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FOREWORD 
 

The book covers the most important field of cryogenics, i.e. separation of 

gas mixtures. 

One way or another, the emergence and development of cryogenics was 

connected with the liquefaction of more and more gases, including the atmos-

pheric air components. The unique experiments made in the low temperature 

laboratories were later used as the basis for the development of new industrial 

technologies. In the beginning of the 20th century, the extraction of oxygen, 

argon and other gases from atmosphere by cryogenic methods became not 

only technologically feasible, but also economically viable. Metallurgy, light-

ing, and chemistry could not develop without new products extracted from 

low-temperature facilities. During the next decades, the ñgas missionò of 

cryogenics was extended even further. The industrial and rare gases consump-

tion is growing annually in various fields, from medicine to space technology. 

In spite of the importance of cryogenics, the publication of a new text-

book or a reference book is not a frequent event in this field. The latest re-

search results are mostly dispersed over various journals, and they are often 

ñislandsò of isolated information that is not easily applicable in practice. 

The authors of the book have made an attempt to organise separate pieces 

of existing knowledge and present them in a clear logical sequence, so that 

every new part was based on the well known facts and supported by illustra-

tive material. 

A special feature of the monograph is the close connection between its 

main subject and adjacent sciences, including both fundamental disciplines 

(chemistry, physics, and thermodynamics), and practical fields (industrial ad-

sorption, chemical production, gas chromatography, etc.). Such a combination 

of the fundamental and specialised knowledge in one monograph allows us to 

recommend it to a wide readership, including the experts in other fields who 

wish to get some insight into the new achievements of cryogenics. 
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INTRODUCTION  

 

The mankind has arrived at the beginning of the new century facing a 

huge problem of exhaustion of our planetôs natural resources. The developed 

countries allot more and more of their financial, scientific and industrial po-

tential to providing themselves with energy and raw materials. The materials 

which, until the past century, were available virtually on the Earth surface are 

now extracted from either deep wells and mines, or great ocean depths. Some 

chemical elements people will have to seek out outside our planet already in 

the 21
st
 century. We do not often think about the fact that the surrounding at-

mosphere, besides oxygen and nitrogen, offers really valuable products, 

namely the inert gases. 

At the end of the 19
th
 century, scientists believed they knew everything 

about the surrounding world. But exactly at that time, when the air composi-

tion was considered to be fully known, and the appearance of new elements 

was unbelievable, W. Ramsay was awarded (in 1904) the Nobel Prize in 

chemistry. The award citation lists his discovery as confirming presence of 

several inert gases in the atmosphere and their correct placement in the peri-

odical system of chemical elements. Ramsayôs finding of the family of pre-

cious ñbrothersò ï argon, helium, neon, krypton and xenon, had occurred at 

the time when the periodic system seemed to be completed, and there were 

almost no empty cells in it. (Such unique incomplete versions of the table are 

now available in Moscow Polytechnic Museum). D.I. Mendeleev and 

W. Ramsay met in London in March 1900, and then it was officially decided 

to include a new group of chemical elements into the periodical system. 

Besides the listed gases, radon (Rn) and ununoctium (Uuo) have been at-

tributed to the VIII group of the periodic table as well ï see Supplements 1.1, 

1.2. The latter element was discovered by Russian and American scientists 

only in 2006. Like radon, Uuo is a radioactive element and has not found any 

practical application. 

The VIII group of elements owes its name due to the common feature of 

its elements ï their inertness to chemical reactions with other elements. This 

low chemical activity of inert gases is explained by that their external (valent) 

electron shells being fully occupied. Inert gases are colourless, do not have 

any smell, and are non-toxic. This indifference to other elements and chemical 

compounds complicates the practical separation of the mixtures containing 

these gases. 

This book is devoted to the analysis of different methods of extraction 

and production of pure inert gases. The authors have made every attempt to 

present the physical essence and technological methods of gas mixture separa-
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tion set forth in a clear logical order. To facilitate understanding and practical 

use of the materials included into the monograph, it contains many specific 

examples. 
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1. INERT (ñRAREò and ñNOBLEò) 

GASES 

W. Ramsay did more than to detect a series of inert gases; he also intro-

duced the appropriate names for this set of chemical elements. He identified 

them as ñrareò gases because these elements are the least widespread on Earth. 

True, argon cannot be called ñrareò since it constitutes a big volume in the 

Earthôs atmosphere [1-3,5].  

 However, one more name introduced by the English chemist is incontest-

able. W. Ramsay noticed that the xenon content in the atmosphere is many 

times lower than that of gold in the sea water. As a result, he named xenon and 

other inert gases ñnoble.ò The analogy is enhanced by the fact that just like 

precious metals, these inert gases are virtually chemically nonreactive.  

Due to this fact, these gas products are aligned with gold and platinum to 

emphasize their special role for the mankind. With the development of the sci-

ence-intensive technologies necessary for further scientific and technological 

progress, extraction of these materials comes to the focus of industriesô atten-

tion.  

 

1.1. Sources of Rare Gases 

Besides nitrogen and oxygen, the Earth atmosphere contains about 0.93% 

of argon, neon ï 0.0018%, helium ï 0.000524%, krypton ï 0.000114%, and 

xenon ï 0.0000086%. The quantity of inert gases in one cubic meter of air is 

visually demonstrated in Fig. 1.1. 

Argon is the most prevalent inert gas in the atmosphere. Helium is also 

relatively accessible. In spite of the limited amount of this ñsolarò gas in the 

air, a great deal of it is extracted from hydrocarbons. The fraction of helium in 

natural gas is between 0.06% and 2%. 

Production technology of neon means its extraction from the air together 

with helium present in the atmosphere at the amount of 5.24Ā10
-4
%. In some 

cases, helium is a by-product in the neon industry. However, the part of he-

lium produced yearly by this method does not exceed 100,000 m
3
 that is some 

hundredths of percent of its world production. 

Therefore, only neon, krypton, and xenon can be fairly called rare gases. It 

is technically complicated and economically inefficient to extract them from 

the air due to their small content in the atmosphere (Fig. 1.1). 
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For example, to produce 1 m
3
 of neon, it is necessary to process at the mini-

mum VNe = 100/yNe = 100/0.0018 å 56,000 m
3
 of air. 

Gas volume needed to produce 1 m
3
 of krypton and xenon is even greater: 

VKr å 880,000 m
3
, and VXe å 11,600,000 m

3
! 

For this reason, inert gases are produced as by-products in the production of 

very large amounts (tens of thousands of m
3
) of oxygen or nitrogen. 

 
Fig. 1.1. Volume of gases contained in 1 m

3
 of air (1 m

3
 = 1,000,000 cm

3
) 

 

Large air separation plants (ASPs) are used in metallurgical and chemical 

industries (Table 1.1). Concentration of inert gases in the ASPs is enlarged by 

a factor of thousands as compared to the atmosphere. However, even taking 

this into account, the extraction of rare gases remains a complicated and 

power-consuming procedure. 

 

Table 1.1 

Productivity of large ASP on concentrates of inert gases, m
3
/h [5] 

Type of unit 
ñKryogenmashò ñAir 

Liquideò Kt-70 KtK-35 KAr-30 

Flow rate of processed air 350,000 180,000 180,000 310,000 

Theoretically possible output of  

Ne-He mixture 
8.1 4.2 4.2 7.3 

Ne-He mixture as 100%-product 3.8 1.5 1.6 3.2 

Theoretically possible output of  

Kr-Xe mixture 
0.4 0.2 0.2 0.35 

Kr-Xe mixture as 100%-product 0.26 0.14 0.15 0.21 

 

1.2. Air Components Properties 

Properties of air gases are well-researched. Main parameters of the air at 

atmospheric pressure and different temperatures can be calculated by means of 

an electronic calculator [1e]. The most reliable data concerning gas properties 

can be found on the site of The National Institute of Standards and Technol-

ogy (NIST), USA [2e]. 
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Main thermophysical properties of the substances composing air are pre-

sented in Table 1.2. 

 

Table 1.2 

Composition of air and some physical properties of its components [3,5] 

Substance 

Chemi-

cal 

formula 

Atomic 

(Molecular) 

mass 

Density at 

0.1 MPa 

and 293 K 

Normal boiling 

temperature 

Volume 

fraction in 

the air 

kg/kmol kg/m
3 

K C % 

Helium He 4.00 0.1663 4.2 ï293.0 0.000524 

Hydrogen H2 2.02 0.0832 20.4 ï252.8 0.00005 

Neon Ne 20.18 0.829 27.1 ï246.1 0.0018 

Nitrogen N2 28.01 1.165 77.4 ï195.8 78.09 

Argon Ar 39.95 1.662 87.3 ï185.9 0.93 

Oxygen O2 32.00 1.331 90.2 ï183.0 20.95 

Krypton Kr 83.80 3.493 119.8 ï153.4 0.000114 

Xenon Xe 131.30 5.497 165.0 ï108.2 0.000009 

Water vapour H2O 18.04 0.017* 373.2 +100.0 0.1...5 

Note: *Density of water vapour is given at P = 0.0023 MPa. 

 

1.3. Application Fields of Rare Gases 

 

He Ne Ar Kr Xe 

 

 

1.3.1. LIGHTING TECHNOLOG Y 

 

All inert gases were detected due to characteristic luminescence of the 

spectrum lines at transmitting electric current through the gas layer (Supple-

ment 1.1). 

Luminescence of neon in electrical discharge was first applied only in 

1911. Its bright glow is well known on illuminated signs using neon. Charac-

teristic red fluorescence of neon luminaries is visible from afar because this 

light is poorly sorbed by air and weakly diffused by small fog drops. Until re-

cently, practically all the neon produced had been used only in lighting tech-

nology.  

The neon sign pipes are filled with the mixture containing from 20% to 

80% of Ne. Neon is also used in the glow lamps (light emitting diodes). Neon 

pressure in such devices is 5-20 mm Hg, i.e. it is lower than atmospheric pres-

sure (760 mm Hg) by a factor of 40é150.  

Krypton and xenon are used in lighting technology to a greater extent. 

These gases have unique thermophysical properties ï low thermal conductiv-
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ity and high density. Therefore, krypton and xenon are the filling agents for 

powerful light sources for automobiles, lighthouses, searchlights. 

Application of heavy inert gases makes it possible to increase the tempera-

ture of  lamp filament at the same life duration. Owing to that, heat losses in 

lighting devices are reduced, and the glow-lamp efficiency increases from 6% 

to 12%. 

The mixtures of krypton and argon are needed to fill efficient luminescent 

lamps. High pressure xenon (dozens of atmospheres) is used in high-

brightness lamps. Heavy inert gases (Kr and Xe) are also utilized in blinker 

units (flash lights) and ultraviolet lamps. 

 

 

He Ne Ar Kr Xe 

 

  

1.3.2. MEDICINE 

 

Until recently, application of xenon in medicine was generally restricted to 

the area of functional diagnostics. Xenon is poorly soluble in the tissues and is 

capable of leaving the organism through the lungs. The state of muscular 

blood flow can be evaluated by the rate of Xe ñdispersionò.  

Inhalation of isotope 
133

Xe provides information pertaining to the condi-

tion of the lungs. Another application involves the use of 
129

Xe in MRI.  

Xenon is increasingly used in surgery clinics as an ideal anaesthetic. Addi-

tionally, xenon is ecologically safe, nonflammable, non-toxic, colourless and 

tasteless. 

Krypton is also used for anaesthesia. Due to good solubility in the body 

tissues, krypton affects an individual like xenon but at hyperbaric surrounding 

pressure.  

 

 

He Ne Ar Kr Xe 

 

   

1.3.3. BREATHING MIXTURES  

 

Helium finds application in medicine as a component of oxygen-helium 

mixtures. Heliox (oxygen-helium mixture) at a ratio of 40:60 is widely used   

for treatment of different forms of respiratory embarrassment, as well as an 

oxygen mixture component of artificial pulmonary ventilation during general 

anaesthesia. 

Introduction of helium and neon into deep-water breathing mixtures is 

conditioned by these gases ñmovabilityò and their weak solubility in the or-

ganism. Nitrogen in the atmosphere, when markedly dissolved in the blood 
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under intensive high pressure, induces an anaesthetic condition similar to al-

coholic intoxication. The divers lose their ability to work at a depth of more 

than 50 m; self-preservative instinct dulls. Anaesthetic condition is not regis-

tered by aquanauts working at depths of 200-300 m, if they breathe in ñneon-

helium airò. Such special ñairò is used by oceanauts, rescuers, and people 

forcedly working at excessive pressures on building or servicing the oil plat-

forms.  

 

 

He Ne Ar Kr Xe 

 

  

1.3.4. CRYOGENICS 

 

Neon is used as working fluid in the units cooling superconductive cables. 

Neon circuits provide cold for the processes of superconductivity and for sepa-

ration of neon-helium mixture. The neon units help with cryogenic and 

strength tests of thermal insulation and constructional materials. Application 

of neon as working medium almost overlaps the temperature interval between 

solid nitrogen and liquid hydrogen levels. As compared with H2, neon has 

some advantages; the most important one is its explosion safety. Therefore, 

initial testing of cryogenic hydrogen equipment can be carried out at tempera-

tures below 30 K. 

Application of helium in cryogenics is very diverse. Helium is the refrig-

erant with the lowest temperature. Ultralow temperatures are useful in re-

search concerning the substance structure. The energy spectra finenesses are 

ñdisguisedò by the atomic thermal motion while heating the substance. 

Helium is needed in large quantities in large-scale simulators of space, for 

cryogenic provision of the operation of superconducting and thermonuclear 

plants. 

Gaseous helium is the most effective working medium in the reverse Stir-

ling cycle. Temperatures from 15 K to 80 K are reached by this cycle of com-

pact cryogenic machines. 

Stirling cycle is a basis for external combustion engines. Their operation 

principle was proposed by a Scottish priest R. Stirling in 1816. In the near fu-

ture such ecologically pure engines can become an alternative to internal com-

bustion engines. They are driven by solar, nuclear or thermal energy. Micro-

Stirling engines can even be put into operation by heat of fire or a manôs hand. 

Liquid helium and neon are used in cryogenic vacuum pumps. Their op-

eration is based upon freezing the admixtures on the cooled trap surface. 

Argon in used in cryogenics as a working medium of throttling coolers. 

Pure Ar provides operation at the temperature level of 90 K, and as a gas mix-

ture component from 100 to 200 K. 

 

 

http://multitran.ru/c/m.exe?t=1151164_1_2
http://multitran.ru/c/m.exe?t=2866615_1_2
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He Ne Ar Kr Xe 

 

   

1.3.5. METALLURGY AND WELDIN G 

 

Argon is used in metallurgy to remove gas impurities from steels. Pres-

ence of inclusions of foreign gases in the castings reduces strength of the parts 

of machines, devices and instruments. Hydrogen, carbon oxide, oxygen, and 

nitrogen are removed from melted metal by argon blowing. 

Development of nuclear industry and astronautics has led to development 

and application of complex metallurgical processes using argon and high-

purity helium during some stages. There is a great demand for inert gases, 

mainly argon of very high degree of purity, in metallurgy of rare metals, in 

thermal processing of tungsten, niobium, molybdenum, zirconium, and quality 

steels.  

The Japanese company ñYasuiò that produces jewellery applies two inert 

gases: light helium and heavy argon in casting procedures of precious metals. 

Application of various gases allows the process to avoid many casting prob-

lems, to eliminate shrinkage and gas porosity. Helium (10-fold as light as ar-

gon) has better permeability through the moulding compound mass. Argon, a 

heavy inert gas, serves as a ñfirming shockò on the cast surface. It is supplied 

under overpressure to remove pores during the shrinkage of a cooling metal 

(gold). 

Argon and helium are used as a protective medium during welding of 

magnesium, aluminium and other light alloys, of some high-alloy steels, tita-

nium alloys, etc.  Gas shield preserves the joint from oxidation during electric 

welding, excludes slag formation and structural heterogeneity. There is no ne-

cessity to use fluxes and electrode coatings at welding with a gas shield. This 

method is noted for its high capacity and wide possibilities of using automatic 

and semi-automatic devices. 

 

 

He Ne Ar Kr Xe 

 

  

1.3.6. ELECTRONICS 

 

Semiconductor industry consumes argon of high purity as a protective me-

dium for production of artificial monocrystals of elemental silicon, barium ti-

tanate, and other semiconducting materials. 

Neon and xenon are used for manufacturing flat TV-screens of a new gen-

eration ï plasma screens. TV-image is formed from millions of points of 

glowing luminophor of three colours ï red, blue, and green. These points are 
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0.1 mm thick cells filled with inert gases mixture (90% Ne, 10% Xe). Electric 

plasma discharge emerges at supplying voltage 200 V, and ionised gas emits 

ultraviolet radiation. Tints of light depend on the mixture composition, and on 

the type of luminophor transforming radiation into visible spectrum. Applica-

tion of plasma displays is getting wider, and a sufficient part of produced neon 

and xenon are used just for filling the flat TV screens. 

 

 

He Ne Ar Kr Xe 

 
1.3.7. GAS LASERS 

 

 Neon-helium mixture containing from 2 to 20% of neon is a working 

medium for gas lasers. Gas lasers serve for organisation of laser shows, in 

holography, for noncontact blood count, adjustment of relative position of the 

construction parts in building and in mechanical engineering. Neon-helium la-

sers were used in the first models of laser printers, players of compact-disks, 

and in barcode scanners. 

A whole assortment of inert gases including krypton and xenon is used in 

exʩimer lasers. Typical compositions of gas mixtures: 3% Kr + 97% Ne; 

10% Ar + 25% Ne, the rest ï helium; 9% Ar, 33% He, the rest ï neon. 

Excimer lasers were developed in the 1970s. Their name is derived from 

ñExcited Dimerò that implies that radiation is produced due to excitation of 

diatomic molecules. Excimer lasers can produce light consisting of six spectral 

lines. The lasers are applied in manufacturing of semiconductors, in medicine 

ï for laser correction of vision, for clot removal from the myocardium. 

 

 

He Ne Ar Kr Xe 

 

    

1.3.8. AERONAUTICS 

 

Helium was applied for the first time in 1915 in military aeronautics. 

Germans started to bomb London from dirigibles filled up with helium. 

Shortly after that, helium, light but flame-proof, became irreplaceable filling 

gas for aeronautic devices, and it replaced flammable hydrogen. The latter was 

the cause of the accidents with dozens of balloons owing to engine troubles 

and atmospheric discharges. 

Carrying capacity of helium is only 8% less than that of hydrogen. With 

that, helium escapes more slowly through the balloon gas bag. The Americans 

manufactured more than 150 patrol dirigibles during World War II. They were 
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capable of flying a long time in any weather, and they consumed only 5% of 

fuel as compared to airplanes. 

 

 

He Ne Ar Kr Xe 

 

  

1.3.9. FILLING OF GLASS PACKETS 

 

Increase of thermal resistance of windows leads to reduced power con-

sumption for heating and to improved comfort conditions. For this purpose, 

the space between glasses is filled with gas of low thermal conductivity, for 

example, argon or krypton. 

Distance between the window glasses can be reduced by 30%, if the inte-

rior space is filled with krypton. Añkryptonò window with three glasses has 

the same insulating properties as a brick wall! It is the issue of the day to use 

hermetic glass packs with ñheavyò inert gases for windows of modern tall 

buildings in the regions with cold or hot climate. 

 

 

He Ne Ar Kr Xe 

 
1.3.10. NUCLEAR POWER 

 

Separate stages of nuclear fuel production are carried out in protective he-

lium atmosphere. Heat-generating elements of nuclear reactors are kept and 

transported within containers filled with helium. The slightest leakages in nu-

clear reactors and other systems under pressure or vacuum can be revealed by 

means of specific leak detectors operating on the basis of the extraordinary 

diffusion capacity of helium. 

Helium is the best among gaseous heat carriers. Its heat capacity and 

thermal conductivity are high at small density. Helium is chemically inert, and 

does not become radioactive. 

Measuring devices using rare gases and their isotopes (Supplement 1.4) 

are used at operating nuclear reactors, for studying the decay processes. Bub-

ble chambers destined to investigate high-energy particles are filled with liq-

uid helium, neon, and xenon. 

Application of argon and helium in magnetohydrodynamic (MHD) genera-

tors assists in reducing plasma temperature in the process of direct conversion 

of thermal energy in the electric one.  
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He Ne Ar Kr Xe 

 

  

1.3.11. COSMOS 

 

Neon is in use in space engineering as a solid cryogenic agent for cooling 

the radiotelescope sensors. In the satellite launched recently and intended for 

studies of black holes, the X-ray telescope is cooled by superfluid helium and 

precooled by solid neon. Neon at space vehicles is expendable (there is no 

compressor). Neon vapours are released into space, so the losses are non-

renewable. 

Utilization of xenon for ion engines can become even more widespread. 

The fuel mass is a few hundred times less than that in a usual rocket carrier. 

Launches in 1998 and 2004, and successful operation of ñDeep Spaceò vehicle 

confirmed high potential of ion engines. Energy for ion engines is obtained di-

rectly in cosmos by means of solar cell batteries. In this case power depends 

on the distance from the Sun and orientation of the station. Nuclear generators 

are planned to be used as energy sources for the flights to the long-distance 

planets of the solar system. 

NASA intends to use ion engines in the family of low-orbit satellites and 

as microengines of space tugs. Ion engines are useful for the orbit correction 

of geostationary objects, too. 

 

 

He Ne Ar Kr Xe 

 

   

1.3.12. CHROMATOGRAPHY 

 

A sample mixture introduced into gas chromatograph travels through an 

adsorptive medium layer carried by a carrier gas. A poorly sorbable gas lack-

ing in the mixture being analysed, is chosen as a carrier, and in most cases, it 

is helium or argon.  

Calibration gas mixtures, standard ones, with prescribed composition of 

admixtures (Supplement 1.3) are usually prepared on the basis of helium and 

argon. 
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He Ne Ar Kr Xe 

 
1.3.13. UNIVERSE 

 

A new brightly yellow line was discovered by scientists observing the Sun 

in its corona spectrum in 1868 during a total solar eclipse. It was a visiting 

card of a new element unknown on Earth up to that moment! It was named he-

lium (from Greek Йɚɘɞɠ ï the Sun). Helium was detected in minerals and 

rocks containing uranium only 27 years later. 

