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The spplication of the Duhen eguation tc the dula en binur;

diazussed,

-

A11 the avuilable equilibriua deta for the tun componcs oxyzen-
nitrojen-argen mlxtures hava been svoaurized end huve been testod * their re-

1iatilidy by weons of the Dvhem equaticn,

The apparatus zad method used for weasureamats of the liguid-vijor equilibria
in the syctem oxyzen-argen sre described. This was an apparatus raal data

oa condenced gases alreudy in the luboratory.

Coplete wapor-lisuld equilibrius data for the g cte 30%=C

atmosphere precsure over tho entire ran_e of conpesiticn have be

Vopor pressurcg for argon-oxy en alxiures over the eatire o
ard at pressurce rangin; froa 552 to 850 ma. of ig. huve been deterilncd
equaticns calculuted for thea.

The accuracy ol the cbove duta on the syclen argon-oxyye. was teat

the Dvhea eguation.

Mn epparsius for cbtalning liquid-vapor equilibria by e :

coa2s to equilibriwa repidly has been devsleped.

In enalytical procedure for dotermining ecmpositiens of sen-nllrogen-argon

mixtures has been developed. CONYIDENTI AT,

Sample data obtalned during @ eguilibriua measurasent ¢
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Data for the sysicz3 argon-oxygem, nitrozen-oxyjen and oxy en-alirozen-srgon

to two atmospheres pressure have beaa obtuined using the new equll!>rium apparatus.

Three ecuilibriun measurenents cr the argon~oxysen systez wicve mode in the

new apparctus to check the approach to ejullibriva in the old apparctue.
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(con't.)

Equilibrium data in the systom nltrogen-oxygen

Equilibrium in the system nitrogen-ozygen at one
Int. sta.

Equilikvium in the system nitrogen-oxygen at
20 1bs./sq. in. abs,

Equilibrium in the gystem nitrogen-oxyzen at two
Int. atm.

Equilibrium in the system nitrogen-oxyzen at 859K,
Duhem calculation on nitrozea~oxygen mixtures at 83°K.

The -aror precsure of oxygen-nitrogen mixtures bet:cen
one and two atmospheres

Boiling point of anilirogem-cxygen mixtures at one wnd
two atmospheres 5

Bolling point of nitrogen-oxygen mixtures at 20 lbs.,
8q. in. abs.

Total pressure &bove nitrogea-oxygen mixtures at 259X,

Equilibrium deta for indivicuel neasuremente of gratin
nitrogen-oxygen-argon
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NTSODUCTIO

The limitations imposed on the size of the portudble oxygan
untts necded by the armed forces have necessitated very careful
designing of the fractionating towsrs. The present report presents
reliable and conesistent date on the equilibriun of binary and temmary
eixtures of oxygen, nitrozen and argon. By the applicution of these
equilibrivm deta to results obtained in pilot plant size elr recti-
fication coluaas, it should be possible to prediet the type and

dinsnsticas ol tower to perforn any glvea separation.

In order that none of the avallable results on liguid vapor

eqdlibrium of the air system be needlesrly repeated, a survey of
11 work availablie has been nade and is summariged in the next

sestion.
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Avalleble Dats

z gen Tork cn this system has beea cone by Baly ), In:lis 2 end
Nodge ond Dunbars, Baly's measurespnts were token by s static metihod al
on: s*zosphere only. Irgllis' measurempents were teken along two isotherns,
nanely at 74.7°K (-325.3%F) erd at 79.07°K (-319.2°F), by a circulstion
mcthod. The invesiigation of Dodge and Dundber condiiutes perhaps the most
complete sot of data on any systea in thls type of work, cxitending froa
preasures below 1 atisosphere up to nearly the critical pressure of nitregea,
corresponding to a teaperature ranze fron. 77K (-321°F) to 1z5%% (-235°F),
Taeir mensurezents ware taken by a circulation method.

Figure 1 is a plot of K = y/x = nole fraction nitrogen in th: vapor/mole

frection nitrogen in the liquid versus x for the data of Dodge and Dimbar at
1, 2, 5, and 10 atnospheres total pressure.

Arcon-Oxyzen Data on this gystenm bavebeen presented by Bourbo and T .'.ﬂllnl’,

and Shilling5. The measurements of Bourbo and Isikin, which were :::en by
the beiling polnt method extend over three isothems at 87K (-202%), 90%
(-97.8F), and 95°K (-288.9%). Thelr data were also in‘crpolated for
inobars at 1, 1.4, and 2 atmospheress Shilling's data, which he staics ere
of "only cngineering accurscy®, were taken by a etatic method at cne atucs-
phere only.

Figure 2 1s a plot of K = y/x = mole fraction argon in the vepor/zole
fraction argon in the liquid versus x for the data of Bourbo and Ishkin at
1 end 2 aimonpheros and for the data of Shilling at 1 atmosphere.
Arcon=iitrecen The only avallable data on thia systea were taken using the
bolling point method by Bolst and Han'burgere’. Thel~ aeasureaente exteand over
four isobars at 500, 760, 1000, and 1500 zm {or 9.7, 4.7, 19.3 and 29.0 1bs,
per sq. in., respectively) and cne isothorm at 85.11% (-2305.5°F).
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Figure 3 18 a plot o K = y/x = uole fraction argon in the vepor/amcle
fraction argea in the liguid versus x for thelr data at ome and two claospheres.
Qsan Nitrocem-Arpon Tre ouly availoble data on the three compencnd syratem

were taken, using the flow nethod, by Torochemikov end Ershova’.

