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Dedication
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Bhagavan Sri Sathya Sai Baba
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“Help Ever, Hurt Never!”
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Message by Prof. R.G. Scurlock,  Emeritus Professor of Cryogenic Engineering

Message by Prof. R.G. 
Scurlock,  Emeritus Professor of 
Cryogenic Engineering
formerly
Director, Institute of Cryogenics, 
University of Southampton, Southampton, U.K.

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, U.K. 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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Message by Prof. R.G. Scurlock,  Emeritus Professor of Cryogenic Engineering

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.

c) 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

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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Preface

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. In addition, one can plot the data, curve fit, write functions for various properties or calculations 

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

them to know more and work more.

This book, viz. Cryogenic Engineering: Software solutions – Part-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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Preface

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

1  Introduction and Properties of 
Cryogenic fluids

Learning objectives:

1. In this 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, O2, F2, 
and Ar, again from NIST chemistry website, i.e. http://webbook.nist.gov/chemistry/fluid/

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

1.1 Introduction [1, 2, 3]:

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. 

Download free eBooks at bookboon.com

http://encyclopedia.airliquide.com/encyclopedia.asp
http://webbook.nist.gov/chemistry/fluid/
http://webbook.nist.gov/chemistry/fluid/
http://webbook.nist.gov/chemistry/fluid/


Cryogenic Engineering:  
Software Solutions: Part-I

16 

Introduction and Properties of Cryogenic fluids 

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]:

Some more data for cryogenic fluids [7]:

Approx. equivalents of 1 litre of liquid gas:
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Amount of cryogenic fluid required to cool metals (σ), kg/kg [8]:

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:
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2. Select the gas required (say, Nitrogen) and hit Enter. We get:
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If we enter, say, 2.5 bar in the above calculator, we get:
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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:
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You can also select the Units desired:

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. from natural gas by catalytic conversion or by 
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 (UF6) is produced by direct fluorination of 
uranium oxide or UF4 using fluorine. Sulfur hexafluoride (SF6) 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 J/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]:

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://campus.oracle.com


Cryogenic Engineering:  
Software Solutions: Part-I

33 

Introduction and Properties of Cryogenic fluids 

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]:
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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 (10-3 Angstroms to 10-4 mm), the viscosity is lower than 0.001 
micropoises. This is shown below:

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:

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!

Helium-3 [1,7,10]:

Helium -3 is generally produced in nuclear reactions and is therefore very expensive. Normal boiling 
point of He-3 is 3.2 K and density of liquid at the normal boiling point is 0.05895 g/cm^3. 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.
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Some properties of He-3 are summarized below [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.
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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:

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:

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

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:
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If we click on ‘View Data in HTML Table’, we get:
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	  Also, in the above plot, if we click on ‘View Table’, we get:

View Table:
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Other parameters can be obtained from the pull down menu as shown below:
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Similarly other plots are possible by selecting different X-axis and Y-axis parameters:
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For example, if we select Temp for X-axis and Enthalpy for Y-axis, we get:

Proceeding along the lines described above, we get data/plots for other cryogenic fluids from this versatile 
NIST Chemistry website:
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1.3.2 Data for Oxygen:
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1.3.3 Data for Helium-4:
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1.3.4 Data for Hydrogen:
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1.3.5 Data for Neon:
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1.3.6 Data for Fluorine:
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1.3.7 Data for Argon:
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1.4 Data for Cryogenic Fluids – Properties of gases at 1 atm [9]:

1.4.1 For Helium at 1 atm.:

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

Select Helium for the gas, and ‘Isobaric properties’:
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Click on ‘Press to continue’:

In the above, we have given 5 K as TLow and 305 K as THigh, with a temp increment of 10 deg. Click 
on ‘Press for Data’, and we get:
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In the above, click on ‘View Data in HTML Table’ and we get:
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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:

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

Download free eBooks at bookboon.com



Cryogenic Engineering:  
Software Solutions: Part-I

65 

Introduction and Properties of Cryogenic fluids 

And, for viscosity of helium, we get:
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And, for thermal conductivity, we get:

 

Proceeding along similar lines, we get data for other cryogenic fluids:

1.4.2 For Hydrogen at 1 atm.:
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1.4.3 For Neon at 1 atm.:	  
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1.4.4 For Nitrogen at 1 atm.:
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1.4.5 For Oxygen at 1 atm.:
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1.4.6 For Fluorine at 1 atm.:
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1.4.7 For Argon at 1 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]:
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For Copper [7]:

