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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-atmo
pheric air omponents. The unique experiments made in the low temperature
laboratories were later used as the basis for the development of new industrial
technologies. In the baming of the 20th century, the extraction of oxygen,
argon and other gases from atmosphby cryogenic methods became not
only technologically feasible, but also economically viable. Metallurgyi-ligh
ing, and chemistry could not develop without new products extracted from
low-t emperature facilities. Durimg the
cryogenics wagxtended even furthefhe industrial and rare gases conpum
tion is growing annually in various fields, from medicine to space technology.

In spite of the importance of cryogenics, the publication of a netw tex
book or a reference book ot a frequent event in this field. The latest r
search results are mostly dispersed over various journals, and they are often
Ai s | a ndbakedinfaniation that is not easily applicable in practice.

The authors of the book have made an attempt tonm®aeparate 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 byillustr
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 a
sorption, chemical production, gas chromatography, etc.). Such a combination
of the fundamental and spalised knowledge in one monogragdlows us to
recommend it to a wide readership, including the experts in other fields who
wish to get some insight into the new asfeiments of cryogenics.



NN INTRODUCTION

The mankind has arrived at the beginning tife new centuryfacing a
hugeproblem of exhaustion af u r  p haturnalkrésdusces. The developed
countries allot more and more of their financial, scientific anttlistrial po-
tential to providingthemselveswith energy and raw material§he materials
which, untilthe past centurywere availablevirtually on the Earth surface are
now extractedrom eitherdeepwells and mines, or great ocean deptheme
chemical elements people will have to seek out outside our planet already in
the 2% century.We o not often think abouhe factthat the surroundingta
mosphere, besides oxygen and nitrogeffers really valuable products,
namelytheinert gases.

At the end ofthe 19" century scientists believed they knesverything
about the surrounding world. Baxactly at thatime, whenthe air compos
tion was considered to be fulknown andthe appearancef new elements
was unbelievableW. Ramsaywas awarded (in 1904) the Nobel Prize in
chemistry The award citation lists his discovery esnfirming presece of
severalinert gasedn the atmosphere and their correct placenerihe per
odical systenof chemical element®R a ms a y 6 sof thei famdyi ohpge-
ci ous fAbargwi Heleimn sewn krypton and xenor had occurred at
the time when th@eriodc system seemed to be completed, and there were
almost no empty cells in itS(ch uwigueincompleteversions ofthe tableare
now available in Moscow Polytechnic Museum). DMendeleev and
W. Ramsay met in Londoim March 1900, andhen itwas officially decided
to include a new group of chemical elements into the periodical system.

Besides thdisted gasesradon(Rn) andununoctium(Uuo) have beerat-
tributed to the VIII group othe periodic table as well seeSupplemers 1.1,

1.2 The latter elemenivas discovered by Russian and American scientists
only in 2006. Like radon, Uuo is a radioactive elermmsamd hasnot found any
practical application.

The VIII group of elementswes itsnamedue to the commofeatureof
its elementd their inertnesso chemicalreactionswith other elementsThis
low chemical activity of inert gases is explained by that their extérakdn)
electronshellsbeing fully occupied. Inert gases are colourless, do not have
any smellandare nonrtoxic. This indifference to dter elements and chemical
compounds complicatethe practicalseparation of the mixtures containing
thesegases

This book is devoted to the analysis of different methods of extraction
and production opure inertgases.The authors have made eveattemptto
presenthe physicakssence and technological methoflgas mixture separ



tion set forth in a clear logical ordefo facilitate understanding and practical
use of the materials included into the monograplepittainsmany specific
examples
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W. Ramsay did more than to detect a series of inert gases; he atso intr
duced the appropriate names for this set of chemical elements. He identified
them as Arareo gases because €Edithse el
True, argon cannot be called frareo
Eart hdés af3posphere [ 1

However, one more name introduced by the English chemist is intontes
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
ot her inert gases finoble. d The anal oc
precious metals, thesgert gasesre virtually chemically nonreactive.

Due to this fagtthesegas products are aligned with gold and platinum to
emphasize their special role for the mankind. With the development ofithe sc
enceintensive technologies necessary for further scientific and technological
progress, extraction of these materials comdskoe f ocus ofHh- i ndu:
tion.

1.1. Sources of Rare Gases

Besides nitrogen and oxygen, the Earth atmosphere contains about 0.93%
of argon, neori 0.0018%, helium 0.000524%, krypton 0.000114%, and
xenoni 0.0000086%. The quantity of inert gaseone cubic meter of air is
visually demonstrated in Fig.1.

Argon is the most prevalent inert gas in the atmosphere. Helium is also
relatively accessible. Il n spite of th
air, a great deal of it is extracted findiydrocarbonsThe fraction of helium in
natural gas is between 0.06% and 2%.

Production technology of neon means its extraction ftioeair together
with helium present in the*mhsmephere
cases, helium is a hyroduct in the neon industry. However, the part ®f h
lium produced yearly by this method does not exceed 100,8@8atissome
hundredths of peent of its world production.

Thereforg only neon, krypton, and xenon can be fairly called rare gases. It
Is technically complicated and economicaliefficient to extract them from
the airdue to their smaltontent in the atmosphere (Figl).
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Large air separation plants (A§Rare used in metallurgical amtiemical
industries (Tabld..1). Concentration of inert gases in the ASPs is enlarged by
a factor of thousands as compa to the atmospherélowever, even taking
this into accountthe extraction of rare gases remainamplicatedand
powerconsuming procedure.

For example, to producerit’® of neon it is necessary to process at the imi
mum Vye = 1004 = 100/0.00183 56,000m° of air.
Gas volume needed to producenlof krypton and xenon is even greater:
Vi & 880,000m°, andVy. & 11,600,00 m°!
For this reason, inert gases are produced gedgucts in the production ¢
very large amounts (tens of thousands &f @f oxygen or nitrogen.

Table 1.1
Productivity of large ASP on concentrates of inert gasé&, [i5i
: AKypgenmasho| fAAI I
Type of unit Kt-70 | KiK-35 | KAr30 | Li qu i
Flow rate of processed air 350,000 | 180,000 | 180,000 | 310,000
Theoretlgally possible output ot 8.1 49 4.2 73
Ne-He mixture
Ne-He mixture as 1009%product 3.8 1.5 1.6 3.2
Theoretl_cally possible output ot 0.4 0.2 0.2 0.35
Kr-Xe mixture
Kr-Xe mixture as 100%roduct 0.26 0.14 0.15 0.21

1.2. Air Components Properties

Properties of air gases are wadsearched. Main parameterstiod¢ 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 Standardd ectthd-
ogy (NIST), USA [2€].



Main thermophysical properties of the substances composing aireare pr
sented in Tablé.2.

Table 1.2
Composition of air and some physicabperties of its components §3,
: Atomic | Density at - Volume
Substance Cr::earln- (Molecular)| 0.1MPa N':)ermSLEzscllljlrneg fraction in
formula mass | and 29K the air
kg/kmol kg/m® K °C %
Helium He 4.00 0.1663 4.2 [1293.0]/ 0.000524
Hydrogen H, 2.02 0.0832 20.4 | 1252.8| 0.00005
Neon Ne 20.18 0.829 27.1 |1246.1| 0.0018
Nitrogen N, 28.01 1.165 77.4 |1195.8 78.09
Argon Ar 39.95 1.662 87.3 |1185.9 0.93
Oxygen 0O, 32.00 1.331 90.2 |1183.0] 20.95
Krypton Kr 83.80 3.493 | 119.8|71153.4| 0.000114
Xenon Xe 131.30 5.497 | 165.0|7108.2] 0.000009
Watervapour | H,O 18.04 0.017* | 373.2|+100.0f 0.1..5

Note: *Density ofwater vapours given atP? = 0.0023MPa.

1.3. Application Fields of Rare Gases

He Ne Ar Kr Xe
2 2 2 2

1.3.1. LIGHTING TECHNOLOGY

All inert gases were detected due to characteristic luminescence of the
spectrum lines at transmitting electric current through the gas layer €Suppl
ment 1.1).

Luminescence of neon in electrical discharge was &milied only in
1911. Its brighglow is well known on illuminategigns usingheon. Chare
teristic red fluorescence of neon luminaries is visible from afar because this
light is poorly sorbed by air andleakly diffusedoy small fog drops. Untile-
cently, practicallyall the neon producebad beerused only inighting ted-
nology.

The neon sign pipes af#led with the mixturecontaining from 20% to
80% of Ne. Neon is also used in the glow lamps (light emitting dioties)n
pressure in such devicesS220 mm Hg i.e.it is lower than atmospheric @e
sure (76dnmHg) by a factor of 40é6150.

Krypton and xenon are used inlighting technology to a greater extent
These gases have unique thermophysical propéries thermal conduct
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ity and high density. fierefore, krypton and xenon are the filling agents for
powerful light sources for automobiles, lighthouses, searchlights.

Application of heavy inert gas@sakes it possible tmcrease the tempeer
ture of lamp filament at the same life durati@wing to hat, healosses in
lighting devices are reduced, and the glamp efficiency increases fro6%6
to 12%.

The mixtures oikryptonandargonare needed to fikfficient luminescent
lamps High pressure xenon (dozens of atmospheres) is used in high
brightnes lamps. Heavy inert gases (Kr and Xe) are atdzed in blinker
units (flash lights) and ultraviolet lamps.

He Ne Ar Kr Xe
J J J

1.3.2. MEDICINE

Until recently, application atenon 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 afulaus
bl ood flow can be evaluated by the ra

Inhalation ofisotope™®**Xe providesinformation pertaining to the cond
tion of the lungs. Another application involves the us&de in MRI.

Xenonis increasingly used in surgery clisias an ideal anaesthetic. Add
tionally, xenon is ecologically safapnflammable nontoxic, 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 Hyaeéc surrounding
pressure.

He Ne Ar Kr Xe
d d

1.3.3. BREATHING MIXTURES

Helium finds applicationin medicineas a component of oxygédrelium
mixtures. Heliox ¢xygerrhelium mixturg at a ratio of 40:60s widely used
for treatment of dferent forms of respiratory embarrassment, as well as an
oxygen mixture component of artificial pulmonary ventilation during general
anaesthesia.

Introduction of helium and neoninto deepwater breathing mixturets
conditioned by t hand their gveals solsbilith imetera b i | i t
ganism.Nitrogen in the atmosphere, when markedly dissolved in the blood

11



under intensive high pressure, induces an anaesthetic condition similar to a

coholic intoxication Thedivers losetheir ability to work at a deptbf more
than 50m; self-preservative instinatulls. Anaesthetic conditiors not regs-
tered by aguanauts working @&tpths of 206800 m, if they breathe nneofi
helium aio. Such speci al Aairo 1is wused

forms.

He Ne Ar Kr Xe
J J J

1.3.4. CRYOGENICS

Neonis used asvorking fluid in the units cooling superconductive cables.

Neon circuitgprovide cold for the processessfperconductivitand for sep-
ration of neorhelium mixture. The neon units help with cryogenic and

by
forcedly working at excessive pressures on building or servicing the 6il pla

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 idéon has
some advantageshe most impatant one is its explosion safety. Therefore
initial testing of cryogenic hydrogen equipment carchgied outat tempea-
tures below 3K.

Application of heliumin cryogenics is very diverséielium is the refrg-
erantwith the lowest temperaturéJitralow temperaturesare useful in e-

search concerninghé substance structure. The energy spectra finenesses are

Adi s gui satodio thdynyamdtidnevhile heating the substance.

Helium is needed in large quantities in laggalesimulators of spagdor
cryogenic provision of the operation efiperconductin@nd thermonuclear
plants

Gaseous heliurts the most effective working medium in threverseStir-
ling cycle Temperatures from 1K to 80K are reached by this cycle ofroe
pact cryogenic machines.

Stirling cycleis a basidor external combustion engineEheir operation
principle was proposed byZcottishpriest R.Stirling in 1816. In the neaf
ture such ecologically pure engines can becamalternative to internal oo
bustion engines. They are kn by solar, nuclear or thermal energy. Micro
Stirling engines can even be put

Liquid heliumandneonare used ircryogenic vacuum pumpdheir @-
eration is based upon freezing the admixtures on the coajedurface.

Argon in used in cryogenics asworking medium of throttlingcoolers
PureAr provides operation at the temperature level oK9@ndas a gas mt
ture componenfrom 100to 200K.

12
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J J

1.3.5. METALLURGY AND WELDIN G

Argonis used inmetallurgyto remove gasmpuritiesfrom steels Pres-
ence of inclusions of foreign gases in the castings reduces strength of the parts
of machinesdevices andnstruments. Hydrogen, carbon oxide, oxygen, and
nitrogen are removeflom melted metal by argon blowing

Development ofiuclear industnandastronautichas led to development
and application of complex metallurgical processes usimgn and high
purity helium during some stages. There is a great demfamdnert gases,
mainly argon of very high degree of purity, inetallurgy of rare metaldn
thermal processing of tungsten, niobium, molybdenum, zirconium, and quality
steels.

ThehA panese ¢ o miha producésXvallsrudpdietwo inert
gases: lightieliumand heay argonin casting procedureaf precious metals.
Application of various gaseslaivs the process to avoid many castingbpro
lems, to eliminate shrinkage and gas porosity. HeliurAf@gld as light as &
gon) has better permeability through the moulding camdamass. Argon, a

heavy inert gas, serves as a Afirming
under overpressure to remove pores during the shrinkage of a cooling metal
(gold).

Argon and helium are used as protective medium duringelding of
magnesim, aluminiumand other light alloys, of some higtloy steels, ta-
nium alloys, etc.Gas shieldgoreserves the joint from oxidation during electric
welding, excludes slag formation and structural heterogeneity. There & no n
cessity to use fluxes andeetrode coatings at weldingith a gas shield. This
method is noted for its high capacity and wide gmbses of using automatic
and semiautomatic devices.

He Ne Ar Kr Xe
J J J

1.3.6. ELECTRONICS

Semiconductor industrgonsumes argon diigh purity as grotectiveme-
dium for production of artificial monocrystals of elemental silicon, bartum
tanate, and othesemiconducting materials.

Neonandxenonare usedor manufacturing flat TVscreensf a new ga-
erationi plasma screensI'V-imageis formed from millions of points of
glowing luminophor of three coloufisred, blue, and green. These points are

13



0.1mm thick cellsfilled with inert gases mixture (90%e, 10%Xe). Electric
plasma discharge emerges at supplying voltageV2@nd ionise gas emits
ultraviolet radiation. Tints of light depend on the mixture compositod, on
thetype of luminophor transforming radiation into visible spectrum. Applic
tion of plasma displays is getting wider, and a sufficient part of prodused
andxeronare used just fdilling the flat TV screens.

He | Ne | Ar | Kr | Xe
\ \ \ \ \

1.3.7. GAS LASERS ‘\‘

Neorrhelium mixturecontainingfrom 2 to 20% of neon is a working
medium for gadasers 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 engineehirgi-helium ka-
serswere used in the first models efser printersplayers of compaalisks
and in barcodscanners.

A whole assortment of inert gases includinigptonandxenonis used in
exni me r . Typical compositions of gas mixtures: 3% + 97%Ne;
10%Ar + 25% Ne, the rest heliunt 9% Ar, 33%He, the rest neon

Excimer lasers were developed in tf#70s.Their names derived from
AE X c i t e dthaDmphes that radiation is pduced 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
i for laser correction of vision, for clot removabm the myocardium

He Ne Ar Kr Xe

e ~
gy |
M 1.3.8. AERONAUTICS

Helium was applied for the first time in 1915 in military aeronautics.
Germans started to bomb London framvigibles filled up with helium
Shortly after that, helium, light but flammoof, became irreplaceable filling
gasfor aeronautic devices, anditplacedlammable ydrogen The latter was
the cause of the accidents wilbzensof balloons owing to engine troubles
and atmospheric discharges.

Carrying capacity of heliuns only 8% lesghan that of hydrogen. With
that, helium escapesiore slowlythrough the balloon gas bag. The Americans
manufactured more than 150 patrol dirigibtesing WorldWar 1l. They were

14



capable of flying a long timan any weather, and they consumed only 5% of
fuel as compared to airplanes.

He Ne Ar Kr Xe
J J J

1.3.9. FILLING OF GLASS PACKETS

Increase ofthermal resistancef windows leads to reduced powerneo
sumption for heating and to improved comfort conditions. For this purpose,
the space between glassedillsd with gasof low thermal conductivity, for
example argonor krypton.

Distance between the window glasses can be reduced by 30%, ifehe int

rior space is filled with krypton. A
the same insulating properties as a brick wall! thes issue of the day to use
her metic glass packs with Aheavyo in

buildings in the regions with cold or hot climate.

He Ne Ar Kr Xe
d d d d d
1.3.10. NUCLEAR POWER

Separate stages of nuclear fuel productioncarged outin protectivehe-
lium atmosphereHeatgeneratingelements of nuclear reactoase kept and
transported within containers filled with heliufhe slightest leadges in n-
clear reactors and other systems under pressure or vacuum can be revealed by
means of specificeak detectoroperatingon the basis of the extraordinary
diffusion capacity of helium.

Helium is the best among gaseodusat carrierslts heat capaty and
thermal conductivity are high at small density. Helium is chemically iaed,
does not become radioactive.

Measuring devices using rare gases and their isotopes (Supplement 1.4)
are used abperating nuclear reactor®r studying the decay prosgesBub-
ble chamberdestined to investigate higgmergy particles are filledith lig-
uid helium neory andxenon

Application ofargonandheliumin magnetohydrodynami@iHD) genea-
tors assists in reducing plasma temperature in the process of direetsionv
of thermal energy in the electric one.

15
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1.3.11. COSMOS

Neonis in use in space engineeringasolid cryogenic agerfor cooling
the radiotelescope sensors. In the satellite launched recently and intended for
studies of black holes, the-pay telescope is cooled byiperfluid helum and
precooled bysolid neon Neon at space vehicles is expendable (there is no
compressor). Neon vapours are released space,so the losses are non
renewable.

Utilization of xenonfor ion enginescan become even mowadespread.
The fuel mass is aW hundred times legkan that in a usual rocket carrier.
Launches in 1998 and 2004, and succes
confirmed high potential of ion engines. Energy for ion engines is obtained d
rectly in cosmos by means of solar celltbaés. 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 thdisbagce
planets of the solar system.

NASA intends touse ionengines inthe family of loworbit satellites and
as microengines of space tugs. lon engines are useful forliliecorrection
of geostationary objects, too.

He Ne Ar Kr Xe
d d
1.3.12. CHROMATOGRAPHY

A sample mixture itroduced intogas chromatograptravelsthrough a
adsorptivemedium layer carried by @rrier gasA poorly sorbable gas l&e
ing in the mixture being analysed, is chosen as a caanerjn most cas, it
is heliumor argon

Calibration gas mixturgsstandard ones, with prescribed composition of
admixtures (Supplement 1.3) are usually prepared on the basis of helium and
argon.

16
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1.3.13. UNIVERSE

A new brightly yellow line was discovered by scientists observing the Sun
In its corona spectrum ih868 during a total solaeclipse. It was a visiting
card of a new elemeniknown on Earth uf that moment! It was namee-h
lium (from Greekl/b- 9 & the Sui. Helium was detected in minerals and
rocks containing urania only 27 years later.

Suchsuccession isot accidentalHelium andhydrogenconstitute 99% of
the Universe mas=Only in the 28 century mankind started to become fami
lar with the processes goiran 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 theseeifibabdiendbicee v o6
Table (Supplement 1.2). Peculiarities of these noble elements and the ways of
their extraction will be considered in the next chapters.

17



2. IDEAL GAS LAWS and FUNDAMENTAL
PROCESSES

Sometimes, an engineer (operator) deeshave enough time to look the
necessary information up in reference tables, formulas, computer pragrams
such realife situations he should rely on his own practical experience and on
the canmon correlations which enable him (at least approximdiatyvery
promptly) to make decisions.