Such succession is not accidental. Helium and hydrogen constitute 99% of 

the Universe mass. Only in the 20
th
 century mankind started to become famil-

iar with the processes going on on the Sun and other stars over milliards of 

years. The hypotheses exist that inert gases prevail in the atmospheres of some 

planets. 

The mentioned features, application areas and history of rare gases deserve 

further study of these ñhabitantsò of the ñnew streetò of the D.I. Mendeleevôs 

Table (Supplement 1.2). Peculiarities of these noble elements and the ways of 

their extraction will be considered in the next chapters. 
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Sometimes, an engineer (operator) does not have enough time to look the 

necessary information up in reference tables, formulas, computer programs. In 

such real-life situations he should rely on his own practical experience and on 

the common correlations which enable him (at least approximately but very 

promptly) to make decisions. 

 Ideal gas laws are particularly important in this respect. They are mani-

fested in the surrounding world, and it is important to know them and their ap-

plication. 

Why should we start the revision of the fundamentals of thermodynamics 

with these laws? First, inert gases and other components of atmospheric air are 

similar to ideal gas in their properties at usual temperatures and pressures [3e]. 

Second, these laws are not the scientistsô phantom of imagination; they reflect 

the objective laws of Nature.  These laws were discovered in the 17
th
-19

th
 cen-

turies experimentally while studying air and other gases at moderate pressures. 

 

2.1. Isochoric Process (V = const) 

Charlesôs law: ñPressure (P) of the gas mass is in direct proportion to its 

absolute temperature (T) at constant volume (V).ò 

Relation (2.1) connecting pressures and temperatures of the ideal gas ini-

tial and final points in the isochoric process can be found from the law formu-

lated in that way. 

 

 

1

2

1

2

T

T

P

P
 (2.1) 

Fig. 2.1. Gas pressure increase in the process of its heating  

 

Increase of gas pressure in a closed chamber (V = const) is one of the plau-

sible reasons of the cryogenic devices failures. Warming-up process is a com-

pulsory and very widespread procedure in low-temperature technique. It is 

carried out at scheduled repairs, for drying thermal insulation, or for the re-

moval of gas impurities that disrupt the operation of a cryogenic apparatus 

 

2. IDEAL GAS LAWS and FUNDAMENTAL 

PROCESSES 
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from the unit circuit. Revivification of the sorption capacity is also achieved 

by heating (Chapter 6). 

Pressure increase should be expected in the process of heat supply to the 

gas (Fig. 2.1). Prediction of possible alteration of the state parameters (pres-

sure and temperature) is an important aspect of safe operation of the object be-

ing heated. Some practical examples of this law application are illustrated be-

low. 

 

Example 2-1. Evaluation of pressure increase due to the gas vessel heating 

Problem statement: The cylinder is filled with helium under winter condi-

tions at a temperature t1 = ï10 C. At the end of pumping, the ramp manometer 

shows 
g

P
1 = 150 atm (gauge).  

What will be the absolute and excess gas pressures in the cylinder in summer-

time at t2 = +35 C? 

Solution: According to Supplement 2.1, the indicated values from measuring 

instruments (thermometer and manometer) should be converted to their abso-

lute values: 

T1 = t1 + 273.15 = ï10 + 273.15 = 263.15 K; 

T2 = t2 + 273.15 = 35 + 273.15 = 308.15 K; 

P1  
g

P
1

 

+ 1 = 150 + 1 = 151 at a  151 bar (15.1 MPa). 

Charlesôs law can be used because the cylinder volume virtually did not 

change during the heating process. Then, from (2.1) 

P2 = 
1

2
1

T

T
P  =  

263

308
151 = 151Ā1.17 = 176.8 bar. 

 

 

 

 

 

 

 

 

 

 

So, absolute pressure in the cylinder increases due to heating from 

P1 = 151 bar to P2 = 176.8 bar, i.e. by a factor of 1.17. Excess pressure on the 

cylinder inner walls (not balanced by outside air pressure) increases from 

P1 = 150 to P2  176 atm gauge (kgf/cm
2
), where 

g
P

2   P2 ï 1 = 175.8 atm g 

 

It is an important problem to evaluate permissible quantity of gas to fill the 

cylinder in view of temperature conditions. Underestimation of the filling gas 

mass leads to the rising quantity of transport containers, to additional unjusti-

The use of the off-system-units (atm gauge = kgf/cm
2
) is caused by two fac-

tors: 

1) Pressure control is provided by the manometer which, in most cases, has the  

scale in excess technical atmospheres (kgf/cm
2
) 

2) The value of a specific force which causes the cylinder wall to break is de-

fined as a difference between  the pressure values inside and outside the cylinder; 

the resultant (minus atmospheric pressure) is considered as the  pressure in excess 

atmospheres, atm gauge (Supplement 2.1). 
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fied charge for their acquisition, storage and transportation. Exceeding the 

permissible capacity of the cylinder can lead to its destruction that always has 

negative consequences. 

 

2.2. Isobaric Process (P = const) 

Gay-Lussacôs law: ñGas mass volume at constant pressure is in direct pro-

portion to its absolute temperatureò. 

Relation (2.2) between V and T in the ideal gas initial and final states in 

isobaric process can be determined by this law. 

At first sight, isobaric phenomena are of less importance for technology 

than processes V = const. It is expected that pressure stability poses less threat 

for safety. But this statement can be easily refuted by practical examples. Let 

us analyse the process of the filling of the balloon (dirigible) with helium. In 

the attempt to obtain the maximal lift, the utmost filling is desirable. If we do 

not take into account the increase of helium volume in the process of heating 

(from the sun), then, at best, we will lose a considerable part of the valuable 

gas. At worst? In case of failure of the valve protecting the balloon gas bag, 

the process turns into an isochoric one, i.e., pressure in the dirigible starts to 

grow. A sad finale is obviousé 

 

1

2

1

2

T

T

V

V
 (2.2) 

Fig. 2.2. Variation of temperature and volume at constant pressure 

 

Example 2-2. Warming up of helium liquefier  

Problem statement: Average temperature in the helium liquefier low-

temperature part is T1 = 23 K, its ñhydraulicò volume Vh = V1 = 0.16 m
3
. To 

collect helium within the heating period, the unit is connected to the wet-type 

gasholder. What is minimal gasholder volume ȹV sufficient for holding the 

entire amount of gas at temperature increase in the system up to T2 = 17 C  

290 K? 

Solution: Gay-Lussacôs law for P = const is 

valid because helium pressure does not 

change in the processes of gasholder warm-

ing up and filling. It follows from (2.2) that 

3

1

2
12

m02.26.1216.0
23

290
16.0

T

T
VV . 

 

http://multitran.ru/c/m.exe?t=1206411_1_2
http://multitran.ru/c/m.exe?t=1206411_1_2
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After heating, gas volume V2 will be concentrated in two chambers: part of he-

lium V1 = 0.16 m
3
 remains in the unit (already with temperature T2 = 17 C); 

the gasholder takes the rest of helium ȹV = V2 ï V1 = 2.02 ï 0.16 = 1.86 m
3
. 

Thus, under atmospheric pressure, 1.86 m
3
 of helium exits the unit after heat-

ing. To take the gas, a gasholder of about 2 m
3
 volume is required. 

Remark: Error in determining ȹV (insufficient gasholder volume) will lead to 

the loss of the part of helium and to a partial oil kick from the gasholder hy-

draulic seal owing to gas breakthrough. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Isothermal Process (T = const) 

Boyle-Mariotteôs law: ñProduct of numerical values of the gas pressure 

and volume is constant by invariable temperature and massò. 

Relation (2.3) between P and V of the ideal gas initial and final points in 

the isothermal process is characterised by this law. 

 

 

2211
VPVP  (2.3) 

 

The law was formulated by R. Boyle in 1662. E. Mariotte substantiated the 

same relationship independent from Boyle in 1676. A double authorship, with 

a time gap in fourteen years, is hardly possible now, in the epoch of scientific 

conferences, journals and the Internet. But in the 17
th
 century such coincidence 

ñHydraulic volumeò is the volume of all the unit chambers. This value charac-

terises a specific object (in our case ï liquefier) and does not depend on the state 

parameters P and T.  

For example, hydraulic volume of the standard cylinder is V1 = 40 litres = 0.04 

m
3
, and the gas quantity in it can be different depending on pressure (0.04 m

3
 at 

1 bar or 4 norm. m
3
 at 100 bar). 

Pressure in a gasholder is virtually close to surrounding pressure 

P1 = P2 = Psur  1 bar = 0.1 MPa (Supplement 2.2). Initial position of the gas-

holder cap is shown by a dotted line. 
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could be quite natural. In a way, it symbolized the growing level of the collec-

tive Reasoning, a relentless aspiration of mankind to discover the objective 

laws of Nature. 

 

Example 2-3. Isothermal compression of the gas 

Problem statement: Gas volume in the cylinder reduces at a stable tempera-

ture (for instance, under the water layer) from V1 = 0.5 dm
3
 to V2 = 0.1 dm

3
. 

What absolute pressure P2 will be reached to the end of the compression, if 

initial pressure was P1 = 0.25 MPa (2.5 bar)? How will the reading of the ma-

nometer registering pressure in the cylinder change? 

Solution: The Boyle-Mariotte relationship can be applied in this case because 

gas compression occurs at a constant pressure. From equation (2.3): 

bar5.12MPa25.1
1.0

5.0
25.0

2

11

2
V

VP
P  

Hence, absolute gas pressure increases 5-fold (V1/V2 = 5) from 0.25 to 1.25 

MPa. 

Manometer pressure before compression was 
g

P
1  å 2.5 ï 1 = 1.5 atm 

g (kg f/cm
2
), and after compression 

g
P

2  å 12.5 ï 1 = 11.5 atm g (kg f/cm
2
). 

Example 2-4. Underwater depth 

gauge 

Problem statement: The easiest 

and highly reliable device for de-

termining a diverôs immersion 

depth is a transparent tube blanked 

off from one side. What air volume 

will remain in the tube if it is sub-

merged at depths H2 = 10 m and H3 

= 40 m? 
 

 

 

 

 

 

 

 

 

 

Solution: For H2 = 10 m  

bar.1MPa1.0
m

N
98000

ms

mkg
98000

sm

mmkg
108.91000

2

22232H
P

 

Absolute pressure at the ocean level (H1 = 0 m) is assumed to be 

P1 = 0.1 MPa = 1 bar. Water column pressure ȹPH at depth H is determined from 

a relation: 

,
OH2

HgP
H  

where OH2
= 1000 kg/m

3
 ï water density; g = 9.8 m/s

2
 ï gravitational accelera-

tion. 
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Total pressure at H2 = 10 m with regard to atmospheric column  

P2 = P1 + 
2H

P  = 1 + 1 = 2 bar. 

Similarly, for H3 = 40 m 

bar.4MPa4.0
m

N
392000

sm

mmkg
408.91000

2233H
P  

Total pressure at H3 = 40 m in regard to atmospheric column  

P3 = P1 + 
3H

P  = 1 + 4 = 5 bar. 

Assumption: Suppose that water temperature is the same on the surface and at 

depth (T1 = T2 = T3). 

To solve the problem, Boyle-Mariotte relationship is used; and it follows from 

(2.3) that 

P1 V1 = P2 V2 = P3V3 . 

At depth H2 = 10 m 

.5.0
2

1
11

2

11

2
VV

P

VP
V  

At depth H3 = 40 m 

.2.0
5

1
11

3

11

3
VV

P

VP
V  

Therefore, air volume in the depth gauge at H2 = 10 m halves, and it is 20% of 

the tube volume at H3 = 40 m. 

 

2.4. Ideal Gas Law 

The laws and examples considered in sections 2.1-2.3 do not exhaust a 

whole variety of thermodynamic processes which are understood as the sys-

tem state changes characterised by alteration of its thermodynamic parameters. 

In nature and technology, all three gas parameters ï pressure, volume, and 

temperature ï  often change. However, parameters P, V, T are not independ-

ent, and it is enough to know two parameters because the third is a function of 

the other two for every equilibrium state. Variables P, V, T are interconnected 

by thermal equation of state. It can be clarified geometrically: process A-B of 

the state alteration happens on a thermodynamic surface (Fig. 2.4).  

Most thermodynamic processes are characterised by a function of two 

variables. 

 The following fundamental processes have practical significance:  

 Isochoric process is a process occurring in the system of constant volume. 

 Isobaric process is a process occurring in the system at constant pressure. 

 Isothermal process is a process occurring in the system at constant tem-

perature. 

 Adiabatic process is a process in which there is no heat exchange between 

the system and the environment. 

 Throttling is a process of non-equilibrium expansion of gas or liquid from  

a greater pressure to a smaller one, without any external work. 
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 Polytrophic process is a process in ideal gas characterised by constant heat 

capacity. 

 

Fig. 2.4. Thermodynamic surface and thermodynamic process 

 

To describe the processes on a thermodynamic surface at low pressures, 

the following equation of state for ideal gas is used: 

,
0
TR

m
VP      (2.4) 

known as Clapeyron-Mendeleev equation. 

Here, P, V, T are the parameters of ideal gas state in in-system units: pres-

sure [Pa] or [N/m
2
], volume [m

3
], temperature [K]; m ï gas mass [kg]; Õ ï mo-

lecular mass [kg/mol] ï values Õ for some substances are given in Table 1.2. 

Ratio N
m

 

in equation (2.4) is essentially the number of the sub-

stance kilomoles.  

 

 

 

 

 

 

 

 

Value R0 in equation (2.4) is the most important physical constant. Its 

value is the same for all gases. That is why R0 is called absolute (universal) 

gas constant. 

Equation (2.4) can be written in the form of unified gas law. The 

Charlesôs, Gay-Lussacôs, and Boyle-Mariotteôs laws follow from this law: 

.const
T

VP
    (2.5) 

It should be reminded that ñkilomoleò is gas mass expressed in kilograms nu-

merically equal to its molecular mass. According to Table 1.2, kilomoles of some 

gases are equal: 
2O = 32 kg/kmol; Kr  = 83.8 kg/kmol; Xe  = 131.3 kg/kmol. 

Respectively, ñmole, or gram-moleculeò is the gas mass given in grams.  
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Choice of either one or another form of the law in every case depends on 

the initial data for a specific problem. Equations of ideal gas state in various 

forms are presented in Table 2.1. 

Let us determine the meaning and physical essence of absolute gas con-

stant. 
 

Table 2.1 

Initial version Final version Notations 
No. of for-

mula 

TR
m

VP
0  TRNVP

0  
/mN ï number of 

kilomoles 
(2.6) 

T
V

Rm
P 0

 TRP
~

 
Vm/ ï density, 

kg/m
3
 

(2.7) 

T
R

m

V
P 0

 TRP
~

 
/1/mV

 

ï spe-

cific volume, m
3
/kg 

(2.8) 

Gas constant of specific substance 0~ R
R  (2.9) 

 

Replace ratio m/Õ in equation (2.4) by the number of kilomoles N [kmol]. 

As a result: 

.
Kkmol

J

Kkmol

mN

K][kmol][

]m[
m

N
3

3

0
TN

L

TN

VP

TN

VP

TN

VP
R  

 

 

 

 

 

 

Value R0 is the same for all gases 
Kmol

J
314.8

Kkmol

J
8314

0
R  

 

Value R
~

 in equations (2.7) and (2.8) is called specific gas constant, its 

dimension is 
Kkg

J
. R

~
 depends on the gas nature because constant R0 is 

divided by molecular mass Õ of the substance: 

.
Kkg

J

Kkg

mN

K][]kg[

]m[
m

N

~
3

3
0

Tm

L

Tm

VP

Tm

VP

Tm

VP

TN

VPR
R  

Universal gas constant R0 is interpreted as the work of expansion 

(L = P ȹV) done by one kilomole (N = 1) of ideal gas while heating the gas at 

constant pressure by one degree (ȹT = 1 K). 
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Specific gas constants for nitrogen, neon, and krypton are: 

297
0.28

8314~
2N

R ;  412
18.20

8314~
Ne

R ;  .
Kkg

J
100

8.83

8314~
Kr

R  

The value of R
~

 and other individual properties of the substances are pre-

sented in Table 4.109 (page 194) of the reference book [3] or in the Internet 

[4e]. Special calculator for finding gas constants in different systems of units 

is placed on the site [5e]. 
 

2.5. Avogadro Law 

In 1811 A. Avogadro stated, ñAt the same pressure and temperature, 

equal volumes of all gases contain equal numbers of moleculesò. This state-

ment is known now as Avogadro law. 

To illustrate the law, we will analyze some patterns which follow from it: 
 

Example 2-5. Comparison of masses of different gases in the cylinder 

Problem statement: There are two cylinders I and II filled with different 

gases (for example, krypton and nitrogen). Both gases are stored in the cylin-

ders under similar conditions: 
KrN2

PP  ʠ 
KrN2

TT . Dimensions of the cylin-

ders are equal, too. Hence, the volumes of both gases are equal, i.e. 
KrN2

VV . 

Will the gas masses be equal? What will be the ratio 
2NKr

/ mm  in the cylin-

ders? 

The problem solution is illustrated in the table. 

No. of cylinder I II 

 

Substance Notation Krypton Nitrogen 

Molecular mass 

(Table 1.2) 
, 

kg/kmol 
83.8 28.0 

Number of 

kilomoles 
N Kr

N  
2N

N  

Gas mass m, kg Kr
m  

2N
m  

From definition of kilomole (m/Õ) = N: 

KrKrKr
Nm  

222 NNN
Nm  

From Avogadro law 
2NKr

NN  

Mass ratio: 30.28/8.83//
22 NKrNKr

mm  

Main consequences of Avogadro law are: 

1) The ratio of masses of different ideal gases which have equal volumes 

under identical conditions is equal to the ratio of molecular masses of these 

gases. In particular, in our case krypton mass is 3 times as big as nitrogen 

mass.  

Specific gas constant R
~

 is equal to expansion work (L = PȹV) done by one 

kilogram (m = 1 kg) of specific substance in the process of heating by one degree 

(ȹT = 1 K) at constant pressure. 
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2) Under identical conditions, mass quantities of different ideal gases, re-

lated to each other as their molecular masses, occupy equal volumes. 

3) Kilomoles of different ideal gases under identical conditions occupy 

equal volumes. 

To illustrate the consequences of Avogadro law, the following state pa-

rameters are chosen: MPa1013.0
KrN2

PP and K273
KrN2

TT , which are 

usually called normal physical conditions. 

Volume of cylinder I is to be selected so that 1 kmol of Kr can be stored 

under given conditions: NKr = 1; mKr = 83.8 kg. Analogously, cylinder II vol-

ume will be found to store exactly 1 kmol of N2 at P = 0.1013 MPa and 

T = 273 K: 
2N

N = 1; 
2N

m = 28 kg. 

Gas volume is determined from Clapeyron-Mendeleev equation (2.4) V-

values for every substance considered in the example are: 

,
0

TR
m

VP
 

;
1

0
TR

m

P
V

    (2.10) 

;m4.222738314
8.83

8.83

101300

1
3

Kr
V

 

;m4.222738314
0.28

0.28

101300

1
3

N2

V
 

Therefore, for 1 kilomole of any gas, i.e. 1Nm , 

.m4.2227383141
101300

1
3V  

 

 

 

  

 

 

 

 

 

 

 

In order to avoid confusion, if the gas state is referred to another tempera-

ture (t  0 C), then so called ñconditionalò parameters will be used. Incon-

formity of these parameters to normal physical conditions does not matter for 

commodity relations. The main thing is that the new ñconditionalò temperature 

values be accepted by all parties involved in estimation of the product quan-

tity. 

 

 

 

Volume of 1 kmol under normal conditions (P = 760 mm Hg, t = 0 C) is 

equal to 22.4 m
3
, volume of one mole is 22.4 litres. 

 

Normal conditions (P = 0.1013 MPa, t = 0 C) assumed at formulating 

Avogadro law are one of the conditionalities of physics. In practice, other tem-

perature values are used in commodity relations: 15 C or 20C (288 K or 

293 K). These parameters as well as corresponding values of cubic meters of gas 

are also called ñnormal.ò 
 

Any set of pressures and temperatures specified in advance, defines unambi-

guously the ideal gas quantity, i.e. its mass. 
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Example 2-6. Estimation of gas mass in the cylinder 

Problem statement: At signing the contract for neon delivery, the following 

conditions of reduction were accepted: P0 = 0.1013 MPa, T0 = 293 K. 

How many conditional cubic meters (V0) and kilograms (m) of neon does a 40-

litres volume cylinder contain, assuming T1 = 314 K and P1 = 151 bar 

(
g

P
1  150 atm g)? 

Solution: Neon mass can be calculated from Clapeyron-Mendeleev equation. 

Before substituting the values into (2.4) they all have to be reduced to the uni-

fied system of units: P1 = 151 bar = 15.1 MPa =15,100,000 Pa; 

V1 = 40 dm
3
 = 0.04 m

3
. Let us determine a molecular mass of neon 

ɛ = 20.183 kg/kmol (Table 1.2). In view of that 

.kg67.4
K

J

J

Kkg
67.4

K

mN

J

Kkg
67.4

[K] 314

]m[04.0
m

N
15100000

Kkmol

J
8314

kmol

kg
183.20 3

2

10

11

TR

VP
m

 

Then: 

.m56.5

m

N

K
Kkmol

mN

101300

2938314

kmol

kg

kg

183.20

67.4
3

2

0

00

0
P

TRm
V

 

Hence, there is 4.67 kg Ne in the cylinder with hydraulic volume 40 l at ma-

nometer pressure 150 atm g and temperature 314 K (41 C), and that corre-

sponds to gas volume 5.56 m
3
 (at the conditions of reduction agreed by the 

parties). 

Approximate evaluation: Normal volume of the substance in the cylinder can 

be determined if density under reduced conditions is known. This value is 

usually presented in tabular form, for example, at t = 0 C ï in reference book 

[3] (page 194, Table 4.109), and under assumed conditions (t = 20 C) ï in Ta-

ble 1.2 (Chapter 1). For neon ɟt=20 = 0.8385 kg/m
3
. Then, 

.m57.5

m

kg

kg

8385.0

67.4
3

3

0

0

m
V

 

As a first approximation, density of any gas at atmospheric pressure and tem-

peratures t = 0 C and t = 20 C can be found from simple formulas: 

 normal density   t=0   / 22.4,    (2.11) 

 conditional density  t=20   / 24.    (2.12) 
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Table 2.2 characterises visually the errors of normal and conditional densities 

calculation for different gases at P = 0.1013 MPa on simplified equations 

(2.11) and (2.12). 