For Stainless Steel [8]:
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Representative design values for longitudinal and transverse compression and tension:
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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:

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://s.bookboon.com/GTca


Cryogenic Engineering:  
Software Solutions: Part-I

91 

Properties of materials at low temperatures

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

a) Ultimate strength:

Fig.2.1.2.a Ultimate strength for several engineering materials: (I) 2024-T4 aluminum; (2) beryllium copper;  
(3) K Monel; (4) titanium; (5) 304 stainless steel; (6) CI020 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:

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) CI020 carbon steel; (7) 9 percent Ni steel; (8) Teflon; 
(9) Invar-36 (Durham et al. 1962).
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c) Fatigue strength:

Fig. 2.1.2.c Fatigue strength at 106 cycles: (I) 2024- T4 aluminum; (2) beryllium copper;  
(3) K Monel; (4) titanium; (5) 304 stainless steel; (6) CI020 carbon steel (Durham et al. 1962).
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d) Impact strength:

Fig. 2.1.2.d Charpy impact strength at low temperatures: (I) 2024·T4 aluminum; (2) beryl· lium copper; (3) K 
Monel; (4) titanium; (5) 304 stainless steel; (6) CI020 carbon steel; (7) 9 percent Ni steel (Durham et al. 1962).
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e) Ductility (% elongation):

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).

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

��������	
�����������
��������
���������
�����������
��������
����������������������������������

������������
������������������������������ �����	�����
	�
�����	������!���"�
	������������

�
	�

�����#$%����&'())%�*+������
	�
���,���������
�-

.�
��������������������
��������������

��������	
������


��	��������	
������


������������


����������


����������
�������


���������

 The Wake
the only emission we want to leave behind

http://www.mandieselturbo.com


Cryogenic Engineering:  
Software Solutions: Part-I

96 

Properties of materials at low temperatures

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]:

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) ClO20 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:

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

(Ref: http://www.engineeringtoolbox.com/poissons-ratio-d_1224.html)
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Elastic Modulii for some common materials:

(Ref: http://www.engineeringtoolbox.com/stress-strain-d_950.html)
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And, www.Essom.com gives:
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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)
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Possible Inputs are:

And the possible Units are:
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In the following, K is the Bulk Modulus:
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Example: 

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

 

g) Thermal conductivity [9]:
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Fig. 2.1.2.g1 Thermal conductivity of materials at low temperatures
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Fig. 2.1.2.g2 Thermal conductivity of amorphous solids

Fig. 2.1.2.g3 Thermal conductivity of cryogenic gases and liquids
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Thermal conductivity of a pure metal is affected by Residual Resistivity Ratio (RRR) [9]:
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Ref.[14] gives very useful Tables of thermal conductivities of materials:
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h) Strength to conductivity ratio (Figure of Merit):

Note: High FOM materials have high strength and low thermal conductivity, such as stainless steel or 
certain fiberglass composites (G-10). And, a low FOM material has a high thermal conductivity and low 
strength, e.g. pure metals like aluminum and copper.

i) Thermal conductivity integrals [1, 10]:

 Fig.2.1.2.i Thermal conductivity integrals
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Using the Thermal conductivity integrals:
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Following Table gives Thermal conductivity integrals (W/m) for a few materials [1]:
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Ref.[14] gives very useful Tables for thermal cond. integrals of materials:
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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: 

D/T
3 4 x

3 x 20
D DD

9RT x e dx T TC 3R D
(e 1)

θ

υ
⎛ ⎞ ⎛ ⎞

= = ⎜ ⎟ ⎜ ⎟
θ θθ − ⎝ ⎠ ⎝ ⎠

∫ 	   where θD is called the Debye characteristic temperature 

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

Fig.2.1.2.j1 Specific heat of a few materials (as per Debye Theory)

At high temperatures (T > 2 θD), sp. heat approaches a constant value of 3R, the Dulong Petit value.