Ideal gas laws are particularly important in this respect. They are man
fested in the surrounding world, and it is important to know them and fieir a
plication.

Why should we start the revision of the fundamentalthefmodynamics
with these lawsFirst, inert gases and other components of atmosphierce
similar to ideal gas their properties at usual temperatures and pressgees [
Second, these laws are notthe sciesitt s 6 phant om oeflecti magi
the objective laws of NatureThese lawsverediscoveredn the 17-19" cen-
turiesexperimatally while studying air and other gases at moderate pressures.

2.1. Isochoric Proces$V = const)

Ch ar laens: 0 si PlP)eos thkeugasemads is in directogportion to its
abslute temperaturel() at constant volume/ . ©

Relation (2.1) connecting pressures and temperatures of the ideal-gas in
tial and final points in the isochoric process can be found from the lavwform
lated in that way.

P

4

ON

A
&
§

2=2 (2.1)

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

Increase of gas pressure in a closed chambercpnst) is one ahe plai-
siblereasons of the cryogenic devices failures. Warrupgrocess is a oo
pulsory and very widespregatocedure in lowemperature technique. It is
carried out at scheduled repairs, for drying thermal insulatiofior the e-
moval of gas impurities that disrupt the operation of a cryogenic apparatus

18



from the unit circuit Revivification of the sorptioncgpacity is alsoachieved
by heating(Chapter6).

Pressure increase should be expected in the process of heat supply to the
gas (Fig2.1). Prediction of possible alteration of the state parameters- (pre
sure and temperature) is an important aspect of saf@atgn of the objectds
ing heated. Some practical examples of taw applicatiorare illustratedoe-
low.

Example 21. Evaluation of pressure increase due to the gas vessel heating
Problem statement The cylinder is filled with helium under winter cond
tions at a temperatute=110°C. At the end ofpumping, the rampnanometer
shows P’ = 150atm (gauge).
What will bethe absolute and exaegas pressures the cylinder insumme-
time att, = +35°C?
Solution: According to Supplement 2. the indicated values from measuring
instruments (thermometer and manometer) should be converted to theeir abs
lute vdues:

T, =t +273.15=710+ 273.15= 263.15K;

T, =t,+273.15= 35+ 273.15= 308.15K;

P.~ B’ +1=150+1=151ata~ 151bar (15.IMPa).

Char | e cansbhe usedwecause the cylindefuree virtually did not
changeduring the heating procesghen, from (2.1)

T, 308
< _151.2°2_ 151K 17=
T, o3 = 151A.17=176.8bar.

P2 = RI.

The use othe offsystemunits (atm gauge kgf/cnt) is caused P two fac-
tors:

1) Pressure control igrovided by the manometevhich, in most cases, has tl
scale in excess technical atmosphékg§/cnr)

2) The value of a specific force which causes the cylinder wall to breadk i
fined as a difference between the pressure values inside and outside ther;c
the resultant (minus atmospheric pressure) is considered as the pressure it
aimospheres, atm gauge (Supplement 2.1).

So, absolute pessure in thecylinder increases due to heating from

P, =151bar toP, =176.8bar, i.e. by a factor of 1.17. Excess pressure on the
cylinder inner walls (not balanced by outside air pressure) increases from
P, = 150 toP, ~ 176atmgauge(kgf/cnt), whee

P’ ~P,i 1=175.8atmg

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 transporttamers, to additional unjust
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fied charge for their acquisition, storage and transportatisceeding the
permissible capacity of the cylinder can lead to its destnuthat always has
negative consequences.

2.2. Isobaric ProcesgP = const)
GayLussad® b a w: nNnGas mass volume ato- const
portion to its absolute temperatureo.
Relation (2.2) btweenV andT in the ideal gas initial and final states in
iIsobaric process can be determined by this law.
At first sight, isobaric phenomena are of less importance for technology
than processeg = const. It is expected that pressure stability poseshesat
for safety. But this statement can be easily refuted by practical examples. Let
us analyse the processtbt filling of the balloon (dirigible) witthelium In
the dtempt to obtairthe maximallift, the utmost filling is desirabldf we do
not take into acount 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 worstdn case of failure of the valve protecting the balloon gas bag,
the process turns intan isochoric ong i.e., pressure in the dirigible starts to

grow. Asadinalei s obvi ouseé
Vy

(2.2)

<
|

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

Example 22. Warming up of helium liquefier
Problem statement Average temperature in the helium liquefier {ow

temperature part i$; = 23K, I ts AhydW.& Wi=0.t6on°>. ™o | u me
collect helium within the heating period, the unit is connected to thaypet
gashol der . Wh a't I s mV sufficrasmt for hgldingtheo | d e r

entire amounbf gas attemperature increase the system up td, = 17°C
290K?

Solution: Gay-Lussa® $aw for P =const is
valid because helium pressure does
change inlie processes of gasholder war
ing up and filling. It follows from (2.2) that

V, =V, I = 0.16@ =0.16-126=2.02m3
T, 23 '

1
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After heating, gas volum¥, will be concentrated in two chambers: pairte-

lium V; =0.16m> remains in the unit (already with temperatize= 17°C);

thegsh ol der takes VhWiW=eX02 046=186enf.i um o
Thus, under atmospheric pressurg6 n? of helium exitsthe unitafter he&

ing. To take the gas, a gasholder of abont’¥olume is required.

Remark: Error i nV(dsafficent gasholdenvglune) will lead to

the loss of the part of helium amal apartial oil kick from the gasholderyh

draulic seal owing to gas breakthrough.

AHydraulic volumeo is the vol ume
terises a specific object (in our caséquefier) and does not depend on the st
parameter® andT.

For example, hydraulic volume of the standard cylind&f; is 40litres = 0.04
m®, and the gas quantity in it can be different depending on pressure 4
1 bar or 4 norm. fhat 100 bar).

Presure in a gasholder is virtually close to surrounding press
P =P,=Pg,= 1bar=0.1MPa (Supplement 2.2). Initial position of the sg:
holder cap is shown by a dotted line.

2.3. Isothermal ProcesgT = const)
Boyle-Mariotted $ a w: AProduct of numer i cal Vv
andvdume 1 s constant by i nvariable temp
Relation (2.3) betweeR andV of the ideal gas initial and final points in
the isothermaprocess is characterised by this law.

P,_ \
Vs
P,
O;ﬁgﬁ?////é PV,=RV, (2.3)
P, V, v, %
V,
2

BT
'}s@

Py

?

—

<

The law was formulated by Boyle in 1662. EMariotte substantiated the
same relationship independent from Boyle in 1676. A double authorship, with
a time gap in fourteen years, iartly possible nowin the epoclof scientific
conferences, journals arttle InternetBut in the 1 century such coincidence
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could be quite naturaln a way, it symbolized the growing level of the colle
tive Reasoning, a relentless aspiration of mahkm 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 teanper
ture (for instance, under the water layer) frofin= 0.5dn to V, = 0.1dn?.
What absolutgressureP, will be reached to the end dfie compressignif
initial pressure wa®; = 0.25MPa (2.5bar)?How will the reading othe ma-
nometer registering pressure in the cylincleainge?

Solution: The BoyleMariotte relationship can be applied in thssebecause
gas compressionccurs at a constaptessure. From equation (2.3):

PV )
Pp=-"11= 0.25%3L =1.25MPa=125bar

2
Hence, absolute gas pressure increaskesd5(V./V, = 5) from 0.25 to 1.25
MPa.

Manometer pressure before compression wRS &2.57 1=1.5atm
g (kg flcm?), and after compressioR’ & 12.57 1= 115 atmg (kg f/cm?).

.r
Example 24. Underwater depth ATMOBFHERE: 1) .a:,;fnaﬂ_i

0.1 MPa=tata |0atg ——— i _Om
gauge e §

. o P=2ata - IV

Problem statement The easieS  oowpszatalioal” cs ﬂ Hl s6im
and higlly reliable device forde- OCEAN
t er ml n | n g a d | 0.3MPa=3ata |2atg __‘Cg 20m
depth is a trarmmarent tube blanke  oiupswsata [3aig 0m
off from one side. What air volumr 1”“— =

0.5MPa=5ata |4datg 40 m

will remain in the tube if it is do
merged at depthid, = 10m andHz  gswpasata |sate
=40m?

50m

DEPTH

YIPRESSURE

o
o |
[]
c
G
o

P (abs)l, Hm

Absolute pressure at the ocean levél; £0m) is assumed to b
P,=0.1MPa=1bar . Wat er c &JaudepthH |z detesrsnedrfrem
a relation:

AR, =Ph,o 9 H,
where Py o= 1000kg/m’ i water density; g 9.8m/s’ i gravitational acceler

tion.

Solution: ForH, =10m

AP, =1000 9.8-1({M} - 9800({ kg m} -
2 m3- 2 - m2
N

= 9800({—} ~0.1MPa=1bar.

m?
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Total pressure &, = 10 m with regard to atmospheric column
P,=P;+ AP, =1+1=2bar.

Similarly, forHz =40m

AP, =10009.8- 4{M} - 39200{ﬁ} ~0.4MPa=4bar.
: ms3.s2 m?
Total pressure atl; =40m in regard to atmospheric column
P;3=P.+ AR, =1+4=5bar.

Assumption: Suppose that water temperatuwse¢he same on the surface and at
depth (I'l =T,= T3)
To solve the problem, Boyl®lariotte relationship is used; and it follows from
(2.3) that

Pl Vl = Pz Vz = P3V3 .
At depthH, =10m

PV
V,=-—+1= 1Vl =0.5V,.
2
At depthH; =40m
RV, _1

V, = P = gvl =0.2V,.
Therefore, air volume in the depth gaugdHat= 10m halves, and it is 20% of
the tube volume dtl; = 40m.

2.4. Ideal Gas Law
The laws and examples considered in section231do not exhaust a
whole variety of thermodynamic processes which are undersiodde sy-

tem state changes characterised by alteration of its thermodynamic parameters.

In nature and technologwll three gas parameterspressure, volume, and
temperaturg often changeHowever, parameters, V/, T arenot indeped-
ent,and it is enaghto know two parameters because the third is a function of
the other two foevery equilbrium state. Variable®, \/, T are interconnected
by thermal equation of stat#t can be clarified geometrically: process3 of
the state alteration happens oth@modynamic surface (Fig@.4).
Most thermodynamic processes are characterised by a function of two
variables.
The following fundamental processes have practical significance:
¢ Isochoric process 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 processcurring in the system at constanmnte
perature.
e Adiabatic process is jprocessn which there is no heat exchange between
the system and the envinment
e Throttling is a processf nonequilibrium expansion of gas or liquid from
agreater pressure to a smaller one, without any external work.
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e Polytrophicprocess is a processideal gas characterised by constant heat
capacity.
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Fig. 2.4. Thermodyn@aic surface and thermodynamic process

To describe the processes arthermodynamic surface at low pressures,
thefollowing equation of statfor ideal gas is used:

PV:E R T, (2.4)

known asClapeyroaMendeleev equation

Here,P, V, T arethe parameters of ideal gas state vsystem units: pie
sure [Pa] or [N/, volume [m], temperature [KImi g as masimof kg] ;
lecular mass [kg/molf val ues O for some substance:

m
Ratio {E}_ N in equation (2.4)s essentiallythe number of thesLb-

stance kilomoles

It shoul d be r emi ndedxptessedtin kifogramsue
merically equal to its molecular mass. According to Table 1.2nkiles of some

gases are equaklo,, = 32kg/kmol; K, =83.8kg/kmol; My, =131.3kg/kmol.
Respecti vadgrammofimoluéeod i s the gas n

Value R, in equation (2.4) ighe most important physical constarits
valueis the same for all gases. That is WRyis calledabsolute(universa)
gas caostant

Equation (2.4) can be wi#n in the form ofunified gas law The
Charl edus,saGady ;Maand tBoeyblse | aws foll ow

ﬂ = const 2
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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 prolste Equations of ideal gas state in various
forms are presented in Table 2.1.

Let us determine the meaning and physical essence of absolutengas co
stant.

Table 2.1
Initial version Final version Notations Nor'niﬁ;d'
m N =m/pi number of
PV=—RT PV=NRT 2.6
vl R A kilomoles (26)
mR, ~ =m/V'i densit
P=—2T = P ys 2.7
V g = = T -
V_ Ry | pyorr | vEV/m=lpispe- | g
m u cific volume, ni/kg
Gas constant of specific substance R= & (2.9)
L

Replaceratoy O i n equation (2. 4)Nkmel]. t he
As a result:

N

P{ }V[mfﬂ]
PV ms CPV[ Nm ] L J
o= NT N[kmol| T[K] NT{kmol-K} NT{kmoI-K}

Universal gas constantR, is interpreted as the work of expansi
(L =P g) done by one kilomoleN = 1) of ideal gas while heating the gas
constantpres ur e by oh=lKdegree (o

J J
Val is th for all =831 =831
alueR, is the same for all gasg R, {kmol-K} {mol-K}

Value R in equations (2.7) and (2.8) is calledecific gas constanits

dimension is{ 'R deends on the gas nature because confa

kg-K
di vided by molecul ar mass O of the su
N

= R __PV _PV_P{mJV[mS]_PV Nm] L[ J
u uNT mT  m[kg]T[K] mT|kg-K kg-K [

mT
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Specific gas constarR is equal to expansion work € Pq)/) done by one
kilogram (m= 1 kg) of specific substancea ithe process of heating by one deg
( @p= 1°K) at constant pressure.

Specific gas constanfer nitrogen, neon, and krypton are:

ﬁN _ 8314 _ 297. ﬁN _ 8314:412; ﬁK :8314:100 J |
: 280 ¢ 2018 " 838 kg-K
Thevalue of R and other individual properties of the substances are pr
sented in Table 409 (page 194df the referencdook [3] or inthe Internet
[4e]. Special calculator for finding gas constants in different systems of units

Is placed orthesite [5e].

2.5. Avogadro Law

In 1811 A.Avogadro statedfiAt the same pressure and temperature,
equal volumes of all gases contain equal numbers of molécilbss stae-
ment is known now a&vogadro law

To illustrate the lawwe will analyze some patterns which follow from it:

Example 25. Comparison of masses of different gases in the cylinder
Problem statement There aretwo cylinders | and Il filledwith different
gases (for example, krypton and nitrogen). Both gases are stored in the cyli
ders under similar conditiond?, =F,_ d T, =T, . Dimensions of the cyfi-

ders are equal, too. Hence, the volumes of both gases are equd|, =&/, .
Will the gas masses be equal? What will be the rafjdm in the cyln-

ders?
The problem solution is illustrated in the table

No. of cylinder I [ p p

Substance | Notation| Krypton | Nitrogen| —% N
Molecular mass|
(Table 1.2) kg/kmol 83.8 28.0
Number of

N N
kilomoles N K N2
Gas mass m, kg My, M, 3
From definition of kilomog (mV O=)N: 1| me:m,=2]I
M, = Ny, By m,, =Ny, Hy, & Mass ratio i
From Avogadro lawN,, =N, 2 N Ny, >
2 N :
Mass ratio:m, /m, =p,, /u, =838/280=3 RRmRArOp oo

Main consequences of Avogadro law are:

1) Theratio of masses of different ideal gases which have equal eslum
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.
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2) Under identicalonditions, mass quantities of different ideal gases, r
lated to each oer as their molecular masses, occupy equal volumes.

3) Kilomoles of different ideal gases unde&tentical conditions occupy
equal volumes.

To illustratethe consequences of Avogadew, the following state g
rameters are chosef), =P =0.1013MPaard T =T =273K, which are

usually callechormal physical conditions

Volume of cylinder | is to beselectedso that lkmol of Kr can be stored
under given conditiond\k, = 1; mg, = 83.8kg. Analogously, cylinder Il vie
ume will be found to storexactly 1 kmol of N at P=0.1013MPa and
T=273K: N, =1; m, =28Kkg.

Gas volume is determined fro@apeyronMendeleevequation (2.4)V-
valuesfor every substance considered in the example are:

pv:mRO-n VZETR}T;

0 Pu (2.10)
V, =838 314 273-204m;

101300 83.8

1 280
V. = -
2101300 280 ]
Therefore, for 1 kilomole of any gas, i.¢®/p =N =1,

V= 1 -1.8314 273=22.4 ms.
101300

8314 273= 224 ms;

Volume of 1 kmol under normal condition® € 760 mmHg, t=0°C) is
equal to 22.4n° volume of one mole is 22.4 litres.

Normal conditions R = 0.1013 MPat = 0°C) assumed at fawulating
Avogadrolaw are one of the conditionalities physics.In practice, other te-
perature values are used in commodity relatidlC or 20C (288K or
293K). These parameters as well as corresponding values of cubic ofejass
arealsocallednor mal . 0O

In order to avoid confusion, if the gas state is referred to antempea-
ture t=0°C) , t hen soorrcalld epa riacmentdéncos wi | |
formity of these parameters twmrmal physical conditiondoes not matter for
commodity relations. The main thing is thlhén e wonditionad t emper at u
values be accegd by all parties involved in estimation of the productrgua
tity.

Any set of pressures and temperatures specified in advance, defines-u
guously the ideal gas quantity, i.e. its mass.
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Example 2-6. Estimation of gas mass in theylinder

Problem statement At signing he contract for neon deliverthe following
conditions of reduction were acceptdey= 0.1013 MPaT, = 293K.

How many conditional cubic metergyf and kilogramsr() of neon does a 40
litres volume cylinder contain, assumin@; =314K and P;=151bar

(P’ ~ 150atmg)?

Solution: Neon mass can be calculatedm ClapeyronMendeleev gquation.
Before substituting the values into (2.4) they all have to be reduced toithe un
fled system of units: P; =151bar=15.1MPa=15,100,00(Pa;
V1=40dm®=0.04m>. Let us determine a miecular mass of neon

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

20.183{‘@} 1510000({N}-o.04[m3]
mo M RV _ kmol | m2 -
RT g31 4{ J } 314[K]
kmol- K
:4.67{k9'KHN'm} :4.67[”3—'}(}-{1} — 4.67kg.
J K J K

N-m K
Vv _mR T, 467 kg 8314 293| kmol-K

0 - ° J_556m3
wP, 20183 kg 101300 {N}

. kmol | m?

Hence, there is 4.6kg Ne in the cylinder with hydraulic volume 4@t ma-
nometer pressure 13mg and temperature 314 (41°C), and that coe-
sponds tagas volume 5.567° (at the conditions of reduction agreed by the
parties).

Approximate evaluation: Normal volune of the substance in tieglindercan

be determined if density under reduced conditions is known. This value is
usually pesented in tabular fom, for example, at=0C i in reference book

[3] (pagel94, Table 4.109), and under assumed conditibrQ'C) i in Ta-

ble 1.2 (Chaptet ) . F 0= 0.8885kg/mj. Then,

v,=Mm_ 467 [ K9 | 557
b, 08385 kg
m3

As a first approximation, density of any gas at atmospheric pressurenand te
perturest = 0'C andt = 20 C can be found from simple formulas:

e normal density pr=o~ 1/ 22.4 (2.11)

e condiional density P20~ 1L/ 24. (2.12)
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Table 2.2 characterises visually the errors of normal and conditional densities

calculation for different gases & = 0.1013MPa on simplified equations
(2.11) and (2.12).

Table 2.2

Atomic Conditions of reduction
Substance (Moleculan|  peo [kg/m?, at273s Pi=zo [kg/m’], at 293s

mass, [3] Equation Table 1.2 Equation

kg/kmol (2.11) ' (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 5471

Example 27. Hermetic balloon

Problem statement:Mass of the balloon ba
plus useful load Mg =100kg. The flight is

taking placeat sea level at= 20°C.

Find helium volumeVye = V, necessary fo
filing the balloon, and a respective diame

of the bdloon Dy,

Additional information : According to the Archimedes law, carrying-c
pacity Fye is equal to buoyant force (which is eqtmlthe displaced air weight

minus helium weight in the balloon:

Fre = Gair | Gre =Vb pair 91 Vb Pre 0, (2.13)
wherep,ir andpye are thedensities of air and helium from Tables 1.2 and
g = 9.8m/s’ is gravitational acceleration.