 

Table 2.2 

Substance 

Atomic 

(molecular) 

mass, 

kg/kmol 

Conditions of reduction 

t=0 [kg/m
3
], at 273 ʂ t=20 [kg/m

3
], at 293 ʂ 

[3] 
Equation 

(2.11) 
Table 1.2 

Equation 

(2.12) 

Air  28.96 1.293 1.293 1.205 1.207 
 

Helium 4.00 0.1785 0.1786 0.1663 0.1667 

Neon 20.18 0.9000 0.9009 0.8385 0.8408 

Argon 39.95 1.784 1.784 1.662 1.665 

Krypton 83.80 3.749 3.741 3.493 3.492 

Xenon 131.30 5.900 5.862 5.497 5.471 

 

Example 2-7. Hermetic balloon 

Problem statement: Mass of the balloon bag 

plus useful load is MɆ = 100 kg. The flight is 

taking place at sea level at t = 20 C. 

Find helium volume VHe = Vb necessary for 

fi lling  the balloon, and a respective diameter 

of the balloon Db.  
 

 

 

 

 

 

 

 

 

 

 

 

Solution: Let us determine required carrying capacity 

N.980
s

m
kg8.9100

2
He

gMF
    (2.16)

 

Vb will be determined from (2.13) after substitution of FHe from (2.16). As a 

result 

Additional information : According to the Archimedes law, carrying ca-

pacity FHe is equal to buoyant force (which is equal to the displaced air weight) 

minus helium weight in the balloon: 

FHe = GAir ï GHe =Vb Air g ï Vb He g,   (2.13) 

where Air and He are the densities of air and helium from Tables 1.2 and 2.1; 

g = 9.8 m/s
2
 is gravitational acceleration. 

Formula to calculate the balloon volume is Vb = 4/3 (Rb)
3
 ˊ.        (2.14) 

Balloon radius from (2.14) is: Rb = [3/4 Vb ˊ
-1
]
1/3

.         (2.15) 
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3

3

HeAirHeAirHeAir

He

m3.96

m

kg
)1663.0205.1(

kg][100

)()()(

M

g

gM

g

F
V

b

 

With the use of (2.15), we calculate the balloon diameter as 

m68.5m84.22m0.232
14.34

m3.963
22 33

3

bb
RD . 

So, to create carrying capacity F = 980 N that is necessary to lift  the body with 

mass 100 kg, 96.3 m
3
 of helium is needed to inflate the balloon. Diameter of 

the balloon containing this gas quantity is 5.68 m. 

 

 

 

 

 

Example 2-8. Open-type balloon 

Problem statement: Ambient air temperature tA = ï

13 C. 

Determine the air average temperature ThA in the bal-

loon ñMongolfierò at which the heated air carrying 

capacity is equal to helium carrying capacity. 

  

Solution: In accordance with Archimedes law (2.13)  

Vb g ( Air  ï hA) = Vb g ( Air  ï He)  or  Air  ï hA = Air  ï He. 

To obtain equal carrying capacities FhA = FHe in two balloons with the same 

volume Vb, at constant temperature TAir and density ɟAir of surrounding air, it is 

necessary to provide equal densities of hot air ɟhA and helium ɟHe. 

Helium density from (2.7) is 

.~
He0

HeHe

HeHe

He

He
TR

P

TR

P
 

Since pressure and temperature in the helium balloon are equal to those of 

ambient air, then 

.
Air0

AirHe

He
TR

P
 

We will get an analogous expression for hot air pressure in the first balloon  

.
hA0

AirAir

hA
TR

P
 

 

 

In approximate calculations, with an allowance for a safety factor, it is 

possible to accept that 1 m
3
 of helium is required to lift 1 kg of net load. 
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It follows from hA = He that 

.
He

Air

Air

hA

He

hA

T

T

T

T
 

To provide equal carrying capacities in the balloons of closed and open types, 

the ratio of gas temperatures has to be in direct proportion to the ratio of mo-

lecular masses. 

Taking into account molecular masses of air and helium ÕAir = 29 kg/kmol and 

ÕHe = 4 kg/kmol (Table 2.2), we can find a required temperature of hot air in 

the balloon 

!!C!1612K1885)13273(
4

29
)273(

4

29
AirAir

He

Air

hA
tTT  

Such temperature is unacceptable even while using the materials produced in 

accordance with modern technologies. In order to provide required carrying 

capacity with less heating, the balloon volume has to be increased several 

times. The advantages (compactness and safety) of hermetic helium balloons 

are obvious. 
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3. GAS MIXTURES 

 

There are virtually no pure substances in the nature.  Notion ñpure prod-

uctò is used in everyday life to underline a relatively low content of contami-

nants. For example, an expression ñpure Crimean airò underscores that there 

are very few harmful contaminants (CO, dust, etc.) in the product consisting of 

a dozen of substances. ñPure alcoholò is nothing but a solution of ethyl alcohol 

and 4% of water. ñPure waterò is a mixture of usual water (H2O) and heavy 

water (D2O). Everybody knows from childhood that it is much easier to get a 

mixture than to extract pure substances from it. 

 

3.1. General Definitions 

Pure substances are elements or compounds, their mixtures, alloys, etc., 

with the contents of contaminants less than a specified limit. 

This limit is determined by the specific features of the substance, its acqui-

sition and utilization, and it usually comprises a fraction of a percent. Classical 

examples of gaseous pure substances are helium, oxygen, and krypton. 

Mixture is a result of mixing or mechanical combination of some sub-

stances (air, neon-helium mixture, propane-butane mixture). 

Solution is a homogeneous mixture of more than two components, one of 

which is a solvent, and the others are dissolved in it. 

Component is a constituent part of something; it is one of the pure sub-

stances forming the mixture. 

Mixture composition can be defined in volumetric, molar or mass frac-

tions. 

Fraction of the substance is a ratio of this substance volume (the number 

of moles, or mass) to the volume (the number of moles, or mass) of the whole 

mixture. 

Volume fraction is a ratio of dissolved substance volume to solution vol-

ume. 

Molar fraction is a ratio of the number of moles of dissolved substance to 

total quantity of moles of all components. 

Mass fraction is a ratio of the dissolved substance mass to the solution 

mass. 

Volume, molar, and mass fractions of the substance are measured in the 

unit fractions or in per  cents. 

Mole, gram-molecule (notation ñmolò) is a unit for measurement of the 

substance quantity in SI. It corresponds to the substance quantity containing as 
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many structural units (atoms, molecules, ions, electrons, or any other particles) 

as the number of atoms in the volume occupied by 0.012 kg of carbon isotope 
12

C. 

At low pressures, the moles of different gases under the same conditions 

occupy equal volumes (for example, V0  24 dm
3
 at P = 0.1013 MPa and 

T = 20 C). The conclusions follow: 

ï the volume and molar concentrations of the mixtures similar to ideal 

ones, are equal, i.e. 

N

N

V

V
y ii

i ,     (3.1) 

where Vi and Ni correspond to the volume and number of moles of the separate 

substance; VɆ and NɆ correspond to the volume and number of moles of the 

whole mixture; 

ï mass concentration is connected with volume concentration by the fol-

lowing relationship: 

,i
iiii

i y
N

N

m

m
c     (3.2) 

where mi and mɆ are masses of a separate component and of the whole mix-

ture; i is a molecular mass of the i-th component; Ɇ is an apparent molecular 

mass of the mixture. 

The term ñapparentò is used because there is no molecule of the substance 

with the given molecular mass.  Later on, the term ñapparentò will be omitted 

for short while determining the mixture properties. 

It should be reminded that the number of particles of any substance in one 

mole is constant and named Avogadro number (NA = 6.022045Ā10
23

 mol
-1
 [3]). 

 

3.2. Mixing Process 

The mixture formation process is conditionally shown on Fig. 3.1. We as-

sume that before mixing two pure components 1 and 2 with masses m1 and m2 

occupied volumes V1 and V2, respectively. Mixture of mass mɆ = m1 + m2 in 

volume VɆ = V1 + V2 is obtained after mixing. Before and after mixing the 

gases were under the same conditions, given P and T. 

For the mixture and its components at low pressures, Clapeyron-

Mendeleev equation is equitable: 

Mixture First component Second component 

TR

VP
m

0

      (3.3) 
TR

VP
m

0

11
1       (3.4-a) 

TR

VP
m

0

22
2     (3.4-b) 

Taking into account that mɆ = m1 + m2, masses of the mixture and its 

components can be expressed with regard to formulas (3.3, 3.4-a, 3.4-b): 

TR

VP

TR

VP

TR

VP

0

22

0

11

0

. 
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Fig. 3.1. Mixture preparation 

 

After cancellations and transferring VɆ in the right part, formula for the 

mixture molecular mass is obtained: 

V

V

V

V 2
2

1
1        or 

Mixture molecular mass 

 = 1 y1 + 2 y2                  (3.5) 

From the formula (3.3) we can find mixture density: 

Mixture density Formula for mixture density 

V

mm

V

m 21                   (3.6) 
TV

P
                   (3.7) 

 

Example 3-1. Air properties 

Problem statement: Volume concentration of nitrogen in the air                        

2N
y = 78% (Table 2.1) [1-3]. 

It is necessary to determine the air molecular mass and density at 

P = 0.1013 MPa and T = 293 K assuming that the remaining part of the mix-

ture is oxygen. 

Solution: Molecular masses of pure nitrogen and oxygen are 
2N
= 28 kg/kmol 

and 
2O
= 32 kg/kmol (Table 1.2). Volume concentration of oxygen 

2Oy = (100% ï 
2Ny ) = 22%. 

To calculate the air molecular mass, we will use the formula (3.5): 

2O2O2O2N yy = 28  0.78 + 32  0.22 = 28.88 kg/kmol. 

In a general case, at arbitrary P and T, density is determined from the formula 

(3.7): 

3mkg2.1
K293

m

N
101300

Kkmol

mN
8314

kmol

kg
88.28

TV

P
. 
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Simplified estimation of air density can be carried out by approximate rela-

tionship (2.12): 

t=20 å /24 = 28.88/24 = 1.2 kg/m
3
. 

 

3.3. Production of Gas Mixtures 

Gases consisting of several components are widely used in industry. Some 

gas mixtures required for diving, in electronic industry, welding, and metal-

lurgy are mentioned in Chapter 1. A substantial part of mixtures is used in 

building for filling glass units. Working media consisting of two and more 

substances are widely spread in refrigeration and cryogenic technologies. 

Mixtures based on rare gases are necessary for gas chromatography (Sup-

plement 1.3). Any well-equipped laboratory has a ñlibraryò of standards (cali-

bration mixtures) including dozens of cylinders with various sets of substances 

of every sort and kind. 

Errors made at preparing the mixture can lead to material losses owing to 

incorrect estimation of the quantity and quality of the gas produced. Errors in 

the gas compositions prepared for medicine, ecology, control of technological 

processes have far-reaching consequences. We will consider several cases of 

mixing two gases. 

 

Example 3-2. Gas concentration in the mixture at normal pressure 

Problem statement: A larger cylinder with VL = 40 l contains neon, and a 

smaller cylinder VS = 10 l contains helium (Fig. 3.2). Pressures and tempera-

tures in the larger and smaller cylinders are equal: PL = PS = 0.1013 MPa; 

TL = TS = 293 K. After connecting the cylinders with a tube, the gases are in-

termixed due to diffusion. 

Define the volume, molar, and mass concentrations of neon and helium in the 

mixture. 

 

 

Fig. 3.2. Mixing of gases at normal pressure 

 

Solution: Under indicated conditions, one mole of any gas occupies 24 dm
3
 

(see formula (2.12) in Chapter 2). 
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Molecular masses of He and Ne can be found from Table 2.1: 

ÕNe= 20.18 g/mol; ÕHe = 4.0 g/mol. We determine the number of moles of 

neon and helium as well as the masses of the components: 

NNe = 
24

L
V

= 1.67 mol; 

mNe = NNe ÕNe = 1.67 mol Ā 20.18 
mol

g
 = 33.7 g; 

NHe = 
24

S
V

 = 0.417 mol; 

mHe = NHe ÕHe = 0.417 mol Ā 4.0 
mol

g
 = 1.67 g. 

Volume concentrations according to (3.1): 

%808.0
1040

40

HeNe

Ne

Ne

SL

L

VV

V

VV

V
y ; yHe = 1 ï yNe = 0.2 = 20%. 

Molar concentrations 

%808.0
417.067.1

67.1

HeNe

Ne

Ne
NN

N
y ; He

y = 1 ï Ne
y  = 20%. 

Mass concentrations 

%3.95953.0
67.17.33

7.33

HeNe

Ne

Ne
mm

m
c ; cHe = 1 ï cNe = 4.7%. 

 

Example 3-3. Preparation of mixtures at different pressures in the cylin-

ders 

Problem statement:  A larger cylinder with VL = 40 l contains neon at pres-

sure PNe = 1.2 MPa, and a smaller cylinder VS = 10 l contains helium at 

PHe = 2.0 MPa (Fig. 3.3). Gas temperatures in the cylinders before and after 

mixing are equal: T = 10 C = 283 K. 

Find mass and volume concentrations of helium in the mixture as well as den-

sity, molecular mass and pressure of the mixture. 

 

 

Fig. 3.3. Mixing of gases at arbitrary pressures in the cylinders 
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Solution: Before substitution of the values in the formula (2.4) let us reduce 

them to a common system of units: PNe =1.2 MPa = 1,200,000 Pa; 

PHe = 2.0 MPa = 2,000,000 Pa; VL = 40 dm
3
 = 0.04 m

3
; VS =10 dm

3
 = 0.01 m

3
.   

We will indicate molecular masses of Ne and He: ÕNe= 20.183 kg/kmol; 

ÕHe= 4.00 kg/kmol (Table 2.2). 

We find the masses of pure products before mixing by Clapeyron-Mendeleev 

equation: 

kg;412.0J
J

kg
412.0

K

mN

J

Kkg
412.0

K283

m04.0
m

N
0002001

Kkmol

J
8314

kmol

kg
183.20 3

2

0

NeNeNe

Ne
TR

VP
m

 

kg.034.0J
J

kg
034.0

K

mN

J

Kkg
034.0

K283

m01.0
m

N
0000002

Kkmol

J
8314

kmol

kg
00.4 3

2

0

HeHeHe

He
TR

VP
m

 

Mass concentration of helium in the mixture according to (3.2) 

%6.7076.0
412.0034.0

034.0

NeHe

He

Ne
mm

m
c  

The number of kilomoles (moles) of neon and helium 

mol;4.20kmol0204.0
18.20

412.0

Ne

Ne

Ne

m
N  

mol.5.8kmol0085.0
00.4

034.0

He

He

He

m
N  

Molar concentration of helium with regard to (3.1) 

%4.29267.0
4.205.8

5.8

HeNe

Ne

Ne
NN

N
y . 

Mixture density on the basis of (3.6) 

3HeNe mkg92.8
05.0

446.0

01.004.0

034.0412.0

SL
VV

mm
. 

Mixture molecular mass while using (3.5) 

kmolkg4.15294.00.4706.018.20)1(
HeHeHeNe

yy . 
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Let us verify the molar concentration of He from the formula (3.2)  

%3.29293.0076.0
0.4

4.15
He

He

HeHe

He

He
cyyc . 

Pressure in the cylinders after mixing and temperature stabilisation can be 

found by Clapeyron-Mendeleev equation (for mixtures). We will use Table 

2.1 and formula (2.7) from which follows that: 

TRP
~

, 

where R
~

   is a specific gas constant for the mixture defined as 

Kkg

J
540

4.15

8314~ 0
R

R . 

This, after mixing, pressure in the cylinders will be 

MPa.363.1
mm

mN
10363.1

m

J
0003631K283

Kkg

J
540

m

kg
92.8

2

6

33
P

 

Let us indicate pressure in technical atmospheres: 

PɆ = 13.63 [bar]  13.6 [kgf/cm
2
] or [at a] = 12.6 [at g] (on manometer). 

 

3.4. Alteration of Gas Mixture Concentration in the Unit 

The definitions and formulas given above are of particular practical and 

economical importance. To illustrate this assertion, we will consider one more 

example which cannot be solved without the knowledge of the previous mate-

rial. 

 

Example 3-4. Enrichment of krypton mixture  

Problem statement: Krypton concentrate is fed into the unit at a rate of 

VɆ = 4.8 norm. m
3
/h. Volume content of krypton in the initial mixture is 

yKr(I) = 10% (the rest is nitrogen). Krypton content grows at the unit output up 

to yKr(E) = 92%. Extraction degree of krypton is C = 87%. 

 

 

 
 

Ratio of the substance extraction 

from the mixture (krypton is a 

prime product) 

Kr(I)

Kr(E)

Kr(I)

Kr(E)

V

V

g

g
ʉ          (3.8) 
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A. Define flow rate of enriched mixture (this parameter is necessary for select-

ing a compressor). Calculate conditional flow rates of the products in every 

stream reduced to t = 20 C and P = 0.1013 MPa. 

B. Define mass flow rates of the mixture and its components (they are neces-

sary for performing energy calculations of the devices). 

C. Define volume flow rate of the enriched mixture. 

D. Draw sector diagrams illustrating composition and quantity of the products. 

Solution: To simplify marking of the initial mixture parameters, index mark 

ñIò is omitted. 

A. Volume flow rate of krypton in the constitution of the initial mixture  

VKr = VɆ yɆ = 4.8Ā0.1 = 0.48 m
3
/h. 

Volume flow rate of krypton in the constitution of the enriched mixture, in re-

gard to (3.8) ï expression for extraction degree C 

VKr(E) = VKr C = 0.48Ā0.87 = 0.418 m
3
/h. 

Volume flow rate of the enriched mixture 

VɆ(E) = VKr(E) / yKr(E) = 0.418 / 0.92 = 0.454 m
3
/h. 

Calculation results including flow rates of nitrogen and krypton in the mixture 

composition at the output, are brought together in the table. 

 

Initial mixture at the unit inlet  

Parameter Formulas, designations Kr N2 

Volume fraction 1.00.11
Kr2N

yy  0.1 0.9 1.0 

Volume flow rate, m
3
/h 48.08.4

Kr2N
VVV  0.48 4.32 4.8 

 

Enriched mixture at the output 

Parameter Formulas, designations Kr N2 

Volume fraction 92.00.11
)E(Kr)E(2N

yy  0.92 0.08 1.0 

Volume flow rate, m
3
/h 

418.0454.0
)E(Kr)E()E(2N

VVV
 0.418 0.036 0.454 

 

After determining the flow rate characteristics of the enriched product, we 

need to analyze the composition of a by-product. These calculations allow us 

to estimate the fraction of an irretrievably lost target substance (Kr).  

Volume flow rate of krypton in a by-product, with regard to extraction degree 

C is 

VKr(by-pr) = VKr (1 ï C) = 0.48Ā(1 ï 0.87) = 0.062 m
3
/h 

or 

VKr(by-pr) = VKr ï VKr(E) = 0.48 ï 0.418 = 0.062 m
3
/h. 

The second formula is obtained from the unit balance. This formula is univer-

sal; it allows us to estimate a flow rate of any component and mixture as a 

whole: 

)pr-by(2N
V = V ï 

)E(2N
V = 4.32 ï 0.036 = 4.284 m

3
/h. 
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VɆ(by-pr) = VɆ ï VɆ(E) = 4.8 ï 0.454 = 4.346 m
3
/h. 

Volume ratios of krypton and nitrogen in the by-product are to be found from 

the formula (3.1). 

 

 

 

 

 

 

 

By-product characteristics at the unit output 

Parameter Formulas, designations Kr N2 

Volume fraction 
)pr-by(

)pr-by(Kr

)pr-by(Kr
V

V
y ;

)pr-by(

)pr-by(2N

)pr-by(2N
V

V
y  0.014 0.986 1.0 

Volume flow 

rate, m
3
/h 

Vi(by-pr) = Vi ï Vi(E) 0.062 4.284 4.346 

 

B. Calculation of the initial mixture parameters 

Decision 

procedure 2NKr yy  
Kr

 

2N
 

g  

Kr
g  

2N
g  

 

Volume ratio of nitrogen in the initial mixture is 

2N
y  = 1 ï yKr = 1.0 ï 0.1 =0.9. 

Molecular mass of initial mixture according to (3.5) is: 

kmolkg58.339.0281.08.83
2N2NKrKr

yy . 

Taking into account (2.12), one kilomole of mixture under accepted reduction 

conditions occupies 24 m
3
. Then, molar flow rate of initial mixture, according 

to (2.6), is 

.hkmol2.0

kmol

m
h

m

24

8.4

24 3

3

V
 

Molar flow rates of the mixture components are: 

for krypton Kr = Ɇ yKr = 0.2Ā0.1 = 0.02 kmol/h; 

for nitrogen 
2N  = Ɇ 2N

y = 0.18 kmol/h. 

Mass flow rate of the initial mixture is a product of the molar flow rate of the 

mixture times its molecular mass. It follows that 

g  =   = 0.233.58 = 6.716 [kg/h] = 0.001866 [kg/s] = 1.866 g/s. 

Mass flow rates of separate components in the mixture composition are: 

gKr = Kr Kr = 0.0283.8 = 1.676 [kg/h] = 0.000466 [kg/s] = 0.466 g/s. 

Additional infor mation: 

ï Extraction degree of krypton is a ratio of krypton mass (volume) outlet 

quantity to its quantity in the initial mixture. Extraction degree is always 

referred to one of the mixture components (in our case ï to krypton). So, 

the volume and mass extraction degrees are equal. 
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2N2N2N
g = 0.1828 = 5.04 [kg/h] = 0.0014 [kg/s] = 1.4 g/s. 

Check-up: 

Mass flow rate of the initial mixture has to be equal to the sum of flow rates of 

its components: 

g  = gKr +
2N

g =1,676 + 5,04 = 6,716 [kg/h] = 0.001866 [kg/s] = 1.866 g/s. 