At low temperatures (T < θD/12), sp. heat cv is expressed as: cv = 233.78 * R * (T/θD)3

Table of Cv/R against T/θD [1]:
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Debye Characteristic Temperatures (θD) of Some Representative Elements and Compounds [2]:

Sp. heats of some materials of construction used in cryogenics [2]:

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

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

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]:
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Ref.[14] gives graphs and very useful tables for sp. heats and Δh of a large number of materials:
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Note: Above two tables for Δh 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]:
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Also, we have:

Fig.2.1.2.k1 Thermal expansion of a few metals
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Fig.2.1.2.k2 Thermal expansion of a few non-metals

Fig. 2.1.2k3 Linear coefficient of thermal expansion for several materials at low temperature:  
(I) 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 β = 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,

ρ = density of the material,
B = Bulk modulus, and 
G is the Gruneisen constant given by:

G has values between 1 and 3 for solids.

Also, we have:

Values of Gruneisen constants, computed from room temp properties, for a few materials are given 
below [2]:
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l) Electrical conductivity [1,2,9]:

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

Fig.2.1.2.l1 ρ-vs-T for differing purities of copper, ρ(273K) = 15.45 nΩ (Powell & Fickett)
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Resistivity of various alloys:

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

Fig. 2.1.2.l2. 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 (ε) [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:

Radiation from a ‘gray’ surface of emissivity (ε) at a temp of T (K) is = Q (W), given by:
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where Q is in W, and σ is the Stefan_Boltzmann constant = 5.67E-04 W/m^2.K^4.

Net radiation between two gray surfaces temperatures T1, T2 (in K) is:

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:
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2. Parallel plates:

3. Concentric cylinders (inner cylinder is represented as 1):

4. Concentric spheres (inner sphere is 1):

(n) Superconductivity [1,2,9]:

Certain elements, alloys and compounds, when cooled below a certain temp (called transition or critical 
temp. Tc), 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:

Fig. 2.1.2m1. Magnetization curve for Type-I and Type-II conductors

Type-I superconductor has one critical field, Hc. Type-II has two critical fields: Hc1 and Hc2 as shown above.

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

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

This variation is parabolic:

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,

where H0 is the threshold field at T = 0 K, and Tc 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 
I is: H = 0.4 * I / d; i.e. the threshold current is:

IT = 2.5 * HT * d 

Here, HT is in Gauss, d in cm, and IT in Amps.
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Data (i.e. Tc and H0) for some Type-I and Type-II superconductors are given below [9]:
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Another class of materials that become superconducting are ‘High Temp Superconductors (HTS)’. 
These are Type-II superconductors that have a substantially higher Tc values:

=======================================================================
2.1.3  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:
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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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log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 + (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 + (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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 
[(L-L293)/L293] x 10 5 
unitless, eg. m/m

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

Tlow (K) 23

f> -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:  
2 3 + 4   >T > Tlow 

y = f    T < Tlow 
Where: Coefficients  are summarized in the appropriate table and  is  

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

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

c -0.07277 866.662

d 0.08084 -1298.3

e 0.02803 1162.27

f -0.09464 -637.795

g 0.04179 210.351

h -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

Download free eBooks at bookboon.com



Cryogenic Engineering:  
Software Solutions: Part-I

140 

Properties of materials at low temperatures

 
log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
             (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
      (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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-L293)/L293] x 10 5 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

Tlow (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:  
2 3 + 4   >T > Tlow 

y = f    T < Tlow 
Where: Coefficients  are summarized in the appropriate table and  is 

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

h 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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log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
             (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
      (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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-L293)/L293] x 10 5 unitless, eg. m/m

a -2.9554E2

b -3.9811E-1

c 9.2683E-3

d -2.0261E-5

e 1.7127E-8

Tlow (K) 23

f> -300.04

data range (K) 4-300

equation range (K) 4-300

curve fit % error relative to data 5

equation of the form:  
2 3 + 4   >T > Tlow 

y = f    T < Tlow 
Where: Coefficients  are summarized in the appropriate table and  is the  

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

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

2.1.3.4 For OFHC copper: 

 

Thermal 
Conductivity

RRR = 50 

Thermal 
Conductivity

RRR = 100 

Thermal 
Conductivity

RRR = 150 

Thermal 
Conductivity

RRR = 300 

Thermal 
Conductivity

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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log10 k = (a + c  0.5 + e  + g 1.5 + i 2)/(1 + b 0.5 + d  + f  1.5 + h  2) 

 
k = 10 ( a + c 0.5 + e  + g  1.5 + i  2 ) / ( 1+ b 0.5 + d + f 1.5 + h 2 )  