Formulato calculde the balloon volumis V, = 4/3(Ry)® "~ . (2.14)
Balloon radius from (2.14) iR, = [3/4 V, * ]2, (2.15)
Solution: Let us determineequired carrying capacity
F.. =M, g=100. 9.8{kg-m} — 980N.
s (2.16)

Vp will be determined from (2.13) afteubstitutionof Fe from (2.16). As a
result
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g(pAir _pHe) g(pAir _pHe) (pAir _pHe)
- 100kg] — =963
(1.205-0.1663 {g}
m3

b

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

D, =2R =2.3/> 83 _ 5 2530 m =2.284m =568m.
: 4-314 - -

So, to create carrying capacky= 980N that is necessatyp lift the body with
mass 10kg, 96.3m> of helium is needed to inflatée balloon. Dieneter of
the ballooncontaining thiggas quantity is 5.66n.

In approximate calculations, with an allowance for a safety factor,
possible to accept that b of helium is required to lift kg of net load.

Example 28. Opentype balloon

Problem statement:Ambient air temperaturg =i
13°C.

Determine the air average temperattiygin the ba
| oon A Moatwhichthe heatedair ceying
capacity is equal to helium carrying capacity.

Solution: In accordance with Archimedes law (2.13)

Vb 9 (Pair T pPra) = Vo g (Pair T PHe) OF pair T Pha=Pair T Pre
To obtain equal carrying capaciti€ga = Fue in two balloons with the same
volume V,, at constant temperatufg, a n d d eyhossurtoynding air, it is
necssary to provide egamad kh@hisumipes of
Heliumdensity from (2.7) is
P. MR

He

RHeTHe ROTHe
Since pressure and temperature in the helium ballooraual to those of
ambient air, then

Pre

p _ “’He PAir
" IQOTAir -
We will get ananalogous expression for hot air pressure in the first balloon
“’Air I:)Air
Pha =

R T
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It follows from pna = pre that

ThA :ThA — “’Air )
THe TAir “’ He

To provide equal carrying capacitiesthe balloons of closed and open types,
the ratio of gas temperatures has to be in direct proportion to the rati@- of m
lecular masses.

Taking into account molecular masses of air and hefigpr 29 kg/kmol and
Q= 4 kg/kmol (Table 2.2)we canfind a required temperature of hot air in
the balloon

T, =T, = 279 (273+t,,) = 2749 (273-13) =1885K =1612Cl!

Ir

HHE
Suchtemperature isinacceptableven while using the materials produced
accordance with modertechnologies. In order to provide rempd carrying
capacitywith less heatingthe balloon volume has to be increased several
times. The aduwatages (compactness and safety) of hermetic helium balloons
are obvious.
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3. GAS MIXTURES

There are virtually no pure sdibstan

uct o i everudaybfaeto underlinearelatively low content otontani

nants For exampleane x pr es si on A pundesscor€hat trekea n a i

are very few harmfutontaminant¢CO, dust, etc.) in the product consisting of

a dozen of salcbheli ains ersaasdiitiérugf ettyluaicohol
and 4% of water. APur e wat( and heavy a
water (B30O). Everybody knows fronchildhoodthat it is much easier to get a
mixture than to extract pusabstances from it.

3.1. General Definitions

Pure substances are elements or compoutigs; mixtures, alloysetc.,
with the contents of contaminants less than a specified limit.

This limit is determined by the specific features of the substance, its acqu
sition and utilization, and it usually compessa fraction of a percer@lassical
examples of gaseous pure substances are helium, oxygen, and krypton.

Mixture is a result of mixing or mechanical combination of soma- su
stances (air, neenelium mixture, propanrbutane mixture).

Solution is a homogepes mixture of more than two components, one of
which isasolvent, and the others are dissolved in it.

Component is a constituent part of something; it is one of the pbre su
stances forming the mixture.

Mixture composition can be defined in volumetric, latoor mass fre
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 solutibn vo
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 substancenaasured in the
unit fractions or in per cents.

Mole, grammo | ecul e (notation fAmol 0) S
substance quantity in Sl. It corresponds to the substance quantity containing as
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many structural units (atoms, molecules, ions, electmnany other particles)
elazs the number of atoms in the volume occupied by k@1df carbon isotope
C.
At low pressures, the moles of different gases under the same conditions
occupy equal volumes (for exampl; ~ 24dm® at P = 0.1013 MPa and
T =20°C). The conclusions follow:
i the volume and molar concentrations of the mixtures similar to ideal
ones, are equal, i.e.

V. N

Y, :\/_:N_Z’ (3.1)

z
whereV; andN; correspond to theolume and number of moles of the aegte
substancely and Ng correspond to thgolume and number of moles of the
whole mixture;

T mass concentration is connected with volume concentration bylthe fo
lowing relationship:

m N

my  Hg-Ng o ug
wherem and mg are masseesf a separate congnent and of the whole mi
ture; u; is amolecular mass of theth componentjg is anapparent molecular
mass of the mixture.

The term Aapparento i s usedbstaree ause
with the given molecular masd. at er on, atrheenttoerwmn | i a ppe
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 numbkr<6 . 0 2 2 & ehd'A3)).0

G

Yis (3.2)

3.2. Mixing Process

The mixtue formation process is conditionally shoanFig. 3.1. We &-
sume that before mixing two pure components 1 and 2 with massesl m,
occupiedvolumesV; andV,, respectively. Mixture of masse=m; + m, in
volume Vg =V; + V, is obtained after mixing. &ore and after mixing the
gases were under the same conditions, givandT.

For the mixture and its components latv pressures Clapeyron

Mendeleev equation is equitable:

Mixture First component Second component
_ by PV PV _ PV,
m; = ﬁ (3.3)| M = RT (3.4a)| M = RT (3.4-b)

Taking into account that = my + mp, masses of the mixture and its
components can be expressed with regard to formulas (3-8, 3.4b):
nye PVg M PV, M2 PV,

RT  RT  RT
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! N veviey,

|,‘3 |<

m.=m+m,

o

Fig. 3.1. Mixture preparation

After cancellations and transferring in the right part, formula fothe
mixture molecular mass is obtained:

A VA Mixture molecular mass
Hy =l 5~ T U, = or
Ve Vg He = Ha Y1+ PoYs (3.5)

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

Mixture density Formula for mixture density
M, m+m _Hs P
" (3.6) P (37)

Example 3-1. Air properties
Problem statement Volume concentration of nitrogen in the air
y,, = 78% (Table 2.1) [B].

It iIs necessary to determine the air molecular mass and density at
P =0.1013MPa andT = 293K assuming that the remaining part of thexmi
ture is oxygen.
Solution: Molecular masses of pure nitrogen and oxygeru, & 28kg/kmol
and lo,= 32 kg/kmol (Table 1.2). Volume concentration of oxygen
Yo, = (100%T vy, ) = 22%.
To calculate the aimolecular masawvewill use the formula (3.5):
Wy =Hy, Yo, THo, Yo, = 28- 0.78+32- 0.22= 28.88kg/kmol.
In a general case, at arbitrd?yandT, density is determined from the formula

(3.7):
28.88{kg} 10130({'\'
_u P kmol m

pE_VZT_Ssl{ N-m } 203K _
kmol- K

}:1.2kg/m3.
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Simplified estimation of air density can be carried out by approximate rel
tionship (2.12):
Prezo & W24 = 28.88/24= 1.2 kg/nT.

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, andlmeta
lurgy are mentioned in Chapter A. substatial part of mixtures isusedin
building for filling glass units Working media consisting of two and more
substances are widely spreadefrigeration and cryogenic technologies.

Mixtures based on rare gases are necessary for gas chromatogrgphy (Su
plement 1.3). Anywele qui pped | aboratory has a
bration mixtures) including dozens of cylinders with various setshtances
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 faeachingconsequencedVe will consider several cases of
mixing two gases.

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

Problem statement: A larger cylinder withV_ = 401 contains neon, and a
smaller cylinde”Vs= 101 contains helium (Fig3.2). Pressures and temaer
tures in the larger and smaller cylinders areaéqB. = Ps=0.1013MPa;

T, =Ts = 293K. After connecting the cylinders with a tube, the gasesrare |
termixed due to diffusion.

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

P.=0.1 MPa P,.=0.1 MPa P.=0.1 MPa P.=0.1 MPa

/19_3\(

MIXTURE VOLUMEN { =
V.=50 dm’ —

NUMBER OF MOLES
N=N N, | S

MIXTURE MASS]
m=m,+m,,

Fig. 3.2. Mixing of gases at normalgssure

Solution: Under indicated conditions, one mole of any gas occupiesr24
(see formula (2.12) in Chapter 2).
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Molecular masses of He and Ne can be found from Table 2.1:
Que=20.189 / modes 4.0ddmol. We determine the number of moles of
neon andhelium as well as the masses of the components:

V,
Nye = 2—2= 1.67mol;

M = Nye Ohe = 1.67mol /&20.18mi0I = 33.7¢;

V.
Nye = == =0.417mol;

24
Mue = Nie Ol = 0.417mol A4.0 miol = 1.67g.
Volume concentrations according to (3.1):
Yne = Ve Vi 40 _ 0.8=80%; Yne =11 Yne=0.2=20%.

TV +V.,. V, +V, 40+10
Molar concentrations
Ny 167
Ny +N,, 167+0417
Mass concentrations
Mye 33.7

Cre = = =0.953=95.3%; Cre =11 Cne=4.7%.
Ve m.+m, 337+167 o e e

=0.8=80%; Y,.=11 Y. =20%.

! —
yNe -

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

ders

Problem statement: Alarger cylinder withV, = 40| contans neon at pse

sure Pye=1.2MPa, and a smaller cylindev¥s=10Il contains helium at
Pre = 2.0MPa (Fig.3.3). Gas temperatures in the cylinders before and after
mixing are equall = 10°C = 283K.

Find mass and volume concentrations of helium in the mixture as welhas de
sity, molecular mass and pressure of the mixture.

P..=1.2 MPa P.=2.0 MPa P.=1.36 MPa=13.6 ata=12.6 atg
Lhem AT _u— e

Vi=V,=40 dm’

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

them to a common system of unity.=1.2MPa=1,200000Pa;

Phe = 2.0MPa= 2,000000Pa; V, = 40dm’ = 0.04m>, Vs=10dm’ =0.01m".

We wi | | i ndi cat e mo | e ¢ uy=amr183kp/ansok e s of
Que= 4.00kg/kmol (Table 2.2).

We find the masses of pure products before mixing by Clapdyiendeleev

equation:
20. 183[ kg } 1200000[ } 0.04m?
m _ HNe I:)Ne\/Ne _ krnOI m
Ne — - -
RT 8314[ J } 283K _
kmol - K

=o.412[k9'KHN'm}=o.412 kg, } 0.412kg;
J K ]

400[ kg 2000000[ N } 0.01m? _
m = HHe I:)HeVHe — leDl_ . m?
e RT 831 { J } 283K _
kmol - K

_ 0.034[ ng' K } - [ Nkm} _ o.034[k—J‘9J - J} — 0.034kg.

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

= Mhe 0034  _o076=7.6%
m,.+m, 0.034+0.412

The number of kilomoles (moles) of neon and helium

C

= r:—: gcﬁé - 0.0204 kmol = 20.4mol,
N, = Mﬁ _003%_ 4 0085 kol = 85mol,
Molar concentration of |Fleelium with regard to (3.1)
Yye = Ny __ 85 =0.267=29.4%.

N,.+N,. 85+204

Mixture density on the basis of (3.6)

m : : :
o, = Mhe +m,, _0412+0.034 0.446 _ 8.92kg,/m?
V, +V, 0.04+0.01 0.05
Mixture molecular mass while using (3.5)

By =My (@ Vi) + Ry Y = 2018-0.706+ 4.0- 0.294=154kg/kmol.
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Let us verify the molar concentration of He from the formula (3.2)

ey Ly Mo 15';1 0.076=0.293= 29.3%.

““z “’He '
Pressure in the cylinders after migirand temperature stabilisation can be
found by ClapeyronMendeleevequation (for mixtures). We will use Table
2.1 and formula (2.7) from which follows that:

P.=p;RT;,
whereR, is a specific gasanstant for the mixture defined as

ﬁzziz%:54oi_
u, 154 kg- K

This, after mixing, pressure in the cylinders will be

C

P = 8.92{ﬁ} 540 9 |.283K = 1363000[i} _
m3 kg-K B ms3
=1.363-106[M ~1.363MPa.
m2-m

Let us indicate pressure in technical atmospheres:
Pg = 13.63[bar] ~ 13.6[kgf/cm?] or [ata] = 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 assertvoa will consider one more
example which cannot be solved without the knowledge of the previogs mat
rial.

Example 34. Enrichment of krypton mixture

Problem statement Krypton concentrate is fed into the unit at a rate of
Vg=4.8norm.m*h. Volume contet of krypton in the initial mixture is
Ykry = 10% (the rest is nitrogen). Krypton content grows at the unit output up
to Ykr(e) = 92%. Extraction degree of krypton@s= 87%.

BY-PRODUCT Ratio of the substanaxtraction
N - = == » from the mixture (krypton is a
% prime poduct)
INITIAL MIXTURE g ENRICHED MIXTURE
g \ t— \/
v _ZK::-H;” v v | VKrlE)+ v gKr(E) VKr(E)
- Aoy’ b = = (3.8)
KRYPTON IN THE KRYPTON IN THE
COMPOSITION OF COMPOSITION OF gKr(I) Kr(l)

INITIAL MIXTURE ENRICHED MIXTURE
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A. Define flow rate of enriched mixture (this parameter is necessary fot-selec
ing a compressor). Calculate conditional flow rates of the products in every
stream reduced to= 20°C andP = 0.1013MPa.
B. Define mass flow rates of the mixture and its components (they are- nece
sary for performing energy calculations of the devices).
C. Define volume flow rate of the enriched mixture.
D. Draw sector diagrams illustrating compositeord quantity of the products.
Solution: To simplify marking of the initial mixture parameters, index mark
Al 6 is omitted.
A. Volume flow rate of krypton in the constitution of the initial mixture

Ve =Veye=4 . 8 A@48m%h.
Volume flow rate of krypon in the constitution of the enriched mixture, @A r
gard to (3.8) expression for extraction degr€e

Viegy =Vir C=0 . 4 8 AQ4LBn7/h.
Volume flow rate of the enriched mixture
Ve ( 5 Vi) ! Yrre) = 0.418/ 0.92= 0.454m’h.

Calculation resiis 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 Formulasdesignations Kr | N | =

Volume fraction Yy, =1-¥ =10-01 01|09 1.0

Volume flow rate, rith Vi, =Vs =V, =48-048  10.48|4.32| 4.8

Enriched mixture at the output

Parameter Formulasdesignations Kr N, >
Volume fraction Yo, =1~ Yo =1:0-092 1 0.92 | 0.08| 1.0
\V/ =V._ -V __ =
Vol fl h N2(E) ~ "X(E) ~ “Kr(E) .418| 0.036| 0.454
olume flow rate, ¥ B 0.418 0.45

After determining the flow rate characteristics of the enriched product, we
need to analyze the composition of agypduct. These calculations allow us
to estimate the fraction of an irretrievably lost taigdistance (Kr).
Volume flow rate of krypton in a bgroduct, with regard to extraction degree
Cis

Vicoypn = Vir (1T C) =0 . 4 8 Bg7)E 0.062m’h
or

Viroy-pn = Vir T Vi) = 0.481 0.418=0.062m/h.
The second formula is obtained from the unit balance. This formula isrunive
sal; it allows us to estimate a flow rate of any component and mixture as a
whole:

Y/ =Vi V. =4.32i 0.036=4.284m’/h.

N2 (by-pr) N2(E)
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Ve (py=Vei Vg 54.81 0.454=4.346m°/h.
Volume ratios of krypton and nitrogen in the-psoduct are to be found from
the formula (3.1).

Additional infor mation:

I Extraction degree of krypton is a ratio of krypton mass (volume)
guantity to its quantity in the initial mixture. Extraction degree is al
referred to one of the mixture components (in our ¢asekrypton). Sc
the volume and mass extteon degrees are equal.

s

Parameter Formulasdesignations Kr N, >
A r(by-pr v -pr,
Volume fraction YKr(by—pr):w;YNz(by-pr):\?Z(byp) 0.014/0.986| 1.0
>(by-p1) = (by-pr)
Volume flow .
rate, rﬁ/h Vi(by—pr)=Vi| Vi(E) 0.062| 4.284| 4.346

B. Calculation of the initial mixture parameters

) -0, —
- - VU, —>
Decision Ve = Yap —> by —> Uy Kr g, —
procedure 2 — V.~

2 —> 0Oy,

Volume ratio of nitrogen in the initial mixture is
Yn, =171 Yr =1.071 0.1=0.9.
Molecular mass of initial mixture according to (3.5) is:
Hy =Wy Y+, Yy, =838-0.1+28-0.9= 3358kg/kmol.

Taking into account (2.12hnekilomole of mixture under accepted reduction
conditions occupies 24°. Then, molar flow rate of initial mixture, according
to (2.6), is

m3
y m

v =2 =481 h 10 oKmol/h.
24~ 24| m
kmol

Molar flow rates of the mixture components are:
for krypton vy, = vg Yy =0 . 2 A@O02kmol/h;
for nitrogen , = vg Yy, = 0.18kmol/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
0= = vs us = 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:

Okr = Uk M = 0.0283.8=1.676 [kg/h] = 0.000466 [kg/s] = 0.466 g/s.
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Oy, = Uy, 1y, = 0.1828=5.04 [kg/h] = 0.014[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:

Oc-Or + Gy, =1,676 + 5,04 = 6,716/ = 0.001866 [kg/s] = 1.866 g/s.

Mixture characteristics at the unitet

Parameter Substance> | Krypton | Nitrogen| Total

Formulasdesignations Kr N> )

gjoolume fraction, Vi 0.1 0.9 10

Molecular mas, . s T

kg/kmol i 1 Table2 equation (3.5) 83.8 28.0 |33.58

Molar flow rate, _ . ve T

kmol/h b= equation (3.1) 0.02 0.18 | 0.20

l'l"g"’}ﬁs flow rate, ooy | ESUEH | 1676 | 504 |6716
i — Ui i —

Mass flow rate, g/ 0: =G+ . 75266 1.4 |1.866

C. Calculation of the enriched mixture parameters

SO'UtIOﬂ gKr(E) —> vKr(E) —> UE(E) —> yNz(E) _)ME(E) _)gZ(E) —> UNZ—) "

Algorithm -0y, > ®

Mass flow rate of krypton at the outlet is (under 3.8) a product of its inlet flo
rate times its extraction degree:
gKr(E) = Okr C=1.67E€6€ ﬁ%S[I@/ﬁ] = 04059/3

Krypton molar flow rate at the outlet (taking into account mass flowxgts

_ Gk 1458
Kr(E) MKr 83.8
Molar flow rate of krypton at the outlet (checdp on krypton flow rate in the
initial mixture v, = 0.02kmol/h, and extraction degrég

Ukreny = Uke C=0 . 0 2 A@O1BHMol/h.

Molar flow rate of the enriched mixture can be determined with regard to
Ukr(E) = Ug E) YKi(E)- Then

v =0.0174«mol/h.

Ve 0.0174

=0.018%mol/h.
Y 0.92

Volume ratio of nitrogen in #enriched mixture
=17 Ykp =1.07 0.92=0.08.