 

Mixture characteristics at the unit inlet 

Parameter 
Substance Krypton Nitrogen Total 

Formulas, designations Kr N2 

Volume fraction, 

% 
yi 0.1 0.9 1.0 

Molecular mass, 

kg/kmol i ï Table 2 
 ï  

equation (3.5) 
83.8 28.0 33.58 

Molar flow rate, 

kmol/h i =  yi 
 ï 

equation (3.1) 
0.02 0.18 0.20 

Mass flow rate, 

kg/h gi = i i 

g  =  

g  = gKr + 
2N

g  

1.676 5.04 6.716 

Mass flow rate, g/s 0.466 1.4 1.866 

 

C. Calculation of the enriched mixture parameters 

Solution 

Algorithm 
(E)Kr(E)Kr(E)g

 

)E()E((E)2N gy

 

2N  

2Ng  
(E)

 

 

Mass flow rate of krypton at the outlet is (under 3.8) a product of its inlet flow 

rate times its extraction degree: 

gKr(E) = gKr C =1.676Ā0.87 = 1.458 [kg/h] = 0.405 g/s. 

Krypton molar flow rate at the outlet (taking into account mass flow rate gKr(E) 

hkmol0174.0
8.83

458.1

Kr

Kr(E)

Kr(E)

g
. 

Molar flow rate of krypton at the outlet (check-up on krypton flow rate in the 

initial mixture vKr = 0.02 kmol/h, and extraction degree C) 

Kr(enr) = Kr C = 0.02Ā0.87 = 0.0174 kmol/h.   

Molar flow rate of the enriched mixture can be determined with regard to 

Kr(E) = Ɇ(E) yKr(E). Then 

hkmol0189.0
92.0

0174.0

Kr(E)

Kr(E)

(E)
y

. 

Volume ratio of nitrogen in the enriched mixture 

)E(2N
y = 1 ï yKr(E) = 1.0 ï 0.92 = 0.08. 
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Enriched mixture characteristics at the output 

Parameter Substance Krypton Nitrogen Total 

Formulas, designations Kr N2 

Volume frac-

tion, % 
yi(E) ï given 0.92 0.08 1.2 

Molecular 

mass, kg/kmol 
i ï 

Table 2.2 

 ï  

equation (3.5) 
83.8 28.0 79.34 

Molar flow 

rate, kmol/h Kr(E) = Kr C 
(E) = 

= Kr(E)/yKr(E) 

0.0174 0.0015 0.0189 

Mass flow 

rate, kg/h 
gKr(E) = gKr C 

g (E) = (E) (E) 

2NE)(2NE)(2Ng

 

1.458 0.042 1.5 

Mass flow 

rate, g/s 
0.405 0.012 0.417 

 

Molecular mass of the enriched mixture according to the formula (3.5) is 

(E) = Kr yKr(E) + 
)E(2N2N y = 83.80.92 + 28 0.08 = 79.34 kg/kmol. 

Mass flow rate of the enriched mixture is 

g (E) = (E) Kr =  0.018979.34 = 1.50 [kg/h] = 0.417 g/s. 

Molar and mass flow rate of nitrogen in the enriched product are 

E)(2N
= (E) )E(2Ny = 0.01890.08 = 0.0015 kmol/h; 

2NE)(2NE)(2Ng 0.001528 = 0.042 [kg/h] = 0.012 g/s. 

 Balance feasibility check-up: 

Kr(E) + 
E)(2N

= (E) = 0.0174 + 0.0015 = 0.0189 kmol/h; 

gKr(E) +  
E)(2Ng = g (E) =0.405 + 0.012 = 0.714 g/s. 

 

 

 

 

 

To select a compressor, we find the enriched mixture flow rate at P = 0.1013 

MPa and t = 20 C from the formula (2.12) 

VɆ(E) = Ɇ(E) 24 = 0.0189Ā24 
kmol

m

h

kmol 3

= 0.454 m
3
/h. 

D. For illustration purposes, volume flow rates and flow compositions at the 

unit input and output are shown in Fig. 3.4 in the form of sector diagrams built 

in Excel packet. 

 

Compressor capacity is determined by suction conditions.  In most 

cases they are close to normal. 
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Fig. 3.4. Flow compositions at the inlet and outlet of the krypton enrichment 

plant 
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4. REAL GASES and GAS MIXTURES 

 

Ideal gas laws were considered in Chapter 2. They are simple and handy in 

practical use. However, the regularities established for ideal gases are correct 

within a restricted range of parameters of state which by no means cover all 

processes of refrigeration and cryogenic technologies. 

Ideal gas is a hypothetic gas model in which potential energy of molecules 

is supposed to be neglected as compared to their kinetic energy. Attractive and 

repulsive forces ñdo not actò between the molecules of ideal gas. Collisions of 

its particles with each other and with the vessel walls are absolutely elastic, 

and the time of the interaction of molecules is negligibly small compared to 

the mean time between collisions. Volume of molecules themselves is not 

taken into account in the ideal gas model. For example, air at atmospheric 

pressure and room temperature is described to a close approximation by the 

ideal gas model. 
 

4.1. Compressibility 

Equation of state (2.4) describes ideal-gas state of the substance 

TR
m

VP
0

 or 
,

0
TR

Pm

V

m

   (4.1)
 

which is in dimensionless form: 

.1

0 TR
m

VP
Z

     
(4.2) 

Value Z is a compressibility factor; it is a measure of deviation from ideal-

ity (Supplement 4.1). For an ideal gas Z = 1, but for real gases Z can be higher 

or lower than 1. The lower the density ɟ of different gases (helium, argon, 

krypton, etc) is, the closer they are to the ideal gas in their properties.  It fol-

lows from (4.1) that ɟ decreases when pressure decreases and temperature in-

creases. Figure 4.1-b, which shows the diagram of state pressure-volume, il-

lustrates the difference between the isotherms of ideal and real gases (com-

pare, for example, isotherms TA = 300 K and TE = 150 K). 

We will analyze the influence of P and T on the deviation of the density of 

real substances (neon, argon, and krypton) from the regularities of the ideal 

gas (Tables 4.1 and 4.2). Values of ɟ for real gases can be obtained from dia-

grams or tables generalising the experimental data. Thermophysical properties 

can be calculated by means of computer if corresponding programs or data 

base are available. Some information concerning real properties of the sub-

stances obtained from reference books [3,6,7] are presented in Supplements 

4.2, 4.3. 
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Table 4.1 

Influence of pressure P on deviation of density ɟ [kg/m
3
] of real gases from an 

ideal gas density at temperature T3 = 180 K 

Pressure 
Substance  Neon  Argon Krypton 

Molecular mass   20.18 39.85 83.8 

P1 = 0.1 MPa 

Density ɟ of an ideal gas on 

(4.1) 

1.348 2.66 5.6 

Value of ɟ for a real gas 1.348 2.68 5.66 

Error, % 0.0 +0.8 +1.0 

P2 = 1 MPa 

Density ɟ of an ideal gas on 

(4.1) 

13.49 26.63 56.0 

Value of ɟ for a real gas 13.42 27.82 62.27 

Error, % ï0.5 +4.5 +11.2 

P3 = 2 MPa 

Density  ɟ of an ideal gas 

on (4.1) 

26.97 53.26 112.00 

Value of  ɟ for a real gas 26.71 58.23 144.72 

Error, % ï1.0 +9.3 +29.2 

 

Table 4.2 

Influence of temperature T on deviation of density ɟ [kg/m
3
] of real gases 

from an ideal gas density at pressure P3 = 2 Mʈa 

Temperature 
Substance  Neon  Argon Krypton 

Molecular mass   20.18 39.85 83.8 

ʊ1 = 300 ʂ 

(+27 ʉ) 

Density ɟ of an ideal gas on 

(4.1) 

16.18 31.95 67.20 

Value of ɟ for real gas 16.04 32.41 70.03 

Error, % ï0.8 +1.4 +4.2 

ʊ2 = 240 ʂ 

(ï33 ʉ) 

Density ɟ of an ideal gas on 

(4.1) 

20.23 39.94 84.00 

Value of ɟ for real gas 20.23 41.29 91.74 

Error, % ï1.0 +3.4 +9.2 

ʊ3 = 180 ʂ 

(ï93 ʉ) 

Density ɟ of an ideal gas on 

(4.1) 

26.97 53.26 112.00 

Value of ɟ for real gas 26.71 58.23 144.72 

Error, % ï1.0 +9.3 +29.2 

 From the analysis of the data given in Tables 4.1 and 4.2, it follows that: 

ï at P = 0.1 MPa the properties of real substances virtually coincide with 

those of an ideal gas (deviation does not exceed 1%);  

ï increase of pressure and reduction of temperature lead to the growing 

ñdeviations from idealityò; 

ï at the same parameters P and T the distinctions from an ideal gas appear 

different for different substances ï to a lesser extent for neon, to a greater ex-

tent for krypton. 
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In other words, relations (2.1)-(2.12) in Chapter 2 are simple and handy 

but do not always provide the accuracy in calculations in all the cases. 

 

 

 

Value Z depends on temperature, pressure and the substance properties. 

Figures of compressibility factor in a tabular or graphical form can be found in 

reference literature. The information can be related to specific matters (Table 

4.3) or be presented in the form of generalized values suitable for all gases [3]. 

 

Table 4.3 

Substance 
Compressibility factor Z at P = 15 MPa 

t = 0 C t = 25 C t = 50 C 

Helium 1.071 1.065 1.060 

Neon 1.074 1.070 1.066 

Argon 0.912 0.947 0.972 

Krypton 0.633 0.707 0.764 

Xenon 0.382 0.395 0.438 

 

Example 4-1. Compressibility of gases 

Problem statement: Cylinders with hydraulic volume VV = 40 l are filled with 

helium and krypton up to manometer pressure P = 149 atm (gauge) at t = 0 C. 

Determine the quantity of the substances in the cylinders according to the 

ideal gas law and in regard to compressibility, as well as errors at using ideal 

gas relationships. 

Solution: Pressure and temperature in the cylinders correspond to those in Ta-

ble 4.3 (left column) because P = 149 atm (gauge) = 150 atm (abs)  150 bar = 

15 MPa. Molecular masses of helium and krypton are equal, respectively: 

ÕHe = 4.0 kg/kmol and ÕKr = 83.8 kg/kmol (Table 2.2). 

 Results of calculations are presented in a tabular form after the coordination 

of dimensions. 

Helium 

Parameter Formula Result 

Density of an 

ideal gas ɟi T

P

R
i

0

 3mkg43.26
273

00000015

8314

4
i  

Density of a 

real gas 

ɟr = ɟi/Z 
T

P

R
Z r

0

 3mkg68.24
071.1

43.26

Z

i
r  

Helium 

mass 

ñidealò 
VVm  

kg057.104.043.26im  

real kg987.004.068.24rm  

Error 
i

ir

m

mm
 %6.6066.0

057.1

057.1987.0
 

Conclusion: Regularities for an ideal gas are applicable only within a 

certain range of parameters when it is admissible to neglect the interaction 

between molecules of specific substances. 
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Krypton  

Parameter Formula Result 

Density of an 

ideal gas ɟi T

P

R
i

0

 3mkg8.553
273

00000015

8314

8.83
i  

Density of a 

real gas 

ɟr = ɟi/Z 
T

P

R
Z r

0

 3mkg9.874
633.0

8.553

Z

i
r  

Helium 

mass 

ñidealò 
VVm  

kg15.2204.08.553im  

real kg0.3504.09.874rm  

Error 
i

ir

m

mm
 %5858.0

15.22

15.220.35
 

 

Consequence:  

 In fact, it will be by 6.6% less substance in the vessel with helium than it 

could be according to calculations by ideal gas laws; 

 It will be half as much again of substance in the vessel with krypton than 

one expected according to the ideal gas law! 

 

4.2. Phase Change Vapour-Liquid in Pure Substances 

Analyzing real gases in section 4.1, we touched only ñthe peak of an ice-

bergò of a ñrealityò phenomenon. In full measure, the distinctions of real and 

ideal gas properties start to reveal at lower temperatures: for krypton at 

T < 210 K, for argon at T < 150 K, and for neon at T < 44 K. At the further re-

duction of temperature for the abovementioned gases, the phenomena of phase 

transitions can be observed. The process of isothermal compression accompa-

nied by the phase transformation gas ï liquid is shown in Fig. 4.1-b. To com-

pare, process in ideal gas is presented in Fig. 4.1-a. 

Comparing the graphs, we can see that isotherm TA = 300 K for krypton in the 

right graph is virtually identical to the ideal gas isotherm (Fig. 4.1-a). As the 

temperature reduces (TB = 270 K Ÿ TC = 240 K Ÿ Tk = 209.4 K), the iso-

therm shapes start to alter. This phenomenon is especially noticeable for curve 

Tk= 209.4 K passing through critical point k. But even in this case the regular-

ity is preserved ï piston displacement to the left (volume V reduces) is accom-

panied by pressure P increase. 

Character of relationships P-V on the low-temperature isotherm sections 

placed below Tk = 209.4 K can be such that the piston displacement does not 

lead to pressure increase. Occurrence of a more dense matter ï liquid phase is 

the reason for this anomaly. Density ɟl of the liquid is a few hundred times 

greater than that of gas (vapour) ɟv. Temperature Tk (in our case Tk = 209.4 K) 

and pressure Pk define a critical point of a specific substance. 
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A real gas compression process will be considered in more detail  

(Fig. 4.1-b). Substance exists initially in state 1 at temperature TF = 120 K. As 

piston moves to the left, gas volume reduces and pressure in the cylinder in-

creases steadily. This pattern persists until the substance parameters reach 

point 2. State in point 2 is a state of ñsaturated vapourò. Such a vapour was 

called earlier a ñdry saturatedò one. Why was such a complicated and long 

definition used? ñDryò means that there is no liquid in it, and ñsaturatedò 

means that it is enough to shift a point to the left from point 2, and the ex-

pected liquid appears. 

The line connecting the points of the family of dry saturated vapour states 

is called ñvapour boundary curveò. To the left of this curve, as piston moves 

from point 2 to point 3 and so on, vapour becomes more and more enriched 

with liquid. Process 2-5 goes on at constant pressure (P2 = P3 = P4 = P5), and 

is accompanied by the output of condensation (liquefaction) heat. Points 3 and 

4 characterise intermediate stages of the liquefaction process.  

 Point 5 is located on ñliquid boundary lineò. To the left of this curve, last 

vapour bubbles disappear in the cylinder, and the substance becomes entire 

liquid (point 6). The area of parameters to the left from point 5 is referred to as 

the region of ñsubcooled liquidò, and ñsuperheated vapourò is located to the 

right from point 2. This underlines the remoteness of the substance states from 

the line of phase transitions. Before vapour emerges, liquid should be first ex-

panded in process 6-5 or heated. Before condensation starts, vapour should be 

compressed in process 1-2 or cooled. 

Boundary curves of liquid and vapour converge in point k. Critical point k 

is a final point of phase change lines vapour-liquid. Parameters in point k (Tk 

and Pk) are the most important characteristics of a specific substance (Ta-

ble 4.4). 

 

Table 4.4 

Critical parameters Tk and Pk of pure substances 

Substance 
Critical parameters 

Temperature, K 

 

Pressure, MPa 

Helium 5.2 0.227 

Neon 44.5 2.68 

Nitrogen 126.2 3.40 

Argon 150.7 4.86 

Oxygen 154.6 5.04 

Krypton  209.4 5.51 

Xenon 289.7 5.84 

Region of permissible application of the ideal-gas laws for a specific sub-

stance depends on the remoteness of its parameters from the critical point. Let 

us come back to Table 4.2. Transfer from T1 = 300 K  to T3 = 180 K (from the 

first to the last row) does not virtually influence on the deviation of the neon 

properties from the ideal gas ones (errors are 0.8% and 1%). It is explained by 
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the fact that both temperatures 300 K and 180 K are far from neon critical 

point Tk(Ne) = 44.5 K. It is more visual when we compare relative (reduced) 

temperatures: 1 = T1/Tk = 300 K/44.5 K = 6.74 and 

3 = T3/Tk = 180 K/44.5 K = 4.04. In other words, neon temperatures in Table 

4.2 are by several fold greater than its critical temperature. 

Let us use the data of Tables 4.2 and 4.4 to carry out similar analysis for 

krypton. At the same values of absolute parameters, the reduced temperature 

for krypton will be 1 = T1/Tk = 300 K/209.4 K = 0.86. It is obvious that under 

these conditions the substance possesses clear-cut properties of a real gas. This 

explains a considerable deviation of a calculated density (112 kg/m
3
) from a 

real density (145 kg/m
3
) of krypton at lowering temperature and growing pres-

sure. 

 

4.3. Phase Equilibrium 

Vapour and liquid are in the state of equilibrium in any point on line 2-5 

(i.e., one part of molecules is continuously transferring through the interface 

from liquid into vapour, another part ï from vapour into liquid). If a compres-

sion process 2-5 were to stop in any intermediate state (for example, in point 

3), this state could be preserved for an arbitrary long time in the absence of an 

external influence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multitude of states of a real gas represents a surface in coordinates P-V-T 

(Fig. 4.2). Regions where the substance breaks out into phases are designated 

by pink and pale blue sections.  

Fig. 4.1-b presents a projection of a 3D-surface on plane P-V. Representa-

tion of the surface projection on P-T plane would be a saturation curve con-

cluded by the critical point k. 

So, a state of pure substance in a two-phase region is characterised by a 

single-valued interconnection between pressure and temperature of phase 

equilibrium: 

P = F (T),     (4.3-a) 

T = f (P).     (4.3-b) 

Thermodynamic phase is a part of a thermodynamic system, homoge-

neous in composition and properties, separated from other phases by the 

interfaces. Several properties of the system change stepwise on these inter-

faces. In a unicomponent system (for example, N2) different phases can be 

revealed as different aggregate states of the matter. In a multicomponent 

system (for example, Kr-N2 mixture) the phases can have various composi-

tion and structure. 

If the phases in a thermodynamic system are in a thermal (equality of 

temperatures of coexisting phases) and/or mechanical (equality of pres-

sures of coexisting phases) equilibrium, this state is phase equilibrium.  

Region of states restricted by the boundary curves is called a two-phase 

area. 
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Relation between P and T in a two-phase region is expressed in a graphi-

cal or tabular form (Table 4.5, Supplements 4.2, 4.3). 

 
Fig. 4.2. Isotherms of a real gas (krypton), and its two-phase region in P-V-T 

coordinates 

 

For pure substances a boiling process at constant pressure always happens 

at the same temperature. Analysis of T = f (P) tabular and graphical relation-

ships shows that the difference in condensation (boiling) temperatures of the 

air separation products at equal pressures comes to dozens of degrees. In mix-

tures a boiling process at constant pressure takes place, as a rule, at a variable 

temperature. 

 

Table 4.5 

Interconnection between pressure and temperature on the line of phase equi-

librium ñvapour-liquidò for pure substances 

Phase equilibrium pressure 

P, MPa 0.05 0.1 0.15 0.2 0.25 0.3 

P, bar 0.5 1.0 1.5 2.0 2.5 3.0 

Substance Equilibrium temperature T, K 

Neon 24.9 27.1 28.4 29.5 31.4 31.9 

Nitrogen 71.8 77.4 80.9 83.6 85.9 87.9 

Argon (solid body) 87.2 91.2 94.3 96.8 99.0 

Oxygen 84,0 90.1 94.1 97.2 99.8 102. 

Krypton (solid body) 119.8 125.0 129.2 132.6 134.6 

Xenon (solid body) 165.0 172.2 177.6 182.5 186.6 

Water vapour 354 373 384 393 400 406 
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Example 4-2. Boiling temperature at reduced pressure 

Problem statement: It is a well-known fact that water boils at temperatures 

< 100 C under altitude conditions. Altitudes of the most noted mountain 

ranges on the Earth are given below. 

Continent Europe Africa Asia 

Alp Goverla Elbrus Kilimanjaro Fujiyama Everest 

Altitude, m 2061 5642 5895 3776 8848 

It is necessary to take into account that atmospheric pressure is determined by 

simplified barometric formulas [8]: 

8000
exp0

h
PP      (4.4-a) 

or 

,
8000

02257.0
exp

255.5

0

h
PP    (4.4-b) 

where P0 =0.1013 MPa = 1.013 bar; h ï altitude, m. 

Find boiling temperatures of water and nitrogen on the altitude of mountain 

peaks. 

Solution: Dependence of boiling temperature on pressure is taken from the 

graph in Supplement 4.2. Calculation results are presented in a tabular form. 

 

Table 4.6 

Boiling temperatures of water and nitrogen at underpressures 

Parameter 
Odes-

sa 

Go-

verla 
Elbrus 

Kili -

manjaro 

Fuji-

yama 

Eve-

rest 

Altitude h, m 0 2061 5642 5895 3776 8848 

Pressure 

P, MPa 

(formula 

4.4-a) 
0.1013 0.783 0.0500 0.0484 0.0632 0.0355 

(formula 

4.4-b) 
0.1013 0.0789 0.0495 0.0478 0.0634 0.0314 

 

Boiling 

tempe-

rature 

Water 
t, C 100 93 81 80 87 70! 

T, K 373 366 354 353 360 343 

Nitro-

gen 
T, K 77.4 75.2 71.8 71.6 73.6 68.9! 

 

4.4. Humid Air  

Humid air is a mixture of dry air and water vapour. Since the dry air 

components (nitrogen, oxygen, argon, krypton, etc.) exist in the open envi-

ronment in gaseous form, vapour-air mixture can be conditionally regarded as 

a two-component mixture. Water vapour contained in humid air is capable of 
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transferring into a liquid state. Parameters of this gas mixture have an impact 

on the planet climate and are of great importance for human life. Throughout 

the ages, people have tried to comprehend the regularities of the processes in a 

surrounding humid atmosphere.  

It is known that appearance and disappearance of mist and dew drops are 

caused by moisture condensation in the air. Moisture condensation under at-

mospheric pressure PɆ  0.1 MPa = 1 bar occurs at moderate temperatures 

(tɆ = 10é30C). At first glance, this contradicts the P-T relationship for water 

vapour. According to Tables 4.5 and 4.6, phase transition in H2O at 

P = 0.1 MPa has to be observed at T  100 C = 373 K. It can be assumed that 

pure water vapour whose properties are given in the abovementioned tables, 

and vapour in the composition of humid air behave differently. Such a dis-

crepancy is explained by Daltonôs law: 

 

 

 

 

 

 

 
 

Fig. 4.3. Illustration to Daltonôs law 

Pressure in the mixture of gases having no chemical interaction equals 

the sum of the partial pressures of these gases. 

Partial pressure of each gas is the pressure exerted by this gas if it oc-

cupied the whole volume.  
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For example, if all the gases except water vapour were removed from a 

sealed compartment, the pressure of the remaining gas would be H2O partial 

pressure. Daltonôs law contends that in a mixture of gases each gas behaves as 

if it alone occupied the whole mixture volume at gas mixture temperature TɆ.  

