D
144
145
146 Using 5p. heat Integrals:
147 MMaterial Q) kg)
148 ss304 | 86578.96755]
149 Al 6061_T6 168860.0616
150 OFHC copper 74145.84184
151 Mylon 254016.5039
152 Teflon 153728.2
153 Brass 65/35 82124 88615
154 Pyrex 111601.918
155 Lead 27626.00322
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Note that in cell C148, we have Q for SS 304. The Function used is shown in the Formula bar.

Note that we have used N = 100 subdivisions in the trapezoidal rule.

Similarly, Q for other materials is calculated.

Prob.2.3.11 Write EXCEL VBA Functions for Yield stress of various materials used in Cryogenics, viz.
SS304, AL-2024-T4, Teflon, BeCu, Ti, 9% Ni steel, k Monel and C1020CSteel.

Solution:

See Prob. 2.2.10. Here, original graphs from Ref.[1] were digitized using the PlotDigitizer [Ref: 13]. The
resulting data tables were transferred to EXCEL and plotted. The “Trendline’ menu was used to fit the

plot to a 4" order polynomial. Then, the EES Functions were written using these curve-fit equations.

Here, we shall use the curve fit equations obtained in Prob.2.2.10 to write the VBA Functions for Yield

stress vs Temp.
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Following are the VBA Functions:

For SS304:

Function ¥Yield stress 553304 (T As Double) As Double

'Yield stres=s of 55304. Ref: Cryogenics Sy=stem= by Barron.
'Yield stres=s in MPa, T in K

'"Find=s Yield =stres=s in the range: T = 0 - 350 K:

If (T = 0) Cr (T » 350) Then

M=gBox ("Temp. must be between 0 and 350 K W)

End
End If

Yield stress 55304 = 0.000000022855 * T ~ 4 - 0.000016446 = T ~ 3 +
0.0026638 * T ™~ 2 — 0.52548 = T + 1348.2

End Function

For AL-2024-T4:

Function Yield stress_ AL 2024 T4(T &s Doukle) As Double

'Yield strezs of AL 2024 T4. Ref: Cryogenics System= by Barron.
'Yield =stress in MPa, T in K

'Find= Yield =stress in the range: T = 0 - 350 EK:

If (T < 0) Or (T > 350) Then

M=gBox ("Temp. must be between 0 and 350 E I'™)

End
End If

Yield stress AL 2024 T4 = 0.000000026112 * T ™~ 4 - 0.000024015 * T ~ 3 + _
0.010138 * T ~ 2 - 2.3081 = T + 526.43

End Function
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For Teflon:

Function ¥ield stress Teflon (T As Doukle) A= Doukble

'Yield stress of Teflon. Ref: Cryogenice Systems by Barron.
'Yield stress in MPa, T in K

'"Finds Yield =stress in the range: T = 0 - 350 E:

If (T <« 0) Cr (T » 350) Then

MegBox ("Temp. must be between 0 and 350 K I'™)

End
End If

Yield stress Teflon = 0.000000015834 * T =~ 4 - 0.000016104 * T =~ 3 + _
0.00676l8 * T ~ 2 — 1.398 * T + 141.76

End Function

For Beryllium copper:

Function ¥ield stress_BeCu (T As Double) As Double

'"Yield stress of BeCu. Ref: Cryvogenics Systems by Barron.
'"Yield stress in MPa, T in K

"Finds Yield stress in the range: T = 0 - 350 EK:

If (T <« 0) Or (T > 350) Then

MsgBox ("Temp. must be between 0 and 350 E !'™)

End
End If

Yield stress_BeCu = 0.000000023953 = T ™~ 4 - 0.000024822 * T ~ 3 + 0.01188 = T =~ 2 -
2.8776 * T + 947.41

End Function
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For Titanium:

Function ¥Yield stress Ti(T As Double) As Double

'Yield stress of Titanium. Ref: Cryogenics Systems by Barron.
'"Yield stress in MPa, T in K

'Finds Yield stress in the range: T = 0 - 350 K:

If (T < 0) ©r (T > 350) Then

MzgBox ("Temp. must be between 0 and 350 K '™)

End
End If

Yield stress_Ti = 0.000000068681 * T ~ 4 - 0.000064487 * T ~ 3 + 0.024406 * T ~ 2 -
6.7607 * T + 1823.5

End Function

For 9 % Ni Steel:

Function Yield stress SpercentNiSteel (T Az Double) A=z Double
'"Yield stress of 9% NiSteel. Ref: Cryogenics Systems by Barron.
'Yield stress in MPa, T in K

'"Finds Yield stress in the range: T = 0 - 350 K:

If (T <= 0) ©Cr (T > 350) Then

M=gBox ("Temp. must be between 0 and 350 K '™)

End
End If

Yield =stress OSpercentNiSteel = -0.000005%7458 * T =~ 3 + 0.0051455 * T ~ 2 -
3.5087 # T + 1133.5

End Function

For k Monel:
Function Yield stre=zs kMonel (T Az Double) LAz Double
"Yield stress of kMonel. Ref: Cryogenics Systems by Barron.
'Yield stress in MPa, T in K
"Finds Yield stress in the range: T = 0 - 350 E:
If (T < 0) Cr (T » 350) Then

MsgBox ("Temnp. must be between 0 and 350 E ")

End
End If

Yield stress kMonel = 0.000000015041 * T ~ 4 - 0.000011053 * T ~ 3 + 0.0048733 » T ™~ 2 - _
1.e876 * T + 1081.2

End Function
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For C1020C Steel:

Function ¥ield stress Cl020C5teel (T As Doukle) As Doukble

'Yield =stress of Cl020C5teel. ERef: Cryvogenics Systems by Barron.
'Yield stress in MPa, T in K

'"Find= Yield =stress in the range: T = 0 - 350 K:

If (T < 0) Or (T » 350) Then

M=gBox ("Temp. must be between 0 and 350 K '7)

End
End If

Yield stress_Cl020CS5teel = 0.00000002715 * T ~ 4 - 0.00002784 * T ™~ 3 + _
+:I.CI11']"11 * T ~ 2 - 3.0301 = T + 711.24

End Function

Prob.2.3.12 Using the above written EXCEL VBA Functions for Yield stress of SS304, AL-2024-T4,
Teflon, BeCu, Ti, 9% Ni steel, k Monel and C1020CSteel, determine the Yield stress of each material at
a temp of 20 K.
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from leading job experts in the UK.
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Solution:

Following is the EXCEL worksheet calculations:

259 - #e | =Yield_stress_ss304(20)
A B C
256
257
Yield stress (MPa)
253 Material at 20 K
259 S5 304 | 1338.628 |
260 AL_2024 T4 484.115
261 Teflon 116.378
262 BeCu 894.415
263 Titanium 1697.543
264 9 % Ni steel 1066.886
265 k Monel 1059.311
266 €1020C Steel 654.984

In cell C259, Yield stress of SS304 at 20 K is calculated as 1338.628 MPa. See the Formula bar to see the
Function entered.

Similarly, Yield stress for other materials is calculated.

Prob.2.3.13 Write VBA Functions to determine Young’s Modulus for SS 304, AL-2024-T4, BeCu, kMonel,
Titanium, C1020 Steel and 9% Ni Steel.