  Specific Heat Expansion Coefficient 

UNITS J/(kg-K) 10-6 * (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    

 
 

log10  = (log10 ) + (log10
 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  

             (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
       (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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 24.99276

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 1.5
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log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
             (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
        (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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-L293)/L293] x 10 5 unitless, eg. m/m

a -2.125E3

b -8.201E-1

c 6.161E-2

d -3.171E-4

e 6.850E-7

Tlow (K) NA

f> NA

data range (K) 4-300

equation range (K) 4-300

curve fit % error relative to data 2

data

equation of the form:  
2 3 + 4   >T > Tlow 

y = f    T < Tlow 
Where: Coefficients  are summarized in the appropriate table and  is  

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

=======================================================================
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2.1.3.6 For Beryllium Copper: 

  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:

log10 y = a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 7 + i(log10T)8 

Solves as:

y = 10 a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 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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  Thermal Conductivity 

UNITS [(L-L293)/L293] x 105 unitless, eg. m/m

a -3.1150E2

b -4.4498E-1

c 1.0133E-2

d -2.4718E-5

e 2.6277E-8

Tlow (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:

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

g 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 1.5
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  Young’s Modulus Linear expansion

Units GPa [(L-L293)/L293] x 10 5 unitless, eg. m/m

a 2.05335E2 -2.104E2

b 1.74835E-2 -5.699E-2

c -3.65760E-4 5.072E-3

d 8.71545E-7 -1.381E-5

e -7.78130E-10 1.897E-8

Tlow (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:

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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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

c -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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  Young’s Modulus Linear expansion

Units GPa [(L-L293)/L293] x 10 5 unitless, eg. m/m

a 1.41565E2 -5.265E1

b 2.54435E-2 1.009E-1

c -1.00842E-3 8.395E-4

d 6.72797E-6 -1.973E-6

e -1.08230E-8 8.794E-11

Tlow (K) 80

f> -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:

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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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 1.5

 
log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
              (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
        (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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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2.1.3.10  For Polyamide (Nylon):

  Thermal Conductivity Specific Heat

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

a -2.6135 -5.2929

b 2.3239 25.301

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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  Linear expansion

Units [(L-L293)/L293] x 10 5 unitless, eg. m/m

a -1.389E3

b -1.561E-1

c 2.988E-2

d -7.948E-5

e 1.181E-7

Tlow (K) NA

f> NA

data range (K) 4-300

equation range (K) 4-300

curve fit % error relative to data 1
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2.1.3.11  For Platinum:

  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

 
log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
              (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
        (log10 ) 7 + (log10 ) 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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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

 
log10  = (log10 ) + (log10

 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
              (log10 ) 7 + (log10 ) 8  

 
y = 10 (log10 ) + (log10 ) 2 + (log10 ) 3 + (log10 ) 4 + (log10 ) 5 + (log10 ) 6 +  
         (log10 ) 7 + (log10 ) 8  

Where: Coefficients a - 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

167 

Properties of materials at low temperatures

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

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
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Curve fit equation of the form:

log10 y = a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 7 + i(log10T) 8 

Solves as:

y = 10 a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 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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2.1.3.14 For 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
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Curve fit equation of the form:

log10 x = a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 7 + i(log10T) 8 

Solves as:

x = 10 a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 7 + i(log10T) 8 

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

Linear Expansion

UNITS [(L-L293)/L293] x 10 -5 unitless, eg. m/m

a -90.912613

b -0.127173

c 0.00266801

d -5.0432E-06

e 3.5183E-09

Tlow (K) NA

f> NA

data range (K) 20-500K

equation range (K) 20-350K

curve fit % error relative to data 4

equation of the form:

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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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

c 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:

log10 y = a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 7 + i(log10T) 8 

Solves as:

y = 10 a+b(log10T) + c(log10T) 2 + d(log10T) 3 + e(log10T) 4 + f(log10T) 5 + g(log10T) 6 + h(log10T) 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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2.1.3.15  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 11th 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:

where a, b, c, d, e, f, g, h, and i are the fitted coefficients, and T is the temperature (K). These are common 
logarithms.
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For Oxygen-free copper:

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 coefficients for the specific heat (cp, J/kg.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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2.1.4 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: 
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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:

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

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:
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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.

k in 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 !’)