Use =

yNz(E)
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Enriched mixturecharacteristics at the output

Parameter Substances> | Krypton | Nitrogen| Total
Formulasdesignations Kr N, >
Volume frac- L
tion. % Yie)! given 0.92 0.08 1.2
Molecular T s 7
mas, kg/km0| Table2.2 equation (3.5) 83.8 28.0 79.34
Molar flow 3 Us(e) =
rate, kmol/h | UKi® = Uk C — Ve 0.0174 | 0.0015 | 0.0189
t"\gl?jskg?:lv Ose) = Use) Mxe) | 1.458 | 0.042 1.5
’ Okre) = Okr C | Inue) = Vno(e) MN,

g?ssgf}gw 0.405 | 0.012 | 0.417

Molecular mass of the enriched mixture according to the formula (3.5) is
HrE) = Hir Yer®) t By, Yage = 83.80.92+280.08= 79.34kg/kmol.
Mass flow rate of the entied mixture is

Ox®) = Use) Mk = 0.018979.34=1.50 [kg/h] = 0.4179/s.
Molar and mass flow rate of nitrogen in the enriched product are

Uny(e) = Us®) Ynye = 0-01890.08 = 0.0015 kmol/h;
In,E) = Unye M, =0-001528 = 0.042 [kg/h] = 0.012 g/s.
Balance feasibilitcheckup:
Uki(e) T Uy, = U= 0.0174 +0.0015 = 0.0189 kmol/h;

Okr(e) + InyEe) ™ O=E) =0.405 + 0.012=0.714g

Compressor capacity is determined by suction conditions. In
cases they are close to normal.

To select a compressor, we find the enriched mixture flow rafe=ab.1013
MPa and = 20°C from the formula (2.12)

kmol m3
Vepy = gpy 24=0. 0 1 ¢
EE)  E) { h kmol

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

unit input and output are shown in F&y4 in the form of sector diagrams built
in Excel packet.

}z 0.454m’/h.
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Initial mixture

By-product 1.4 %
(waste product)

8%

Enriched mixture
BKr ON, (krypton concentrate)

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 wereonsidered 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 statéch by no means cover all
processes of refrigeration ang/ogenic technologies.

Ideal gas is a hypothetic gas model in which potential energy of molecules
Is supposed to be neglected as compared to their kinetic eAdtigective and
repul sive forces Ado not acto bott ween
its particles with each other and with the vessel wallsaarmlutely elastic
and the time othe interaction of molecules rgegligibly small comparetb
the mean time between coll@s. Volume of molecules themselves is not
taken into account in éhideal gas model. For exampks; at atmospheric
pressure andoom temperaturés described to a close approximation by the
Ideal gaamodel.

4.1. Compressibility
Equation of state (2.4) describes idgak state of the substance

PV = m RT p= m :m_P ’
H or Vo RT (4.1)
which is in dimensionless form:
PV
L= 1L (4.2)
il

ValueZ is acompressibility factgrit is a measure of deviation from idea
ity (Supplement 4.1). Fanideal gasZ = 1, but for real gaseZ can be higher
or lower than 1 The lower the density of different gases (helium, argon,
krypton, etc) is, the closer they are to the ideal gas in their propeltits-
lows from (4.) that) decreasewhenpressuredecreases anémperaturan-
creases. Figure 44, which shows the diagram of state presstokime, I-
lustrates the difference between the isotherms of ideal and real gases (co
pare, for example, isothernig = 300K and Tg = 150K).

We will analyze the influence d? andT on the deviation of the densibty
real substances (neon, argon, and krypton) from the regularitihe @ieal
gas (Table 4.1 and 4.2)Values of] for real gases can be obtainedm dia-
grams or tablegeneralisinghe experimental data. Thermophysical properties
can be calculated by means of computer if corresponding programs or data
base are available. Some information concerning real propeftide si-
stances obtaed from reference books [3/,are presented in Supplements
4.2,4.3.



Influence of pressure on deviation of density

Table 4.1

[ K] of tead gasefom an
ideal gas density at temperatdie= 180K

Influence of temperatur€ on deviaton of density}
fromanideal gas density at pressig= 2 Mf a

Pressure Substance> | Neon | Argon | Krypton
Molecular masgt — | 20.18 | 39.85 83.8
Density) of anideal gason| 1.348 | 2.66 5.6
_ (4.1)
FSELIIEC Valueof ) for arealgas| 1.348| 2.68 5.66
Error, %| 0.0 +0.8 +1.0
Density) of anideal gaon|13.49 |26.63 |56.0
_ (4.1)
25 DL Valueof ) forarealgas| 13.42| 27.82| 62.27
Error, %| 10.5 +4.5 +11.2
Density } of anideal gag 26.97 |53.26 |112.00
_ on (4.1)
FIE EhilFEs Valueof | forarealgas| 26.71| 58.23| 144.72
Error, %| 11.0 +9.3 +29.2
Table 4.2

[ K] of teal gases

Temperature Substance> | Neon | Argon | Krypton
Molecular masgt — | 20.18 | 39.85 83.8
Density) of anideal gason| 1618 | 3195 |67.20
u; =300s (4.1)
(+27°u ) Valueof | forrealgas| 1604 3241| 70.03
Error, %| 10.8 +1.4 +4.2
Density; of anideal gaon| 2023 | 3994 | 84.00
U, = 240s (4.1)
(133°a ) Valueof | forrealgas| 2023| 4129 91.74
Error, %| 11.0 +3.4 +9.2
Density) of anideal gaon| 26.97 |53.26 |112.00
Uz =180s (4.1)
(193°a ) Valueof | forrealgas| 26.71| 58.23| 144.72
Error, %| 11.0 +9.3 +29.2

From the analysis of the data given in Tables 4.1 andt4dllows that

i atP = 0.1 MPa the properties of real substances virtually coincide with

those ofan deal gas (deviation does not exceed 1%);

I increase of pressure and reduction of temperature lead to the growing
Il deal ity

ndevi at i

on e,

from

i at the same parametd?sandT the distinctionsrom an idealgasappear
different for different substancésto a lesser exterfor neon, to a greatexe

tent forkrypton.
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In other words, relations (2-{2.12) in Chapter 2 are simple and handy
but do not alwaysrpvide the accuracy calculations in all the cases.

Conclusion Regularitiesfor an idealgas are apptable only within a
certain rangef parameters when it is admissible to negtée interaction
between molecules of specific substances.

Value Z depends on temperature, pressure d&edsubstance properties.
Figures of compressibilitiactor in atabular or graphical form can be found in
reference literature. The information can be related to specific matters (Table
4.3) or be pesented in théorm of generalized valuesiitable for dlgases [3].

Table 4.3
Compressibility factor Z & = 15MPa
Substanc—— e 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 41. Compressibilty of gases

Problem statement:Cylinders with hydraulic volum¥\, = 401 are filled with
helium and krypton up to manometer presstire149 atm(gauge) at = 0°C.
Determine the quantity of the substances in the cylinders according to the
ideal gas law ahin regard to compressibility, as well as errors at using ideal
gas relationships.

Solution: Pressure and temperature in the cylinders correspond to thoge in T
ble 4.3 (left column) becauge= 149atm(gauge) = 15@tm(abs)~ 150bar =
15MPa. Molecularmasses of helium and krypton are equal, respectively:
Que=4.0k g/ k mo | = 83.8kd/kn®I| (Table 2.2).

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

Helium
Parameter Formula Result
Density of an nP 4 15000000
_ R B _ _ 3
idealg a s PTRT Pi=g31a 273 2oAskg/m
Density of a =)
real gas Zp, === P, :&:%3:24.68kg/m3
iy R T Z 1071
Jr=4ilZ
Helium|n i d ¢ m =2643-0.04=1.057kg
m=p\,,
mass | real m = 2468 0.04=0.987kg
Error A= M A=9987=L057 066 66%
m 1.057
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Krypton

Parameter Formula Result
Density of an n P 83.8 15000000
: Pi=5 = . = =5538kg/m3
ldeal g " RT " 78314 273 o/
Density of a
P p, 5538
real gas Zp, =—— p, =L =222 _8749kg/m3
T r
1 =117 Ro Z 0633
Helium i i d g g m =5538-0.04=2215kg
mass [feq| P m, —8749.0.04—350kg
Error A=t A=M=0.58= +58%
m 2215
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 Vapoukiquid in Pure Substances

Analyzing real gases in sectien 4.
bergoircefalatyo pfilleneasureetheodistinctidnsof real and
ideal gas properties start to reveal at lower temperatures: for krypton at
T < 210K, for argon afl < 150K, and for neon at <44K. At the furtherre-
duction of temperaturfor the aboementionedjasesthe phenomena of phase
transitionscan be observed.he process of isothermal compression aca@mp
nied bythe ghase transformation gadiquid is shown in Fig4.1-b. To can-
pare, process in ideal gas is presented in4iga.
Comparingthe graphs, we can s#®t isothernT, = 300K for krypton in the
right graph is virtually identical tthe ideal gas isotherm (Figd.1-a). Asthe
temperature reducedg=270KY Tc = 240K Y T, = 209.4K), the i®-
therm shapes start to alter. This ptw@enon is especially noticeable for curve
T=209.4K passing through critical poifit But evenin this casdéhe regula
ity is preserved piston displacement to the left (volureeduces) is aceo-
panied by pressuieincrease

Character of relationshigdV on the lowtemperature isotherm sections

placed belowr, = 209.4K can be such that th&ston displacement does not
lead to pressure increa€@ccurrence of a more dense maiténuid phasds
the reaen for thisa n o ma | y . |, oDteenliguid tisya feyw hundred times
greater than that of gdsv a p . iemperajure’, (in our casel, = 209.4K)
and pressuré, 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 temperalgre120K. As
piston moves to the left, gas volume reduaed pressure in the cylinder-i
creases steadily. This pattern persists until shbstance parameters reach
point 2. State in point 2 is a state @faturated vapoor Such a vapour was
called earlier aidry saturated one. Why was such a complicated and long
definition wmssedt?haftDrtylbermeai s no | i qui
means that it is enough to shift a point to the left from point 2, andxthe e
pected liquid appears.

The line connecting the points of the family of dry saturated vapour states
is calledfivapour boundary cued To the left of this curve, as piston moves
from point 2 to point 3 and so on, vapour becomes more and emoiched
with liquid. Process -5 goes on at constant pressupe£ P; = P, = Ps), and
Is accompanied by the output of condensation (liquefagtieat. Points 3 and
4 characterise intermediate stages of the liquefaction process.

Point 5 is located ofiiquid boundary liné To the left of this curvdast
vapour bubbles disappear the cyinder, and the substance becomes entire
liquid (point6). Theareaof parameters to the left from point 5 is referreddo
the region offisubcooled liquid andfsuperheated vapadis located to the
right from point 2.This underlines theemoteness of the substance states from
the lineof phase transition®8efore vapouemergesliquid should be first e
panded in process® or heated. Before condensation starts, vapour should be
compressed in process2lor cooled.

Boundary curves of liquid and vapour converge in pkintritical pointk
Is a final pointof phase change lines vapdiguid. Parameters in point (T,
and P,) are the most important characteristicsao$pecific substance &F
ble4.4).

Table 4.4
Critical parameter$, andPy of pure substances

Substanc Critical parameters
Temperature, K oy Pressure, MPa

Helium 5.2 0.227
Neon 44.5 2.68
Nitrogen 126.2 e 3.40
Argon 150.7 % 4.86
Oxygen 154.6 5.04
Krypton 209.4 0 ' v 5.51
Xenon 289.7 5.84

Region of permissible application tfe ideatgas laws fola specific si-
stance depends on the remetes of its parametefsom thecritical point.Let
us comeback to Table 4.2. Transfer froim = 300K to Tz = 180K (from the
first to the last row) does not virtually influence the deviation of the neon
properties from the ideal gas ones (errorsla88o and 1%). It is explained by
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the factthat both temperature300K and 180K are far from neon critical
point Tyne) = 44.5K. It is morevisual when wecompare relative (reduced)
temperatures: 1, = T1/Ty=300K/445K =6.74 and

13 = T3/Ty = 180K/44.5K =4.04.1In other words, neon temperatures in Table
4.2 are by several folgreaterthanits 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 absolutegmaetersthe redued temperature
for krypton will bet; = T,/Ty = 300K/209.4K = 0.86. Itis obvious thatinder
these conditions the substance possessesatleproperties oareal gasThis
explains a considerable deviation of a caltedadensity (112 kg/fh from a
real density (14%g/nT) of krypton at lowering temperature and growingspre
sure.

4.3. Phase Equilibrium

Vapour and liquid are in the state of equilibrium in any point on li%e 2
(i.e., one part of molecules is continuously transferring through the icgerfa
from liquid into vapour, another partfrom vapour into liquid). Ifa compres-
sion process 5 were to stop irany intermediate state (for expla, in point
3), this stateould be preservefr anarbitrary long time in the absenceant
external infllence.

Thermodynamic phasis a part of a thenodynamic systenhomoge-
neous incomposition and properties, separated from other phases &
interfaces. Several properties of the system change seepwithese inte
faces. Ina unicomponent system (for example;) Mifferent phases can &
revealed aglifferent aggregatstates ofthe matter. In a multicomponer
system (for example, KN, mixture) the phases can have various comp
tion and structure.

If the phases i thermodynamic system are anthermal (equality of
temperatures of coexisting phases) and/or mechanical (equality sf
sures of coexisting phases) equilibrium, this stagisse equilibrium

Region of states restricted by the bouydarrves is calle@two-phase
area

Multitude of states of a real gespresents surface in coordinatdsV-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 projection ofa 3D-surfaceon planeP-V. Represersi-
tion of the surface projection d»T plane would be a saturation curveneo
cluded bythecritical point k.

So, a state of pure substanceaitwo-phase region is characterised by a
singlevalued interconnection between pressure &perature ofphase
equilibrium:

P=F (1), (4.39)
T=1(P). (4.3b)
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Relation betwee® andT in atwo-phase region is expressedaigraph-
cal or tabular form (Table 4.5, Supplements 4.2, 4.3).
P , View along
5 arrow “T"

|| LiquiD+GAS

[ N N

V.V, V, v

<
(8)
e » O\

Fig.4.2. Isotherms chreal gas (krypton), ahits twophase region i-V-T
coordinates

For pure substances a boiling process at constant pressure always happens
at the same temperaturnalysis of T =f (P) tabular and graphical relatie
ships shows that the difference in condensation (boilingpésatures of the
air separation products at equal pressures comes to dozens of degnmaes.

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

Table 4.5
Interconnection between pressure and temperatureediméhof phase edu

libriumfi v a ploiuggui do f or pur e
Phase equilibriunpressure
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 temperaturd, K
Neon 24.9 27.1 284 29.5 314 319
Nitrogen 71.8 774 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 | 1292 1326 | 134.6
Xenon (solid body| 165.0 | 172.2 | 1776 1825 186.6
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Example 4-2. Boiling temperature at reduced pressure

Problem statement It is a weltknown fact that water boils at temperatures
<10C°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]:

h
P=FK exp(— —8000] (4.4-a)
or
0.02257h\>**°
P= Poexp[—mj : (4.4-b)

wherePy =0.1013MPa= 1.013bar;h 1 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. Calctitan results are presented in a tabular form.

Table 4.6
Boiling temperatures of water and nitrogen at underpressures
Parameter ol o [T A i W I
sa | verla manjaro| yama | rest
Altitude h, m 0 2061 | 5642 | 5895 | 3776 | 8848
(formula

0.1013] 0.783 | 0.0500( 0.0484 | 0.0632| 0.0355
Pressure 4.4-a)

P, MPa (formula

0.1013| 0.0789| 0.0495| 0.0478| 0.0634| 0.0314

4.4-b)
t,°C | 100 93 81 80 87 70!

Boiling | Water
tempe T,K| 373 366 354 353 360 343

rature Nitro-
gen T, K 774 752 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 pea eni
ronment in gaseous formapourair mixture can be conditionally regarded as
a two-component mixture. Water vapr contained in humid air is capable of
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transferring intaa liquid state. Parameters of this gas mixture have an impact
on the planet climate and are of great importance for humarT hfeughout

the ages, people have tried to comprehend the regularfitiee 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 tnder a
mospheric pressurz~ 0.1 MPa = lbar occurs at moderate temperatures
(tz= 1 0 ¥CPB Atfirst glancethis contradicts th®-T relationship for water
vapour. According to Tables 4.5 and 4.6, phase transition )@ Kt
P =0.1MPa has to be observedTat 100°C = 373K. It can be assumed that
pure water vapour whose jperties are given in thabovementioned tables
and vapour in the composition of humid air behave differently. Sucls-a di
crepancy is explainedbya | t onmdos | aw

Pressure in the mixture of gases having no chemical interaction €
the sum of the partial pressures of these gases.

Partial pressure of each gas is the pressure exerted by this gas i
cupied the whole volume.

“Eviction” of
neighbors D

-"W"and "D"
Room D

Neighbors “W" occupies
the whole area

neighbors

Residential area occupied by two

Room W

a)

c)

Fig.4 . 3. |l 1l ustration to Dalton
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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 woulgdChpdtial
pressur e. Daltonébés | aw contends that
if it alone occupied the wholaixture volume at gas mixture temperatiige

Let is turn to Fig4.3. Mixture of water vapour W and dry air D at pre
surePg takesvolumeVg. The volume is conditionally separated by a partition,
and gas molecules are assorted. As a result, dry aietoahbve the partition,
and pure water vapotirunder the partition. The number of molecules did not
change, total volume remains the same, and hence the presswikale ad-
ume stays equal .

I n accor dancmodelone bof th® @mpormentd (snentally)
excluded from the mixture (for example, dry air D); another gas gets an-oppo
tunity to fiset tVk &ollodviagnBoyie-Marioied aov|l ik me
crease of an individual compondmtater vapour in our casgplume fromVy,
to Vg will resut in pressure reduction froig to Py. At that, according tthe
formula(2.3),

V
Ry = v R, 4.5
v, (4.5)
In its turn, volume ratid/\y/Vg in the formula (4.5) with regard to (3.1) is
nothing but avolume concentration of water vapows. So, chaacteristic

pressures for individual components are as follows:

for water vapour 5\,\, = Yw P (4.6)
for dry air PB=¥ R=0-%) R, (4.7)
wherePy is the pressure of a gas mixture (humid &f);and P, are fractions

(portions) of the total pressuRg: falling on individual components (wateav
pour W and dnair D); yw andyp are volume portions of each gas in thexmi
ture.

Pressures of individual components calculatedhieyformula (4.6) and
(4.7) arepartial pressuresAccording toD a | t o rthessum of partial pse
sures of all components is equal to the total presswagas mixture, i.e.

R.=PR,+P,.
Example 4-3. Glass sweating
Problem statement: Content by volura of water vapour in the passenger
compartmenof the car isyy= 3%.
Find glass temperature sufficing for transfer of water vapour into the drop
state on sea levélz ;= 0.1 MPa, and in the mountains where atmospheric air
pressure i®y ;= 0.08MPa.
Solution: Calculate partial pressures of water vapour in the composition of the
humid air by formula (4.6):

Rv@ = Y Py =0.03-0.1=0.003M Pa= 0.03bar,

~

Ry = Y Psz = 0.03-0.08= 0.0024M Pa= 0.024bar.
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In the tables fompure water vapour in Supplement 4.4 find the equilibrium
temperatures of phase chadgendT, corresponding to calculated pressures.
So, for given composition of humid air, water vapour will condense on glass
interior surface afl; <24.1°C (for Pg = 0.1 MPa). The same phenomenon
will be observed in the highlandsBt< 20.£C (for Pz ;= 0.08 MPa).

4.5. Equilibrium States in Binary Mixtures

As it was mentioned in section 4.3, each pure substance forming xas mi
tures passes into liquid state underawgn conditions. At the same pressure
(for exampleP = 0.1 MPa) nitrogen condensation temperature is, according to
Table 4.5, equal to 77K, argon condensation temperature is 8.2t the
same temperature (for examplez= 85K) nitrogen condenses at23MPa,
argon at 0.07%1Pa (Fig.4.4-c).