See Prob. 2.2.13. Therein, original graphs from Ref.[1] were digitized using the PlotDigitizer [Ref: 13].
The resulting data tables were transferred to EXCEL and plotted. The ‘Trendline’ menu was used to fit
the plot to a 3*/4™ order polynomials.

Here, we shall use the curve fit equations obtained in Prob.2.2.13 to write the VBA Functions for Young’s

Modulus vs Temp.
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Following are the VBA Functions:

For SS 304:

Function Youngs Modulus 55304 (T As Doukle) As Doukble
'E v for 55304. Ref: Cryogenics Syzstems by Barron. Curve fitted with EXCEL.
'Ey in GPa, T in K
'Finds E v in the range: T = 0 - 350 K
If (T < 0) Cr (T > 350) Then
M=gBox ("Temp. must be between 0 and 350 K '™)

End If

Youngs Modulus 55304 = 0.000000038231 = T ~ 3 - 0.000023528 = T ~ 2 -
0.12801 * T + 201.37

End Function

For AL-2024-T4:

Fanction Youngs Modulus AL 2024 T4(T As Double) &s Double
'E y for AL 2024 T4. Ref: Cryogenics Systems by Barron. Curve ficted with EXCEL.
'Ev in GPa, T in K
'Finds E ¥ in the range: T = 0 - 350 K
If (T < 0) COr (T » 350) Then
MzgBox ("Temp. must be between 0 and 350 E !'™)

End If

Youngs Modulus AL 2024 T4 = 0.000000243%5 * T ~ 3 - 0.000031441 * T ~ 2 -
0.071171 * T + B88.637

End Function

For BeCu:

Function Youngs Modulus BeCu (T Rs Double) &s Double
'E_ v for BeCu. Ref: Cryogenics Systems by Barron. Curve fitted with EXCEL.
'Evy in GPa, T in K
'Finds E_y in the range: T = 0 - 350 K
If (T < 0) Cr (T » 350) Then
MsgBox ("Temp. must be between 0 and 350 E ™)
End If

Youngs Modulus BeCu = -0.000000045324 * T ™~ 3 + 0.000024745 * T ~ 2 - 0.049673 * T + 133.4

End Function
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For kMonel:

Function Youngs Modulus FMonel (T As Doubkle) s Double
'E v for FMonel. Ref: Cryogenics Systems by Barron. Curve fitted with EXCEL.
'Ey in GPa, T in K
'Finds E v in the range: T = 0 - 350 K
If (T <« 0) Cr (T > 350) Then
M=sgBox ("Temp. must be between 0 and 350 K !'"™)
End If

Youngs Modulus FMonel = -0.000000025443 * T ~ 3 + 0.000012554 * T ~ 2 - 0.042493 = T + 1892.68

End Function

EXPERIENCE THE POW
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For Titanium:
Function Youngs Modulus Titanium(T As Double) As Double
'E ¥y for Titanium. Ref: Cryogenics Systems by Barron. Curve fitted with EXCEL.
'Ey in GPa, T in K
'Finds E ¥ in the range: T = 0 - 350 K
If (T <« 0) ©Or (T > 350) Then
M=sgBox ("Temp. must be between 0 and 350 K '™)

End If

Youngs Modulus Titanium = 0.00000000089385 * T ~ 4 - 0.0000007261 * T ~ 3 + _
0.00018471 * T ™~ 2 - 0.037787 * T + 118.46

End Function

For C1020 Steel:

Function Youngs Modulus C1020 Steel (T As Double) Ls Double

'E v for Cl020_Steel. Ref: Cryogenics Systems by Barron. Curve fitted with EXCEL.
'Ey in GPa, T in K
'Finds E_y¥ in the range: T

0 - 350 K
If (T <« 0) Or (T > 550) Then

M=sgBox ("Temp. must be between 0 and 350 K !''™)
End If

Youngs Modulus C1020 Steel = -0.00000002%236 = T ~ 3 + 0.0000085092 = T =~ 2 -
0.047625 * T + 219.75

End Function

For 9% Ni Steel:

Function Youngs Modulus S9percentNiSteel (T A= Doukle) A= Doukle

'E v for 9% Wi Steel. Ref: Cryogenics Systems by Barron. Curve fitted with EXCEL.
'"Ev in GPa, T in K
'Finds E ¥ in the range: T

0 - 350 K
If (T <« 0) Or (T » 350) Then

Ma=gBox ("Temp. muast be between 0 and 350 E I''™)
End If

Young=s Modulus SpercentNiSteel = 0.000000075177 * T =~ 3 - 0.000023851 * T =~ 2 -
0.08141% * T + 214.53

End Function
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Prob.2.3.14 Use the VBA Functions written above for Young’s Modulii of SS 304, AL-2024-T4, BeCu,
kMonel, Titanium, C1020 Steel and 9 % Ni Steel, to determine Young’s Modulus of those materials at 20 K.

Solution:

The EXCEL worksheet is given below:

c271 - f« | =Youngs_Modulus_S$304(20)
A B C D
269
Youngs Mod.
(GPa)
270 Material at 20 K
771 S5 304 | 198.8007]
272 AL_2024 T4 87.2030
273 BeCu 132.4161
274 Kmonel 191.8348
275 Titanium 117.7725
276 €1020 Steel 218.8011
277 9% Ni Steel 212.8927

In cell C271 Young’s Mod of $S304 is calculated as 198.8007 GPa. The Function used can be seen in the

Formula bar.

Similarly, the Young’s Mod for other materials is calculated.

Prob.2.3.15 Using the above written VBA Functions, plot the variation of Young’s Modulus, Bulk
Modulus and Shear Modulus for: (i) SS 304,(ii) AL-2024-T4 and (iii) Beryllium copper, for the temp
range 5K to 300 K.

Solution:

Bulk Mod and Shear Mod are related to Young’s Mod and Poisson’s ratio as follows:

E
I(1-2v)

E
201+

o=
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where

E = Young’s Mod.

B = Bulk Mod. And
G = Shear Mod.

v = Poisson’s ratio

First, let us write VBA Functions to determine Bulk Mod and Shear Mod when Young’s Mod and

Poissons ratio are inputs:

Function Bulk Modulus (Youngs Modulus A=z Double, Poissons Ratio As Double) As Double

'"Youngs Mod. (Ev., Bulk Mod. (B) in GPFa or MPa, T in K
'"Temp. range: T = 0 - 350 K
Bulk Modulus = Youngs Modulus So3 % 1 -2 = Pois=son=s_Ratio))

End Function

Function Shear Modulus(Youngs Modulus As Doukble, Poissons Ratio A3 Double) As Doubkle

'"Youngs Mod. (Ey), Shear Mod. (&) in GPa or MPa, T in K
'"Temp. range: T = 0 - 350 K

Shear Modulus Youngs_ Modulus oz o= 1+ Foissons_Ratio))

End Function

Using the VBA Functions written above, we calculate the values of Young’s Mod, Bulk Mod and Shear
Mod for the three materials desired, as the temp varies from 5 K to 300 K.