ENDIF

a := -1.4087; b := 1.3982; c := 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*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(T))^ 
5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 8)

END
=======================================================================
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FUNCTION k_OFHC_copper(T)

“Thermal cond. of OFHC copper (RRR = 500). Ref: NIST-Cryogenics.

k in W/m.K, T in 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 * T^0.5 + e * T + g * T^1.5+ i * T^2) / (1 + b * T^0.5 + d * T + f * T^1.5 
+ h * T^2))

END

“=====================================================================”
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FUNCTION k_AL_6061_T6(T)

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

k in W/m.K, 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 !’)

ENDIF

a := 0.07918; b := 1.0957; c := -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*(log10(T)) + c*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + 
f*(log10(T))^ 5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 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 
‘Interpolate1’ 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.

k in 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 !’)
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ENDIF

k_BeCu =interpolate1(‘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 !’)

ENDIF

k_SS_304 =interpolate1(‘k_SS304’, ‘Temp’, ‘k’, Temp = T)

END

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

FUNCTION k_Brass(T)

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

k in 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; c :=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*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(T))^ 
5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 8)

END
“=====================================================================”

FUNCTION k_Invar(T)

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

k in 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
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a := -2.7064; b := 8.5191; c :=-15.923; d :=18.276; e := -11.9116; f := 4.40318; 
g := -0.86018; h := 0.068508; i := 0

k_Invar = 10^(a+b*(log10(T)) + c*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + 

f*(log10(T))^ 5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 8)

END

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

FUNCTION k_Lead(T)

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

k in 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; c :=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*(log10(T)) + c*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(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.

k in 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; c :=-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))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(T))^ 
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.

k in 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; c := 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))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 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.

k in 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 !’)

ENDIF

k_pyrex =interpolate1(‘k_pyrex’, ‘Temp’, ‘k’, Temp = T)

END

“=====================================================================”
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“Prob.2.2.2 Find out Strength to conductivity ratios at a temp of 80 K, for: (i) SS-304L (ii) 6061 T6-Al 
(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)”
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:
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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 = 5“K”
T2 = 80“K”

“Calculations:”

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

A = pi * d^2 / 4 “m^2 …. 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 SS304”
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:

Thus:
Heat transfer from 80 K to 5 K:
For SS304L = Q_SS304L = 0.04946 W …. Ans.
For SS304 = 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 T^0.4 (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 = 0.100“m”
T1 = 80“K”
T2 = 300“K”

“Calculations:”

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

A = pi * d^2 / 4 “m^2…area of cross-section of the rod”

Q_SS304 = (A/L) * integral( 1.5*T^(0.4),T,T1,T2) “W…heat transfer for SS304 from 300 K to 80 K”

Results:

Thus:

Heat transferred = Q_SS304 = 2.083 W …. Ans.

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

Prob.2.2.5 Write an EES Function to determine (cv/R) when (T/θD) is known. Here, θD is the Debye 
temp of the material.

EES Function:

Under Section 2.1.2, we have given the Table of (cv/R) vs (T/θD) 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:

Clicking on New Lookup Table brings up the following:

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

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 Interploate1 for linear interpolation.}

IF (TbyThetaD < (1/12)) THEN

 CVbyR = 233.78 * (TbyThetaD)^3

ELSE

 CvbyR = interpolate(‘CvbyR_vs_TbyThetaD’,’TbyThetaD’,’CvbyR’,’TbyThetaD’ = TbyThetaD)

ENDIF

END

“=====================================================================”
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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 = 385“K …. Aluminium”
Theta_D_Cu = 310“K …. copper”
Theta_D_Nb= 265“K … Niobium”
Theta_D_Ag = 220“K …. silver”
Theta_D_Cr = 430“K …. 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 = 52

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 Al”
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:

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.

cp in J/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 !’)
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ENDIF

a := 22.0061; b := -127.5528; c := 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*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(T))^ 
5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(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

a1 := -351.51; b1 := 3123.695; c1 := -12017.28; d1 := 26143.99; e1 := -35176.33; f1 := 29981.75; g1 := 
-15812.78; h1 := 4719.64; i1 := -610.515 

cp_ss304L = 10^(a1+b1*(log10(T)) + c1*(log10(T))^ 2 + d1*(log10(T))^ 3 + e1*(log10(T))^ 4 + 
f1*(log10(T))^ 5 + g1*(log10(T))^ 6 + h1*(log10(T))^ 7 + i1 *(log10(T))^ 8)