Gas mixtures can be transferred to q@ase state if cooled below critical
temperature of a highoiling component.Separation of the mixture into
phases is accompanied by redistribution of concentrations betwwaghand
vapour. The most widespread separation method is based on this very-regula

ity.

Substance “L" \Mixture LY + H\ Substance “H"
P Pr
P'. - -
» PIA 12l
? ? P" | ?
T T T
= A0 j/"'.’f ” 2405 >
X Xy
a) b) c)

Fig. 4.4. Dependence of partial pressure in vapour phase on the liquid-comp
sittont o Ra o \k andhg T doremtrations of substances in liquid

phase;ISL and I5H I partial pressures of each component in vapour

Phase separation process in the mixture formed by two matters L and H is
shown in Fig4.4-b. To approach to reality, suppose that the first of two ma
ters islow-boiling nitrogen, the second isigh-boiling argon. At prescribed
temperaturel, pressureP_ of partially liquefied mixture will be within the
interval defined by boiling pressures of pure matters L ané B:P, . > Py.

Some quantitative regulae describing the solution properties ascfun
tions of the component concentrations were discovieyethe French chemist
F.Raoult in 1887. Thé | r st R abinds Ipresswre of saturatedpour
above the solution with its composition.
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Partial pressure of saturated vapour of the solution component is
to saturated vapour pressure above pure subsin@ given temperatur
T) multiplied by its molar fraction, in liquid phase, i.e.

R=xHR. (4.9-a)

For anoher substance H this one regularity is expressed by formula:

Ry =Xy Ry (4.9-b)

taking into account that molar concentration of componeint &binary mi-
ture is defined agy = (17 x_) from the condition:

X+ Xy =1. (4.10a)

Example 4-4. Influence of the component concentration in liquid on its
partial pressure in vapour

Problem statement The vessel is filled with vapodiquid mixture of nitio-
gen and argon at temperatures 85 K. Analysis of liquid phase shows that

volume fration of nitrogen in it is 0.8 (concentratiofy, = 80%).
Solution: Find pressures of saturated vapour (Supplement 4.3) of pbre su
stances at prescribed temperaflire85K: F’N2 =0.23 MPa. Partial pressures
of N, and Arin the vapour above the liquid are determined by (4.9):

R, =X, R, =080.23=0.184MPa;

P, = (1-x,)P, =0.2:0.079=0.0158MPa.
Total pressure of the mixture is:
P. =R, +PF, =0.184+0.0158~ 0.200[MPa]= 2.00bar.

CombiningR a o udndDdasl t o n, the equation sonnecting compos
tions of liquid and vapoushases can be obtained. On the one hand, according

to (4.6) partial pressure of vapol§,1(r =Y, P.. On the other hand, with regard
to (49), 5Ar = XAr PAI’ . Then

P
Pu=yaPe=Xa Py and  Ya =5 X, (4.11)

%

where Py, is the pressure of saturated vapour of pure argon at the mixture

temperaturePy T total pressure of the mixture above the solution, haml&nd

Yar are molar fractions of argon in liquid and gas phases.
Analogousrelationshipsare valid fo another substance (nitrogen).

~

Example 45. Interconnection of concentrations in gas and liquid phases
Problem statement Vapourliquid mixture of nitrogen and argon fill a vessel
at T=85K and Pz =0.2MPa. Analysis of liquid phase shows that volume

fraction of nitrogen in it is equal t&,_= 0.80.
Determine argon and nitrogen concentrations in vapour phase.
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Solution: Saturation pressures of pure substances at a preset temperat
obtained in the preceding examplaqg =0.23MPa,P, = 0.079MPa).
From the formula (4.11), we find the concentrations pahd Ar in vapour:

P
Yy = —2 X, =923 58-092-92% .
> B, ™ 020 ’

z

P, 0.079
=" (1-%x,)=——"-(1-0.8) =0.079~ 8%
Yoo = @m%,) =20 A-08) 6,

Checkup of conditionYy, + ya- = 0.079+ 0.92=0.9993 1.

Like ideal gas laws considered in Chapters 2 and 3, the equations obtained
above are capable of simplifyinge engineering calculationslowever, they
cannot claim to be accurate and to have compreheappkcation. Prelim
nary evaluation can beedormed by formulas (4.9) and (4.11) for the two
component product, if a limited ammet of experimentadiata is available.

If possible, the experimental but not calculaté@racteristics should be
used for the analysie phase equilibriums. Solely thewan reliably reflect the
system equilibrium states.

Let us estimate the deviation of calculated values obtained in Exadnples
4 and 45 from the reference values (Supplement 4.5). According to iexper
mental data, at prescribed conditiohs 85K and Pz = 0.2MPa mixture mn
trogenargon is characterised by parameters introduced into #ahle

In spite of the revealed inaccuracies, the laws of equilibrium states reflect
simply and in many cases correctly the character -@xtstence of the phases.

In paticular, an important rule following from Raotla |l t onds | aw
askonovalovdos | aw

Vapour n atwo-phase system iglways richer in theomponent cha
acterised by lower boiling temperature in pure state.

This regularity is substantiated Itlye above calculations (Examples44
and 45) for a nitrogerargon system. Experimental data (Table 4.7) confirm
the Konovéovd $aw correctnessaitrogen concentration in vapour proves to

be higherthan in liquid:( Yy, =89.1%9 > (X, =76.999. On the other hand,

argon having higher boiling temperature always prevails in liquid
(Yar=10.9%0) > (Xar=23.19%). The peculiarity is even more obvious if the
pairs of substances with vastly different properties are chosen (for example,
neontnitrogen, oxygerkrypton). Substantiation dhe Konovalo\d Bw is pe-
sented in Table 4.8.

Low-temperatureeomponentdn the mixture are recognised as moraa-
tile ones Alcohol is more volatile than water (it boils at temperature
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Te,u,on=+78C, wateri Ty o=+100°C). Helium {Tye = 4.2K) is more voé-
tile than neonTye = 271 K) but they both are more volatile than nitrogen.

Table 4.7

Equilibrium parameters liquitapour for system nitrogesrgon

Equilibrium parameterst = 85K; P =0.20 MPa

Phase~> Liquid Vapour
Component Nitrogen Argon Nitrogen Argon
\(/:;'lfgs'ated Xy, =80% | Xy =20% | YNp=92% | 'y, =8%
Experiment Xy, = 76.9%| Xar=23.1% | YN, = 89.1% | y, =10.9%
Error 13.9% +15.5% 13.2% +26.6%

Table 4.8
Substantiation
Law Formulation SO Equation
number
Total pressure of a mixture;
Dalton | as the sum of partial pressuli = =
: (4.8) R =R +F,
of separate components ia-\
pour
Partial pressure as the prod ~
Raoult of phase transition pressure (4.93) A=A
pure substancéy its conten =
in IIqUId (49’b) PH = (l— XL) PH
Substitution of (4.9) and (4.9D) (4.12) R=x P +1-x)R,
into (4.8)= '

According to (4.12), at growing concentration of the dogiling substanct
(x.Y 1) espure in the mixte will approach thdoiling temperature of thi
component irits pure statePgY P.. And vice versa: atx(Y 1 3»PgY Py. In-
termediate resultwithin the whole interval [ x <1] = P_.>Pg and

PL/PE > 1.

Raoult
Dalton

Interconnection b&teen the
composition of vapour phas
y_ at given pressur®y, co-
centration of liquid x. and
boiling pressure of pure oo
ponentP,

(4.11)

Konovalov

Concentration of a lovboiling
substance in vapoury, is
greater than that in ligdix_

(4.13)
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As already affirmed, it is enough ttetermine theconcentration of only
one component of a binary mixture, and a fraction of another component will
be unambiguously found by formula (4-4&D This rule is right for a bary
mixture of vapours, too:
YL tVu= 1. (410‘b)
That is the reason why it is usual to operate in formulas and also ie-the r
ferral databases witthe concentration of only one compongfar example,
the more volatile (low-temperaturk one. In excptional cases, a high
temperature substance canathrgstpaoductept ed
Parameter allowing for crossipact of pure components on their distrb
tion in phases is callec:lative volatility. This parameter is a ratio of boij
pressures of pure substances for a mixture of two substances L and at mi
ture temperature:
o= PL/PH. (414)
Volatility is the most crucial characteristic of a gas mixture. In the upshot,
it defines fiturn for nmdttuventmitsono of t he
Character of U itmtfonsofequitibeiumphases is® ¢ o n c
pressed by formula (4.18), as it will be shown below. Succession of this reg
larity derivation is shown in Table 4.9.

4.6. Diagrams of Binary Mixture State Parametes

Rel ative volatility U of a mixture s
andy,, and the relationship = f; (x.) for different binary mixtures. This e
tionship as well as the relationship=f; (x., y.) are ascertained mostly on
experimentabdata for phase equilibriurmf mixtures which are subject torfu
ther processing and analytical presentation by means of the known methods.

In some cases it is admissible to usddel s based on Da
Raoultdés | aws for a pe egulibmms(sees cal c
ble4.9).

Peculiar properties of calculation methods can be analysed while building
relationshipgy. =f; (x)) andT =1, (X, Vo).

We will do calculations using the formulé®m Table 4.10 for nitrogen
argon mixture. Prescribe theixture pressuref@r instance Py = 0.2MPa, as
in Example 45). For pure argofx, = 0) and pure nitrogerx(= 1) find boi-
ing temperature T = 83.7K and T, = 94.4K at P = 0.2MPa. Then divide

temperature intervallg, = 83.7K) < T < (Ta = 94.4K) into parts with one
degree step. For every intermediate value of temperd@tuidetermine pre-
sures of pure substancé&s =Px (T) and P_ = PN2 (T) (Supplement 4.3).

Then, taking into account (4.18nd (4.20), calculate andy, at intermediate
temperatures. Calculation results are accumulated in Table 4.11.
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Table 4.9

Consecution of transformations, and ¢ Formula

planations number Equation
From RaoukD a | tlawn 0 s
Composition of vapour phasg at pre- P
: : (4.11) y =X
scribed pressuréPg, concentration o Lo p Tt
liquid x. and mixture temperatui
T (usingT-P, relationship for pure ao-| (4.3 4) P.=F(T)
ponent L)
P
Similarly T for high-boiling componen| (4.11) Yu =FHXH
H at the same mixture temperatdre z
(4.3-a) Py=F (T)

Divisiony, /y, (4.11)

Connection between compositions R
vapour and liquid phases at prescril P.
: . (4.15) =
mixture temperaturel defining P, (T) vy, P
andPy(T) for pure components P.

Replacenent of concentrations of higl
boiling substance in vapour and in
liquid x_ by parameters of lowoiling| (4.16) — =
substance in accordance with form
(4.10yyqy =17y andxy =171 x_

Taking into accounf4.14):

Y X
Connection beteen concentrations ( (4.17) 1_Ly = (1_LX )
components in the phases of binaryx = -
ture (through relative volatility) (4.18) y, = B, N
1+ (=1 X

To build isobars of nitrogeargon mixture iry-x-coordinates, ustéhe data
from Table 4.11. Depmdence ofy, on x_ for mixtures nitrogerargon and i
trogenkrypton is visually illustrated byhe diagram shown in Figt.5. Con-
centrations of lowboiling component in liquid phase are plotted on abscissa
axis;its equilibrium concentrations in vapoyri on ordinate axis.

Values U are di f theegeilbium curvepea@®h poi n
Whenx,=0andx. =1 ( see Tabd.e5 X ,=209. Hawever, as

a rule, the average value,, =+/%; &, is usa to simplify calculatns.In our
examplea,, =v2.51.294 =272
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Table 4.10

Determination of concentrations of vapour and liquid phases at isobarie cond
tions

Succession of transformations and exg Formula

nations number Equation

From Table 4.8 (substantiation &bno- B B
val dawd s (4.12) | R=x R+U-%)R,

Result 1i dependence of the concemt R=x R+R-xFR,
tion of a lowboiling component in liquig
X_ on the total pressur® and boiling] (4.19) | R-RBy=x (R -F)

pressures of pure substanégsand Py at v - 2R
=X H

mixture temperatur@ P -P,
%:g]sl}:gj:tlon of X, into RaoultDaltond (4.11) yL:FLXL

2
Result 27 dependencef vapour phas
compositiony, on the totalpressurePg (4.20) _R(R-R)
and boiling pressures afure substance ' “ R(P-P,)

P_ andPy at mixture temperaturé

For comparison, dependence betwgeandx, for a nitrogerkrypton sys-
tem characteriseddyi gh U v al ue s4,5byidashesilineewn i n Fi
U= P./Py = 2.52/0.103= 24.5 atT = 120K andPg = 0.2 MPa.

Convexity of the curve =1, (x) relative to di agonse
gent confirmation of Konoval ovdés | aw
with liquid phase is richer in a IeWoiling component than a liquid phase.

Degree of convexity of-x diagram, as it will be shown later, characterises a
possibility of a mixture separation into components:

the higher is relative volatility ( the more apparent are differences it
properties of the components), the easier it is to separatehee.

In Fig. 4.5, the equilibriumline approachesiagonal Y x) ataY 1, i . e. ,
every substance is present approximately in equal parts both in liquid and in
vapour. It is very difficult to separate such mixtures gsAO(T =95K;

o =P /Py =0.213/0.163- 1.31). Gas isotopeare the examples of hatd
Separate mit ur e s . Val ues of rel aklOleforvol at
most of isotope compounds (Supplement 1.4).

In practice gas mixture separation processes are carried out at consal
sure in the unit. So, dependences of equilibrium concentrations are
presented as two isobars in coordindtgsandT-x.
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Table 4.11

To the calculation of thdiagramsy-x andT-x,y for argornitrogen mixture

Mixture Value Boiling pressurs of pure | Phase compositions acec
temperaturg 0 substanceB(T), MPa ding to (4.19) and (4.20)
T, K Nitrogen,P_ | Argon, Py Liquid, x. | Vapour,y,
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
[in vapour. N, - 92 % in vapour N, - 99 %]
(Ar-8 %) (Kr-19%)
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L)

Fig. 4.5. Diagramg-x of binary mixtures nitrogeargon and nitrogekrypton
at constant pressufg = 0.2 MPa
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Fig. 4.6.T-x,y diagram for mixture nitrogeargon atPz = 0.2 MPa

(coordinates of isobar points correspond to tludSeable 4.11)

Suchadiagram model is presented in Hig6. Data of Table 4.11 were
used to draw the diagram.

In Fig.4.6 we build an abscissa ax) like in Fig.4.5. Then, we draw
two vertical lines ) crossing axix(y) in pointsx(y) = 0 andx(y) = 1. On the
vertical scales, we mark the boiling temperatwegure substances atepr

scribed pressurigz = 0.2 MPa: on the right scalé, ,=83.7K on the left scale

I Ta = 94.4K. For intermediate vaks of temperatures, the data froable
4.11 are marked on horizontals for pairs of poxtandy,. The lower family
of points T =1 (x.) belongs tothe boundaryisobar of liquid and the upper
group of pointsT =f (y,) is referred tdheisobarof vapour phase
The diagranil-x,y (Fig. 4.6) does not contradict the grapix (Fig. 4.5)
because the same data are used to build both of them.
Analysis of the graphsT-x,y shows that with lowering argon fraction in
the mixture ;Y 0 ayp¥d0 x¥landy Y1) its temperatur e

the boiling temperature of pure nitrogen, iTe> Ty, (right lower part of the

graph).Increase of argon concentration wherm>0 andy,—0 (left upper part
of the graph) leads to ¢hincrease of the mixture temperature to the state of
pure argon whefi, = 94.4K.
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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 spe of that, knowledge of the simplified regularities of
the gas mixture behaviour is very important for mastering the subseqguent |
formation. These regularities provide easy understanding of a large body of
experimental data in the phase equilibriumslipbssible to make a prelim
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 Fig4.6) is a fundamental presentation form for sepamabirac-
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 pruxed by loweringhe gas mixture tempar
ture. According ta o n o v a | palow-boilingacamponent prevails ithe
vapour phase, whila high-boiling substance passes mainly into the liquid
state. Condensation techniques of separation are widely usadustry as
they prove to be in many cases more efficient than otleans

5.1. Continuous Condensation o Binary Mixture in a Phase Sepaa-
tor

Elementary design ad phase separator is shown in Fgl-a. An initial
mixture stream with concentration is preliminarily cooled in a heatxe
changer down to temperatufe due to return streants, g, and an external
cold sourceQ,.

Vapour with compositiory is removed from the upper part of the unit
(point 2).Liquid phaseg with concentratiorx is withdrawnfrom the separator
in point 3.A family of operating states is presented in Big-b by the filled
region. Maximum process temperaturdis,= 135K for the accepted comnd
tions ¢=30% andP = 0.69MPa). ValueT,,.x depends on the initial mixture
composition, and it is always lower than the boiling temperature pfi@
high-boiling substance, i.€l,o < Tk,. Heating the separator oVEf.y leads to
disappearancef a liquid phase. In this case, batieams wi leave the unit
as ndryo sedsomal@denttsat gasl aantratien in theseparator will
not change, and the output prodaompositionwill correspond to the initial
concentratiorx =y = z=30%.

The lowerlimit of the region of operating states is bounded ibgtherm
Tmin=118K. It is higher thanthe equilibrium temperature o& pure low

boiling substance (oxygen), i.€y, > T02 , and it is unambiguousiyrescribed

by the mixture initial concentratiorz € 30%). Subcooling of the unit lower
thanT,willleadto it s Afl oodingo by | iqgaid. A
rator output will also have similar compositions correspondinthéoinitial
onex=y=z=30%.

Structural dimensions of the unit do not have direct influence on the
stream parameters. The pmhethod to influence the processaiphase sep
rator is to control separation temperattiyg. Alteration of operating tempayr
ture within the limits of admissible (filled) region leads tedistribution of
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concentrationy andx of output streams in pats 2 and 3, as well a# flow
ratesG andg.
The unit balances favl molesof theinitial product are:
For mixture M=G+g; (5.1)
for one of the components Mz=Gy+gx. (5.2)
Solving jointly (5.1) and (52 we will obtain aformulato evaluategas
phase fractiorG with parameters of 2 (ratio of its flow rate ttee initial mix-
ture flow rate):

G Xz B
M xey (5.3)
Having the diagram availabl e, :b can
B 31
32
T.K T.K
il - R s EREEREARE
T,= 151K B2l 18l
o > —VAPOURT— E[8 121+
\_‘ﬂ\ E B. e
- — \; o __%
- D, & >
G Y a A 140] | N85 &m0
= T.=135K N |°
> 1
.g 7 5 % T,:.= 130 K| \Q} 130
ok LT
O LIQUID 1] A
ey | b |,
== 1 1200 F..o918K L
0 = 2 A\ T.=114kK
e S 8 ‘ P Rt SEIRRSERA
SO o
(W] 34 c - A A A .
~ 0 .9 -2 S|l <,=O°;"a
8 s l—+—4 % fé SE s
e . J x i AN b
[} a) x S )
'.-

Fig. 5.1. Layout of a phase separator (a) and the separation process in diagram
T-xy (b) of kryptonoxygen mixture aP = 0.69MPa (here and from now on
concentrationg andy are reduced to the target produdirypton)

It means that waste flo@ is less than the initial mixture flow ratd by a

factor of ©D. Since it i1s requimed to
positions, the dimension of 3nflloe r el
[mol/mol].
Expressions foarelative liquid fractior(stream 3) are obtained similarly:
g _zey o 1ls1
M xovy AR (5.4)

For a binary (composed of two components) mixture, a simple relationship
between the relative flow rates is valid:
o+b=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 p
culiarities ofa phase condenser:
i difference in the vapour and liquid concentratiekept withinthe entire

range of opeting temperatures, namely, < X« andYo, <Xo, , and that co
respondst¢ onoval pvos | aw

I maximal concentrationf alow-boiling componentdxyger) in the pair
Yo, = (1T Ykrmin) =96% is reached fofi,3= Trmin When here is no flow rate
of the gas fractioGY 0;B Y 0);

I limiting concentrationof a high-boiling product kryptor) in the liquid

Xkr max = 81% IS characteristic f_o'Flzg =__Tmax when liquid fractionwhen there
Is no liquid fraction flow rat¢gY 0 ; Y 0).