Following is the EXCEL worksheet for these calculations:

K290 - Je |
A B C D
281
282
283 Data:
284 Material Poisson's ratio
285 55 304 nu_55304 = 0.305
286 AL nu_AL= 0.32
287 BeCu nu_BeCu = 0.285
288
289 Calculations:
291

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Observe in the Formula bar the Function entered for Bulk Mod of SS304 in cell F294:

F294 - f« | =Bulk_Modulus{C294,505285)

- B [ G [ D [ E | F G H I f K
284 Material Poisson's ratio
285 55304 nu_ss304 = 0.305
285 AL nu_aL= 0.32
287 BeCu nu_BeCu = 0.285
288
289| Calculations:
290
291
292 . 55304 AL-2024-T4 BeCu 55 304 AL-2024-T4 BeCu 55 304 AL-2024-T4 BeCu
== Ll L  Youngs Mod (Gpa) Youngs Mod (GPa) Youngs Mod (GPa) Bulk Mod (GPa) Bulk Mod (GpP) Bulk Mod (GPa) Shear Mod (GPa) Shear Mod (GPaj Shear Mod (GPa)
204 5 200.729 88.280 133.152 171562 1 81741 103.218 76.908 33.440 51.810

And, observe in the Formula bar the Function entered for Shear Mod of SS304 in cell 1294:

1294 -@ fx | =shear_Modulus(C294,$D$285)

A ] B [ & [ D [ E I F G H I d K
284 Material Poisson's ratio
285 S5 304 nu_s5304 = 0305
288 AL nu_AL= 032
287 Belu nu_BeCu= 0.285
288
289 Calculations:
290
291
292 SRELLL L EEERS L BeERRL L LeCa
294 5 133.152 171564 81741 103.219 51810
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Now, the final results for variation of Young’s Mod with temp are:

C294 hd ':: ) I | =Youngs Modulus_S5304({B294)

A B C D E
2590
291
292 55304 AL-2024-T4 BeCu
293 Temp (K) Yi Mod Youngs Mod (GPa) Youngs Mod (GPa)
254 5 200.729 1 88.280 133.152
295 20 198.801 87.205 132 416
296 40 156.214 85.755 131.450
297 60 195.615 84.306 130.499
298 BO 190.998 82 867 129561
299 100 188.572 81.445 12B.635
300 120 185.736 80.065 127717
301 140 185.092 78.726 126 806
302 160 180.445 77444 125900
305 180 177789 76.230 124 996
304 200 175.135 75.097 124 095
305 220 172476 74.055 125.187
306 240 169.821 73.117 122277
307 260 167.169 72.295 121.361
308 280 164522 71.599 120437
309 300 161.882 71.045 119.501

And, the final results for variation of Bulk Mod and Shear Mod with temp are:

F G H J K L
290
291
292 55304 AL-2024-T4 BeCu 55 304 AL-2024-T4 BeCu
253 Bulk Mod (GPa) Bulk Mod (GpP) Bulk Mod (GPa) Shear Mod (GPa) Shear Mod (GPa] Shear Mod (GPa) Temp (K)
294| 171564 81.741 103.219 76.908 33.440 51.810 5
295/  169.915 80.743 102.648 76.169 33.031 51.524 20
296|  167.705 79.403 101.899 75.178 32.483 51.148 40
297|  165.481 78.061 101.162 74.181 31.934 50.778 60
298|  163.246 76.729 100.435 73.179 31.389 50.413 20
299|  161.002 75.416 99.717 72.173 30.852 50.052 100
300, 158.749 74.135 99.006 71.163 30.328 43 695 120
301|  156.489 72,895 98.300 70.150 29.821 49,341 140
302|  154.225 71.707 97.597 £8.135 29.335 48,0988 160
303|  151.956 70.584 96.896 £8.118 28.875 48.637 180
304|  149.686 £9.534 96.196 67.101 2B.446 48 285 200
305/ 147.415 68.570 95.494 £6.083 28.051 47.933 220
306/  145.146 67.701 94.789 £5.065 27.696 47.579 240
307| 142.879 £6.940 94.078 £4.049 17.384 47.222 260
308| 140.617 £6.296 93.362 £3.035 27.121 46.862 280
30e| 138360 £5.780 92.637 £2.024 26.910 46.499 300
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Now, draw the graphs for Young’s Mod, Bulk Mod and Shear Mod against Temp in EXCEL:
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Shear Mod. Vs Temp
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24 Problems solved with MathCad:

Pob. 2.4.1 Write Mathcad Functions for Thermal conductivities of SS 304, OFHCcopper, AL-6061-T6,
AL-1100, Beryllium copper, Brass, Invar, Lead, Nylon, Teflon, Pyrex, G10-norm(direction) and G10-

warp(direction).
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Solution:

Curve fit equations for thermal conductivity (k) and specific heat (cp), given in NIST-Cryogenics
website are of following form:

Curve fit equation of the form: )
logigy= a+b(log19f) + cllog1pT)? + dllog10T)? + e(log1o N * + Mlog1oT) 7 + gllog1o T ¢ +
hlog1oT) " + ilog1oT) 8

Solves as:

v=10 a+blogie]) + cllogro)? + dllogreD)* + e(logroD)* + AlograD)* + gllogio D ® +
hlogo) + illogiol) ®

Where: Coefficients a - ¢ are summarized in the appropriate table and T is the temperature in K (x-axis),
and vis the property to solve for.

First, put the coeflicients given in NIST-cryogenics equations for thermal conductivity in respective
data vectors:

- 1.4087 2.8075 007081 |
1.3082 -0.54074 0057
0.2543 12777 0077
-0.626 0.15362 0.08084
coeff S8304 :=| 02334 coeff OFHC Cu :=| 036444 coeff S061AL_T6 :=| 002803
0.4256 -0.02105 0.09464
-0.4658 -0.051727 0.04170
0.165 0.0012226 L 0.00571
|-0.0199 | | 0.0030964 | 00
[ 2339172 ] [ -2.7064 ] [ 38.963479 |
- 148.5733 8.5191 -221.40505
4221917 -15.923 597.56622
-633.6664 18.276 -900.23831
coeff AL 1100 :=| 607.0402 coeff Invar:=|-11.9114 coeff Lead = 816.40461
-346.152 440318 -455.08342
118.4276 -1.86018 152.04025
-222791 0.068508 -28.451163
| 177019 | |0 | 22516244 |
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36135 [ 2738 ] [-4.1236 |
33238 -30.677 13.788
17535 8043 - 26.068
1160 -136.99 26272
coeff Nylon = |- 40153 coeff Teflon :=| 124.69 coeff Gllnomm =|- 14.663
16324 - 58336 4 4054
02507 2332 -0.6903
- oo | -43135 | 0.0397
0 | 0.33829 | | 0.0
- 2.64827 ]
8.80228
- 24,3908
41.1623
coeff Gllwarp :=|-32.8734
231778
- 793633
1.48304
|- 0.11701 |

Now, write the Mathcad Functions using the equations given in NIST-cryogenics:

For 55 304: (Ref: NIST-Cryogenics)

kin Wim.K, and, Tin K

k_S5304{T) = |return "T should be between 1 K and 300K 11" if T<1
returnn "'T should be between 1 K and 300 K11 o T>300