END

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

FUNCTION cp_AL_6061_T6(T)

“Sp. heat of Aluminium-6061-T6. Ref: NIST-Cryogenics.

cp in J/kg.K, 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; c := 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*(log10(T)) + c*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + 
f*(log10(T))^ 5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 8)

END

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

FUNCTION cp_OFHC_copper(T)

“Sp. heat of OFHC-copper. Ref: NIST-Cryogenics.
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cp in J/kg.K, 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 := -1.91844; b := -0.15973; c := 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*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + 
f*(log10(T))^ 5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 8)

END

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

FUNCTION cp_Nylon(T)

“Sp. heat of Nylon. Ref: NIST-Cryogenics.

cp in J/kg.K, 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 := -5.2929; b := 25.301; c := -54.874; d := 71.061; e := -52.236; f := 21.648; g := -4.7317; h := 0.42518; i := 0

cp_Nylon = 10^(a+b*(log10(T)) + c*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(T))^ 
5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(T))^ 8)
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END

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

FUNCTION cp_Teflon(T)

“Sp. heat of Teflon. Ref: NIST-Cryogenics.

cp in J/kg.K, 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; c := 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*(log10(T))^ 2 + d*(log10(T))^ 3 + e*(log10(T))^ 4 + f*(log10(T))^ 
5 + g*(log10(T))^ 6 + h*(log10(T))^ 7 + i*(log10(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.

cp in J/kg.K, 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 !’)
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ENDIF

cp_Brass_65_35 = interpolate1(‘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.

cp in J/kg.K, 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= interpolate1(‘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.

cp in J/kg.K, 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= interpolate1(‘cp_Lead’, ‘Temp’, ‘cp’, Temp = T)

END

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

“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:

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) “J … 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) “J … 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:

Thus:
For 1 kg of material, amount of heat to be removed, while cooling from 300 K to 77K:
For SS304 = 86574 J …. Ans.
For Aluminium 6061-T6 = 168854 J …. Ans.
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For OFHC copper = 74142 J …. Ans.
For Brass = 81661 J …. Ans.
For Teflon = 153726 J …. Ans.
For Nylon = 254014 J …. Ans.
For Pyrex = 111293 J …. Ans.
For Lead = 27626 J …. 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 4th order 
polynomial. Then, the EES Functions are written using these curve-fit equations. Following are the results:
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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 * T^4 – 1.6446E-05*T^3 + 2.6638E-03*T^2 – 5.2548E-01*T + 
1.3482E+03

END

“=====================================================================”
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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* T^4 – 2.4015E-05 * T^3 + 1.0138E-02* T^2 – 2.3091E+00*T 
+ 5.2643E+02

END

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

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 !’)

ENDIF

Yield_stress_Teflon = 1.5834E-08 * T^4 – 1.6104E-05 * T^3 + 6.7618E-03 * T^2 – 1.3980E+00 * T + 
1.4176E+02

END

“=====================================================================”
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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 * T^4 – 2.4822E-05 * T^3 + 1.1880E-02 * T^2 – 2.8776E+00 * T + 
9.4741E+02

END

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

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 !’)

ENDIF

Yield_stress_Ti = 6.8681E-08 * T^4 – 6.4487E-05 * T^3 + 2.4406E-02 * T^2 – 6.7607E+00 * T + 
1.8235E+03

END

“=====================================================================”
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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 !’)

ENDIF

Yield_stress_9%NiSteel = -9.7458E-06 * T^3 + 9.1459E-03 * T^2 – 3.5097E+00 * T + 1.1335E+03

END

“=====================================================================”
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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 * T^4 – 1.1053E-05 * T^3 + 4.8733E-03 * T^2 – 1.6876E+00 * T + 
1.0912E+03

END

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

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 !’)

ENDIF

Yield_stress_C1020CSteel= 2.7150E-08 * T^4 – 2.7840E-05 * T^3 + 1.1711E-02 * T^2 – 3.0361E+00 * 
T + 7.1124E+02

END

“=====================================================================”
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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/m^3) (ii) 304 SS (rho = 7805.73 kg/m^3) (iii) Monel (rho = 8885.25 
kg/m^3) (iv) Beryllium copper (rho = 8303.97 kg/m^3) (v) Teflon (rho = 2297.43 kg/m^3)”

“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^3”
rho_SS304 = 7805.73 “kg/m^3”
rho_KMonel = 8885.25“kg/m^3”
rho_BeCu = 8303.97“kg/m^3”
rho_Teflon = 2297.43“kg/m^3”

“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.m^3/kg”

Results:
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Thus:

Strength to density ratios:

For 2024-T4_Al = 0.1767 MPa-m^3/kg …. Ans.