Let is turn to Fig. 4.3. Mixture of water vapour W and dry air D at pres-

sure PɆ takes volume VɆ. The volume is conditionally separated by a partition, 

and gas molecules are assorted. As a result, dry air locates above the partition, 

and pure water vapour ï under the partition. The number of molecules did not 

change, total volume remains the same, and hence the pressure in a whole vol-

ume stays equal to PɆ.  

In accordance with Daltonôs model, one of the components is (mentally) 

excluded from the mixture (for example, dry air D); another gas gets an oppor-

tunity to ñsettle downò in volume VɆ. Following Boyle-Mariotteôs law, in-

crease of an individual component (water vapour in our case) volume from VW 

to VɆ will result in pressure reduction from PɆ to PW. At that, according to the 

formula (2.3), 

P
V

V
P W

W .     (4.5) 

In its turn, volume ratio VW /VɆ in the formula (4.5) with regard to (3.1) is 

nothing but a volume concentration of water vapour yW. So, characteristic 

pressures for individual components are as follows: 

for water vapour    ;
~

PyP WW
 
       (4.6) 

for dry air     ,)1( PyPyP WDD          (4.7)
 

where PɆ is the pressure of a gas mixture (humid air); 
W

P
~

 and 
D

P
~

 are fractions 

(portions) of the total pressure PɆ falling on individual components (water va-

pour W and dry air D); yW and yD are volume portions of each gas in the mix-

ture. 

Pressures of individual components calculated by the formulas (4.6) and 

(4.7) are partial pressures. According to Daltonôs law, the sum of partial pres-

sures of all components is equal to the total pressure of a gas mixture, i.e. 

.
~~

DW
PPP

.
 

Example 4-3. Glass sweating 

Problem statement: Content by volume of water vapour in the passenger 

compartment of the car is yW = 3%.  

Find glass temperature sufficing for transfer of water vapour into the drop 

state on sea level PɆ1 = 0.1 MPa, and in the mountains where atmospheric air 

pressure is PɆ2 = 0.08 MPa. 

Solution: Calculate partial pressures of water vapour in the composition of the 

humid air by formula (4.6): 

;bar 0.03MPa003.01.003.0
~

1)1( PyP WW

 
.bar 0.024MPa0024.008.003.0

~
2)2( PyP WW  
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In the tables for pure water vapour in Supplement 4.4 find the equilibrium 

temperatures of phase change T1 and T2 corresponding to calculated pressures. 

So, for given composition of humid air, water vapour will condense on glass 

interior surface at T1 < 24.1 C (for PɆ1 = 0.1 MPa). The same phenomenon 

will be observed in the highlands at T2 < 20.4 C (for PɆ2 = 0.08 MPa). 

 

4.5. Equilibrium States in Binary Mixtures 

As it was mentioned in section 4.3, each pure substance forming gas mix-

tures passes into liquid state under its own conditions. At the same pressure 

(for example, P = 0.1 MPa) nitrogen condensation temperature is, according to 

Table 4.5, equal to 77.4 K, argon condensation temperature is 87.2 K. At the 

same temperature (for example, T = 85 K) nitrogen condenses at 0.23 MPa, 

argon at 0.079 MPa (Fig. 4.4-c). 

Gas mixtures can be transferred to two-phase state if cooled below critical 

temperature of a high-boiling component. Separation of the mixture into 

phases is accompanied by redistribution of concentrations between liquid and 

vapour. The most widespread separation method is based on this very regular-

ity. 

 

 

Fig. 4.4. Dependence of partial pressure in vapour phase on the liquid compo-

sition (to Raoultôs law): xL and xH ï concentrations of substances in liquid 

phase; LP
~

 and HP
~
ï partial pressures of each component in vapour. 

 

Phase separation process in the mixture formed by two matters L and H is 

shown in Fig. 4.4-b. To approach to reality, suppose that the first of two mat-

ters is low-boiling nitrogen, the second is high-boiling argon. At prescribed 

temperature T, pressure PL-H of partially liquefied mixture will be within the 

interval defined by boiling pressures of pure matters L and H: PL > PL-H > PH. 

Some quantitative regularities describing the solution properties as func-

tions of the component concentrations were discovered by the French chemist 

F. Raoult in 1887. The first Raoultôs law binds pressure of saturated vapour 

above the solution with its composition. 
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For another substance H this one regularity is expressed by formula: 

. =
~

HHH  PxP      (4.9-b) 

taking into account that molar concentration of component B in a binary mix-

ture is defined as xH = (1 ï xL ) from the condition: 

xL + xH = 1.     (4.10-a)  

 

Example 4-4. Influence of the component concentration in liquid on its 

partial pressure in vapour 

Problem statement: The vessel is filled with vapour-liquid mixture of nitro-

gen and argon at temperature T = 85 K. Analysis of liquid phase shows that 

volume fraction of nitrogen in it is 0.8 (concentration 
2N

x = 80%). 

Solution: Find pressures of saturated vapour (Supplement 4.3) of pure sub-

stances at prescribed temperature T = 85 K: 
2N

P = 0.23 MPa. Partial pressures 

of N2 and Ar in the vapour above the liquid are determined by (4.9): 

MPa;184.023.08.0
~

222 NNN
PxP

 
MPa.0158.0079.02.0)1(

~
ArNAr 2

PxP  

Total pressure of the mixture is: 

bar.2.00MPa][200.00158.0184.0
~~
ArN2

PPP  

Combining Raoultôs and Daltonôs laws, the equation connecting composi-

tions of liquid and vapour phases can be obtained. On the one hand, according 

to (4.6) partial pressure of vapour PyP
ArAr

~
. On the other hand, with regard 

to (4.9), ArArAr

~
PxP . Then 

  Ar

~
P = yAr PɆ = xAr PAr and  Ar

Ar
Ar

x
P

P
y ,  (4.11) 

where PAr is the pressure of saturated vapour of pure argon at the mixture 

temperature; P  ï total pressure of the mixture above the solution, bar; xAr and 

yAr are molar fractions of argon in liquid and gas phases. 

Analogous relationships are valid for another substance (nitrogen). 
 

Example 4-5. Interconnection of concentrations in gas and liquid phases 

Problem statement: Vapour-liquid mixture of nitrogen and argon fill a vessel 

at T = 85 K and PɆ = 0.2 MPa. Analysis of liquid phase shows that volume 

fraction of nitrogen in it is equal to 
2N

x = 0.80. 

Determine argon and nitrogen concentrations in vapour phase. 

Partial pressure of saturated vapour of the solution component is equal 

to saturated vapour pressure above pure substance PL (at given temperature 

T) multiplied by its molar fraction xL in liquid phase, i.e. 

. =
~

LLL
 PxP       (4.9-a) 
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Solution: Saturation pressures of pure substances at a preset temperature are 

obtained in the preceding example (
2N

P = 0.23 MPa, PAr = 0.079 MPa). 

From the formula (4.11), we find the concentrations of N2 and Ar in vapour:  

%9292.08.0
20.0

23.0
2

2

2 N

N

N
x

P

P
y  ; 

%8079.0)8.01(
20.0

079.0
)1(

2N

Ar

Ar
x

P

P
y . 

Check-up of condition 
2N

y + yAr = 0.079 + 0.92 = 0.999 å 1. 

 

Like ideal gas laws considered in Chapters 2 and 3, the equations obtained 

above are capable of simplifying the engineering calculations. However, they 

cannot claim to be accurate and to have comprehensive application. Prelimi-

nary evaluation can be performed by formulas (4.9) and (4.11) for the two-

component product, if a limited amount of experimental data is available. 

If possible, the experimental but not calculated characteristics should be 

used for the analysis of phase equilibriums. Solely they can reliably reflect the 

system equilibrium states. 

Let us estimate the deviation of calculated values obtained in Examples 4-

4 and 4-5 from the reference values (Supplement 4.5). According to experi-

mental data, at prescribed conditions T = 85 K and PɆ = 0.2 MPa mixture ni-

trogen-argon is characterised by parameters introduced into Table 4.7. 

In spite of the revealed inaccuracies, the laws of equilibrium states reflect 

simply and in many cases correctly the character of co-existence of the phases. 

In particular, an important rule following from Raoult-Daltonôs law is known 

as Konovalovôs law: 

 

 

 

 

This regularity is substantiated by the above calculations (Examples 4-4 

and 4-5) for a nitrogen-argon system. Experimental data (Table 4.7) confirm 

the Konovalovôs law correctness: nitrogen concentration in vapour proves to 

be higher than in liquid: (
2N

y = 89.1%) > (
2N

x = 76.9%). On the other hand, 

argon having higher boiling temperature always prevails in liquid: 

(yAr = 10.9% ) > (xAr = 23.1%). The peculiarity is even more obvious if the 

pairs of substances with vastly different properties are chosen (for example, 

neon-nitrogen, oxygen-krypton). Substantiation of the Konovalovôs law is pre-

sented in Table 4.8. 

Low-temperature components in the mixture are recognised as more vola-

tile ones. Alcohol is more volatile than water (it boils at temperature  

Vapour in a two-phase system is always richer in the component char-

acterised by lower boiling temperature in pure state. 
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OHHC 52
T = +78 C, water ï OH2

T = +100 C). Helium (THe = 4.2 K) is more vola-

tile than neon (TNe = 27.1 K) but they both are more volatile than nitrogen. 

 

Table 4.7 

Equilibrium parameters liquid-vapour for system nitrogen-argon 

Equilibrium parameters: T = 85 K; P = 0.20 MPa 

Phase  Liquid Vapour 

Component Nitrogen Argon Nitrogen Argon 

Calculated 

values 2N
x = 80% xAr = 20% 2Ny = 92% yAr = 8% 

Experiment 
2N

x = 76.9% xAr = 23.1% 2Ny = 89.1% yAr = 10.9% 

Error ï3.9% +15.5% ï3.2% +26.6% 

 

Table 4.8 

Substantiation of Konovalovôs law 

Law Formulation 
Formula 

number 
Equation 

Dalton 

 

Total pressure of a mixture PɆ  

as the sum of partial pressures 

of separate components in va-

pour 

(4.8) HL PPP
~~

 

Raoult 

Partial pressure as the product 

of phase transition pressure of 

pure substance by its content 

in liquid 

(4.9-a) LLL PxP
~

 

(4.9-b) HLH PxP )1(
~

 

Substitution of (4.9-a) and (4.9-b)  

into (4.8)  
(4.12) HLLL PxPxP )1(

 

According to (4.12), at growing concentration of the low-boiling substance 

(xLŸ1) pressure in the mixture will approach the boiling temperature of this 

component in its pure state PɆŸPL. And vice versa: at (xLŸ1)PɆŸPH. In-

termediate result: within the whole interval [0 < xL <1]  PL > PɆ, and 

PL/PɆ > 1. 

Raoult-

Dalton 

 

Interconnection between the 

composition of vapour phase 

yL at given pressure PɆ, con-

centration of liquid xL and 

boiling pressure of pure com-

ponent PL 

(4.11) L
L

L x
P

P
y  

Konovalov 

 

Concentration of a low-boiling 

substance in vapour yL is 

greater than that in liquid xL 

(4.13) 1
P

P

x

y L

L

L
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As already affirmed, it is enough to determine the concentration of only 

one component of a binary mixture, and a fraction of another component will 

be unambiguously found by formula (4.10-a). This rule is right for a binary 

mixture of vapours, too: 

yL + yH = 1.     (4.10-b) 

That is the reason why it is usual to operate in formulas and also in the re-

ferral databases with the concentration of only one component, for example, 

the more volatile (low-temperature) one. In exceptional cases, a high-

temperature substance can be accepted as a ñbasicò one if it is a target product. 

Parameter allowing for cross-impact of pure components on their distribu-

tion in phases is called relative volatility. This parameter is a ratio of boiling 

pressures of pure substances for a mixture of two substances L and H at mix-

ture temperature T: 

 = PL /PH.      (4.14) 

Volatility is the most crucial characteristic of a gas mixture. In the upshot, 

it defines ñturn for divisionò of the mixture in its constituent parts. 

Character of Ŭ influence on the concentrations of equilibrium phases is ex-

pressed by formula (4.18), as it will be shown below. Succession of this regu-

larity derivation is shown in Table 4.9. 

 

4.6. Diagrams of Binary Mixture State Parameters 

Relative volatility Ŭ of a mixture significantly influences concentrations xL 

and yL, and the relationship yL = f1 (xL) for different binary mixtures. This rela-

tionship  as well as the relationship T = f1 (xL, yL) are ascertained mostly on 

experimental data for phase equilibrium of mixtures which are subject to fur-

ther processing and analytical presentation by means of the known methods. 

In some cases it is admissible to use models based on Daltonôs and 

Raoultôs laws for a preliminary calculation of phase equilibriums (see Ta-

ble 4.9). 

Peculiar properties of calculation methods can be analysed while building 

relationships yL = f1 (xL) and T = f2 (xL, yL). 

We will do calculations using the formulas from Table 4.10 for nitrogen-

argon mixture. Prescribe the mixture pressure (for instance, PɆ = 0.2 MPa, as 

in Example 4-5). For pure argon (xL = 0) and pure nitrogen (xL = 1) find boil-

ing temperatures  
2N

T = 83.7 K and TAr = 94.4 K at PɆ = 0.2 MPa. Then divide 

temperature interval (
2N

T = 83.7 K) < T < (TAr = 94.4 K) into parts with one-

degree step. For every intermediate value of temperature T,  determine pres-

sures of pure substances PH = PAr (T) and PL = 
2N

P (T) (Supplement 4.3). 

Then, taking into account (4.19) and (4.20), calculate xL and yL at intermediate 

temperatures. Calculation results are accumulated in Table 4.11. 
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Table 4.9 

Consecution of transformations, and ex-

planations 

Formula 

number 
Equation 

From Raoult-Daltonôs law 

Composition of vapour phase yH at pre-

scribed pressure PɆ, concentration of 

liquid xL and mixture temperature 

T (using T-PL relationship for pure com-

ponent L) 

(4.11) L
L

L
x

P

P
y

~

 

(4.3-a) PL = F (T) 

Similarly ï for high-boiling component 

H at the same mixture temperature T 

(4.11) H
H

H
x

P

P
y

~

 

(4.3-a) PH = F (T) 

Division yL /yH (4.11) 

Connection between compositions of 

vapour and liquid phases at prescribed 

mixture temperature T defining PL(T) 

and PH(T) for pure components 

(4.15) 

H
H

L
L

H

L

x
P

P

x
P

P

y

y

 

Replacement of concentrations of high-

boiling substance in vapour yL and in 

liquid xL by parameters of low-boiling 

substance in accordance with formula 

(4.10): yH = 1 ï yL and xH = 1 ï xL 

(4.16) 
)1(1 LH

LL

L

L

xP

xP

y

y
 

Taking into account (4.14): 

Connection between concentrations of 

components in the phases of binary mix-

ture (through relative volatility) 

(4.17) 
)1(1

L

L

L

L

x

x

y

y
 

(4.18) 
L

L
L

x

x
y

)1(1
 

 To build isobars of nitrogen-argon mixture in y-x-coordinates, use the data 

from Table 4.11. Dependence of yL on xL for mixtures nitrogen-argon and ni-

trogen-krypton is visually illustrated by the diagram shown in Fig. 4.5. Con-

centrations of low-boiling component in liquid phase xL are plotted on abscissa 

axis; its equilibrium concentrations in vapour yL ï on ordinate axis. 

Values Ŭ are different in each point of the equilibrium curve yL = f1 (xL). 

When xL = 0 and xL = 1 (see Table 4.11), Ŭ1 = 2.51 and Ŭ2 = 2.94. However, as 

a rule, the average value  21av  is used to simplify calculations. In our 

example 72.294.251.2
av . 

 



61 

Table 4.10 

Determination of concentrations of vapour and liquid phases at isobaric condi-

tions 

Succession of transformations and expla-

nations 

Formula 

number 
Equation 

From Table 4.8 (substantiation of Kono-

valovôs law) 
(4.12) HLLL PxPxP )1(  

Result 1 ï dependence of the concentra-

tion of a low-boiling component in liquid 

xL on the total pressure PɆ and boiling 

pressures of pure substances PL and PH at 

mixture temperature T 

(4.19) 

HLHLL PxPPxP

 

)( HLLH PPxPP
 

HL

H
L

PP

PP
x  

Substitution of xL into Raoult-Daltonôs 

formula: 
(4.11) L

L
L x

P

P
y

~

 

Result 2 ï dependence of vapour phase 

composition yL on the total pressure PɆ 

and boiling pressures of pure substances 

PL and PH at mixture temperature T 

(4.20) 
)(

)(

HL

HL
L

PPP

PPP
y  

For comparison, dependence between yL and xL for a nitrogen-krypton sys-

tem characterised by high Ŭ values, is shown in Fig. 4.5 by dashed line: 

Ŭ = PL/PH = 2.52/0.103 = 24.5 at T = 120 K and PɆ = 0.2 MPa. 

Convexity of the curve yL = f1 (xL) relative to diagonal (ŬŸ1) is a co-

gent confirmation of Konovalovôs law: vapour phase being in equilibrium 

with liquid phase is richer in a low-boiling component than a liquid phase. 

Degree of convexity of y-x diagram, as it will be shown later, characterises a 

possibility of a mixture separation into components: 

 

 

 

 

In Fig. 4.5, the equilibrium line approaches diagonal (yŸx) at Ÿ1, i.e., 

every substance is present approximately in equal parts both in liquid and in 

vapour. It is very difficult to separate such mixtures as O2-Ar (T = 95 K; 

 = PL/PH = 0.213/0.163 = 1.31). Gas isotopes are the examples of hard-to-

separate mixtures. Values of relative volatility are quite small (Ŭ < 1.01) for 

most of isotope compounds (Supplement 1.4). 

 

 

 

 

 

 

the higher is relative volatility ( the more apparent are differences in the 

properties of the components), the easier it is to separate the mixture. 
 

In practice gas mixture separation processes are carried out at constant pres-

sure in the unit. So, dependences of equilibrium concentrations are often 

presented as two isobars in coordinates T-y and T-x. 
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Table 4.11 

To the calculation of the diagrams y-x and T-x,y for argon-nitrogen mixture 

Mixture 

temperature 

T, K 

Value 

Ŭ 

Boiling pressures of pure 

substances P(T), MPa 

Phase compositions accor-

ding to (4.19) and (4.20) 

Nitrogen, PL Argon, PH Liquid, xL Vapour, yL 

94.4 2.51 0.502 0.200 0 0 

94 2.56 0.500 0.195 0.02 0.04 

93 2.59 0.463 0.179 0.07 0.17 

92 2.63 0.426 0.162 0.14 0.31 

91 2.66 0.393 0.148 0.21 0.42 

90 2.69 0.360 0.134 0.29 0.53 

89 2.71 0.331 0.122 0.37 0.62 

88 2.77 0.302 0.109 0.47 0.71 

87 2.80 0.277 0.099 0.57 0.79 

86 2.86 0.252 0.088 0.68 0.86 

85 2.90 0.229 0.079 0.81 0.92 

84 2.92 0.207 0.071 0.95 0.98 

83.7 2.94 0.200 0.068 1.00 1.00 

 

 
Fig. 4.5. Diagrams y-x of binary mixtures nitrogen-argon and nitrogen-krypton 

at constant pressure PɆ = 0.2 MPa 



63 

 

 
Fig. 4.6. T-x,y diagram for mixture nitrogen-argon at PɆ = 0.2 MPa  

(coordinates of isobar points correspond to those of Table 4.11) 

 

Such a diagram model is presented in Fig. 4.6.  Data of Table 4.11 were 

used to draw the diagram. 

 In Fig. 4.6 we build an abscissa axis x(y) like in Fig. 4.5. Then, we draw 

two vertical lines (T) crossing axis x(y) in points x(y) = 0 and x(y) = 1. On the 

vertical scales, we mark the boiling temperatures of pure substances at pre-

scribed pressure PɆ = 0.2 MPa: on the right scale 
2N

T = 83.7 K on the left scale 

ï TAr = 94.4 K. For intermediate values of temperatures, the data from Table 

4.11 are marked on horizontals for pairs of points xL and yL. The lower family 

of points T = f (xL) belongs to the boundary isobar of liquid, and the upper 

group of points T = f (yL) is referred to the isobar of vapour phase. 

The diagram T-x,y (Fig. 4.6) does not contradict the graph y-x (Fig. 4.5) 

because the same data are used to build both of them. 

Analysis of the graphs T-x,y shows that with lowering argon fraction in 

the mixture (xH Ÿ0 and yH Ÿ0 or xLŸ1 and yLŸ1) its temperature approaches 

the boiling temperature of pure nitrogen, i.e. T
2N

T (right lower part of the 

graph). Increase  of argon concentration when xL 0 and yL 0 (left upper part 

of the graph) leads to the increase of the mixture temperature to the state of 

pure argon when TAr = 94.4 K. 
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As it was mentioned earlier, the laws of idealised equilibrium states are 

not always precise enough. These shortages are inherent in relationships 

(4.18)-(4.20), too. In spite of that, knowledge of the simplified regularities of 

the gas mixture behaviour is very important for mastering the subsequent in-

formation. These regularities provide easy understanding of a large body of 

experimental data in the phase equilibrium. It is possible to make a prelimi-

nary evaluation of the system features even when no experimental parameters 

are available. The considered graphical interpretation of the equilibrium states 

(Fig. 4.5 and Fig. 4.6) is a fundamental presentation form for separation proc-

esses which are subject to examination in the next chapter. 
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5. PROCESSES AND DEVICES 

FOR GAS MIXTURE SEPARATION  

BY CONDENSATION METHODS  

 

It was noted in the preceding chapters that the vapour and liquid phases of 

various compositions can be produced by lowering the gas mixture tempera-

ture. According to Konovalovôs law, a low-boiling component prevails in the 

vapour phase, while a high-boiling substance passes mainly into the liquid 

state. Condensation techniques of separation are widely used in industry as 

they prove to be in many cases more efficient than other means. 

 

5.1. Continuous Condensation of a Binary Mixture in a Phase Separa-

tor  

Elementary design of a phase separator is shown in Fig. 5.1-a. An initial 

mixture stream with concentration z is preliminarily cooled in a heat ex-

changer down to temperature T1 due to return streams G, g, and an external 

cold source Q0. 