8
E caﬂ_“'_SS}:lle-lag{T}i
10'="
Ex: I SS304080) =811 WimK
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For OFHCcopper: (Ref: NIST-Cryogenics)

kin Wim.K, and, TinK

kE OFHC Cu(T) = |return "T should be between 4 K and 300 K1 if T4
return T should be between 4 B and 300 K" of T>300

s 4 ¥
(coﬂ_‘_DFHC_Eu_:I +cosf OFHC _Cu, -T:I' T+ n:‘::.m_“'_i:?'l:'HI:_l21:,4 T +cesf OFHC Cu, -T1 " 4 coef OFHC Cu 'I"}

1

05 = 5
(1 + caﬂ_“'_DFHE_Eul -T:I' T+ ca—f_DFHE_Eus T+ coeff OFHC_Cu_ T~ +coef OFHC_Cu_ T

10

Ex: k_OFHC_Cu(80) = 538.037 W/mK

For AL- 6061-T6: (Ref: NIST-Cryogenics)
kin Wm.K, and, TinK

kAL 6061 _T6(T) = |return "T should be between 1 Kand 300K !!I" i T<1

return "'T should be between 1 K and 300 K" of T>300
E‘ -

E cosf 6051AL TS, 1og(T)'

i=0

10

Ex: k_AL 6061 T6(80) =85.685  Wim.K

For AL- 1100: [Ref: NIST-Cryogenics)
kin Wim.K, and, TinK

E AT 1100 T) = |return "T should be between 4 K and 300K 1! of T<4
return "'T should be between 1 K and 300K 11" o T»300

8
E cosfl AL_1100, oz !
10 ="
Ex: kAL 1100(80) 283683  WimK
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For Beryllium copper: (Ref: Barron, digitized and curve fitted)

kin Wim.K, and, TinK

k BeCu{T) = |retun "T should be between | Kand L1001 if T<1
return "'T should be between 1 Kand 410K 11" of T>410

~0.0000000051081-T* + 0.0000031763-T" — 0.0019319-T" + 0.44129-T — 0.13536

Ex: k BeCu(80) =25.245  Wim.K

For Brass: (Ref:Van Sciever, digitized and curve fitted)

kin Wim.K, and, TinK

k_Brass{T) = |returnn "T should be between 4 K and S00E 11" of T4
return "'T should be between 4 K and 300K 11" o T>300

- 0.000000021929-T" + 0.000021989-T" - 0.0084043 T" 4+ 1.5971.T — 32736

Ex: k_Brass(80) = 81.063 Wim K,

For Invar: (Ref: NIST-Cryogenics)
kin Wim.K, and, Tin K

k Invar(T) = |return "T should be between 4 K and 300K 1! if T<4
return T should be between 4 K and 300K 11" o T>300
. B

E -:aa:_lma.l-lag{T:-i

i=0

10

Ex: k_Invar(80) = 6.386 Wim.K

299

Download free eBooks at bookboon.com



Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

For Lead: (Ref: NIST-Cryogenics)
kin Wim.K, and, Tin K

k Lead{T) = |retumn "T should be between 3K and 205 K 11" o T<3

return "'T should be between 3 K and 203 K11 of T>283
E‘ -
E cosf Leag oz T)'

10 i=0
Ex: I Lead(80) = 36981  WW/m.K
360°
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For Nylon: (Ref: NIST-Cryogenics)

E Nvlon{T) = |return T should be between 1 K and 300K !!" of T<1

return 'T should be between 1 K and 300K ! i T>300
g

E coﬁ_:‘{}'lm'.i-la_ﬂ_'{T}l

i=0

10

Ex: k_Nylon(80) =0287  W/mK

For Teflon: (Ref: NIST-Cryogenics)

kin Wim.K, and, TinK

kE_Teflon{T) = |return "'T should be between 4 K and 300K ! if T<4

returnn "'T should be between 4 K and 300 K11 o T>300

8
E cosf Teflom, dog( T)'

ip 1=°

Ex: k_Teflon(50) = 0.234 Wim K
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For Pyrex:

Ref: Graphs from (Ref:\'an Sciever, digitized and curve fitted with "Curve
Expert'.

kin Wm.K, and, Tin K

k Pyrex(T) = |return "T should be between 4 K and 300K 1" o T<4
retumn T should be between 4 K and 300K 11" o T>300
a— 0.10376279

b 43001909

c— 1.2216365

d— 1.7397766
I:Za-l:r+ I:].c}

{b+ }

Ex: k_Pyrex(80) = 0.466 Wi K

For G10, Th. cond. in normal direction: (Ref: NIST-Cryogenics)

kin Wim.K, and, Tin K

kE Gldnom{T) = |return "T should be between 10K and 300K ! o T<10

return "T should be between 10 K and 300 K11 o T>300
E‘ .
E cosf G10norm, dog(T)'

1p 1=°

Ex k_Gl0nomm(30) = 0284  W/mK
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For G10, Th. cond. in warp direction: (Ref: NIST-Cryogenics)

kin Wim.K, and, Tin K

E_Gllwarp{T) = |return "T should be between 12 K and 300K ! of T<12
return 'T should be between 12K and 300K 11" o T>300
g
E can_“'_G-l-Sr\:le-lﬂ_ﬂ_'{T:-l
10 ="
Ex: k Gllwarp{ 807 = 0304 Wi K

Prob. 2.4.2 Plot the k values against T, for a few materials, using the Mathcad Functions written above

The procedure is quite simple:

First, define the range variables, which will go on the x-axis in our case

t:=4,6.300 . _define the range variable t
tromm = 10, 12.. 300 _..define the range variable tnorm
twarp =12, 14.. 300 ...define the range variable twarp

Press graph pallete and in the resulting choices press the top, left symbol for x-y graph

ﬁFiIe Edit View Insert Format Math Symbolics Window Help
(@] == | wlel=] ae]R] 82
[Nomal | [t S i <] B|z|u|[= =|=| E‘ﬁ." ‘[]“gx +j aﬁ‘m‘
S
iil
Graph pallete @2
LIES[E
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Alternatively, press Shift+2, and in either case, we get:

Fill in for the place holders in the x-axis and y-axis, t and k_SS304(T) respectively. Click elsewhere in

the worksheet and we get:

k_SS304t) 10

o 100 00 300

oy,

N b s
g

- . \i ‘II"I_
. 3 ’

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.

WE

o AR
The energy to lead

304 Click on the ad to read more

Download free eBooks at bookboon.com


http://www.got-the-energy-to-lead.com

Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

To draw the next set of graphs, fill in the next (x, y) pair, and we get:

L SE30401)

k_G10mworm thorm)

Double click on the graph, and the formatting options appear:

Formatting Currently Selected X-Y Plot

FY Pues leces ] Labels ] Defaults ] i
¥-Pods: Y-Pds:
[ Log Scale [ Log Scale
[ Grd Lines [ Grd Lines
I Mumbered v Mumbered
v Autoscale v Atoscale
I Show Markers [ Show Markers
v Auto Grid v Auto Grd
Mumber of Grids: Mumber of Grids:
2 2
Fues Style
{* Boxed
" Crossed | Equal Scales
" Mone
Ok | Cancel Help
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Choose log scale for y-axis. We get:

10D T T

E_S5304(1)
_CG10normy tnorm)
0.1 I I
[}] 100 200 300
bookbooncom

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
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Final, formatted plot is:

kfor 35304, Gl0norm, Gllwarp, Teflon

100
,_,-r"""
10 H =]
@
=
= /
= 1 -
] j..-""
= palil
2 = a——
£ e
B
H"'f
0.1
0.01
1 10 100 14107
— 853 Temp (K}
— G10 norm
— Gl warp
—— Teflon
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Similarly, draw other graphs:

k for OFHC Cu, AL-8061-T4, 35304, Teflon

g
.
1410°
—]
100
E
% 1 "]
= 10 1~ "
ﬂ =T
fo]
=
=
E.
1
| —]
0.1
0.01
1 10 100 1107
T i
—— OFHC Cu e &)
— AL-6061-T6
— 585304
—— Teflon
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kfor 55 304, BeCu, Brass

1110
_—
100 —
o
_.__..-'-"'
G e
E Bl
-\E = "
bt 10 - il —
S
= -
|~
1
0.1
1 10 100 10
Tamp (E)
— 88304 o (K
—— EBeCu
— Brass

By 2020, wind could provide one-tenth of our planet's
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

Therefore we'need the best employees who can
eet this challenge!