Table 5.1
Influence of the process temperature on the flow rates and compositions

streams at the phase condenser outlet (for oxkggrton mixture at
P =0.69MPa andz = 30%)

Charae| Dimen | Ti,3= Tmin | Separator temperatuiigys, K | Tioz3 = Thax
teristic| sion 118 120 | 124 | 128 | 130 | 132 135
y % (Kr) | Yyrmin=4 1| 6 12 | 18 | 21 | 26 | Yikrmax=30
X % (Kr) 30 40 | 53 | 64 | 70 | 74 81
B mol/mol 0 0.29|0.56|0.74|0.82| 0.92 1
Y mol/mol 1 0.71]0.44| 0.26| 0.18| 0.08 0

The main disadvantage of the process of the simplesteocondensation
Is predetermined by the equality of temperaturés=(T3) of the exiting
streams On this accounty is impossible to produce simultaneously vapour
sufficiently enriched in oxygen, and liquid sufficiently rich in krypton

But even if weadmit this circumstance and reduce the problem to deep e
richment of only one stream, then we will come across one more proldtem.
level of the limiting concentration is dictated by the incoming mixture ammp
sition, and the flow rate of the maxima#yriched product tends to zero

Shortcomings of the considered process become more obvious while est
mating the target product (kryptoextraction degree. Inxample3-4 (Cha-
ter 3), concentrations of the streams were specified arbitrarily, without taking
into account the separation process peculiarities, and the separator itself was
regar dadd a@k ioxo. The informataon set
lows us to return to these problems on another level of knowledge, and to
swer the most importantugstion of separationvhatshould be sacrificed to
enrich the streafh

Example 51. Influence of the process temperature on the extractioned
gree of the target product in a phase condenser

Problem statement The initial mixture is kryptoroxygen with z, = 30%
andP = 0.69MPa.
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Define the krypton extraction degree from oxygeypton mixture within the
range of admissible operating temperatures fixed in Table 5.1.

Reminder: extraction degree of a substa is a ratiamf the substance
quantity in one of the streams (in moles$,ankg) to its quantity in the in
tial mixture. In our example, the substance being extracted (krypton
be concentrated in the bottom (liquid) fractmn

Solution: Let us calculate the extraction degree kifypton concentrated in

this steam. Krypton quantity in the initial mixture V&) = M z, and its qua-

tity in the bottom produc¥k,s) = g X. From the extraction degree definition
C= Ve _ 9Xx X

= =7z (5.6)
Vew Mz 2z
Calculation results for the temperature range considered above

118K < T < 135K are contained in Table 5.2.

Table 5.2
Influence of process temperature on krypton extraction degree
at its concentration in the initial mixture= 30%

Charae| Dimen | Tix3= Tmin | Separator temperatuiigys, K | Tio3= Thax
teristic| sion 118 120 | 124 | 128 | 130 | 132 135
X % (Kr) 30 40 | 53 | 64 | 70 | 74 81
Y 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

Conclusionsfrom the obtained results are as follows

i admissible extraction degreeS£0. 94¢é1) are reimched
the separatoat a very low product quality, i.e. when the bottom produaot co
centration virtually corresponds to that of the initial mixtwe g);

I an attempt to produce the bottom product relatively rich in krypton
(x=70¢é 80 %) I S ac c ssmwfaanlarge ghortibnyof theh w@rget
product C < 50%).

5.2. Design and OperatiorPrinciple of a Reflux Condenser

In spite of some common featuresa phase condenser aadeflux can-
densersomeimportant distinctiongn thecircuit and design are lrerent in the
latter. The most essential is thiae facility for heat removal frona gas fra-
tion is foreseen i reflux condenserThis novelty is aimed against the main
disadvantage of the simplest phase condenser (sectioil Bdyality ofthe
operaing temperatures of outlet flowls = Ts. In other words, an attemptas
madet o Abreak offo a temperature bond (
liquid and vapour leaving the device areflux condenser. Thebjectiveis
achieved by using an extermafrigerant.

Subcooler of the reflux condenser is usually designedtasular heat
changer withan extended tube surface. Internal volume of the tubesss de
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tined for vapourwhile theirexternal surface is washed by refrigeralitere-
flux condenseoperates as follows (Fi§.2)
The initial mixture with the concentratiorz is preliminarily cooled in a
heat exchanger down to temperatlifeowing to return streams, g and \a-
poursof the externatefrigerant (Oy). Vapourliquid mixture characterised by
state 1 stratifiesintheot t om reboi l er i nto vapour
in equilibrium with vapour (point 3). Flowing up along the heat exchange su
face, the vapour stream cools downTto At that, krypton concentration i

vapour phase reduces front, = 21% toy, = 2%. Liquid from the ascending

mixture flow condenses partially and flows down on the tube walls into the
column bottom. Dudo the heat exchange between the phasespntinuous
alteration of vapour and liquid compositions is going oresehprocesses are
shown conditionally in Figh.2-b by dashed arrows. State of thettomprod-
uct leaving the unit is identified as point Since flow directions of vapour
and liquid in the tubes are opposite, sueffiux condensers are calledunte-
flow ones.

A lower limit of the region of operating conditions cantteoretically &-
tended to the temperature of a pure Hosiding componen (oxygen)

Tomin = T02 =114K. However, owing to a restricted hemtdmass transfe
ring surface btubular heat exchangeisn actual vapour temperature turns out
to be several degrees higher, Tg> To, . Unlike a phase separator, structural

features of the reflux condenser (more precisely, its heat exchanger) influence
essentidy the concentration and flow characteristics of the output streams.

: - - x e T.K
P T.= 151K y 2 § = -
i Y A & " L VAPOUR 28 2 o
i **— e -
| 2|2 %
140 s oor) g 5 a0
Toa= 135 K N
T..= 130K ,[2] V\\JZ_T i
8 EI_‘ \
: 3
LIQUID|
120 | | A L\ .1_29
Er 22l " 7.= 117K
ES_T,,..F 114 K »:4~ = S
8 ‘ < :
= T..=114 K
JENEN ..
E -’3 'é-?. ° \ y..,=0°<o
g = 3 o st
U if L
a) 0 i b)

Fig.5.2. Phase separator circua) &nd separation proceds (n diagramT-x,y
of krypton-oxygen mixture aP = 0.69MPa

To analyse the regularities péartial condensatioandits distinctionsfrom
continuouscondensation, the processes should be considengd thagrams
(Fig.5.3). It is shown thatin the phase separatgroints 2 and 3 are piBs
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tionedon theequilibrium curve, i.e., they coincide, but in the reflux condenser
point 2 is displaced alonthe equilibrium curve towards higher concentrations
of the lowboiling component. Parameters of the streams can be calculated by
balance equations (5:05.6).

Let uscompare Tables 5.3 and 5.4. For a considered range of operating
temperatures, the relative valuestod reflux condenser streamg andy) are
more stable than those of the phase separator. In order to prove opeatating a
vantages of the reflux condensere determine the extraction degrees (sim
larly to Table 5.2).

Table 5.3
Influence of fraction temperatures on flow rates and compositions of reflux
condenser streams (for oxygkrypton mixture aP = 0.69 MPa and = 30%)

Notation| Dimension Tomin T, = const T,3= const
T, K 114 117 | 117 | 117 | 120 | 125 | 130
y % (Kr) 0 2 2 2 6 13 21
Tis K Tizmax=135| 130 | 133 | 135 | 130 | 130 | 130
X % (Kr) 81 70 77 81 70 70 70
B mol/mol 0.63 0.59| 0.63| 0.65| 0.63| 0.70| 0.82
Y mol/mol 0.37 0.41| 0.37| 0.35| 0.38| 0.30| 0.18
Table 5.4

Influence of fraction temperatures Kr extraction degree iareflux can-
denser aP = 0.69 MPa and Kr concentratiarr 30% in initial mixture

Notation| Dimension Tomin T, = const T13= const
T, 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
v 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 shovextraction degrees characterising the reflux
condenser are relaely high and stableC reduction is observed with the-i

crease of aapour temperaterfromT, to T, = T;. However,these operating

modes are inherent just in the phase separatoer maximum extraction e+

gree of thdarget producti{ is kryptonin our examplgis obtained ateaching

the minimum vapour temperature efjia the temperature of gure low-
boiling substance (oxygenAs 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 théeepgon of the

reflux condenser. Reduction of vapour temperature and rise of liquid @mper
ture are the most crucial reserves to increase the efficiency of the device of
such type.
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We needo warn against the attempts to brifig close toTsmay It can lad
to disappearance of liquid in the reboiler, and transfer of the reflogenser
to a fAidryo mode. Consequences and res
in section 5.1.

The performed analysis of balances does not fully cover a vidoalg of
calculatons accompanying the reflux condenser design. It is thdynitial
stage of designinthat allows for preliminary estimation of the unit capability
aswell as for grouping the initial data to calculate actual processes.

A real process of the heat excharimgtween liquid and vapour is appr
ciably nonequilibriun i.e. it is characteriseoly an essentialifference in ten-
peratures (thermahonequilibrium)and/or in concemations (materialnon-

equlibrium) . Ascending vapour Ar wodcflo)mgai ns
ing down from the upper sectiong the heat exchanger. In realithe phases
al ways have a Ashifto i n coanasmaltr at i

contact area between the phases. Hence, vapour leaving the reflux condenser
carries away a ge¢ dealof a high-boiling componat (in our casé krypton).

This is the main flaw of a reflux condenser which restricts the area gf-its a
plication

Kryplon in liquid Kryplon in liquid
100 x_. x, 60 40 20 0 100 80 x, 60 4 20 0
AR T AR =5 "
z 5 P 1Yo i y :./ > i
2o, 4 Joo gl
o zk ! 5 g Z n-----' & f‘.‘““" '-LI‘ =
% 1! 8. [ q_/ |\=0 ! 8
> 40 i 2] > 40 1" s g
% 2 £ o 7 E c
S ! = G i =
260 ; 2 =60 i
& | | & £ / Fl
\ H < !
80 <1 80 | b
N 1 =
~1 ~1
i L
100 - — ' 100 L
Oxygen in liquid Oxygen in liquid
a) b)

Fig.5.3. Processes of continuous condensatpar(d partial condensatioh)(

of a binary mixture @Kr in y-x diagram:zi concentration of the initial mt

ture supplied to a separatary i compositions of liquid and vapour ithese
devices

5.3. Continuous Rectification of Binary Mixtures

While analysing the processar ef | ux condesfiisee masurl
was noted as compared the simplesphase separator. At the satmae, a
reflux condenser does npérmit the receipt of pure enough products either: a
low-boiling compnenti dueto the imperfection of heat and mass transfer
processe® aheat exchanger, and a higbiling component dueto the c-
pendence of thbottomproductconcentration on the initial mixture compos
tion. These shotbmings arepartially overcome irthe design of a more @t
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gressive devicé rectification column Inventon of such a devicbecame a
logical evolution of the separators.

Rectification (fom lateL at i n i r e aoirectibn) is ane of ¢he
methods of liquid mixture separation based on various distributions ¢
mixture components between liquid and vapour phases.

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 setof heat and massansferring elemeniDue to thatrick, nonequ+
librium between contacting streamsrefiux and vapour can be successfully
reduced.Another important feature is that, as a rule, the initial mixture is not
fed into the calmn bottom but into its intermeaie part.

To clarify the third difference, it is useful to remember the processen a r
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,eG=M1 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 fednl other words, a rectification
process can be carried auen if there is no product fed into the column; u
der the condition that thens enough liquid accumulatedtime bottomof the
column. Such opportunity is reached due to the supphxiefinal heat fluxto
the bottom of the column

A typical column dsign is presented in Fi§.4. As it follows from the
process analysis in diagraix,y, a region of possible equilibrium states is
virtually extended on the whole temperature rafrgm the boiling tempex-

ture of pure oxygenTQ32 = 114K) to the boiling temperature of pure krypton

(Tkr = 151K). Consequentlygoncentrations of column output streams gan a
proach those of pure substances

Due totheactive heat and mass transfer along the entire heighead-
umn practically theentire low-boiling component (oxygen) is extracted from
the liquid loaded intahe bottom ofthe column On the other handhe high
boiling component (krypton) has time to condense from vapour mowing t
wards the upper part of the column. Its content invthsteflow (point 2) is
minimal. The column provides high extraction degrehse to high concerdr
tions of the components in incoming streams. It will be demonstrated by the
example of rectification of the mixture considered earli¢Example5-1).

Example 5-2. Extraction degree of a target product in the column

Problem statement Operation pressure B=0.69 MPa. Initial mixture is
kryptonroxygen containinggz=30% of Kr. Kr concentration in the column
waste flow isy = 0.02, and in the bottom liquixi= 0.99 (see Figh.4-b).
Reasoning from Kr content in the bottom product stream, find Kr extraction
degree.
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Fig.5.4. Flow diagram of a rectification column (a)
and rectification process in diagrairx,y (b) of mixture kryptoroxygen at
P=0.69 MPa

Sdution: Use formula (5.4) to find a relative flow rate of a liquid phase

9 _z-y_ 03-002 028 _ 0.280.

M x-y 099-0.02 0.97

Extraction degree can be determined by formula (5.6):
0.99

c=39% _,X_0289.27 _ 0.953=953%.
Mz Z 0.30

’Y:

Thus, compositions of streams indicated in the example and i5.&iQ,
are quie accessibleBut in order to get these results iraptice, it is necessary
to create certain flow and energetic conditions. In other words, it is necessary
to arrange an internal circulation of a certain quantitycefitl and vapour by
heat input (outpi) to the respective column portions. Besides, it is important
to create acontact 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 knowiatetype (tray) columppacked
column, and filmwise one (Fig.5.5). Platetype columnsare mainly used in
large-scale air separation plants. packed column is characterised ayo-
ticeablygreater heat transfer surface per volume unit and lesser hydruli
sistance A diameterand height of the packemblumn can be reducedlative
to those of a platgype column at the same flow characteristics. However,
packed columns have a restricted application {Stpplement 5): it is not
easy to provide equaliderrigation of the packing in the unigith adiameter
more than 250nm. It is required to place special elementsideflecting
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platedewi t hin the packing along the- col unm
ters. Their purpose is to collect liquid in the packiaxial region, anto bar
the breakthrough of vapour from contacting the liquid.

L

Fig.5.5. Elements of rectification columns:
a) of a platetype column; b) of a column with spiral packing;
c) of a filmwise column with reflux distributo

At a quantitative calculation of rectification columns (FHg5), we use
such a n onkoredbcal pl@aeslt isadefined asa 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 co
umns the value ofiETP (height egivalent to a theoretical plgtean be @-
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 continuousivectif
cation of binary mitures. As follows from Fig. 5.4, temperature vectors in
column @) and in traditional diagram-x,y aredirected in opposite directions
(T andV, respectively. Let us eliminate thidefect, and for bettelarification
present a mirror reflection of thetagram with axisl’ directed down. With the
axes oriented in that way,ngerature grows downwards, il&e in theco-
umn. To analyse the column processes will use thgphase equilibrium data
for nitrogenrargon mixture with moderate relative volagilit ~2 . 5é 3 a't
pressureP = 0.2MPa (Tale 4.11, Fig. 4.6)Compositionf this mixture at
temperaturesT, = 92K (y.=31%; x =14%) and T,=87K (y_.=79%;

X =57%), are illustrad in diagram 4.6We will show how it is possible to

transfer from onestate to another with the help of the colurRnrther,at the

notationof the lowboiling component (in this case nitrogen) concentration,
subsdoiwtl A not be used to simplify f

74



as

as

20

92

94

T KL

0

J&)\_I:,A._A_L_Yi _’
Liquid ] x=78% |l l
7 y=91%
x,=56 Al e
J y.=T78%
-
x=31 .L !
— y=56% —
%=14% 0
> =319%
I
| Va'polur )/~

0.2 04 06 0.8

¥

Condenser
_\

The bottom
of the column

a)

Fig.5.6. Mirror image off-x,y-diagram of nitrogrargon mixture
and processes of boiling and condensation in the column without plates

(stepfi a 0 )

Puttingthe columninto operation can be presentasla series of sequential
steps At the initial moment 0 (Fig. 5.6), a large enough voluafea binary
liquid mixture with nitrogen conten = 14% isintroduced mto the column
reboiler The mttom productis heatedto T, = 92K by supplying hea@Q, and,
at prescribed pressuRe= 0.2 MPa, it is transferred into vapour witthow rate
Go. This stream in thstate of a phasequilibrium with the bottomproduct
will be enriched in nitrogen up te@oncentrationy,=3 1% ( 80t eipn i
Fig.5.6). Vapour mixtureGq ascends antbtally liquefiesdue to theheat e-
moval in the condenser. Under this condition (iftl# vapour transfers tagh
uid, g;=Gy), reflux concentration will be the same as that of vapour
(X1 =¥ =31%), and reflux temperature decreaseJte 89.7K. Let us &-
sume that descending liquid drops and ascending vapour do nohg&dinzat
on theway between the condenser ahe bottom of the columnThe sub-
stance quantity in vapour andiih | y i n gi® notdarge passcompared with
the reboilervolume; therefore, it can be accepted that the bottom product
composition remains on the same level

Let us install Plate | in the path ofh e
Some quantity of cold reflux with temperature=89.7K andx; = 31% will
linger above this halpermeable partition. This liquid starts to boil under the

action

l i qui dbodr ®g.g. (st

o fwarremoa t viTaspddKyaind g = 31%, flow rateGy)
penetrating from the still side into the lower layers of liquid, and it starts boi
ing. Vapourwith the equilibriumconcentratiory; = 56% andthe flow rate G,
forms above plate I. Istrives towardthe ondenserwith the temperature
T, =89.7K. Simultaneouslycold reflux with T, =89.7K and x; =31%
formed atthec ond e n s @oéttond n v @i o O with %+ 31% dlaws
downfrom the plate.
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Fig.5.7Essence of <counterfl efivdor.ect:i
Plates I, I, and Il correspond to those in Fg

Reflux stream ofl, = 87.1K andconcentration of a lovoiling compm-
nent (nitrogenk, =y, =56% is being formed at full condensation of vapour on

fi

C

the first plate. We will placepartitionll in theway of t hi <o, i qui

Fig.5.7).

Similar to the process on plate |, reflux above plate Il transfers to vapour

with the a@uilibrium concentratiory, = 78% atT, =87.1K due to the fed &-
pour stream ofy; =56% atT, =89.7K. Thus, thedesiredstate ofa binary
mixture shown as an example in Fg6 is virtually reached above plate II.

Is it possible to enrich the mixture in the unit later on? Yes, it is, but add

tional pl ates are rde q(571,gkhte Hl ovitl bet hat .

flooded by liquid with x;=56%. Vapour and liquid aff3=85.2K and
T,=84.3K will provide equalityy; =x; =91%. As a result, several circuits
are obtained in the column, and atense heat transfer ¢arried outbetween
them due ta partial penettion ofi war mo vapour i nto
cold liquid with the same concentration.

It is an impatant peculiarity of the columthat irrespective of #ganum-
ber of stepghe heat to produce vapour is expended amygeas Qy sUo-
plied to the column bottom. Similarly, only one cooling system of rafri
ating capacityQc = Qo is required.

Heating and cooling on separate plates occurs my means of a mudtple
of latent heat of evaporation (condensation) givgige changing temperature.
This becomegossible due to theequality of concentrations of the media
supplied to the plates at constant pressure in the unit.

Whil e describing the phenomenon
we did not use the flow rate characteristics. It barexplained by the fact
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that in the absence of an external heat input, the same heat &pgositriars-
ferred on every plate.

If latent molar evaporation heats of both mixture components amd, €
then vapour and liquid flow rates above the plates and under the plate
be equal in any crossection, i.eG;j = gi+1.