Vapour with composition y is removed from the upper part of the unit 

(point 2). Liquid phase g with concentration x is withdrawn from the separator 

in point 3. A family of operating states is presented in Fig. 5.1-b by the filled 

region. Maximum process temperature is Tmax = 135 K for the accepted condi-

tions (z = 30% and P = 0.69 MPa). Value Tmax depends on the initial mixture 

composition, and it is always lower than the boiling temperature of a pure 

high-boiling substance, i.e. Tmax < TKr. Heating the separator over Tmax leads to 

disappearance of a liquid phase. In this case, both streams will leave the unit 

as ñdryò streams. It is reasonable that gas concentration in the separator will 

not change, and the output product composition will correspond to the initial 

concentration x = y = z = 30%.  

The lower limit of the region of operating states is bounded by  isotherm 

Tmin = 118 K. It is higher than the equilibrium temperature of a pure low-

boiling substance (oxygen), i.e. Tmin > 
2O

T , and it is unambiguously prescribed 

by the mixture initial concentration (z = 30%). Subcooling of the unit lower 

than Tmin will lead to its ñfloodingò by liquid. At that, both streams at the sepa-

rator output will also have similar compositions corresponding to the initial 

one x = y = z = 30%. 

Structural dimensions of the unit do not have direct influence on the 

stream parameters. The only method to influence the process in a phase sepa-

rator is to control separation temperature T123. Alteration of operating tempera-

ture within the limits of admissible (filled) region leads to  redistribution of 
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concentrations y and x of output streams in points 2 and 3, as well as of flow 

rates G and g. 

The unit balances for M moles of the initial product are: 

For  mixture     M = G + g;         (5.1) 

for one of the components   M z = G y + g x.        (5.2) 

Solving jointly (5.1) and (5.2), we will obtain a formula to evaluate gas 

phase fraction G with parameters of 2 (ratio of its flow rate to the initial mix-

ture flow rate): 

.
yx

zx

M

G

  
   (5.3) 

Having the diagram available, ɓ can be defined as a ratio of the segments: 

.
23

13
 

 

 
Fig. 5.1. Layout of a phase separator (a) and the separation process in  diagram 

T-x,y (b)  of krypton-oxygen mixture at P = 0.69 MPa (here and from now on 

concentrations x and y are reduced to the target product ï krypton) 

 

It means that waste flow G is less than the initial mixture flow rate M by a 

factor of ɓ. Since it is required to operate by volumetric (molar) stream com-

positions, the dimension of the relative flow rate ɓ will be [m
3
/m

3
] or 

[mol/mol]. 

Expressions for a relative liquid fraction (stream 3) are obtained similarly: 

;
yx

yz

M

g

  
.

23

11
   (5.4) 

For a binary (composed of two components) mixture, a simple relationship 

between the relative flow rates is valid: 

ɔ + ɓ = 1.     (5.5) 

The obtained balance regularities allow us to trace the interconnection of 

parameters characterising the unit operation (Table 5.1). 
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Calculation results presented in the table reveal a number of operation pe-

culiarities of a phase condenser: 

ï difference in the vapour and liquid concentrations is kept within the entire 

range of operating temperatures, namely, yKr < xKr and
22 OO

xy , and that cor-

responds to Konovalovôs law; 

ï maximal concentration of a low-boiling component (oxygen) in the pair 

2O
y = (1 ï yKr min) = 96% is reached for T123 = Tmin  when there is no flow rate 

of the gas fraction (G Ÿ 0;  Ÿ 0); 

ï limiting concentration of a high-boiling product (krypton) in the liquid 

xKr max = 81% is characteristic for T123 = Tmax when liquid fraction when there 

is no liquid fraction flow rate (g Ÿ 0; ɔ Ÿ 0). 

 

Table 5.1 

Influence of the process temperature on the flow rates and compositions of 

streams at the phase condenser outlet (for oxygen-krypton mixture at 

P = 0.69 MPa and z = 30%) 

Charac-

teristic 

Dimen-

sion 

T123 = Tmin Separator temperature T123, K T123 = Tmax 

118 120 124 128 130 132 135 

y % (Kr) yKr min = 4 6 12 18 21 26 yKr max = 30 

x % (Kr) 30 40 53 64 70 74 81 

 mol/mol 0 0.29 0.56 0.74 0.82 0.92 1 

 mol/mol 1 0.71 0.44 0.26 0.18 0.08 0 

The main disadvantage of the process of the simplest phase condensation 

is predetermined by the equality of temperatures (T2 = T3) of the exiting 

streams. On this account, it is impossible to produce simultaneously vapour 

sufficiently enriched in oxygen, and liquid sufficiently rich in krypton. 

But even if we admit this circumstance and reduce the problem to deep en-

richment of only one stream, then we will come across one more problem. The 

level of the limiting concentration is dictated by the incoming mixture compo-

sition, and the flow rate of the maximally enriched product tends to zero. 

Shortcomings of the considered process become more obvious while esti-

mating the target product (krypton) extraction degree. In example 3-4 (Chap-

ter 3), concentrations of the streams were specified arbitrarily, without taking 

into account the separation process peculiarities, and the separator itself was 

regarded as ña black boxò. The information set forth in the next sections al-

lows us to return to these problems on another level of knowledge, and to an-

swer the most important question of separation: what should be sacrificed to 

enrich the stream?  

 

Example 5-1. Influence of the process temperature on the extraction de-

gree of the target product in a phase condenser 

Problem statement: The initial mixture is krypton-oxygen with zKr = 30% 

and P = 0.69 MPa. 
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Define the krypton extraction degree from oxygen-krypton mixture within the 

range of admissible operating temperatures fixed in Table 5.1. 

 

 

 

 

 

 

Solution: Let us calculate the extraction degree of  krypton concentrated in 

this stream. Krypton quantity in the initial mixture is VKr(1) = M z, and its quan-

tity in the bottom product VKr(3) = g x. From the extraction degree definition: 

 .
Kr(1)

Kr(3)

z

x

zM

xg

V

V
C     (5.6) 

Calculation results for the temperature range considered above 

118 K  T  135 K are contained in Table 5.2. 

Table 5.2 

Influence of process temperature on krypton extraction degree  

at its concentration in the  initial mixture z = 30% 

Charac-

teristic 

Dimen-

sion 

T123 = Tmin Separator temperature T123, K T123 = Tmax 

118 120 124 128 130 132 135 

x % (Kr) 30 40 53 64 70 74 81 

 mol/mol 1 0.71 0.44 0.26 0.18 0.08 0 

C mol/mol 1 0.94 0.78 0.56 0.43 0.21 0 

Conclusions from the obtained results are as follows: 

ï admissible extraction degrees (C = 0.94é1) are reached for krypton in 

the separator at a very low product quality, i.e. when the bottom product con-

centration virtually corresponds to that of the initial mixture (x z); 

ï an attempt to produce the bottom product relatively rich in krypton 

(x = 70é80%) is accompanied by the loss of a large portion of the  target 

product (C < 50%). 

 

5.2. Design and Operation Principle of a Reflux Condenser 

In spite of some common features of a phase condenser and a reflux con-

denser, some important distinctions in the circuit and design are inherent in the 

latter. The most essential is that the facility for heat removal from a gas frac-

tion is foreseen in a reflux condenser. This novelty is aimed against the main 

disadvantage of the simplest phase condenser (section 5.1) ï equality of the 

operating temperatures of outlet flows T2 = T3. In other words, an attempt was 

made to ñbreak offò a temperature bond (and so, a concentration one) between 

liquid and vapour leaving the device in a reflux condenser. The objective is 

achieved by using an external refrigerant. 

Subcooler of the reflux condenser is usually designed as a tubular heat ex-

changer with an extended tube surface. Internal volume of the tubes is des-

Reminder: extraction degree of a substance is a ratio of the substance 

quantity in one of the streams (in moles, m
3 
or kg) to its quantity in the ini-

tial mixture. In our example, the substance being extracted (krypton) will 

be concentrated in the bottom (liquid) fraction g.   
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tined for vapour, while their external surface is washed by refrigerant. The re-

flux condenser operates as follows (Fig. 5.2) 

The initial mixture with the concentration z is preliminarily cooled in a 

heat exchanger down to temperature T1 owing to return streams G, g and va-

pours of the external refrigerant (Q0). Vapour-liquid mixture characterised by 

state 1 stratifies in the bottom reboiler into vapour (point 2ǌ) and liquid being 

in equilibrium with vapour (point 3). Flowing up along the heat exchange sur-

face, the vapour stream cools down to T2. At that, krypton concentration in a 

vapour phase reduces from  2
y = 21% to y2 = 2%. Liquid from the ascending 

mixture flow condenses partially and flows down on the tube walls into the 

column bottom. Due to the heat exchange between the phases, a continuous 

alteration of vapour and liquid compositions is going on. These processes are 

shown conditionally in Fig. 5.2-b by dashed arrows. State of the bottom prod-

uct leaving the unit is identified as point 3. Since flow directions of vapour 

and liquid in the tubes are opposite, such reflux condensers are called counter-

flow ones. 

A lower limit of the region of operating conditions can be theoretically ex-

tended to the temperature of a pure low-boiling component (oxygen) 

T2min = 
2O

T  = 114 K. However, owing to a restricted heat-and-mass transfer-

ring surface of tubular heat exchangers, an actual vapour temperature turns out 

to be several degrees higher, i.e. T2 > 
2O

T . Unlike a phase separator, structural 

features of the reflux condenser (more precisely, its heat exchanger) influence 

essentially the concentration and flow characteristics of the output streams. 

 

 

Fig. 5.2. Phase separator circuit (a) and separation process (b) in diagram T-x,y  

of krypton-oxygen mixture at P = 0.69 MPa 

 

To analyse the regularities of partial condensation and its distinctions from 

continuous condensation, the processes should be considered in y-x diagrams 

(Fig. 5.3). It is shown that, in the phase separator, points 2 and 3 are posi-
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tioned on the equilibrium curve, i.e., they coincide, but in the reflux condenser 

point 2 is displaced along the equilibrium curve towards higher concentrations 

of the low-boiling component. Parameters of the streams can be calculated by 

balance equations (5.1)-(5.6). 

Let us compare Tables 5.3 and 5.4. For a considered range of operating 

temperatures, the relative values of the reflux condenser streams ( and ) are 

more stable than those of the phase separator. In order to prove operating ad-

vantages of the reflux condenser, we determine the extraction degrees (simi-

larly to Table 5.2). 

 

Table 5.3 

Influence of fraction temperatures on flow rates and compositions of reflux 

condenser streams (for oxygen-krypton mixture at P = 0.69 MPa and z = 30%) 

Notation Dimension T2min T2 = const T13 = const 

T2 K 114 117 117 117 120 125 130 

y % (Kr) 0 2 2 2 6 13 21 
 

T13 K T13max = 135 130 133 135 130 130 130 

x % (Kr) 81 70 77 81 70 70 70 

 mol/mol 0.63 0.59 0.63 0.65 0.63 0.70 0.82 

 mol/mol 0.37 0.41 0.37 0.35 0.38 0.30 0.18 

 

Table 5.4 

Influence of fraction temperatures on Kr extraction degree in a reflux con-

denser at P = 0.69 MPa and Kr concentration z = 30% in initial mixture  

Notation Dimension T2min T2 = const T13 = const 

T2 K 114 117 117 117 120 125 130 
 

T13 K T13max = 135 130 133 135 130 130 130 

x % (Kr) 81 70 77 81 70 70 70 

 mol/mol 0.37 0.41 0.37 0.35 0.38 0.30 0.18 

C mol/mol 1 0.96 0.96 0.96 0.88 0.70 0.43 

As calculation results show, extraction degrees characterising the reflux 

condenser are relatively high and stable. C reduction is observed with the in-

crease of a vapour temperature from T2 to 2
T = T3. However, these operating 

modes are inherent just in the phase separator. The maximum extraction de-

gree of the target product (it is krypton in our example) is obtained at reaching 

the minimum vapour temperature equal to the temperature of a pure low-

boiling substance (oxygen). As it has been mentioned, it is rather complicated 

to implement this operating mode in practice. It has been used in the example 

with only one purpose in mind to denote the direction of the perfection of the 

reflux condenser. Reduction of vapour temperature and rise of liquid tempera-

ture are the most crucial reserves to increase the efficiency of the device of 

such type. 
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We need to warn against the attempts to bring T13 close to T3max. It can lead 

to disappearance of liquid in the reboiler, and transfer of the reflux condenser 

to a ñdryò mode. Consequences and results of such a process were mentioned 

in section 5.1. 

The performed analysis of balances does not fully cover a whole body of 

calculations accompanying the reflux condenser design. It is only the initial 

stage of designing that allows for preliminary estimation of the unit capability 

as well as for grouping the initial data to calculate actual processes. 

A real process of the heat exchange between liquid and vapour is appre-

ciably nonequilibrium, i.e. it is characterised by an essential difference in tem-

peratures (thermal nonequilibrium) and/or in concentrations (material non-

equilibrium). Ascending vapour ñruns againstò colder streams of liquid flow-

ing down from the upper sections of the heat exchanger. In reality, the phases 

always have a ñshiftò in concentrations and temperatures owing to a small 

contact area between the phases. Hence, vapour leaving the reflux condenser 

carries away a great deal of a high-boiling component (in our case ï krypton). 

This is the main flaw of a reflux condenser which restricts the area of its ap-

plication. 

 

 

Fig. 5.3. Processes of continuous condensation (a) and partial condensation (b) 

of a binary mixture O2-Kr in y-x diagram: z ï concentration of the initial mix-

ture supplied to a separator; x, y ï compositions of liquid and vapour in these 

devices 

 

5.3. Continuous Rectification of Binary Mixtures 

While analysing the process in a reflux condenser, its ñprogressiveò nature 

was noted as compared to the simplest phase separator. At the same time, a 

reflux condenser does not permit the receipt of pure enough products either: a 

low-boiling component ï due to the imperfection of heat and mass transfer 

processes in a heat exchanger, and a high-boiling component ï due to the de-

pendence of the bottom product concentration on the initial mixture composi-

tion. These shortcomings are partially overcome in the design of a more pro-
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gressive device ï rectification column. Invention of such a device became a 

logical evolution of the separators. 

 

 

 

 

 

In a rectification process, vapour and liquid streams move as counterflows 

with multiple contacts with each other in a special cylindrical device equipped 

with a set of heat and mass transferring elements. Due to that trick, nonequi-

librium between contacting streams of reflux and vapour can be successfully 

reduced. Another important feature is that, as a rule, the initial mixture is not 

fed into the column bottom but into its intermediate part. 

To clarify the third difference, it is useful to remember the process in a re-

flux condenser: in accordance with formula (5.1), a product flow rate through 

the heat exchanger is equal to the initial mixture flow rate except for bottom 

product, i.e. G = M ï g. The major advantage of a rectification column lies in 

the possibility to create the arbitrary internal flow rates of vapour and reflux 

streams irrespective of the initial mixture feed. In other words, a rectification 

process can be carried out even if there is no product fed into the column, un-

der the condition that there is enough liquid accumulated in the bottom of the 

column. Such opportunity is reached due to the supply of external heat flux  to 

the bottom of the column. 

A typical column design is presented in Fig. 5.4. As it follows from the 

process analysis in diagram T-x,y, a region of possible equilibrium states is 

virtually extended on the whole temperature range from the  boiling tempera-

ture of pure oxygen (
2O

T = 114 K) to the boiling temperature of pure krypton 

(TKr = 151 K). Consequently, concentrations of column output streams can ap-

proach those of pure substances. 

Due to the active heat and mass transfer along the entire height of the col-

umn practically the entire low-boiling component (oxygen) is extracted from 

the liquid loaded into the bottom of the column. On the other hand, the high-

boiling component (krypton) has time to condense from vapour moving to-

wards the upper part of the column. Its content in the waste flow (point 2) is 

minimal. The column provides high extraction degrees due to high concentra-

tions of the components in incoming streams. It will be demonstrated by the 

example of rectification of the mixture considered earlier     (Example 5-1). 

 

Example 5-2. Extraction degree of a target product in the column 

Problem statement: Operation pressure is P = 0.69 MPa. Initial mixture is 

krypton-oxygen containing z = 30% of Kr. Kr concentration in the column 

waste flow is y = 0.02, and in the bottom liquid x = 0.99 (see Fig. 5.4-b). 

Reasoning from Kr content in the bottom product stream, find Kr extraction 

degree. 

Rectification (from late-Latin ñrectificatioò ï correction) is one of the 

methods of liquid mixture separation based on various distributions of the 

mixture components between liquid and vapour phases. 
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Fig. 5.4. Flow diagram of a rectification column (a)  

and rectification process in diagram T-x,y (b) of mixture krypton-oxygen at 

P = 0.69 MPa 

 

Solution : Use formula (5.4) to find a relative flow rate of a liquid phase 

.289.0
97.0

28.0

02.099.0

02.03.0

yx

yz

M

g
 

Extraction degree can be determined by formula (5.6): 

%.3.95953.0
30.0

99.0
289.0

z

x

zM

xg
C

 
 

Thus, compositions of streams indicated in the example and in Fig. 5.4-b, 

are quite accessible. But in order to get these results in practice, it is necessary 

to create certain flow and energetic conditions. In other words, it is necessary 

to arrange an internal circulation of a certain quantity of liquid and vapour by 

heat input (output) to the respective column portions. Besides, it is important 

to create a contact surface where reflux and vapour would come into contact 

with each other. 

 

5.4. Types of Rectification Devices and Design Principles 

Three main types of columns are known: plate-type (tray) column, packed 

column, and film-wise one (Fig. 5.5). Plate-type columns are mainly used in 

large-scale air separation plants. A packed column is characterised by a no-

ticeably greater heat transfer surface per volume unit and lesser hydraulic re-

sistance. A diameter and height of the packed column can be reduced relative 

to those of a plate-type column at the same flow characteristics. However, 

packed columns have a restricted application area (Supplement 5): it is not 

easy to provide equalised irrigation of the packing in the units with a diameter 

more than 250 mm. It is required to place special elements ï ñdeflecting 



74 

platesò within the packing along the column height with spacing 3é5 diame-

ters. Their purpose is to collect liquid in the packing axial region, and to bar 

the breakthrough of vapour from contacting the liquid. 

 

 
a) 

 
b) 

 
c) 

Fig. 5.5. Elements of rectification columns: 

a) of a plate-type column; b) of  a column with spiral packing; 

c) of a film-wise column with reflux distributor 

 

At a quantitative calculation of rectification columns (Fig. 5.6), we use 

such a notion as a ñtheoretical plateò. It is defined as a hypothetical contact 

device supporting thermodynamic equilibrium between liquid and vapour 

streams leaving the device.  

Any real rectification column corresponds to the column with a certain 

number of theoretical plates, and its input and output streams correspond in 

flow rate and in concentrations to those of the real column. For packed col-

umns the value of HETP (height equivalent to a theoretical plate) can be de-

fined as the ratio of the packing layer height to the number of theoretical 

plates of the same separation capability. 

Let us consider in more detail the physical principles of continuous rectifi-

cation of binary mixtures. As follows from Fig. 5.4, temperature vectors in 

column (a) and in traditional diagram T-x,y are directed in  opposite directions 

(  and , respectively). Let us eliminate this defect, and for better clarification 

present a mirror reflection of the diagram with axis T directed down. With the 

axes oriented in that way, temperature grows downwards, i.e. like in the col-

umn. To analyse the column processes, we will use the phase equilibrium data 

for nitrogen-argon mixture with moderate relative volatility Ŭ  2.5é3 at 

pressure P = 0.2 MPa (Table 4.11, Fig. 4.6). Compositions of this mixture at 

temperatures T0 = 92 K (yL = 31%; xL = 14%) and T2 = 87 K (yL = 79%; 

xL = 57%), are illustrated in diagram 4.6. We will show how it is possible to 

transfer from one state to another with the help of the column. Further, at the 

notation of the low-boiling component (in this case nitrogen) concentration, 

subscript ñLò will not be used to simplify figures and formulas. 
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Fig. 5.6. Mirror image of T-x,y-diagram of nitrogen-argon mixture 

and processes of boiling and condensation in the column without plates 

(step ñaò) 

 

Putting the column into operation can be presented as a series of sequential 

steps. At the initial moment 0 (Fig. 5.6), a large enough volume of a binary 

liquid mixture with nitrogen content x0 = 14% is introduced into the column 

reboiler. The bottom product is heated  to T0 = 92 K by supplying heat Q0 and, 

at prescribed pressure P = 0.2 MPa, it is transferred into vapour with  flow rate 

G0. This stream in the state of a phase equilibrium with the bottom product 

will be enriched in nitrogen up to concentration y0 = 31% (step ñaò in 

Fig. 5.6). Vapour mixture G0 ascends and totally liquefies due to the heat re-

moval in the condenser. Under this condition (if all the vapour transfers to liq-

uid, g1 = G0), reflux concentration will be the same as that of vapour 

(x1 = y0 = 31%), and reflux temperature decreases to T1 = 89.7 K. Let us as-

sume that descending liquid drops and ascending vapour do not exchange heat 

on the way between the condenser and the bottom of the column. The sub-

stance quantity in vapour and in ñflyingò drops is not large as compared with 

the reboiler volume; therefore, it can be accepted that the bottom product 

composition remains on the same level.  

Let us install Plate I in the path of the liquid drops (step ñbò, Fig. 5.7). 

Some quantity of cold reflux with temperature T1 = 89.7 K and x1 = 31% will 

linger above this half-permeable partition. This liquid starts to boil under the 

action of relatively ñwarmò vapour (T0 = 92 K and y0 = 31%, flow rate G0) 

penetrating from the still side into the lower layers of liquid, and it starts boil-

ing. Vapour with the equilibrium concentration y1 = 56% and the flow rate G1 

forms above plate I. It strives toward the condenser with the temperature 

T1 = 89.7 K. Simultaneously cold reflux with T1 = 89.7 K and x1 = 31% 

formed at the condensation of ñbottomò vapour stream with y0 = 31% flows 

down from the plate. 
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Fig. 5.7. Essence of counterflow rectification for steps ñbò-ñdò. 

Plates I, II, and III correspond to those in Fig. 5.6 

 

Reflux stream of T2 = 87.1 K and concentration of a low-boiling compo-

nent (nitrogen) x2 = y1 =56% is being formed at full condensation of vapour on 

the first plate. We will place partition II in the way of this liquid (step ñcò, 

Fig. 5.7).  