Tﬁf Power of Knowledge Engineering

4

-

Plug into The Power of Knowlet"ngineering.
Visit us at www.skf.com/know‘ledgm.
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Prob.2.4.3 Write Mathcad Functions for Thermal conductivity Integrals of various materials between

temperatures Tmin and Tmax.

Click on Calculus palette:

ﬁFile Edit View Insert Format Math Symbolcs Window Help

D@ Slr|v| - [wlalo] | | mle|=| o (@A @2
|N0[ma| j |.t’-‘«ria| j |'|D j B|I|H|E§|§| E‘?;Z‘?Dy«‘[]“g g aﬁ‘a|
"""""""""""""""""""""""""""""""""""""""""""""""""""""" |/"’
__________________________________________________ Calculus palette :
We get
i | |
[|%|7
[ |
Now, click on the definite integral sign, and we get:
1
1
And, fill in the place holders, as will be shown below in the Functions:
For 55 304:
Tmax
Theond Integral $5304( Tmin, Tmax) ::J k_§5304(THdT
Trmi
Ex Theond Integral 355304(20,80) = 331491 Wim.. between 20 K and 80 K
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For OFHC copper:

Tmax
Theond Integral OFHC Cuf Tmin, Tmax) = J E OFHC Cu(T)dT
Tmi

Ex:  Theond Integral OFHC Cu{20,80) = 1.16620-10°  W/m.._between 20 K and 80 K

For BeCu:
Tmax
Theond Integral BeCu{ Tmin, Tmax) = [ k BeCu({T)dT
Tmi
Ex: Theond Integral BeCu{20, 80} = 1.0406-10° Wim
For Brass:
Tmax
Theond Integral Brass{ Tmin, Tmax) = [ k Brass(T)dT
Tomi
Ex: Theond Integral Brass(20,80) =3.3028-10°  W/m____between 20 K and 80 K
For Invar:
Tmax
Theond Integral Invar Tmin, Tmax) = J E_Invar(T)dT
Tmi
Ex Theond Integral Imvar{20,80) =230.19  Wim__..between 20 K and 80 K
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For Lead:
Tmax
Theond Intezral Tead{ Tmin, Tmax) = [ E Lead{T)dT
Timi
Ex Theond_Integral Lead(20,80) = 2.4888+107 Wim..__between 20 K and 80 K
For Mylon:
Tmax
Theond Integral Nvlon Tmin, Tmax) = J E MNylon(T)dT
Trmi
Ex Theond Integral WNvlon(20, 307 = 13332 WWim.__.between 20 K and 80 K
For Teflon:
Tmax
Theond Integral Teflon{ Tmin, Tiax) = J E_Teflon{T)dT
Tmi
Ex: Theond Integral Teflon{20,80) = 12,182 Wim.__..between 20 K and 80 K
For Pyrex:
Tmax
Theond Integral Pyrex| Tmin, Tmax) = J k Pyrex(T)dT
Tmi
Ex: Theond Integral Pvrex(20,80) = 18,1309 Wim._..between 20 K and 80 K
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Prob. 2.4.4 Plot Thermal cond. Integrals for a few materials.
Tmin =3

Tmax :=3,10..300 __define a range variable

Th. cond. integral: 3K to Tmax(K)

11¢0°
1107 >
F
L
i)
= =]
- 4 _,_,.:-'—""_'_'_F
£ 110
5
=
e —]
RS
W s
o e
o
% o
I
B 100 = 4 =
= i
= l'.ll' lll.-'
= 17
= !
= 10 =
= T
[ !
T el
F
1 =
J'rr
0.1

o 0 40 &0 B0 100 120 140 160 180 200 220 240 260 2BD 300

—— 55304 Temp Tz (K)

—— OFHC Cu
— Belu
— Brass
— Teflon

_P}'!'&X

Prob. 2.4.5 Write a Mathcad Function to find specific heat by Debye Theory when T and TbyThetaD

are given.
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Solution:

Following Mathcad Function gives CvbyR as a function of TbyThetaD...Ref: Barron

Curve fitted with ‘Curve Expert.
ThetaD = Debye Temp (K), T in K
Note: R = Ru/M where Ru = 8314.47 J/kg.K, M = Mol. wt. of material

CvbyE{ TeyThetaD)) = |retum 333.8-1’b}-‘1’h&t3D3 if ThyThetaD<0.03
return 3 if ThyThetaD >3

a— - 0.037636732

b— 0036770896

c— 29757569

— 2.37840346

{a-h t+c -Ib‘_‘.’IhEtﬂDi}

{h + Ib}-‘IhetaD;}

Ex Cx-h}rR[fi_) 00803 forAL at 25K

383

Prob. 2.4.6 Using the above Function for CvbyR, plot CvbyR against TbyThetaD:

TbhyThetaD :=0.01,002.. 3 ....define a range variable
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(Cv/R) vs (T/ThetaD) — Debye Theory
.-'—'—'_'_'_F

Ln

(=]

Cwfle
—
[

T/ ThatsD

Prob. 2.4.7 Write Mathcad Functions to find specific heats of materials as a function of T.

Solution:

Recollect that equations for cp from NIST are of the following form:

Curve fit equation of the form: )
logigy= a+.5(log191") + cllogiT)? + dllog1oT)? + e(log1g N * + flog1 ) 7 + gllog1 1 ¢ +
hlogioT)” + ilog1aT)

Solves as:
v=10a+b(logio]) + ellogioT)? + dllogieT)* + e(logioT)* + flogiaT)” + gllogio) ® +
h(log1oT)” + i(log1oT) ®

Where: Coefficients a - { are summarized in the appropriate table and T is the temperature in K (x-axis),
and vis the propertv to solve for.
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First put the coefficients in the NIST-Cryogenics equations for specific heat, in respective data vectors:

[ 220061 | .
-3 - - -
1275528 ) 16,6467
3123603 i
2n2 i -314.202
305647 1301728
. TS 866.662
-381.0008 .
26143.99 12083
coeff cp $S304 :=| 2740328 U R, Tiese
1001 coeff_cp _SS304L :=)-3517633 | f cp AL 6061 T6:=| 116227
T 2008175 e
247593 ) -637.783
-15812.78 Vip s
-2.230153 71068 210351
) o -38.3004
| - 610,515 | 296341 |
-1918s4 [- 52029 ] [ 31.88256 |
-0.15973 25301 - 166.51949
8.61013 54874 33201879
-18.9%64 71.061 - 30344232
=172
coeff_cp OFHC_copper:=| 213661 | % cp Nvlon :=|- 52236 | coeff cp_Teflon := | 23998072
127532
12.7528 21.648 - 104.61429
3.54372
334322 47317 2499276
-0.3797 - 2 207
0.42518 -3.20792
0 0| | 0.16503
Eqgn. range: 55 - 300 K Eqgn. range: 4 - 27T K
[ 15503.108 | [ 2808
- 37280377 -22823
26738417 777587
70100877 - 1448423
coeff cp OpercentMNiSteel 1= |- 22731.651 coeff cp Invar ‘= 1394.567
15386526 - 1040294
-5175.7968 371.2125
806.07274 - 56.004
|- 64.055866 | 0
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Eqgn. range: 1-295 K Eqn. range: 4- 300 K
[ - 1.6135538 | _ _

0.93823584 -1.3684

1431777 0.65892

- 33963980 28719

coeff cp Pt:=| 51290733 0.42631
-2.4186452 coeff_cp_Kapton :=| - 3.0088

-0.12560841 1.9538
0.34342504 - 031998
|- 0.06198179 | 0051574

0

With us you can
shape the future.
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cp of 55 304: Ref: NIST- Cryogenics
cpinJikg K. Tin K

cp S5304{T) = |retuwn "T should be between 4 K and 300K 11" if T<4
return T should be between 4 K and 300K !!" o T>300

8
E cosf cp_S8304, dog(T)'
i=0

10

Ex: cp_SS304(20) = 13452 JkgK . at20K

cp of 55 304L: Ref: NIST- Cryogenics
cpinJkgk, Tin K

cp S33ML(T) = |return "T should be between 4 K and 23 K !!" if T<4
return "'T should be between 4 K and 23K !I!" of T>23

8
E cosfl cp_SS304L fog(T)'

10 '=¢

Ex: cp_SS304L(20) = 11.878 JkgK _at20K

cp of AL-6061-T6L: Ref: NIST- Cryogenics
cpinJkg kK. Tin K

cp AL 6061 _T&(T) = |return "T should be between 4 K and 300K 11" of T<4
return "T should be between £ K and 300 K" of Tx300

g
E cosff cp_AL_6061_T6, log(T)'

10 =2

Ex: cp AL 6061_T6(20) =8854  JkgK _ at20K
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cp of OFHC copper: Ref: NIST- Cryogenics
cpin Jkg K, Tin K

cp OFHC copper(T) = |retumn "T should be between 4 KL and 300K !!" of T<4

returnn "'T should be between 4 K and 300K " i T>300
B
E cosf cp OFHC_copper, log !
10 i=0

Ex cp OFHC copper{20) = 7481 Jikg kK . at 20 K

cp of Nylon: Ref: NIST- Cryogenics
cpin Jkg K, Tin K

cp MNylon(T) = |return "T should be between 4 K and 300K !!" of T<4

return "T should be between £ K and 300K 1" o T>300
g

E cosfl cp_Nylon, dog(T)'

10 1=°

Ex: cp_Nylon(20) = 99.901 Jikg K at 20 K

cp of Teflon: Ref: NIST- Cryogenics
cpin kg K, Tin K

cp_Teflon{T) = |return "T should be between 4 K and 300K " if T<4

retun "'T should be between 4 K and 300K !!" o T»300
E‘ .
E cosf cp_Teflon, 1og(T)'

10 '=°

Ex cp_Teflon(20) = 76792  J/kg K . at 20 K
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cp of 9 % Ni Steel: Ref: NIST- Cryogenics

cpin JJikg K, Tin K
cp_ YpercentNiSteel{ T) = |returmn "T should be between 35 K and 300K 11" of T<33
return T should be between 33 K and 300K 11" o T>300
E .
E coef cp_Sparcantiiistes], loz(T)'
i=0

10

Ex: cp_OpercentNiSteel{ 77) = 151.498 Jikg K at TTK
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cp of Invar: Ref: NIST- Cryogenics
cpinJikg K, Tin K

cp_Invar(T) = |return "T should be between 4 K and 2TK !!" of T<4
return "T should be between 4 K and 2TE !!" of T»27
3

E u:{.'P-_“'_u:]:-_IrJrH.l los{ T) !
i=0

10

[

12.

aa
g

Ex cp_Tnvar{ 20 6 Jikg K at 20 K

cp of Platinum: Ref: NIST- Cryogenics
cpin kg K, Tin K

cp Pt{T) = |return "T should be between I K and 285 K 11" of T<1
retum T should be between 1 K and 205K 11" if T>283

g
E caf_cp_P[.l-lag{T}l
10 ="
Ex: cp Pt{20) = 7376 Jikg K at 20 K

cp of Kapton: Ref: NIST- Cryogenics
cpin Jikg kK, Tin K

cp_Kapton(T) = |return "T should be between 4 K and 300K 11" if T<4
return T should be between 4 K and 300K 1! of T>300

g
E caﬂ_“'_cp_sz:m'..l-lag{T}i
10="
Ex cp Kapton(80) =348042  JkgK . at 80 K
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cp of Brass 65/35: Ref: Van Sciever.

In the following Curve Expert graph: x-axis is Temp, y-axis is cp:

i Inim Pleasze press the right mouse button for the 5 =411758614
graphing features menu. Press F1 for help. r = 099964392

Y Axis (units)

-
[+
sy O B e e O | e Gl | A ol

T T T T
167.2 2237 279.5 3354

X Axis (units)

T
0.2 56.1 111.9

MMF Model: y={a*b+c*x d) /[ b+x"d)
Coefficient Data:

a= -2.77795824

b= 14383.254

c= 494.3505

d= 2.0861122
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Now, write the Mathcad Function for Brass:

cp of Brass 65/35: Ref: Van Sciever
cpin Jikg K, Tin K
Digitized with Plot Digitizer, and then Curve fitted with ‘Curve Expert’.

cp_Brass{T) = |return "T must be between 2 Kand 300K ! if T<2
return "'T must be between 2 K and 300K 11" o T>300
a—-2.7779824

b— 14383254

c— 4843503

d—2.0861122

{a-b+ EI‘"}

{b+ }

Ex:  cp Brass{20) = 14494 Jikg K at 20 K

cp of Pyrex: Ref: [14]
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Jane, Chinese architect
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unique course download

"

323 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/EOT

Cryogenic Engineering:
Software Solutions: Part-I Properties of materials at low temperatures

Temp (K) cp (J/kg.K)  Temp (K) cp (I/kg.K)

1 0.003 77 229

2 0.025 80 237
4 0.197 50 264

6 0.883 100 272

8 2.19 120 321
10 4.19 140 396
15 13.7 160 459
20 27.4 180 502
25 44.3 200 539
30 62.8 220 570
33 80.5 240 606
40 958.4 260 859
50 136 280 714
60 174 300 737
70 209

Curve fit with Curve Expert:

Fl "

E Vapor Pressure Model

cp vs T for Pyrex

cp (Jkg.K)
5
)

T T T U
165.0 220.0 274.9 328.9

Temp (K)