Two important consequences arise from this assumptiontirEhene is:
Awar mo vapour , yf=66% agdx8NVK| can, vaparisettih
uid on plate Il without penetration into its layer. If there is a temperattre di
ferenceT, 1T, =(89.71 87.]) K, heat transfer can, in principle, go on through
a non-perforated blank wall, too. In this case the device showngn5F-d
splits into a cascade of hermetic sections. e ndconsequence is that the
difference in concentrations available in isolated spaces (above plates I, Il, and
[II) cannot be used because there is no mass transfer not only betwees: the se
tions but also with the surroundings. Therefore, the sole function of éhe d
vices realising step@0-ido will be heat transfer from levdl, = 92K to level
T,=84.3K by means of circulating streams of vapour and reflux with similar
(as compared with eachhatr) concentrations discretethangingfrom one
stage to another.
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Fig. 5.8. Rectification process for nitrogangon mixture in diagrayx, and
acolumnmodel corr esdoondnb.iFgi gt.o st ep

Theproposednodel ofthe rectifying unittanbe scheratically presented
usingy-x phase equilibrium diagram (Fid4.5, Fig.5.8). The diagram is more
usef ul to il lustrate fc,datdedoestnotddld on o
the information about temperature conditions on separate plates. Thus, while
starting to introduce rectification processyin x diagram, it is appropriate to
mention hereonce again the temperature inequality between vapppere-
trating into the plate from below, and liqugboiling on this plate, as well as
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betweeny; andx,, and so onThat discrepancy leads to a stepwise alteration of
T with increasing height (froriy = 92K to T, = 84.3K).

07 0.8 Y 0.6 07y
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Fig.5.9. Presentation of processes on theoretical plates
by means of phase equilibrium diagranfs binarymixture

While compaing Fig.5.6 and Fig5.8, it is impossible not to notice
common features of the processes being preseftezl.similarity becomes
even more evident when we overlay the schematically pictured units on the
diagrams.

In both figures, variations of the mixeiconcentration on separate plates
are presented assa&ries of stepsThis stepwise elevation in Fi§.6 is built
with regard toequilibrium of vapour and liquid on each plate (vapguand
liquid x; are in equilibrium on horizontal lin€), andequalty of vapour con-
positionon the precedinglate and ligid composition on the nestep(on the
verticalline y; = X.1). Though vertical and horizontal sections in g look
alike, their physical essence absolutely diffeent. Characteristic featiws®f
the graphicapresentation of the processes on theoretical plates are illustrated
in differentdiagrams irig. 5.9 and in Table 5.5.

Table 5.5
Presentation of processes on theoretical plate I
Type of diagram
SRS T-xy (Fig. 5.6) y-X (Fig. 5.8)
Phase equilibriumdj- | Horizontal sectiorx-y, | Point with coordinates
uid-vapour on isothernT, = 87.1K Xo-Yo
Vertical section Horizontaly, = 0.78and
Contact of vapouy, y> = X3 =0.78 between| verticalxz =0.78sec-
with liquid X3 isobars of liquid anda+ | tions intersecting onid
pour agonaly = x

In diagrany-x (Fig.5.8),theout er boundary of these
equilibrium curve whose character is defitgdarelative volatility of a bi-
nary mixturea~2 . 5 é 3. Such c o hydhedundecstandingga di ct a
theoreticalplate as the device where vapour leaving the plate and condensate
flowing down from it, are in thetate of a phasequilibrium. And what c-
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fines the | ocation of 't he 72Dmagoealy-r a | bo
serves as such a border in Fig.558ich a mode is possible only if the flow

rate of liquid and vapour is the same in every esesgion, i.eG=g. It was

noted above (consequence 2) that sachdealised device is not capable of

giving out the prduct, i.e. the modes &t = x., (shown in diagrams 5.6 and

5.8) make it possible to maximally increase the severance in mixturerconce
trations between the column top andhtgtom, but unfortunately at zere-r
frigerating capacitySo far, thefi d e s D @lonendbears a resemblantea

truck participatingn ParisDakar Rally which, justike our unit seems to be

capable of breaking recardbut does not produce any useful result.

If there is enough substance with concentrakgim the reboiler, it is
possible to load the column for a certain time. For that, product of the flow
rateD is taken away from under the condenser. As soon as it happens, reflux
guantity becomes less than that of couwegrourg = G D. Thus,equality of
vapour streanGT and ondensate is distorted, and ivill lead to theredis-
tribution of concentrations in all crosgctions of the columnFAom the b
ances orthe lowboiling component of circuit | (Fig.10-a, it follows that

(9+D)Yo=gx+DXo (5.7)
From this epression:
y—gx1+Dx—fx1+1x
° g+D g+D P f+1 f+1 P (5.8-a)

wheref = g/D is reflux ratio.
Similarly for circuitsll and

Y1 = f X, + 1 X
S I R
Yo = f X3+ 1 X (5.8b)
2§41 f,.1D
0 0.2 0.4 0.6 o5 )
7
0.8 : 1
0.6 :
y=54.4 o -
y, =42 3% L w P ;
0.4 [ sson 7 <
yw31.3% "j’"‘; ,'
a) b)

0

Fig.5.10. To the derivatioof operating lined), and graphical representation
of operating line irdiagramy-x (b) (to Examples-3)
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At D > 0 the reflux composition depends on the effluent product ecence
tration xp and its relative flow ratécalled areflux ratio It follows from reb-
tionships (5.8) that equality = x.; can be true for the column arbitramoss
section only if theras no load D =0). While interpreting such a mode with
f — o shown in Fig5.6 and Fig5.8, it is customary to say that the column
operates fifor itself, o0 i.e. without

Example 53. Determination of vapair and reflux compositions in the
column crosssections at extracting the product (distillate)

Problem statement Initial mixture is nitrogerargon (average relative volati

i t y=28). Bottom product concentrationxg= 14%. Flow rate of theer
flux and that of the received product are, respectivgy 1 mol/s and

D = 0.25mol/s. Nitrogen concentration in the extracted mixture is 91%.
Define reflux ratio. Calculate compositions of liquid and vapour fed on three
first plates of the column. Repead theoretical steps in diagrgnx and con-
pare the obtained result with the mode of the ultimate refluxfrati®.

Solution: Reflux ratiof = g/D = 1/0.25=4, i.e. flow rate of the circulatinge¥
flux is four times greater than the output product qixantio find the points
reflecting composition of vapour and reflux on separate plates on thebequili
rium curve, we use formula (4.18). To simplify, we assume that relatize vol
tility oo = oy = coOnNst.

Vapour composition above the bottom liquid surface is

_ aX 28014 0313
1+(a-1)x, 1+(28-1)-0.14
To calculate concentrations of vapour and liquid in the column-sessons,

transform equation (5-8). Multiply its right and left parts by f(+1)f]. It
will be obtained:

Yo

(D% %

f f (5.9)
Composition of the liga flowing down from the first plate to the columntbo
tom is:

_(f+Dy, X (4+1)-0313 091
f f 4
In caseD — 0 andf — «, value of [+ 1)/f] — 1. Then X = Y,=0.313.

Vapour concentration above the first plate according to (4.18) and given the
previous, is

= 0.164.

ax, ~ 28.0164

= = = 0.354
1+(x—1)x, 1+(2.8-1)-0.164

Y1

, 2.8.0.313

1+(28-1)-0.313
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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 aseto corr
late its lines with the location of theoretical plates in the column

Table 5.6
Compositions of vapour and reflux in the column cresstions at collecting
the distillateD = 0.25¢

Mode of | Mode of Iim-
Parameter Designation| final reflux | iting reflux
(f=4) (f>0)
Reflux under plate IV X4 0.450 0.909=~ xp
Vapour above pite II_I in eq.unb- Vs 0.544 0.909
rium with x;
Reflux under plate IlI X3 0.299 0.781
Vapour above plate_ Il'in e_qumh Yo 0.423 0.781
rium with x;
Reflux under plate Il Xo 0.208 0.561
Vapour above platg lin e;qtbh Vi 0.354 0561
rium with x;
Reflux unde plate | X1 0.164 0.313
Vapour above the bottom in gt
librium with feeding liquick, Yo Sshie Uetie
Feeding liquid in the reboiler Xo 0.14 0.14

To build diagramy-x, we can use the parameters characterising beuili
rium state in the right column of ke 5.6. Other coordinates of points are
calculated in accordance with (4.18) for the liquid concentration altering with
stepAx = 10% (see Table 5.7). Relative volatility values are taken from Table
4.11, or its magnitude can be assumed.gs 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| 01 | 02 | 0.3 | 04 | 05| 06 | 0.7 | 0.8 | 09 |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 conclusionscan be drawfrom theobtained results:

I If no product iswithdrawn (D =0 andf — «), the reflux with conce-
tration X4 * Xp = 91% forms in the condenser above plate lll, i.e. three-the
retical plates are enough to reach a prescribedertration (chain line ge
ments on diagram of Fi§.10-b);

T if the distillate is extractewith the flow rate D = 0.25g and compas
tion Xp = 91% above plate Ill, the reflux concentration is axly 45%, i.e. in
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order to extract the product of =91% at the same initial concentration
Xo = 14%, additional plates IV, V, etc. are required,;

i if the distillate is extracted, then the points characterising vapour and
liquid streams fed to the platg, (and x;.;) are located on a straight line not
congruentvith diagonaly = x.

A straight line formed by hypotenuses of a series of rectangular triangles
Is calledan operating line To build it, the analysis of the separate plate ba
ances, as shown in Example85is not necessar{n 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 diagpsat.

Let us turn to the equah (5.8) that is true for any crosgction of the aa
lysed column type. By substantiationyof x to the equation, one of the @eo
dinates will be excluded in the following order:

[y: f X+ f XD]—>[X: f X+ f XDJ—>

f+1 f+1 f+1 f+1

— (X +x=xf +Xx;) = (X=Xp).

At that, if the distillate is extracted under therclition of complete condeas
tion of the upper plate vapour, th&n=yp, and soin the point with theseaz
ordinates the operating line intersects diagonal on the graph &. Eggp.

As the second point to build an operating line, we will choosedbede
nate of its intersection with axig It follows from operating line equation
(5.8a) atx =0 that

- %o
Y= (5.10)

Example 54. Construction of operating lines at different reflux ratios
Problem statement Initial mixture is nitrgenargon. Reflux flow rate and
nitrogen concentration in the extracted distillate correspond to those m- Exa
ple5-3 (g=1mol/s andxp, =91%). The column bottom is fed with liquid
productD with X, = 14% (Fig.5.11-a).

Find the values of reflux ratiosif the selected product flow raté3; = 0.001,
Dg=0.1, Dc=0.2, Dg =0.29, D =0.4mol/s. Build a family of operating
lines in the diagrany-x, and determine graphically the number of theoretical
platesN for D¢c = 0.2.

Solution: Let us find reflux raos f=g/D for the indicated flow rates:

fr = 1000;fg = 10;fc = 5; fg = 3.45;fr = 2.5.

Segments cut off by operating lines on the ordinate axis are, accordirg to fo
mula (5.10), equal to:

0.91
' = ~0.00091 y. = 0.0827: y.. = 0.152 y_ = 0.204; v = 0.260.
Y 1000+1 s Ye % Ve Y
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On the diagram diagonal, built with redao the data from Exampled we
plot point A with coordinategp = Xp =0.91. We draw a family of operating
lines through pointy',€ y'r on the left vertical.

0 0.2 0.4 0.6 0.8 X,

)
S~
<
-

52 b)
Fig.5.11. Location of operating lines within the range of reflux ratios
f=2. 5¢é 1 0Bxample 649

The followingconclusiondollow from the obtained results:

T if 20% of the reflux Dc =0.2,fc =5) volume iswithdrawn, therfive
theoretical plates areecessary to recover the product with concentration
Xp = 91%;

I operating lineat the minimal flow rate of extracted produby, = 0.001
(fa = 1000) practically approaches théiagonal on diagrany-x that core-
sponds to the mod# thelimiting reflux (D =0, f — «);

I grey sector bordering upon lineyy' is the area of underloaded states
of the rectification unit with sufficient amount of reflux and smalivlate of
theextracted product; dthat , t he process #Adriving
concentrations between vapour leaving the plate and liquid fed 1y, iarid
Ix+1), is sibstantial enough;

i totality of modes within the limits of green sector (restricted by dapera
ing lines Ayg’ and Ayc') characterises regular operating conditions of the
column;

i yellow sector is the area of productive modes and small concentration
dropsbetween the flows above the plafgyi(andix.) ; it reduces
forceo of rectification and requires

i red sector reflects a totality of unattainable processes; limitingpoper
tion state is shown by linA-yg' intersecting equilibrium curve in the point
with concentration of feeding liquih = 14%.

Thus, as far as distillat® extraction increases, reflux ratie= g/D re-
duces. In accordance with formula (5.10), the coordinate of intersection point
of theoperating line with axig will grow, and the segment will rotateslative
to pole A. Simultaneously, spatetween the equilibriuraurve andhe ope-
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ating line will reduce, and the number of required theoretical platesnwill i
crease. Operating line-%' illustrates the process requiring thénitely large
numberof theoretical plates. This mode is characterizgtheminimal reflux
ratio.

Value f.,i, can be expressed through transforming equatiorap.Sub-
stantiate in it the coordinatd the intesection point of the operating line and
the equilibrium curve. It is concentratiog of feeding liquid stream and of
vapouryy being in equilibrium with it (Fig5.11-b). It will be derived after a
series of transformations:

fmin f X
{yo f 1x0+ f +1XDJ—>(fmin+1 fminﬁx+—DJ—>

+ Yo Yo

min min

{f[lﬁ}_leu}
Yo Yo Yo=%

For the assumed feeding conditiong, € 0.140 andy,=0.313), and
composition of output distillatexp =0.910, minimal reflux number is
fmin = 3.45.

Since one of the processes analysed in ExamglaesScharacterised by
reflux ratio fr <f.i,, its implementatia at feeding stream concentration
Xo = 14% is impossibleTo implementhe mode with prescribed parameters of
the extractedlistillate (xp = 91%) atfr = 2.5, it will be necessary to change the
feeding stream concentration up to as a minimgimM19%.

Opemtion of the column shown in Fig.11 will not be stable. Feed
D =Gi gwill allow for backing up a constant number of the substance moles
in the column bottonmhut the liquid concentration will reduce in time because
(GyoT gXx1) >D X As it is shownn Example 24, in the circuit fed by nx-
ture M with concentrationx, one of the output streams has to have compos
tion Xp > Xo. For another streaiR, it is quite the oppositer < X,. Only in this
case, theystem balances are valid in accordance wgtragons:

M=D+R; (5.11)
M XM = D Xp + RXR. (512)

Fulfilment of thisrequirement is achieved by the reduction of lihe-
boiling component concentration in thettomproduct. For that, &amily of
plates is alsqrovidedbelow the feding pont. They forma stripping (ex-
hausting) part of the column, unlike its upper penich is identified as asc-
tifying (concentratiny section of the columnRepresentation of such a unit
and the processes in its sections are illustrated irbFiga.

It is natural that the additional number of plates should be installed below
the feeding point to enrich the bottom product by the Hhigiing component
(xv = Xg) (Fig.5.12-b). In doing so, the number of theoretical steps in e u
per (rectifying) section wil not changeThe sole difference in the charactér
the construction of steps at joint use of theieastwill be the change of the
reference point location. Feeding point was previously used as a reference
point, andit wasconvenient for the explanah of theessace ofthe rectifica-
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tion process. However, as it will be shotumther, this crossection does not
alwaysfit as a basic one because the coordinates of the operating lines inte
section dependn the phase state of the feeding mediMniExanple 55).
Similarly, it is preferable to start the readlaf theoretical plates for lower

sectionfrom pointxg characterising thbottomproduct.
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Fig.5.12. Representation of the columivided in two parts ithe feeding
point @), and sequenc#d building theoperating lines in separate sections (b)

Notice The noti ons @upp eeadberedonddfineftheo we r «
rectifying and the strippingectionsof the samecolumn should not beon-
fused with upper and lower columns (for example, thogdbenairseparation
plant). In the ASPs, those are individual units operatirdeuulifferent pre-
sures.And each one ofhem has its own rectifying, i.e. upper, and stripping,
l.e. lower, sections.

Table 5.8
Flow rates of liquid and vapour in the colusections at different phaseme
positions of the feeding mediur® € 0.2mol/s M = 0.3mol/s and

g =1 mol/s)
Ratio of liquid fractioomin feeding stream to vapou
Column sections fractionn
k=c(n=0) |k=1(N=m=0.9M)| k=0 (n=M)
Rectifying| Reflux) g=1.0
(uppe) | Tvapour| G=g+D=G'=1.2 | G=G+n=1.2 G=G'+M=1.2
Stripping | Reflux) G=g+M=1.3 g=g+m=1.15 g=g=1.0
(lower) | TVapour| G'=¢giR=1.2 G'=gTR=1.05 G'=gTR=0.9

In the sections of thenit schematicallypresented in Figh.12, flow rates
of vapourand liquid will bedifferent in most case& > G'andg<g’). As it

was noted, the most important factor influencing these flow characteristics is

the phase composition of tlieeding streanM (Table 5.8). If the number of
liguid molesm in the feeding nixture is prescribedyapourflow rate will be
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n=MT71 m. Let us indicate a ratio of liquid fraction to vapour fraction as
k = m/n andanalyse the influencef this factor on the column flow characte
istics.

Example 55. Influence of phase composition ofeeding stream on point
M coordinates(Fig. 5.12)of the operating lines intersection
Problem statement Initial mixture is nitrogerargon. Reflux flow rate and
nitrogen concentration in the extracted distillate correspond to those i Exa
ple 53 (g =1 mol/s; D =0.2mol/s; xp = 91%). The bottomstream leaves the
column with concentratiomg = 4% and flow rateR = 0.1 mol/s. The column
Is fed with the product with flow ratéd and concentratior, = 32%.
Build the operating lines for feeding modes givenTiable 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 sectiomg € 1 mol/s) is a basic factor. Since composition
(Xp = 91%) and quantitg of output distillate are invariable at different cond
tions of the column feeding, the operating line will be, according to (5.10),
common for all analysed modes. As it is shown in Examglethe operating
line passes through poyg = Xp =91% on a dagonal, and point with cooird
natey’ on a vertical axis. At that,

X% 091
y f+1 5+1

wheref = g/D = 1/0.2=5 is a reflux ratio.

Since liquid is taken frorthe bottom of the columwith compositionxg, the
point on the diagonal with coordinatgs= xg is chosen as a pole to build a
set of lines of the stripping (lower) section.

SetM of points, where operating lines intersect, can be found in the following
manner. Mark poinC with coordinates/, = X, = 0.32 on the diagonal. Ifdr

uid is fed 6=0; m=M; k=), the desired intersection point of linkk, is
placed on the extension of the vertical with coordingtieigher than poinC
(Fig.5.13a). If vapour is fedr(= M; m=0; k=0), the intersection of lines
will be pointM,, on a horizontalihe (Fig.5.13-).

=0.152,
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Y 0.1 0.2 % 0 0.1 0.2 X 0 0.1 0.2
Y, ————— 2

e

7 M,

x=32%

x,=4%

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 pointM for the case of mixed feeding (at any raticnodndn)

let us draw a line from poir@ towards operating ling-xp angularly to har
zont al d. T hiks mannligcanebe depicted @ the grapls easily
enough. Inarbitrary scaldgo the left of pointC, plot a segment numerically
equal to vapour fraction, and on the verticafrom its end, in the same scale,
plot segmenim, characterising the liquid phase quantity in feeding mixture
(Fig.5.13b). Build a line on a diagonal through obtained p&irdnd poleC

up to its intersection with operating ligxp. Operating lines otipper and
lower sections will meet in obtained poMt.