For SS 304 = 0.1715 MPa-m^3/kg …. Ans.

For KMonel = 0.1192 MPa-m^3/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”
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“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:

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 3rd/4th order 
polynomial. Then, the EES Functions are written using these curve-fit equations. Following are the results:
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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:}
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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 * T^3 – 2.3528E-05 * T^2 – 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 !’)

ENDIF

Youngs_Modulus_AL_2024_T4= 2.4395E-07 * T^3 – 3.1441E-05 * T^2 – 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:}

Download free eBooks at bookboon.com



Cryogenic Engineering:  
Software Solutions: Part-I

223 

Properties of materials at low temperatures

IF (T < 0) or (T > 350) THEN

 CALL ERROR(‘Temp. must be between 0 and 350 K !’)

ENDIF

Youngs_Modulus_BeCu= -4.5324E-08 * T^3 + 2.4745E-05 * T^2 – 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 * T^3 + 1.2554E-05 * T^2 – 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 !’)

ENDIF

Youngs_Modulus_Titanium= 8.9385E-10 * T^4 – 7.2610E-07 * T^3 + 1.8471E-04 * T^2 – 3.7787E-02 
* T + 1.1846E+02

END

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

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 !’)

ENDIF

Youngs_Modulus_C1020_Steel= -2.9236E-08 * T^3 + 9.5092E-06 * T^2 – 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 * T^3 – 2.3851E-05 * T^2 – 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_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_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:
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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”
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“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”
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Results:

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.
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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:
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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“Ohms …. resistance of wire at 0 C”
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“Calculations:”

H = 0.4 * 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 = I^2 * R_0C “W…power dissip. at 0 C”

“At 20 K, power dissipated, P_20K, for the same current, I:”

P_20K = I^2 * R_20K “W…power dissip. at 20 K, for the same current, I”
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Results:

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 = 7.2“K”
H_0 = 803“Gauss”

T = 4“K”

“Calculations:”

“Parabolic rule:”

H_T = H_0 * (1 – (T/T_0)^2) “….finds H_T, i.e. threshold field at T = 4 K, (Gauss)”
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Results:

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:

T0 = 4.5 K, H0 = 83 mT = 830 Gauss.

Then, we have:

“Data:”

T_0 = 4.5“K”
H_0 = 830“Gauss”

T = 3.3“K”

d = 0.125 “cm”

“Calculations:”

“Parabolic rule:”

H_T = H_0 * (1 – (T/T_0)^2) “…finds H_T, i.e. threshold field at T = 3.3 K, (Gauss)”

“Threshold current at T(K):”

I_T = 2.5 * H_T * d “Amp…Note that d should be in cm when H_T is in Gauss”
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Results:

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.
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EXCEL-VBA Functions:

For SS 304L:
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For OFHC copper:

For AL-6061-T6:

Download free eBooks at bookboon.com



Cryogenic Engineering:  
Software Solutions: Part-I

240 

Properties of materials at low temperatures

For Beryllium copper:

We have the graph from Barron [1]:

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:
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Now, write the VBA Function for k of BeCu:

For SS 304:

We have, the equation from NIST-cryogenics, and we write the VBA Function:
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For Brass:

We have the graph from Ref.[9]:
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Digitize the curve for Brass and curve fit in EXCEL:

Now, write the VBA Function for k of Brass:
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For Invar:
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For Lead:

For Nylon:
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For Teflon:
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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:
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Now, the above data is curve fitted with ‘Curve Expert’:

And, the curve fit equation is:

k = (a*b+c*T^d)/(b+T^d), where
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Now, write the VBA Function for k as a function of T:

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.

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://www.pgs.com/careers


Cryogenic Engineering:  
Software Solutions: Part-I

251 

Properties of materials at low temperatures

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:

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:
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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  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:

Above simple Function has two inputs: x-values range and y-values range. It calculates the Integral by 
summing up the areas of trapezoids.