T
110.0
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Vapor Pressure Model: y=exp(a+h/x+cln(x))
Coefficient Data:

a= 2.8634691
b= -29.672679
C= 0.67340045

Now, write the Mathcad Function for cp of Pyrex using the above curve fit equation:

cp of Pyrex: Ref:[14], Patxi Duthil

cpin kg K, Tin K
Digitized with Plat Digitizer, and then Curve fitted with "Curve Expert’.

cp_Pyvrex(T) = |return T must be between 1K and 300K 11" of T<1
return T must be between 1 K and 300K !!" of T>300
a— 2.56346%1

b— 20672673

c— 067340043

Bxp [a+ % + ol 1'})

Ex.  cp_Pyres(20) = 29.879 Jkg K _at20K
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cp of Normal Lead.... Ref: BNL Selected Cryogenic Data Notebook - Vol. 1 (Aug. 1980)

Temp (K) cp()/kg.K)

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2
3.4
3.6
3.8

4
4.5

]
5.5

]
6.5

7
7.5

)

0.027
0.037
0.05
0.07
0.09
0.13
0.17
0.185
0.23
0.28
0.32
0.4
0.48
0.54
0.65
0.75
1.05
1.65
2.1
3
3.95
4.95
6.3
7.6

Temp (K)  cp()/kg.K)

10
14
20
24
26
30
36
40
45
50
60
65
70
75
80
S0
100
120
160
200
240
300
310

12.8
30
52
b6
70
a0
90
96
100
103
110
111
112
113
114
116
119
120
123
125
127
130
130

Put Temp and cp_Lead in two separate vectors and use linear interpolation to get cp at the desired temp.

cp Lead{T) = |return "T must be between 1K and 310 K 11"

Ex:

return "'T must be between 1 K and 310K 11"

linterp{ Temp, cp_Lead, T)

cp_Lead(25) = 68

Jikg Kat 25 K

if T41
if T»310
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Prob. 2.4.8 Write Mathcad Functions to find out Sp. heat Integrals of materials from temp Tmin to Tmax.:

Solution:

We shall proceed exactly as we did in the case of Thermal conductivity integrals:

For 55 304:
Tmax
SpHeat Integral S8304{ Tmin, Tmax) = J cp SE3M(THdT
Tomi
Ex: SpHeat Intezral S8304(77,300) = 8.6584'[!4 Jikg

DUKE
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OF BUSINESS

-

Learn More »
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For AL-6061-T6:
Tmax

SpHeat Integral AL 6061 T6({ Tmin, Tmax) ;= [ cp AL 6061 T&{T)dT
Tmi

Bx SpHeat Integral AL 6061 T6(77,300) = 1.68862-10°  J/kg

For OFHC copper:

Tmax
SpHeat_Integral OFHC copper] Tmin, Tmax) = [ cp OFHC copper(T)dT
T

Ex SpHeat Integral OFHC copper( 77,3007 = 7413~ 10* Jikg

For HNylon:

Tmax
SpHeat_Integral Nvlon{ Tmin, Tmax) = J cp Nylon(T)dT
Tmi

Ex SpHeat Integral Nylon(77,300) = 2.3402~ 10° Jikg

For Teflon:
Tmax

SpHeat Integral Teflony Tmin, Tmax) = [ cp Teflon{T)dT
Tmi

i

Ex SpHeat Integral Teflon(77,300) = 1.3373+10 Jikg
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For 9 % Ni Steel:

Tinax
SpHeat Integral SpercentMiSteel{ Tmin, Tmax) = [ cp_fpercentNiSteel{ T} dT
Tmi

Ex:  SpHeat Intezral SpercentMiSteel{ 77,300) = 8.0302-10% Jikg. .. between 77 K and 300 K

For Invar:

Tmax
SpHeat_Integral Invar| Tmin, Tmax) = [ cp_Invar(T)dT
T

Ex: SpHeat Integral Invar{4,20) =81.637%  J/kg... between 4 K and 20 K

For Platinum:

Tmax
SpHeat Integral Pt Tmin, Tmax) = [ cp P{T)dT
T

Ex: SpHeat Integral Pt(4,20) = 326345 Jikg... between 4 K oand 20 K

For Kapton:

Tmax
SpHeat_Integral Kapton] Tmin, Tmax) = J cp_Eapton{T)dT
Tmi

Ex SpHeat Integral Kapton{4,20) =337.1727  Jkg... between 4 K and 20 K
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For Brass:
Tmax
SpHeat Integzral Brass{ Tmin, Tmax) = J cp Brass{T)dT
Tmi

Ex SpHeat_Intezral Brass(4,20) = 682811 Jikg... between 4 K and 20 K

For Pyrex:

Tmax
SpHeat_Integral Pyrex Tmin, Tmax) = J cp_ Pyrex(T)dT
Tmi

Ex SpHeat Integral Pyrex(20,77) = 73084-10° Jikg... between 20 K and 77 K

For Lead:

Tinax
SpHeat Integral Lead{ Tmin, Tmax) = [ cp Lead{T)}dT
Tuni

Ex SpHeat Integral Lead{20,77) = 551541107 Jikg... between 20 K and 77 K

Prob. 2.4.9 Plot the Sp. heat Integrals against Tmax, Tmin being 4 K for different materials:

Tmin =4 K.

Tmax :=4,8. 300 __define a range variable
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Sp. heat Integrals from 4 K to T (J'kg)
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Prob. 2.4.10 Write Mathcad Functions for Yield stress of various materials.

Yield stress of 55 304: Ref: Barron.

Yield stress in MPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.
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Vield stress SE304(T) = |return "T mustbe between 0 K and 330K !!" o T<0
return "'T must be between 0 K and 330K 11" o T>330
a— 0.000000022855

ba— - 0000016445

c— 0.0026638

d—-0.352548

e— 13482

a-T4+b-1'3+ u:--l'J+ dT+e

Ex:  TYield stress 58304{20) = 1.3386-10° MPa... Yield stress at 20 K

Yield stress of AL-2024-T4: Ref: Barron.

Yield stress in MPa, T in K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Yield stress AL 2024 THT) = Jreturn "T must be between 0 K and 330K 11" i T<0
return T must be between 0 K and 330K 11" o T>330
a— 0.000000026112

ba— - 0000024015

c— 0010138

d—-23091

e— 32643

a-l"1+ b-T3+ ¢ T +dT+e

Ex:  Vield stresz AT 2024 T4{20) = 48411533 MPa... Yield stress at 20 K
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Yield stress of Teflon: Ref: Barron.

Yield stress in MPa, Tin K

Digitized with Plat Digitizer. and then Curve fitted with EXCEL.

Yield stress Teflon{T) = |return "T must be between 0K and 330K !1!" o T<0
return T must be between 0 K and 330K 1" of T>330
a— 0.000000015834

b— - 0.000016104

c— 0.0067618

de—-1.398

g— 141.76

a-T4+ ‘r:t-l'3 + u:-TJ+ dT+e

Ex:  Yield stress_Teflon{20) = 1163734 MPa... Yield stress at 20 K

Yield stress of BeCu: Ref: Barron.

Yield stress in MPa, T in K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

YWield stress BeCu(T) = |return T must be between 0K and 330K 11" o T<0
return T must be between 0 K and 330K !!" of T>330
a+— 0.000000023933

b—- 0000024822

c—0.01188

d—-2.8776

B— 54741

a-1'4+b-1'3+ r:-l'“]+ dT+e

Ex:  Vield stresz BeCu{20) = 8844133 MPa... Yield stress at 20 K
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Yield stress of Titanium: Ref: Barron.