Similar to the process on plate I, reflux above plate II transfers to vapour 

with the equilibrium concentration y2 = 78% at T2 = 87.1 K due to the fed va-

pour stream of y1 = 56% at T1 = 89.7 K. Thus, the desired state of a binary 

mixture shown as an example in Fig. 4.6 is virtually reached above plate II.  

Is it possible to enrich the mixture in the unit later on? Yes, it is, but addi-

tional plates are required for that. On step ñdò (Fig. 5.7), plate III will be 

flooded by liquid with x3 = 56%. Vapour and liquid at T3 = 85.2 K and 

T4 = 84.3 K will provide equality y3 = x4 = 91%. As a result, several circuits 

are obtained in the column, and an intense heat transfer is carried out between 

them due to a partial penetration of ñwarmò vapour into the layer of relatively 

cold liquid with the same concentration. 

 

 

 

 

 

 

 Heating and cooling on separate plates occurs my means of a multiple use 

of latent heat of evaporation (condensation) at stepwise changing temperature. 

This becomes possible due to the inequality of concentrations of the media 

supplied to the plates at constant pressure in the unit. 

While describing the phenomenon of rectification starting with step ñb,ò 

we did not use the flow rate characteristics.  It can be explained by the fact 

It is an important peculiarity of the column that irrespective of the num-

ber of steps the heat to produce vapour is expended only once as Q0 sup-

plied to the column bottom. Similarly, only one cooling system of refriger-

ating capacity QC = Q0 is required. 
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that in the absence of an external heat input, the same heat amount Q0 is trans-

ferred on every plate.   

 

 

 

 

 

Two important consequences arise from this assumption. The first one is: 

ñwarmò vapour, for example, with y1 = 56% at T1 = 89.7 K, can vaporise liq-

uid on plate II without penetration into its layer. If there is a temperature dif-

ference T1 ïT2 = (89.7 ï 87.1) K, heat transfer can, in principle, go on through 

a non-perforated blank wall, too. In this case the device shown in Fig. 5.7-d 

splits into a cascade of hermetic sections. The second consequence is that the 

difference in concentrations available in isolated spaces (above plates I, II, and 

III) cannot be used because there is no mass transfer not only between the sec-

tions but also with the surroundings. Therefore, the sole function of the de-

vices realising steps ñaò-ñdò  will be heat transfer from level T0 = 92 K to level 

T4 = 84.3 K by means of circulating streams of vapour and reflux with similar 

(as compared with each other) concentrations discretely changing from one 

stage to another. 

 

Fig. 5.8. Rectification process for nitrogen-argon mixture in diagram y-x, and 

a column model corresponding to step ñdò in Fig. 5.7 

 

The proposed model of the rectifying unit can be schematically presented 

using y-x phase equilibrium diagram (Fig. 4.5, Fig. 5.8). The diagram is more 

useful to illustrate ñconcentrationò factors of the process, but it does not hold 

the information about temperature conditions on separate plates. Thus, while 

starting to introduce rectification process in y ï x diagram, it is appropriate to 

mention here once again the temperature inequality between vapour y0 pene-

trating into the plate from below, and liquid x1 boiling on this plate, as well as 

If latent molar evaporation heats of both mixture components are equal, 

then vapour and liquid flow rates above the plates and under the plates will 

be equal in any cross-section, i.e. Gi = gi+1. 
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between y1 and x2, and so on. That discrepancy leads to a stepwise alteration of 

T with increasing height (from T0 = 92 K to T4 = 84.3 K). 

 

 

Fig. 5.9. Presentation of processes on theoretical plates  

by means of phase equilibrium diagrams of a binary mixture 

 

While comparing Fig. 5.6 and Fig. 5.8, it is impossible not to notice 

common features of the processes being presented. The similarity becomes 

even more evident when we overlay the schematically pictured units on the 

diagrams. 

In both figures, variations of the mixture concentration on separate plates 

are presented as a series of steps. This stepwise elevation in Fig. 5.6 is built 

with regard to equilibrium of vapour and liquid on each plate (vapour yi and 

liquid xi are in equilibrium on horizontal line Ti), and equality of vapour com-

position on the preceding plate and liquid composition on the next step (on the 

vertical line yi = xi+1). Though vertical and horizontal sections in Fig. 5.8 look 

alike, their physical essence is absolutely different. Characteristic features of 

the graphical presentation of the processes on theoretical plates are illustrated 

in different diagrams in Fig. 5.9 and in Table 5.5. 

 

Table 5.5 

Presentation of processes on theoretical plate II 

Processes 
Type of diagram 

T-x,y (Fig. 5.6) y-x (Fig. 5.8) 

Phase equilibrium liq-

uid-vapour 

Horizontal section x2-y2 

on isotherm T2 = 87.1 K 

Point with coordinates 

x2-y2 

Contact of vapour y2 

with liquid x3 

Vertical section 

y2 = x3 = 0.78 between 

isobars of liquid and va-

pour 

Horizontal y2 = 0.78 and 

vertical x3 = 0.78 sec-

tions intersecting on di-

agonal y = x 

In diagram y-x (Fig. 5.8), the outer boundary of these small ñstepsò is  the 

equilibrium curve whose character is defined by a relative volatility of a  bi-

nary mixture   2.5é3. Such condition is dictated by the understanding of a 

theoretical plate as the device where vapour leaving the plate and condensate 

flowing down from it, are in the state of a phase equilibrium. And what de-
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fines the location of the internal borders of the ñstepwise stairsò? Diagonal y-x 

serves as such a border in Fig.5.8. Such a mode is possible only if the flow 

rate of liquid and vapour is the same in every cross-section, i.e. G = g. It was 

noted above (consequence 2) that such an idealised device is not capable of 

giving out the product, i.e. the modes at yi = xi+1 (shown in diagrams 5.6 and 

5.8) make it possible to maximally increase the severance in mixture concen-

trations between the  column top and its bottom, but unfortunately at zero re-

frigerating capacity. So far, the ñdesignedò column bears a resemblance to a 

truck participating in Paris-Dakar Rally which, just like our unit, seems to be 

capable of breaking records but does not produce any useful result. 

If there is enough substance with concentration x0 in the reboiler, it is 

possible to load the column for a certain time. For that, product of the flow 

rate D is taken away from under the condenser. As soon as it happens, reflux 

quantity becomes less than that of counter-vapour g = G ï D. Thus, equality of 

vapour stream G  and condensate g  is distorted, and it will lead to the redis-

tribution of concentrations in all cross-sections of the column.  From the bal-

ances on the low-boiling component of circuit I (Fig. 5.10-a, it follows that 

(g + D) y0 =g x1 + D xD    (5.7) 

From this expression: 
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where f = g/D is reflux ratio. 

Similarly for circuits II and III 
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    (5.8-b) 

 

 

Fig. 5.10. To the derivation of operating line (a), and graphical representation 

of operating line in diagram y-x (b) (to Example 5-3) 
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At D > 0 the reflux composition depends on the effluent product concen-

tration xD and its relative flow rate f called a reflux ratio. It follows from rela-

tionships (5.8) that equality yi = xi+1 can be true for the column arbitrary cross-

section only if there is no load (D = 0). While interpreting  such a mode with 

f   shown in Fig. 5.6 and Fig. 5.8, it is customary to say that the column 

operates ñfor itself,ò i.e. without extracting any product. 

 

Example 5-3. Determination of vapour and reflux compositions in the 

column cross-sections at extracting the product (distillate) 

Problem statement: Initial mixture is nitrogen-argon (average relative volatil-

ity Ŭav = 2.8). Bottom product concentration is x0 = 14%. Flow rate of the re-

flux and that of the received product are, respectively, g = 1 mol/s and 

D = 0.25 mol/s. Nitrogen concentration in the extracted mixture is xD = 91%. 

Define reflux ratio. Calculate compositions of liquid and vapour fed on three 

first plates of the column. Represent theoretical steps in diagram y-x and com-

pare the obtained result with the mode of the ultimate reflux ratio f . 

Solution: Reflux ratio f = g/D = 1/0.25 = 4, i.e. flow rate of the circulating re-

flux is four times greater than the output product quantity. To find the points 

reflecting composition of vapour and reflux on separate plates on the equilib-

rium curve, we use formula (4.18). To simplify, we assume that relative vola-

tility  = av = const. 

Vapour composition above the bottom liquid surface is 

.313.0
14.0)18.2(1

14.08.2

)1(1
0

0
0

x

x
y  

To calculate concentrations of vapour and liquid in the column cross-sections, 

transform equation (5.8-a). Multiply its right and left parts by [( f +1)/f ]. It 

will be obtained: 
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    (5.9)
 

Composition of the liquid flowing down from the first plate to the column bot-

tom is: 
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In case D  0 and f  , value of [(f + 1) / f ]  1. Then 01
yx = 0.313. 

Vapour concentration above the first plate according to (4.18) and given the 

previous, is 
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Similarly define the stream parameters in other sections. The results shown in 

Table 5.6 are presented from the bottom to the top of the chart so as to corre-

late its lines with the location of theoretical plates in the column. 

 

Table 5.6 

Compositions of vapour and reflux in the column cross-sections at collecting 

the distillate D = 0.25 g 

Parameter Designation 

Mode of 

final reflux 

(f = 4) 

Mode of lim-

iting reflux 

(f ) 

Reflux under plate IV x4 0.450 0.909  xD 

Vapour above plate III in equilib-

rium with x1 
y3 0.544 0.909 

Reflux under plate III x3 0.299 0.781 

Vapour above plate II in equilib-

rium with x1 
y2 0.423 0.781 

Reflux under plate II x2 0.208 0.561 

Vapour above plate I in equilib-

rium with x1 
y1 0.354 0.561 

Reflux under plate I x1 0.164 0.313 

Vapour above the bottom in equi-

librium with feeding liquid x0 
y0 0.313 0.313 

Feeding liquid in the reboiler x0 0.14 0.14 

 

To build diagram y-x, we can use the parameters characterising equilib-

rium state in the right column of Table 5.6. Other coordinates of points are 

calculated in accordance with (4.18) for the liquid concentration altering with 

step x = 10% (see Table 5.7). Relative volatility values are taken from Table 

4.11, or its magnitude can be assumed as av = 2.8 within the whole range of 

concentrations. 

 

Table 5.7 

Equilibrium concentrations of vapour and liquid for constructing 

y-x diagram 

Liquid, x 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Vapour, y 0 0.237 0.412 0.545 0.651 0.737 0.808 0.867 0.918 0.962 1 

 

The following conclusions can be drawn from the obtained results: 

ï if no product is withdrawn (D = 0 and f  ), the reflux with concen-

tration x4  xD = 91% forms in the condenser above plate III, i.e. three theo-

retical plates are enough to reach a prescribed concentration (chain line seg-

ments on diagram of Fig. 5.10-b); 

ï if the distillate is extracted with the flow rate D = 0.25 g and composi-

tion xD = 91% above plate III, the reflux concentration is only x4 = 45%, i.e. in 
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order to extract the product of xD = 91% at the same initial concentration 

x0 = 14%, additional plates IV, V, etc. are required; 

ï if the distillate is extracted, then the points characterising vapour and 

liquid streams fed to the plate (y1 and xi+1) are located on a straight line not 

congruent with diagonal y = x. 

A straight line formed by hypotenuses of a series of rectangular triangles 

is called an operating line. To build it, the analysis of the separate plate bal-

ances, as shown in Example 5-3, is not necessary. On the contrary, there are 

simple methods of building the operating line which allow proceeding from 

analytical to graphical techniques of estimating the number of theoretical 

plates. 

Let us find the intersection point of the operating line with diagonal y = x. 

Let us turn to the equation (5.8) that is true for any cross-section of the ana-

lysed column type. By substantiation of y = x to the equation, one of the coor-

dinates will be excluded in the following order: 
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At that, if the distillate is extracted under the condition of complete condensa-

tion of the upper plate vapour, then xD = yD, and so  in the point with these co-

ordinates the operating line intersects diagonal on the graph of Fig. 5.10-b.  

As the second point to build an operating line, we will choose the coordi-

nate of its intersection with axis y. It follows from operating line equation  

(5.8-a) at x = 0 that 

.
1f

x
y D

     (5.10) 

 

Example 5-4. Construction of operating lines at different reflux ratios 

Problem statement: Initial mixture is nitrogen-argon. Reflux flow rate and 

nitrogen concentration in the extracted distillate correspond to those in Exam-

ple 5-3 (g = 1 mol/s and xD = 91%). The column bottom is fed with liquid 

product D with x0 = 14% (Fig. 5.11-a). 

Find the values of reflux ratios for the selected product flow rates: DA = 0.001, 

DB = 0.1, DC = 0.2, DE = 0.29, DF = 0.4 mol/s. Build a family of operating 

lines in the diagram y-x, and determine graphically the number of theoretical 

plates N for DC = 0.2. 

Solution:  Let us find reflux ratios f = g/D for the indicated flow rates: 

fF = 1000; fB = 10; fC = 5; fE = 3.45; fF = 2.5. 

Segments cut off by operating lines on the ordinate axis are, according to for-

mula (5.10), equal to: 

.260.0;204.0;152.0;0827.0;00091.0
11000

91.0
FECBA

yyyyy  
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On the diagram diagonal, built with regard to the data from Example 5-3, we 

plot point A with coordinates yD = xD = 0.91.  We draw a family of operating 

lines through points y Aéy F on the left vertical. 

 

 
Fig. 5.11. Location of operating lines within the range of reflux ratios 

f = 2.5é1000 (to Example 5-4) 

 

 The following conclusions follow from the obtained results: 

ï if 20% of the reflux (DC = 0.2, fC = 5) volume is withdrawn, then five 

theoretical plates are necessary to recover the product with concentration 

xD = 91%; 

ï operating line at the minimal flow rate of extracted product DA = 0.001 

(fA = 1000) practically approaches the diagonal on diagram y-x that corre-

sponds to the mode of the limiting reflux (D = 0, f  ); 

ï grey sector bordering upon line A-yA  is the area of underloaded states 

of the rectification unit with sufficient amount of reflux and small flow rate of 

the extracted product; at that, the process ñdriving forceò being a difference in 

concentrations between vapour leaving the plate and liquid fed to it (yi and 

xi+1), is substantial enough; 

ï totality of modes within the limits of green sector (restricted by operat-

ing lines A-yB  and A-yC ) characterises regular operating conditions of the 

column; 

ï yellow sector is the area of productive modes and small concentration 

drops between the flows above the plate (yi and xi+1); it reduces ñdriving 

forceò of rectification and requires the increase of the number of transfer units; 

ï red sector reflects a totality of unattainable processes; limiting opera-

tion state is shown by line A-yE  intersecting equilibrium curve in the point 

with concentration of feeding liquid x0 = 14%. 

Thus, as far as distillate D extraction increases, reflux ratio f = g/D re-

duces. In accordance with formula (5.10), the coordinate of intersection point 

of the operating line with axis y will grow, and this segment will rotate relative 

to pole A. Simultaneously, space between the equilibrium curve and the oper-
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ating line will reduce, and the number of required theoretical plates will in-

crease. Operating line A-yE  illustrates the process requiring the infinitely large 

number of theoretical plates. This mode is characterised by the minimal reflux 

ratio. 

Value fmin can be expressed through transforming equation (5.8-a). Sub-

stantiate in it the coordinate of the intersection point of the operating line and 

the equilibrium curve. It is concentration x0 of feeding liquid stream and of 

vapour y0 being in equilibrium with it (Fig. 5.11-b). It will be derived after a 

series of transformations: 
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For the assumed feeding conditions (x0 = 0.140 and y0 = 0.313), and 

composition of output distillate xD = 0.910, minimal reflux number is 

fmin = 3.45. 

Since one of the processes analysed in Example 5-4 is characterised by 

reflux ratio fF < fmin, its implementation at feeding stream concentration 

x0 = 14% is impossible. To implement the mode with prescribed parameters of 

the extracted distillate (xD = 91%) at fF = 2.5, it will be necessary to change the 

feeding stream concentration up to as a minimum x0 = 19%. 

Operation of the column shown in Fig. 5.11 will not be stable. Feed 

D = G ï g will allow for backing up a constant number of the substance moles 

in the column bottom, but the liquid concentration will reduce in time because 

(G y0 ï g x1) > D x0. As it is shown in Example 3-4, in the circuit fed by mix-

ture M with concentration x0 one of the output streams has to have composi-

tion xD > x0. For another stream R, it is quite the opposite, xR < x0. Only in this 

case, the system balances are valid in accordance with equations: 

M = D + R;      (5.11) 

M xM = D xD + R xR.    (5.12) 

Fulfilment of this requirement is achieved by the reduction of the low-

boiling component concentration in the bottom product. For that, a family of 

plates is also provided below the feeding point. They form a stripping (ex-

hausting) part of the column, unlike its upper part which is identified as a rec-

tifying (concentrating) section of the column. Representation of such a unit 

and the processes in its sections are illustrated in Fig. 5.12-a. 

It is natural that the additional number of plates should be installed below 

the feeding point to enrich the bottom product by the high-boiling component 

(xM  xR) (Fig. 5.12-b). In doing so, the number of theoretical steps in the up-

per (rectifying) section will not change. The sole difference in the character of 

the construction of steps at joint use of the sections will be the change of the 

reference point location. Feeding point was previously used as a reference 

point, and it was convenient for the explanation of the essence of the rectifica-
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tion process. However, as it will be shown further, this cross-section does not 

always fit as a basic one because the coordinates of the operating lines inter-

section depend on the phase state of the feeding medium M (Example 5-5). 

Similarly, it is preferable to start the readout of theoretical plates for lower 

section from point xR characterising the bottom product. 

 
Fig. 5.12. Representation of the column divided in two parts in the feeding 

point (a), and sequence of building the operating lines in separate sections (b) 

 

Notice: The notions ñupperò and ñlowerò sections used here to define the 

rectifying and the stripping sections of the same column should not be con-

fused with upper and lower columns (for example, those in the air separation 

plant). In the ASPs, those are individual units operating under different pres-

sures. And each one of them has its own rectifying, i.e. upper, and stripping, 

i.e. lower, sections. 

 

Table 5.8 

Flow rates of liquid and vapour in the column sections at different phase com-

positions of the feeding medium (D = 0.2 mol/s,  M = 0.3 mol/s and 

g = 1 mol/s) 

Column sections 

Ratio of liquid fraction m in feeding stream to vapour 

fraction n 

k =  (n = 0) k=1 (n=m=0.5M) k = 0 (n = M) 

Rectifying 

(upper) 

Reflux  g = 1.0 

Vapour G=g+D=G'=1.2 G=G'+n=1.2 G=G'+M=1.2 

Stripping 

(lower) 

Reflux  G=g+M=1.3 g'=g+m=1.15 g'=g=1.0 

Vapour G'=g'ïR=1.2 G'=g'ïR=1.05 G'=g'ïR=0.9 

 

In the sections of the unit schematically presented in Fig. 5.12, flow rates 

of vapour and liquid will be different in most cases (G  G and g  g ). As it 

was noted, the most important factor influencing these flow characteristics is 

the phase composition of the feeding stream M (Table 5.8). If the number of 

liquid moles m in the feeding mixture is prescribed, vapour flow rate will be 
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n = M ï m. Let us indicate a ratio of liquid fraction to vapour fraction as 

k = m/n, and analyse the influence of this factor on the column flow character-

istics. 

 

Example 5-5. Influence of phase composition of feeding stream on point 

M coordinates (Fig. 5.12) of the operating lines intersection 

Problem statement: Initial mixture is nitrogen-argon. Reflux flow rate and 

nitrogen concentration in the extracted distillate correspond to those in Exam-

ple 5-3 (g = 1 mol/s; D = 0.2 mol/s; xD = 91%). The bottom stream leaves the 

column with concentration xR = 4% and flow rate R = 0.1 mol/s. The column 

is fed with the product with flow rate M and concentration x0 = 32%.  

Build the operating lines for feeding modes given in Table 5.8, and determine 

the number of theoretical plates for each of them. 

Solution: While analysing the streams flow rates, we assume that reflux flow 

rate in the upper section (g = 1 mol/s) is a basic factor. Since composition 

(xD = 91%) and quantity g of output distillate are invariable at different condi-

tions of the column feeding, the operating line will be, according to (5.10), 

common for all analysed modes. As it is shown in Example 5-4, the operating 

line passes through pole yD = xD = 91% on a diagonal, and point with coordi-

nate y  on a vertical axis. At that, 

,152.0
15

91,0

1f

x
y D

 

where f = g/D = 1/0.2 = 5 is a reflux ratio. 

Since liquid is taken from the bottom of the column with composition xR, the 

point on the diagonal with coordinates yR = xR  is chosen as a pole to build a 

set of lines of the  stripping (lower) section. 

Set M of points, where operating lines intersect, can be found in the following 

manner. Mark point C with coordinates y0 = x0 = 0.32 on the diagonal. If liq-

uid is fed (n = 0; m = M; k = ), the desired intersection point of lines Mm is 

placed on the extension of the vertical with coordinate x0 higher than point C 

(Fig. 5.13-a). If vapour is fed (n = M; m = 0; k = 0), the intersection of lines 

will be point Mn on a horizontal line (Fig. 5.13-c). 

 
Fig. 5.13. Localisation of the intersection point of operating lines at various 

phase compositions of the feeding stream 
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In order to find point M for the case of mixed feeding (at any ratio of m and n) 

let us draw a line from point C towards operating line y -xD angularly to hori-

zontal ű. This angle tangent is k = m / n. It can be depicted on the graph easily 

enough. In arbitrary scale to the left of point C, plot a segment numerically 

equal to vapour fraction n, and on the vertical, from its end, in the same scale, 

plot segment m, characterising the liquid phase quantity in feeding mixture 

(Fig. 5.13-b). Build a line on a diagonal through obtained point K and pole C 

up to its intersection with operating line y -xD. Operating lines of upper and 

lower sections will meet in obtained point Mk. 