Download free eBooks at bookboon.com



Cryogenic Engineering:  
Software Solutions: Part-I

253 

Properties of materials at low temperatures

As an example, let us say that the values of k vs T are given for SS 304 in a Tabular form as follows:
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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:

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 ΔT = 5 deg. If we use ΔT = 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:
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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:

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:

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:
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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:

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/θD) is known. Here, θD is the Debye 
temp of the material.

Solution:

From Barron, we have (Cv/R) against (T/θD) in Tabular form:

Note that (T/θD) values are from cell M57 to M92, and corresponding (Cv/R) values are from cell N57 
to N92.
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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:

Curve fit equation is:

MMF Model: y = (a*b+c*x^d)/(b+x^d), where

Download free eBooks at bookboon.com



Cryogenic Engineering:  
Software Solutions: Part-I

265 

Properties of materials at low temperatures

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:

 

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:
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See that in cell C84 CvbyR is calculated for Aluminium. Formula bar shows the VBA Function used.

And, results:

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:

For SS304L:
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For AL-6061-T6:
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For OFHC copper:

For Nylon:
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For Teflon:

For Brass:
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For Pyrex:

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:

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:

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:

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 (J) is given by:

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:

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:

For AL-6061-T6:
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For OFHC copper:

For Nylon:
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For Teflon:
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For Brass:

For Pyrex:
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For Lead:

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:

We have: 

Following is the EXCEL worksheet for calculations:
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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 4th 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:

For AL-2024-T4:
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For Teflon:

For Beryllium copper:
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For Titanium:

For 9 % Ni Steel:

For k Monel:
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For C1020C Steel:

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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Solution:

Following is the EXCEL worksheet calculations:

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 3rd/4th 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:

For AL-2024-T4:

For BeCu:
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For kMonel:
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For Titanium:

For C1020 Steel:

For 9% Ni Steel:
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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:

In cell C271 Young’s Mod of SS304 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:
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where

E = Young’s Mod.

B = Bulk Mod. And

G = Shear Mod.

ν = 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:

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:
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Observe in the Formula bar the Function entered for Bulk Mod of SS304 in cell F294:

And, observe in the Formula bar the Function entered for Shear Mod of SS304 in cell I294:
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Now, the final results for variation of Young’s Mod with temp are:

And, the final results for variation of Bulk Mod and Shear Mod with temp are:
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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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2.4 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:

First, put the coefficients given in NIST-cryogenics equations for thermal conductivity in respective 
data vectors:
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Now, write the Mathcad Functions using the equations given in NIST-cryogenics:
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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:

Press graph pallete and in the resulting choices press the top, left symbol for x-y graph.
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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:
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To draw the next set of graphs, fill in the next (x, y) pair, and we get:

Double click on the graph, and the formatting options appear:
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Choose log scale for y-axis. We get:
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Final, formatted plot is:
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Similarly, draw other graphs:
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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:

We get:

Now, click on the definite integral sign, and we get:

And, fill in the place holders, as will be shown below in the Functions:
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Prob. 2.4.4 Plot Thermal cond. Integrals for a few materials.

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

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

Prob. 2.4.6 Using the above Function for CvbyR, plot CvbyR against TbyThetaD:
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 =========================================================================================

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:
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First put the coefficients in the NIST-Cryogenics equations for specific heat, in respective data vectors:
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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:
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Now, write the Mathcad Function for Brass:

cp of Pyrex: Ref: [14]
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Curve fit with Curve Expert:
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Now, write the Mathcad Function for cp of Pyrex using the above curve fit equation:
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cp of Normal Lead…. Ref: BNL Selected Cryogenic Data Notebook – Vol. 1 (Aug. 1980)

Put Temp and cp_Lead in two separate vectors and use linear interpolation to get cp at the desired temp.
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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:
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Prob. 2.4.9 Plot the Sp. heat Integrals against Tmax, Tmin being 4 K for different materials:
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 =========================================================================================
Prob. 2.4.10 Write Mathcad Functions for Yield stress of various materials.
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Prob. 2.4.11 Write Mathcad Functions for Young’s Modulus of various materials.
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Prob. 2.4.12 Write Mathcad Functions for Bulk Modulus (B) and Shear Modulus (G) in terms of Young’s 
Modulus and Poisson ratio (ν), for various materials.

Solution:

Bulk Modulus:

Shear Modulus:
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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:

For Bulk Mod. And Shear Mod.:
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