Yield stress in MPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Yield stress Ti{T) = |return "T must be between 0 K and 330K 11" of T<0
return "'T must be between 0 K and 350 K 1" o T>330
a— 0.000000068681

ba— - 0000064487

c— 0024406

de— - 6.7607

e— 18233

a-T4+ b-l'3+ ¢ T +dT+e

Ex:  Yield stress_Ti{20) = 1.6975+10° MPa... Yield stress at 20 K

Yield stress of 9 % Ni Steel: Ref: Barron.
Yield stress in MPa, T in K
Digitized with Plot Digitizer, and then Curve fitted with EXCEL.
Vield stress OpercentMNiSteel{ T) = |return "T must be between 0K and 350K 1" o T<0
return T must be between 0 K and 330K 11" of T>350

a— - 00000097453
b— 00091459

Ex:  Tield stress %percentMNiSteel{20) = 1.0669+10° MPa... Yield stress at 20 K
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Yield stress of kMonel: Ref: Barron.
Yield stress in MPa, T in K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

YWield stress Khlonel{T) = |return "T must be between 0 K and 330K 11" of T<0
return T must be between 0 K and 350 K" o T>350
a— 0.000000015041

b— - 0.000011053

c— 00048733

de—-1.6876

e— 10012

a-T4+ b-l’3+ u:-l'J +dT+e

Ex:  Vield stress kMonel{20) = 1.0593+10°  MPa... Yield stress at 20 K

Yield stress of C1020C 5Steel: Ref: Barron.
Yield stress in MPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Yield stress CL020CSteel{ T) = |return "T must be between 0 K and 330K 11" i T<0
return T must be between 0 K and 330K 1! of T>330
a— 0.00000002715

b— - 0.00002784

c— 0011711

d—-3.0361

e— 71124

a-T4+ b-l’3 + u:-TJ+ dT+e

Ex:  Vield stresz C1020CSteel{20) = 634984 MPa._. Yield stress at 20 K
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Prob. 2.4.11 Write Mathcad Functions for Young’s Modulus of various materials.

Young's Mod. Ey of 55 304: Ref: Barron.
Young's Mod. in GPa, T in K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Youngs Mod Ev S8304{T) = |retun "T must be between 0 K and 350K !!" o T<0
retum T must be between 0 K and 330K 11" o T>330
a+— 0.0000000358231

b— - 0.000023528

c—-0.12801

d—201.37

a-l’3+*r:--1'J +cT+d

Ex:  Youngs Mod Ey S$8304(20) = 198.8007 GPa.. at20 K

Young's Mod. Ey of AL-2024-T4: Ref: Barron.
Young's Mod. in GPa, T in K

Digitized with Plat Digitizer, and then Curve fitted with EXCEL.

Youngs Mod Ev AT 2024 THT) = |retumn "T must be between 0K and 350K !1!" o T<0
retumn "T must be between 0 K and 330K 11" o T»330
a— 0.00000024393

b - 0.000031441

c—- 0071171

d.— 88.637

a-l'3 +1:r-1'J +ocT+d

Ex:  Youngs Mod Ey AL 2024 T4{20) = 87.203 GPa.. at20 K
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Young's Mod. Ey of BeCu: Ref: Barron.
Young's Mod. in GPa, Tin K

Dgitized with Plat Digitizer, and then Curve fitted with EXCEL.

Youngs MMod Ev BeCu{T) = |return "T must be between 0 K and 330K 11" if T<0
return "'T must be between 0 K and 350 K11 o T>350
a— - 0.000000045324

b— 0.000024743

co—- 0040673

d— 1334

a-]’3+ ‘r:t-l'J +cT+d

Ex:  Youngs Mod Ev BeCu{20) = 13241561 GPa... at 20 K

Young's Mod. Ey of kMonel: Ref: Barron.
Young's Mod. in GPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Youngs MMod Ev ¥onel{T) = |return "T must be between 0 K and 330K 11" o T<0
return T must be between 0 K and 330K 11" o T>330
a— - 0.000000025440

b— 0000012554

ce—- 0042499

de— 192,68

a-l’s + b-]’J+ cT+d

Ex:  Youngs Mod Ev ¥honel{20) = 1918348 GPa... at 20 K
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Young's Mod. Ey of Titanium: Ref: Barron.

Young's Mod. in GPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted withCurve Expert.

Youngs MMod Ev Ti(T) = |return "T must be between 0 K and 330K 11" i T<0
return 'T must be between 0 K and 350 K11 o T>350
a— 113463

b—- 0037787300

c— 000018471178

d+— - 0.00000072610257

e— 80385205107

a+b T+ u:-TJ+ d-l'j+ E-T4

Ex.  Youngs Mod Ey Ti(20) = 117.7773 GPa._. at20 K

Young's Mod. Ey of C1020 5teel: Ref: Barron.
Young's Mod. in GPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Youngs Mod Ev C1020 Steel(T) = Jreturn "T must be between 0 K and 330 K1Y of T<0
return T must be between 0 K and 330K 11" o T>350
a— - 0.000000029236

b.— 0.0000093092

co—- 0047625

d— 212.75

a-]’3+ ‘r:b-l'J +cT+d

Ex.  Youngs Mod Ey_C1020_Steel(20) = 218.8011 GPa.__ at 20 K
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Young's Mod. Ey of 9 % Ni Steel: Ref: Barron.

Young's Mod. in GPa, Tin K

Digitized with Plot Digitizer, and then Curve fitted with EXCEL.

Youngs Mod Ev SpercentMNiSteel(T) '= |return "T must be between 0 K and 330K 1! o T<0
return T must be between 0 K and 330K !!" of T>330
a— 0000000073177

ba— - 0.000023851

c—- 0081419

de— 214.33

a-1'3+ b-]’J+ cT+d

Ex:  Youngs Mod Ev %percentMiSteel(20) =212.8827 GPa.._at 20 K

Prob. 2.4.12 Write Mathcad Functions for Bulk Modulus (B) and Shear Modulus (G) in terms of Young’s

Modulus and Poisson ratio (v), for various materials.

Solution:
Bulk Modulus:
Bulk Mlod B{Youngs Mod Ey, Poisson_ratio_nu) = Youngs Mod Ey
34{1- 2 Poisson_ratio_tu)
Ex Bulk Mod B({198.801,0.303) = 162.913 GFa at 20 K
Shear Modulus:

Shear Mod G{Youngs Mod_Ey,Poisson_ratio_tm) = Youngs Mod Ey

2-{1+ Poisson_ratio_nu)

Ex.  Shear Mod G(198.801,0.305) = 76.169 GPa at 20 K
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Prob. 2.4.13 Plot Youngs Mod., Bulk Mod. and Shear Mod. for SS 304, AL-2024-T4 and BeCu as temp
varies from 5 K to 300K.

Solution:

T:=5,10.300 __define a range variable

Youngs Mod vs Temp
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For Bulk Mod. And Shear Mod.:

Poisson Ratio Data:

1 88304 =0303 nu AT =032 1 BeCu :=0285
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Bulk Mod vs Temp
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