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 ¢compos
tions of the feedig stream 1 = 0.3mol/s;D = 0.2mol/s, andy = 1 mol/s)

Ratio of liquid fractionn in feeding stream to vapour
: fractionn
Column sections| '~ (1=0) | k=1 (=m=0.8M) | k=0 [n=M)
oA =90 0p =45 oc=0
Enriching (upper) 3.5 3.9 4.7
Stripping (bwer) 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 ofpthe u
per and lower series of steps in the intersaghoint of the operating lines, the
number of | ast ndAplateso isnoét, as a
all to strive to get round numbers by changing angles or phase composition of
the feeding medium. There is no sense in it for severalmeaBoactional part
of the plate can be Acontributed to
factor of any engineering design. Besides,tla¢e efficiencyis taken into e-
count at determining the numberrefal plates. As a result, the number @&
or fractional one) of theoretical plates obtained by means of igeptn-
struction will becorrected anyway.

Earlier, at defining the essence of a theoretical plate, we assumed that the
vapour leaving the plate wadwvays in equilibrium with liquicbn the platett
self. In reality, parameters of vapour leaving the plate slightly differ from
those of the point othe equilibrium curve This shift (deviation to the right
from the curveof theequilibrium state) is taken into consideration by the plate
efficiency

d=n/n, (5.13)

wheren, is the number of theoretical platealaulated bybuilding the steps
between the operating line and the equilibrium cunvés the umber of real

87



(physical) plates. At evaluating the efficiency of packed colurforsnula
(5.13) alters somewhat. In this caske denominator is the height of real
package layeL,, and the numerator is the heigbf theoretical layet;. The
latter factor is called’ETP (packageheightequivalent to aheoreticalplate).

The factorfor different columrtypes can be founith references [5, 12a).

Differences in the numbers of real and theoretical plates are illustrated in
Fig.5.14 with allowance for the column element presented in3=1@. The
At hrougho met h caldstedsstartmgin poidd attthie topaf thet 1 ¢
columnis used on this graph. While going through pdihtin the feeding
crosssection, it igpossible to transfer from one operating line to anothdr-wit
out count breaking. Therefore, we get rid of the foawl fragments on tha

tersection of the sections and

keep

plate by rounding up to the integer valéa.it follows from the example il

trated by diagram of Figp.14,n,=7;n,=11 . T h=©.64,(64%).

0 0.2 04 0.6 0.8 X,
e ,
L/
s il
|| 11 'r}
0.8 Sl e
4| :l | ’r” ?‘,.
Ml J: :i/l »
i - -
0.6 AN
1 , / 2 1
IV ‘4/ ; ’] P/
#M
C
2
&
LS
R,

%
Xy =4%

Fig.5.14. On calculation of the efficienoy a realrectifying plate

The number of theoretical plates as welthas columnheight 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 witip@nents whose

properties differ slighyl.
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Example 56. Influence of binary mixture properties on the number of

theoretical plates

Problem statement Mixture oxygenkrypton is to be separated in rect#ic

tion column Nol atP = 0.8 MPa, and mixture argeoxygen- in rectification
column No.2 atP = 0.2MPa. Initial mixtures are fed into the columns ag li

uids. Concentrations of streams low-boiling componentare equal in both
cases (see Table 5.10). Flow rates of the reflux and that of the distillate being
extracted at the top are, respeely, g =1 mol/s andD = 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 coatiens of the extracted

streams.
Table 5.10
Compositions of initial and produced streams;
determination of relative volatility. on edges oy-x graphs
Unit Column No.l1 Column No.2
Separated mixture O,-Kr Ar-0O,
Operating pressure Poct=0.80 Pop=0.20

MPa

Concentration of lowboiling components

Initial mixture &) Yo, =30 Yar =30
Distillate (1) Yo, =95 Yar =95
Bottom product ) Yo, =9 Yar=5

Calculation of mixture volatility factors for buildingx diagtrams

Concentration of
substances on the Yo, =100% | yx, =100% | yar=100% Yo, =100%
edges of grapk-x
Boiling tempea-
tures ofpure sib- Té? =1159 | T =1542| T?=043 Té? =97.2
stancesK atPy
Low-boiling components

Boiling pressures g Rl'=0.80 | R’=4.97| PP=020| P®=0.28
T, andTy for pure 2 2 —
substancesMPa High-boiling components

P =0.0741 | P, =0.80 | R, =0,153 P, =0,20
Border values of
relative VO|ati|ity, (1(115_9):10.8 (1(154.2):6.21 (1(94_3):1.31 (1(97_2):1.29
OC(T) = P|_ / PH

Geometric mean 0|
relative volatilty

Aay

o

al = \/ X (1159)%*(1542)

=819

Aave = /%043 % (972) = 13
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Solution: To build the curves of phase equilibriugax, use a simplified
method (Example -8) based on the calculation of average relative volatility
for the temperature range in the column.
Find boiling temperatures of pure componeatgon, oxygen, and krypten
(Supplement 4.3) for every column at its operation predare
Then, fromP-T relationships for pure substances ([6, 7], Supplement 4.3) find
equilibrium pressures of lowoiling and highboiling products of the mixture
for temperatures on the edgesyef diagram. Calculate relative volatility,
by formula (4.14) for each outermost temperature. Determine geometrical
meanoyay) = 8.19 for Q-Kr within temperature rang&”=115. 9 éK 54 . 2
andayayp) = 1.30 for AFO, within T9 =9 4 . 3 é 0. Assuime concentrations
of low-boiling components in liquid fraction from= 0 tox, =1 and calculate
contenty; in vapour by formula (4.18). Calculation results are given in Table
5.10, and the rel@nships are shown irol tabloezs in E@lSO%nd Igi8g5.16.

Z X : . X,

XL Y Ve .

0 0 S =1
0.1 | 0.476 5 r =0
0.2 | 0.672 /|
03 | 0.778 . g

0.4 | 0.845 | |

05 | 0.891 ,

0.6 | 0.925 S N 777 2l i
0.7 | 0.950 ]

0.8 | 0.970 0.2 /

0.9 | 0.987 AR

1.0 1.0 s

Fig.5.15. Relationshig-x for oxygenrkrypton mixture; operating linesfo
column sections, and graphical determination of the number of theoretical

steps
YLO 0.2 : 0.4 0.6 0.8 X, XL yL
{ | R 0 0
oal——| | g e 0.1 | 0.126
i 0.2 | 0.245
- 0.3 | 0.358
0.4 | 0.464
- 05 | 0.565
0.6 | 0.661
. 0.7 | 0.752
02 T | | 0.8 | 0.839
TS T T T T 1] 0.9 | 0.921
e 1.0 1.0

Fig.5.16. Relationshig-x for argoroxygen mixtue; operating lines for ¢o
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-&r and ArO, on the e-
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 ieoord
natesy = xp = 0.95, the second one is the end of the segment with Ighgih

the left vertical scaleAccording to (5.10) and Example45coordinate

y=0 - 0% 55
f+1 148+1

wheref = g/D = 1/0.0675= 14.8 is a reflux ratio according to (553.
Since the initial mixture is fed into the column as liquid, intersection péint
of the operating lines is lotad on verticalxy =0.3 (Fig.5.13a). Starting
from poley = xp =0.95, carry on constructing the theoretical steps between
phase equilibrium curvegx and operating lines up to obtaining the desired
concentration in the reboiler< xz = 0.05. For thdirst column (mixture oy-
genkrypton) the required number of theoretical steps is 3. In case ofasepar
tion of the pair argomxygen at similar flow characteristics, 39 theoretical
plates are necessary. Thus, the second column height will be greater by a
proximately a factor of 13 than that of the first column.

Several types of rectification columns designed for separation of binary
mi xXtures theoretical |l-yandi Segeashaavh ;emd 0 i
Fig.5.17 and Fig5.18.
Main types of packed struats used in chemical technology are-pr
sented in Table 5.11. Irregular packing as Pall and Rashig rings or different
saddleshaped elements are usually applied in petroleum processing. Packed
structures are often used in upper (low pressure) column ofrmadesepaa-
tion plants of middle and low capacity. Such a solution results in redyeed h
draulic losses and the decrease of the overall dimensions of the unit. Packing
of AZultser Chemtecho company is wide
Properties of the products being sepatatethe column as well as the
general dimensions of the unit are taken into account while selguéioking
elements (Tables 5.12, 5.13). Pitch of regular packing or size of a single mass
transferring element of the damped packing is assumed withihntie of
0.03¢é0.05 of the c-shapadmon spitgirismatie straa+ . Sac
tures are usually utilised in the plants producing krypton and xenon. Columns
separating nechelium mixture are equipped, due to low viscosity and density
of neon, with spal packing with small characteristic dimensions (Big-b
Table 5.11). Extraction of neon stable isotopes by rectification is an even more
complicated problem. Packing with dimension less thamRis applied for
these goals.
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Fig.5.17. Desigrand appearanasd the packed
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Fig.5.18. Platetype column for separating mixtur
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Table 5.11
Mass transferring elements of rectification columns

Irregular (damped) packings
I Spiratcylindrical

Spiral-pr_i_gm_atict

Saddleshaped Iement

Sl 1 all okg Saddleshaped gauze

—h “ T S A e
| hE O N
A V/
1 = e O R e
1% ~ R 1
.
3 -4 N

Regular packings (sheet or gauze surfaces collected into stacks)

Vortex batck SR O res i St ack ®mzu
metal gauzé

Distribution device

Grooved

e

Table 5.12
Constructive chacteristics of spiral and spirplismatic packings
$
Units of i\%":\:\?\
Characteristics | measure (1 TERY *:1)‘\ ‘J,."
ment LA [<>,9 ) 0.2 GNP
A e
Dimensions mm 3.4x4.8<0.4 2.5¢3.6x0.2
Material Copperf 3 Steell 2 m1 8 |
Specific surface | m“/m® 2 270 2 700
E(r)ene volume fre- % 77.3 265
Bulk weight kg/m® 2 030 1 060
MUFISEr @ €2 |y 16 000 40 000
ments in 1dm
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Table 5.13
Recommended parameters of column operation (reduced to fulsaoissn)

Units of

Parameter Platetype Packed
measuremen
Diameter (*, **1 * o
Figs.5.17, 5.18) mm 800* | 300 | 250 | 80
VETCIIVEBEI T 5 6.2 mis 01..1.0 | 0.15..0.25

umn [5, 1314, 2a, 6h

C_rosssectlon of_the col_uml e 050 | 0.07 | 0.049| 0.005
without separating devices

Volume flow rate at the mis 0.05 [ 0.007| 0.0074| 0.00080
column conditions 0.50 [ 0.071| 0.012 | 0.0012
Mass flow rate Ka/s 0.47 | 0.066| 0.07 | 0.007
9 47 | 0.66| 0.11 | 0.012
Volume flow rate at norma norm.m3h 1 1lf 0 165 170 18
conditions : 800 1650[ 290 30
Molar flow rate mol/s 13.6 | 1.9 2.0 0.20

136 | 19 3.3 0.34

Density of mixture in the column cessection in view of gaser
ality is calculated as

Pmix = Yar Par + Yo,Po, =0 . 3 AHDQ .7 8D .3F’,  (5.14)

wherepy, = 10.8kg/m3 and pPo, :8.67kg/m3 are densitie®f pure substances

on the saturation lingat P,, =0.20MPa for argon al = 94.3K, for oxygen at
97.2K, Supplement 4.3) [6, 7].

Density of Ar-O, mixture atP,, =0.20MPa andTl =293K with allowance
for (2.12) and (3.5)

) + . .
b - Hmix _ Rar Yar Mo, yO2 _ 39.5-0.3+32:0.7 =1.433kg/m3.
24 24 24
Table 5.14
Calculation of column height (on the basis of data of Examytle 5
Main parameters Platetype Packed type
Diameter, mm 800 | 300 | 250 | 80
Plate efficiency 0.3 T
. N =ndn = _
Number of real plates, pieces _ 39/0.3=130 n, =39
_Pltch of plates (height of a single fpac 80 60 | 30..50| 2535
ing layer), mm
Height of operating zone, m 105| 7,9 [1.2..2.0 0.98...1.4
Overall height, m 13 10 2.3 | 18..25
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Rectification processes and principle of cryogenic separation of the air
are visually demonstrated in the next pictife).

oy
Aif intake Ry o %) [ = - \‘ -
@ ) ¢ 19 S ((7~

Cmpresslon inside
the piping system

e, ©

Filling of liquid gas
into road tankers

0 |t (V5 |[EEREEEE of
Compression \. : A ., F‘;g;ng c’zto
y 'l inders

‘5&

b

Prepurifying

Filling into liquid storage tnk
@ 78% nitrogen @ 21% oxygen + 1% argon
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6. APPLICATION OF ADSORPTION TEC H-
NOLOGIES IN CRYOGENICS

6.1. Process Essence and Sorbent Types

In contrast tolie condensation methods of separation described ip-Cha
ter 5, sorption separation methods do not need to reach the conditions of the
phase equilibrium. Rather wide ranges of temperature and pressure ae admi
sible for their implementation. It is naturabtithe operation parameters, esp
cially temperature, influence the quantity of absorbed substances. However,
the process of sorptive separation (for example, of mgoogen mixture) will
take place not only &t = 80K, but also at 10K and at 15K.

Silicagel KSMG CarbonSKT | Zeolite Nax
Fig.6.1. Pellets of the mosgtidely spread industrial sorbents

Adsorption(from Latinadi on, andsorbeoi sorly take ir) is sorption of
some substandeom a gaseouphase or from solution by the surfacgdaof
the liquid or of the solid bodyJnlike adsorption absorptionis sorption by the
body volume. The substance whose surface participates in adsorption is called
adsorbeni(sorbeny, and the product being sorbedadgsorbatqSupplement
6.1). Dependig on the charactesf the interactiorbetween the molecules of
the adsorbate andhe adsorbent, it iscustomary to differentiate between
physical adsorptio@andchemisorption At chemisorption, thenolecules form
chemical compounds. Physical adsorptionaaditioned only by the forces of
molecular interaction.

Solid bodiespiercedby the finest open channels are chosen as sorbents.
The most commonly used asetivated carbonsilica gels zeolites(moleau-
lar sieves), andlumogels(Fig. 6.1). The surfacef one gram of such highly
dispersed substances can exce88dm?’ (Table 6.1) [1, 4, 14].

96



Table 6.1

Characteristics ainost widely spreadhdustrial adsorbents [3]

Adsorbent | Granule | Bulk density,| Average radius| Sorption st
type size, mm | kg/mwide of poresmm face, ni/g
spread
Activated carbons
SKT 1...3.5 400 0.0000016 1100...1300
Ss u4 1...35 430 0.0000018 1100...1300
Silica gel
sS G 2.7..7 670 0.0000017 460...700
s SMG 2.7..7 450...550 0.0000120 750...800
Active oxides of aluminum
o1 4..6 400...550 0.0000070 180...220
¢ 2 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 nost importantiure characterising a sorption processds
(adsorption powerapacity).

Adsorption coefficient is equal to gas volume sorlbgdthe sorbent
mass unit. Parametarhas dimension cifg or n/kg.

Properties othe sorbenand of gas being sorbed as well as doso@-
erationconditions affect thealueof an adsorptioroefficient.

Values of adsgtion coefficient are presented in reference literature as
tables and graphs (&t= consti adsorption isotherms, &= consti adsop-
tion isobars, aa = consti adsorption isosteysThe most prevalent form of the
information is adsorption isothermiff=6.5, Table &).

For a preliminary engineering calculation of an adsorber,newessary
to use adsorption coefficieatof a specificsorbent at prescribed operatioa p
rametersl andP.

Praduct of the adsorption coefficient and the sorbent m
(a msorp=V') unambiguously defines the quantity of the sorbed substar

Several theories [3, 4, 14jave been proposed &xplain and describe

adsorptive processes. Let us analys=most widely spreagnonomolecular
adsorption theory circumscribed hy nAccordng to Lamg-
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muir assumption, active sites of the surfacetheecentres of adsorption. Each
of themis capable of sorbing (holding during a certain time) only one gas
molecule.At that, there is no interaction of molecules. Tigher theadsob-

ent activity, the largethe number ofctive siten the adsorbent surface unit.
Mobility of molecules growswvith increasing temperatyravhile the nean ali-
ration of their stay on the adsorbent surface decreadesrption power \w-

ery.

Let us considethe sorbent site equal to the uoftarea(Fig. 6.2). Mark
the surface fraction covered by adsorbed molecages Then, (1 d) corre-
sponds to the fraction of free active places.

In accordance witid e n r y d1s 4, 15htlae number of moleculeslco
liding with the surface per time unit is proportiot@lthepressure (concera¥
tion), and probability for the molete to appear othe unoccupieghlace is in
proportion to the fresurface area (1 d) (Fig. 6.3).

Then the number of seized molecules is

Nw=kyP @1 d) , (6.1)
and the number of desorbed mol ecul es
Ny =koyd. (6.2)

Fig.6.2. To derivatiorof the formulaof Langmuir adsorption isotherm:
a) element of the adsorbent surface with seized molecules oflthe su
stance)) conditionally divided surface unit

X Vs

(1-0)

Fig. 6.3. Adsorption and desorption processes proceeumgitaneously

In equations (6.1) and (6.2, andk, are constants of the adsorption
and desorption rate.
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Under equilibrium conditions, the numbers of adsorbed and leaving molecules
are equalng) = n.. Then

Ko P (LT d iy 6.3)
N ®
c2p-25 o

)
Value K = ki / ki is acceptedas Langmuir adsorption coefficienTak-
ing this notation into accounthe surface fraction coveredith adsorbed
molecules will be written as

K P
© = .
1+KP (6.5)

But according to the definition (Fi§.2 and Fig6 . 3 ) arafio af the
adsorbed substance quantity to the maximum possible number of kept mol
cules. At that, this statement is correct not only for the surface unit but for any
arbitrary quanty of sorbent. For example, for one kilogram of substance
d=a/ a,. Takingthis into account,

q_ KP
I KP

Expression (6.6)s the equation ofLangmuir adsorption isothernits
physical essence consists in determinatioreaf quafity of sorbed substance
(a) as a fraction of maximally possible quantity). The maximum possible
coverage of the sorbent area, when the volume of the sorbed prodgcisis
achieved when forming @nse molecular lay€Fig. 6.4).

Fig. 6.4. Maolayer fully covereavith gas molecules
(on the right” a real picture of xenon adsorption graphite)

(6.6)

Langmuir equation constandés, andK can be determined by processing
the experimental data. For that, adsorption isotherm equation is writted in th
form:

P P 1
i
a a, Ka,

In this case, in view of (6.7), isotherm with coordina®ai P is a
straight line (Fig6.5) intersecting a segment equal t&ld(,) on the ordinate
axis, and the tangent of the angle of the straight line stgpals 1a,,. It is
shown by transforming equation (6.6):

(6.7)
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A= kP (6.6)
1_KP+1 P
| a a (KP) ; (6.6-a)
‘A P_P(KP+1).
a —am(K P) (6.6-b)
P_ KP? ,_P .
a a(KP) a (KP)’ (6.6¢)
. P_(15. 1.
b a |a. Ka_ ' (6.7)
P 1 1
= —— . A=| — | . B=—
y=Ax+ B, whereY 3 (am} Ka, -
Fig. 6.5. Adsorption isotherm in coordinate& i P and
the succession of formula (6.7) derivation
Table 6.2

Dependence of quangs of sorbed nitrogen and neon
on SKT carbon afl =77.4K

Nitrogen Neon
Pressure| Adsorption coefficient Pressure| Adsorption coefficient
P, MPa a, nnt/kg P, MPa a, nnt/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.

Determinea,, andK for each of theseages. Calculate the sorbent sorptige ¢
pacities for nitrogen & = 0.05MPa, and for neon @& = 0.95MPa.

Solution 1 (or N»):

1. To obtain the relationship/ai P (Fig.6.5), calculate values &¥a for ni-
trogen while using the data from Table 6.2. cD&tion results are given in
Table 6.3.
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