The total number of theoretical plates for all considered cases is represented in 

Table 5.9 

 

Table 5.9 

Number of theoretical steps in the column sections at different phase composi-

tions of the feeding stream (M = 0.3 mol/s; D = 0.2 mol/s, and g = 1 mol/s) 

Column sections 

Ratio of liquid fraction m in feeding stream to vapour 

fraction n 

k =  (n = 0) k=1 (n=m=0.5M) k = 0 (n = M) 

A = 90  B = 45  C = 0  

Enriching (upper) 3.5 3.9 4.7 

Stripping (lower) 3.7 3.7 3.8 

In total 7.2 (8) 7.6 (8) 8.5 (9) 

 

The total number of theoretical plates for a whole column is equal to the 

sum of steps of the stripping and rectifying sections. At the junction of the up-

per and lower series of steps in the intersection point of the operating lines, the 

number of last ñplatesò isnôt, as a rule, a whole number. It is not necessary at 

all to strive to get round numbers by changing angles or phase composition of 

the feeding medium. There is no sense in it for several reasons. Fractional part 

of the plate can be ñcontributed to the fundò of the assurance factor, a reserve 

factor of any engineering design. Besides, the plate efficiency is taken into ac-

count at determining the number of real plates. As a result, the number (whole 

or fractional one) of theoretical plates obtained by means of graphical con-

struction will be corrected anyway.  

Earlier, at defining the essence of a theoretical plate, we assumed that the 

vapour leaving the plate was always in equilibrium with liquid on the plate it-

self. In reality, parameters of vapour leaving the plate slightly differ from 

those of the point on the equilibrium curve. This shift (deviation to the right 

from the curve of the equilibrium state) is taken into consideration by the plate 

efficiency 

ɖ = nt / nr,    (5.13) 

where nt is the number of theoretical plates calculated by building the steps 

between the operating line and the equilibrium curve; nr is the number of real 



88 

(physical) plates. At evaluating the efficiency of packed columns, formula 

(5.13) alters somewhat. In this case, the denominator is the height of real 

package layer Lr, and the numerator is the height  of theoretical layer Lt. The 

latter factor is called PETP (package height equivalent to a theoretical plate). 

The factor for different column types can be found in references [5, 12, 2a]. 

Differences in the numbers of real and theoretical plates are illustrated in 

Fig. 5.14 with allowance for the column element presented in Fig. 5.12. The 

ñthroughò method to build theoretical steps starting in point D at the top of the 

column is used on this graph. While going through point M in the feeding 

cross-section, it is possible to transfer from one operating line to another with-

out count breaking. Therefore, we get rid of the fractional fragments on the in-

tersection of the sections and keep ñin stockò only one part of the last (lowest) 

plate by rounding up to the integer value. As it follows from the example illus-

trated by diagram of Fig. 5.14, nt = 7; nr = 11. Then, ɖ = 0.64 (64%). 

 

 
 

Fig. 5.14. On calculation of the efficiency of a real rectifying plate 

 

The number of theoretical plates as well as the column height depends on 

a relative volatility of the mixture being separated. If the variety in properties 

of the mixture components is considerable, the number of separation steps as 

well as column height is not big. The required number of theoretical plates can 

increase several times when separating the product with components whose 

properties differ slightly.  
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Example 5-6. Influence of binary mixture properties on the number of 

theoretical plates 

Problem statement: Mixture oxygen-krypton is to be separated in  rectifica-

tion column No. 1 at P = 0.8 MPa, and mixture argon-oxygen - in rectification 

column No. 2 at P = 0.2 MPa. Initial mixtures are fed into the columns as liq-

uids. Concentrations of streams on low-boiling components are equal in both 

cases (see Table 5.10). Flow rates of the reflux and that of the distillate being 

extracted at the top are, respectively, g = 1 mol/s and D = 0.0675 mol/s. 

Build y-x diagrams for the indicated binary mixtures. Draw operating lines of 

the processes in rectifying and stripping sections, and determine the number of 

theoretical plates necessary to get prescribed concentrations of the extracted 

streams. 

Table 5.10 

Compositions of initial and produced streams;  

determination of relative volatility  on edges of y-x graphs 

Unit Column No. 1 Column No. 2 

Separated mixture O2-Kr Ar-O2 

Operating pressure, 

MPa 
Pop1=0.80 Pop2=0.20 

Concentration of low-boiling components 

Initial mixture ( ) 30
2O

y  yAr = 30 

Distillate ( ) 95
2O

y  yAr = 95 

Bottom product () 5
2O

y  yAr = 5 

Calculation of mixture volatility factors for building y-x diagtrams 

Concentration of 

substances on the 

edges of graph y-x 
2O

y =100% yKr = 100% yAr = 100% 
2O

y =100% 

Boiling tempera-

tures of pure sub-

stances, K at Pop  

)1(

O2
T = 115.9 

)1(

Kr
T = 154.2 

)2(

Ar
T = 94.3 

)2(

O2
T = 97.2 

Boiling pressures at 

TL and TH for pure 

substances, MPa 

Low-boiling components 
)1(

O2
P = 0.80 

)1(

O2
P = 4.97 

)2(

Ar
P = 0.20 

)2(

Ar
P = 0.258 

High-boiling components 

PKr = 0.0741 PKr = 0.80 
2O

P = 0,153 
2O

P = 0,20 

Border values of 

relative volatility, 

(T) = PL / PH 
(115.9)=10.8 (154.2)=6.21 (94.3)=1.31 (97.2)=1.29 

Geometric mean of 

relative volatility 

av 

19.8
)2.154()9.115(1av  3.1

)2.97()3.94(2av  
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Solution: To build the curves of phase equilibrium y-x, use a simplified 

method (Example 5-4) based on the calculation of average relative volatility 

for the temperature range in the column. 

Find boiling temperatures of pure components-argon, oxygen, and krypton- 

(Supplement 4.3) for every column at its operation pressure Pop. 

Then, from P-T relationships for pure substances ([6, 7], Supplement 4.3) find 

equilibrium pressures of low-boiling and high-boiling products of the mixture 

for temperatures on the edges of y-x diagram. Calculate relative volatility (T) 

by formula (4.14) for each outermost temperature. Determine geometrical 

mean (av1) = 8.19 for O2-Kr within temperature range T
(1)

 = 115.9é154.2 K 

and (av2) = 1.30 for Ar-O2 within T
(2)

 = 94.3é97.2 K. Assume concentrations 

of low-boiling components in liquid fraction from xl = 0 to xl = 1 and calculate 

content yl in vapour by formula (4.18). Calculation results are given in Table 

5.10, and the relationships are shown in tables  in Fig. 5.15 and Fig. 5.16. 

xL yL 

0 0 

0.1 0.476 

0.2 0.672 

0.3 0.778 

0.4 0.845 

0.5 0.891 

0.6 0.925 

0.7 0.950 

0.8 0.970 

0.9 0.987 

1.0 1.0 
  

Fig. 5.15. Relationship y-x for oxygen-krypton mixture; operating lines for 

column sections, and graphical determination of the number of theoretical 

steps 

 

xL yL 

0 0 

0.1 0.126 

0.2 0.245 

0.3 0.358 

0.4 0.464 

0.5 0.565 

0.6 0.661 

0.7 0.752 

0.8 0.839 

0.9 0.921 

1.0 1.0 
 

Fig. 5.16. Relationship y-x for argon-oxygen mixture; operating lines for col-

umn sections, and graphical determination of the number of theoretical steps 
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Using y-x relationships from the tables, mark coordinates of the points and 

build two phase equilibrium curves for mixtures O2-Kr and Ar-O2 on the re-

spective graphs. Draw the operating line for the upper (rectifying) section 

through two points. The first point is the pole on the diagonal with the coordi-

nates y = xD = 0.95, the second one is the end of the segment with length y' on 

the left vertical scale. According to (5.10) and Example 5-4, coordinate 

,06.0
18.14

95,0
.

1f

x
y D

 

where f = g/D = 1/0.0675 = 14.8 is a reflux ratio according to (5.8-a). 

Since the initial mixture is fed into the column as liquid, intersection point M 

of the operating lines is located on vertical xM = 0.3 (Fig. 5.13-a). Starting 

from pole y = xD = 0.95, carry on constructing the theoretical steps between 

phase equilibrium curves y-x and operating lines up to obtaining the desired 

concentration in the reboiler x  xR = 0.05. For the first column (mixture oxy-

gen-krypton) the required number of theoretical steps is 3. In case of separa-

tion of the pair argon-oxygen at similar flow characteristics, 39 theoretical 

plates are necessary. Thus, the second column height will be greater by ap-

proximately a factor of 13 than that of the first column. 

 

Several types of rectification columns designed for separation of binary 

mixtures theoretically ñseparatedò in Examples 5-5 and 5-6, are shown in 

Fig. 5.17 and Fig. 5.18. 

Main types of packed structures used in chemical technology are pre-

sented in Table 5.11. Irregular packing as Pall and Rashig rings or different 

saddle-shaped elements are usually applied in petroleum processing. Packed 

structures are often used in upper (low pressure) column of modern air separa-

tion plants of middle and low capacity. Such a solution results in reduced hy-

draulic losses and the decrease of the overall dimensions of the unit. Packing 

of ñZultser Chemtechò company is widely used. 

Properties of the products being separated in the column as well as the  

general dimensions of the unit are taken into account  while selecting  packing 

elements (Tables 5.12, 5.13). Pitch of regular packing or size of a single mass-

transferring element of the damped packing is assumed within the limits of 

0.03é0.05 of the column diameter. Saddle-shaped or spiral-prismatic struc-

tures are usually utilised in the plants producing krypton and xenon. Columns 

separating neon-helium mixture are equipped, due to low viscosity and density 

of neon, with spiral packing with small characteristic dimensions (Fig. 5.5-b 

Table 5.11). Extraction of neon stable isotopes by rectification is an even more 

complicated problem. Packing with dimension less than 2 mm is applied for 

these goals. 
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Fig. 5.17. Design and appearance of the packed 

column with mass-transferring section of height 

h = 2 m and diameter d = 0.08 m for separating 

mixture 

N2-Ar with productivity on krypton R = 1 kg/h 

 

Fig. 5.18. Plate-type column for separating mixture 

N2-Kr with productivity of liquid argon 

R = 750 kg/h: M ï initial mixture inlet; R ï bottom 

product (argon) output; D ï exit of nitrogen-argon 

waste flow; a ï supply of ñheatingò gaseous nitro-

gen; b ï exit of liquid nitrogen condensed in the 

bottom heater; c ï inlet of liquid nitrogen (refriger-

ating medium); e ï outlet of N2 vapour 
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Table 5.11 

Mass transferring elements of rectification columns 

Irregular (damped) packings 

Spiral-cylindrical  Spiral-prismatic  

   

Pall and Rashig rings 
Saddle-shaped elements 

ñItaloksò 
Saddle-shaped gauze 

   
Regular packings (sheet or gauze surfaces collected into stacks) 

Vortex batch  
Stack of break-stretch 

metal gauze 
Stack ñZultserò  

   
Distribution device 

Atomizing  Grooved  Plate  

   
  

Table 5.12 

Constructive characteristics of spiral and spiral-prismatic packings 

Characteristics 

Units of 

measure-

ment 
  

Dimensions mm 3.4 4.8 0.4 2.5 3.6 0.2 

Material  Copper ʄ3 Steel 12ʍ18ʅ10ʊ 

Specific surface m
2
/m

3
 2 270 2 700 

Free volume frac-

tion 
% 77,3 26,5 

Bulk weight kg/m
3
 2 030 1 060 

Number of ele-

ments in 1 dm
3
 

pieces 16 000 40 000 
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Table 5.13 

Recommended parameters of column operation (reduced to full cross-section) 

Parameter 
Units of 

measurement 
Plate-type Packed 

Diameter (*, ** ï 

Figs. 5.17, 5.18) 
mm 800* 300 250 80**  

Vapour velocity in the col-

umn [5, 13, 1a, 2a, 6a] 
m/s 0.1...1.0 0.15...0.25 

Cross-section of the column 

without separating devices 
m

2
 0.50 0.07 0.049 0.005 

Volume flow rate at the 

column conditions 
m

3
/s 

0.05 

0.50 

0.007 

0.071 

0.0074 

0.012 

0.00080 

0.0012 

Mass flow rate kg/s 
0.47 

4.7 

0.066 

0.66 

0.07 

0.11 

0.007 

0.012 

Volume flow rate at normal 

conditions 
norm. m

3
/h 

1 180 

11 

800 

165 

1 650 

170 

290 

18 

30 

Molar flow rate mol/s 
13.6 

136 

1.9 

19 

2.0 

3.3 

0.20 

0.34 

Density of Ar-O2 mixture in the column cross-section in view of gas re-

ality is calculated as 

mix = yAr Ar + 
22 OO

y = 0.3Ā10.8 + 0.7Ā8.67 = 9.31 kg/m
3
,
 

(5.14) 

where Ar = 10.8 kg/m
3
 and 

2O =8.67 kg/m
3  

are densities of pure substances 

on the saturation line (at Pop =0.20 MPa for argon at T = 94.3 K, for oxygen at 

97.2 K, Supplement 4.3) [6, 7]. 

Density of Ar-O2 mixture at Pop =0.20 MPa and T =293 K with allowance 

for (2.12) and (3.5) 

.mkg433.1
24

7.0323.05.39

2424

3OOArArmix
mix

22
yy

 

 

Table 5.14 

Calculation of column height (on the basis of data of Example 5-6) 

Main parameters Plate-type Packed type 

Diameter, mm 800 300 250 80 

Plate efficiency 0.3 ï 

Number of real plates, pieces 
nr = nt/  = 

= 39/0.3 =130 
nt = 39 

Pitch of plates (height of a single pack-

ing layer), mm 
80 60 30...50 25...35 

Height of operating zone, m 10,5 7,9 1.2...2.0 0.98...1.4 

Overall height, m 13 10 2...3 1.8...2.5 
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Rectification processes and principle of cryogenic separation of the air 

are visually demonstrated in the next picture [7e]. 
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6. APPLICATION OF ADSORPTION TEC H-

NOLOGIES IN CRYOGENICS  

 

6.1. Process Essence and Sorbent Types 

In contrast to the condensation methods of separation described in Chap-

ter 5, sorption separation methods do not need to reach the conditions of the 

phase equilibrium. Rather wide ranges of temperature and pressure are admis-

sible for their implementation. It is natural that the operation parameters, espe-

cially temperature, influence the quantity of absorbed substances. However, 

the process of sorptive separation (for example, of neon-nitrogen mixture) will 

take place not only at T = 80 K, but also at 100 K and at 150 K. 

 

 
Silica gel KSMG 

 
Carbon SKT 

 
Zeolite Na-X 

Fig. 6.1. Pellets of the most widely spread industrial sorbents 

 

Adsorption (from Latin ad ï on, and sorbeo ï sorb, take in) is sorption of 

some substance from a gaseous phase or from solution by the surface layer of 

the liquid or of the solid body. Unlike adsorption, absorption is sorption by the 

body volume. The substance whose surface participates in adsorption is called 

adsorbent (sorbent), and the product being sorbed is adsorbate (Supplement 

6.1). Depending on the character of the interaction between the molecules of 

the adsorbate and the adsorbent, it is customary to differentiate between 

physical adsorption and chemisorption. At chemisorption, the molecules form 

chemical compounds. Physical adsorption is conditioned only by the forces of 

molecular interaction. 

Solid bodies pierced by the finest open channels are chosen as sorbents. 

The most commonly used are activated carbons, silica gels, zeolites (molecu-

lar sieves), and alumogels (Fig. 6.1). The surface of one gram of such highly 

dispersed substances can exceed 1 000 m
2
 (Table 6.1) [1, 4, 14].  
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Table 6.1 

Characteristics of most widely spread industrial adsorbents [3] 

Adsorbent 

type 

Granule 

size, mm 

Bulk density, 

kg/mwide 

spread
3
 

Average radius 

of pores, mm 

Sorption sur-

face, m
2
/g 

Activated carbons 

SKT 1...3.5 400 0.0000016 1100...1300 

Sʂʊ-4 1...3.5 430 0.0000018 1100...1300 

Silica gels 

ʂSʄG 2.7...7 670 0.0000017 460...700 

ʂSMG 2.7...7 450...550 0.0000120 750...800 

Active oxides of aluminum 

ɸ1 4...6 400...550 0.0000070 180...220 

ɸ2 2.6...3 550...750 0.0000013 300...350 

Synthetic zeolites 

A-type 2...4 680...780 0.0000005 750...800 

X-type 2...4 620...720 0.0000009 1030 

 

6.2. Theoretical Grounds of Adsorption of Pure Substance 

The most important figure characterising a sorption process is adsorption 

coefficient a (adsorption power, capacity).  

 

 

 

 

Properties of the sorbent and of gas being sorbed as well as adsorber op-

eration conditions affect the value of an adsorption coefficient. 

Values of adsorption coefficient are presented in reference literature as 

tables and graphs (at T = const ï adsorption isotherms, at P = const ï adsorp-

tion isobars, at a = const ï adsorption isosters). The most prevalent form of the 

information is adsorption isotherm (Fig. 6.5, Table 6.2). 

        For a preliminary engineering calculation of an adsorber, it is necessary 

to use adsorption coefficient a of a specific sorbent at prescribed operation pa-

rameters T and P.  

 

 

 

 

Several theories [3, 4, 14] have been proposed to explain and describe 

adsorptive processes. Let us analyse the most widely spread monomolecular 

adsorption theory circumscribed by Langmuir equation. According to Lang-

Adsorption coefficient is equal to gas volume sorbed by the sorbent 

mass unit. Parameter a has dimension cm
3
/g or m

3
/kg. 

 

Product of the adsorption coefficient and the sorbent mass 

(a msorb = V ) unambiguously defines the  quantity of the sorbed substance.  
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muir assumption, active sites of the surface are the centres of adsorption. Each 

of them is capable of sorbing (holding during a certain time) only one gas 

molecule. At that, there is no interaction of molecules. The higher the adsorb-

ent activity, the larger the number of active sites on the adsorbent surface unit. 

Mobility of molecules grows with increasing temperature, while the mean du-

ration of their stay on the adsorbent surface decreases (adsorption power low-

ers). 

Let us consider the sorbent site equal to the unit of area (Fig. 6.2). Mark 

the surface fraction covered by adsorbed molecules as ɗ. Then, (1 ï ɗ) corre-

sponds to the fraction of free active places. 

In accordance with Henryôs law [1, 4, 15] the number of molecules col-

liding with the surface per time unit is proportional to the pressure (concentra-

tion), and probability for the molecule to appear on the unoccupied place is in 

proportion to the free surface area (1 ï ɗ) (Fig. 6.3).  

Then the number of seized molecules is 

n(+) = k(+) P (1 ï ɗ),      (6.1) 

and the number of desorbed molecules leaving area element ɗ is 

n(-) = k(-) ɗ.        (6.2) 

 

 

 

Fig. 6.2. To derivation of the formula of Langmuir adsorption isotherm: 

a) element of the adsorbent surface with seized molecules of the sub-

stance; b) conditionally divided surface unit 

 

 

 

Fig. 6.3. Adsorption and desorption processes proceeding simultaneously 

 

In equations (6.1) and (6.2), k(+) and k(-) are constants of the adsorption 

and desorption rate. 
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Under equilibrium conditions, the numbers of adsorbed and leaving molecules 

are equal: n(+) = n(-). Then 

k(+) P (1 ï ɗ) = k(-) ɗ;     (6.3) 

.
1

)(

)(
P

k

k
     (6.4) 

Value K = k(+) / k(-) is accepted as Langmuir adsorption coefficient. Tak-

ing this notation into account, the surface fraction covered with adsorbed 

molecules will be written as 

.
1 PK

PK

  
   (6.5) 

But according to the definition (Fig. 6.2 and Fig. 6.3) ɗ is a ratio of the 

adsorbed substance quantity to the maximum possible number of kept mole-

cules. At that, this statement is correct not only for the surface unit but for any 

arbitrary quantity of sorbent. For example, for one kilogram of substance 

ɗ = a / am. Taking this into account, 

.
1 PK

PK
aa

m       (6.6) 

Expression (6.6) is the equation of Langmuir adsorption isotherm. Its 

physical essence consists in determination of real quantity of sorbed substance 

(a) as a fraction of maximally possible quantity (am). The maximum possible 

coverage of the sorbent area, when the volume of the sorbed product is am, is 

achieved when forming a dense molecular layer (Fig. 6.4). 

 

 

 

 

Fig. 6.4. Monolayer fully covered with gas molecules 

(on the right ï a  real picture of xenon adsorption on graphite) 

 

Langmuir equation constants am and K can be determined by processing 

the experimental data. For that, adsorption isotherm equation is written in the 

form: 

.
1

mm
aKa

P

a

P
     (6.7) 

In this case, in view of (6.7), isotherm with coordinates P/a ï P is a 

straight line (Fig. 6.5) intersecting a segment equal to 1/(K am) on the ordinate 

axis, and the tangent of the angle of the straight line slope equals 1/am. It is 

shown by transforming equation (6.6):  
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;
1 PK

PK
aa

m    (6.6)
 

;
)(

11
P

PKa

PK

a
m

  (6.6-a) 

;
)(

)1(

PKa

PKP

a

P

m

   (6.6-b) 

;
)()(

2

PKa

P

PKa

PK

a

P

mm

 (6.6-c) 

;
11

mm
aK

P
aa

P
  (6.7) 

y = A x + B,   where 
a

P
y ; 

m
a

A
1

;  
m

aK
B

1
. 

Fig. 6.5. Adsorption isotherm in coordinates P/a ï P and  

the succession of formula (6.7) derivation 

 

Table 6.2 

Dependence of quantities of sorbed nitrogen and neon 

on SKT carbon at T = 77.4 K 

Nitrogen  Neon 

Pressure 

P, MPa 

Adsorption coefficient 

a, nm
3
/kg 

 Pressure 

P, MPa 

Adsorption coefficient 

a, nm
3
/kg 

0.0133 0.395  0.1 0.0766 

0.0267 0.418  0.3 0.158 

0.0400 0.422  0.5 0.201 

0.0533 0.428  0.7 0.227 

0.0667 0.432  0.9 0.245 

   1.0 0.258 

 

Example 6-1. Calculation of Langmuir equation constants and adsorption 

coefficients of pure substances at arbitrary pressures 

Problem statement: Data of adsorption isotherms for nitrogen and neon are 

presented in Table 6.2. 

Determine am and K for each of these gases. Calculate the sorbent sorptive ca-

pacities for nitrogen at P = 0.05 MPa, and for neon at P = 0.95 MPa. 

Solution 1 (for N2): 

1. To obtain the relationship P/a ï P (Fig. 6.5), calculate values of P/a for ni-

trogen while using the data from Table 6.2. Calculation results are given in 

Table 6.3. 

 

 

 