Figures 4, 5, 6, end 7 are the triengular phase dlagrams reprecenting
the ‘ala of Terocheeniitor ond Ershova on the ternery system aud are included
for conpleteness. The end points for the two component systene (as selected
fron avallablo data) have also been added to these points as :n e£id in orienting
the curves.

Thelr data ccver the triangular phase diagrens at a teaperature of
90.19% (~297.6°F) and at pressures of 1.5 Kgn/ca?, 2.5 Kgn/cen?, 5.0 Xgo/on2,
aud 10 Kgn/ca?,

With the compilction of all available data on the alr sysiem, it remains
to evalua’e tlessdata as totisir reliabllily., A cursory glance .t the data
shovs several inconsistensies. The data of Bourbo and Ishkin on the 2rgen-
oxyzen system show an increase in the separation of the liguld and vapor
curves with pressure over parta of the concentration range. This scems ex-
trezely unlikely in view of the small deviation of this mixiure froa Radoults
law and the nature of the vapor pressure equations for pure argen and pure
oxrm. JAnother inconsistensy is the obvious discrepancy between tho points
of the triple systen duta of Torochesnikov and Ershova preseanted in figures
Ly 5, 6 and 7, ond the end points for this system as selected from the avail-
able two coaponent date,
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Tz spplicaticon of tha Tuben Fguation
to_the Daia on Blnaxy Svatemg

In order to test the accuracy of the avallable data, the cctivitles
of onz compcnent have beon celculated from those of the other and compared
#ith the values derlved directly from the equilibrium partiel pressurs. This
is simply the application of the Dyhez ejuation in the proper' ranier,

The Duhen equation expressed in its most gemeral form ia .

I BBy abyconesivaviannssrensvye il
for a two phase systex thlis reduces to

HydFy +N£F=0. 400
end since ¢F =R Tdlna.

thmdln.1= dln‘z--

a 2 n
orlog L =~ 2 dlog a,
1

1 N
| 1
a
1 2

it can be very easily shomn that this cen be transformed to

%

1083’- !adlﬂs. ® o 0 0o 00 0
N N
1 o 1

For a solute &/, =1 asN,=30 also a0/ f,
and as we pass froa a mol fraction N, to an infinitely cdilute solution l2 »

%
2

f.on RAenry's Law approaches a constant value at infinits dilution

223(7)

2

) B
denotod by _&. o

e
2

But by definition lzl' = czi
e

th\'lzsfzr? ‘nd;-:'fz/./rg*/uz"'°""""'(8)
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If the solute forms & parfect gas, £, and f£.% ney be replaced by the corres-
pending periial pressuvses.
For the 30lvent, by definiticn:

N =1lvheaH =1
W, %

‘1‘;},""" .......................(9)

or if the ‘as is perfect

n s

In the case of the air system oveu at pressures as low ac 1 stnog-
phere it 1s not Justifiable to neglect gas imperfections.

-Fortmately, the calculation of the fugacity from the astirl preseure
can be performed simply shem the deviationa are wmall as &8 true in the pire-
sent case. For any gas whose voluze is given by

Ve RPc a{(TF) (ccceocerscoscccesss(0)
where ol (T,P) = a function of T and P

g ¥ = -1/2.303ay’ IR T ¢ 3
o

where L R e Rt L |
The integral can be obtained elther graptically or analytically whea state
data are available,

According teo Imr:lls, in calculating fugacities correspording to the
partial pressurcs of a gas mixture, it cen be assuzed that the rutio of the
fugacity to the partial pressures is cynal to the ratio of the furgacity of
the pure component to its pressure at a pressure equal to the total pressure
of the gas mixture.

In the absence of state daita, it is convenient to use the modified

Berthelot equation of state il values ol (m desired at nodlciatc pressures

CONYIDMNTTIAL




( £ 10 atn). This equat’on is

PY = KT ) § ‘Mc(l - ﬂozﬂz)llmcﬂ. e e oo :o (1’)
and the corresponding value of oX(T,P) 1s

‘(T.P): -28?(1-61 2’1'2) .ooooo:o'_.o'o"ooo (M)
128p h
c

Substitution of equation (1Z) in (11) and integration gives

2303108 ¥ =[(9128) (o) - (2/68) (1o ] P oo oo (1)

A1l the data listed in the previons summary to vhich the Cuhem equatioa
om be applied have bemi examined. This test must be applied to da'e taken
at oonstant tempsrature for this is assumed in the derivation of the Puhes
equation itsclf. The resul.ts of these tests are listed in Tahles.I - III,

Table I gives the values of aj calculated from equation (9) (enl. 2)
end also the values of a) ocalculated from equation (6) (col. 3) fo the data
of Dudge and Dunbar on the Ny-0, isothera at 90.50 X; while Tuhle II is for
the data of Inglis on the Ny-0, isotherms at 74.70°l and 79.07 K ealling
nitrogen the solvent (X;) ond oxyges the solute (Nj). ALl fuc.oltics wers
oalculated frow equation (15) :3in: the following critical constants

for nitrogen

To = -147.1% = 126.1%
’o = 33.5 ata.

for exygm
Ty = -118.8°C = 154.4%
’o = 49.7 ata.
The comparison chows thai toth sets of data are exoellemt.
'l:ahlo III 18 a similar table for the data of Holst and Harburger on am
A5 isothern at 85.11°x. Argon in this caso is called the solvcat and nitro-
g the 'ooluto. As in the oase of table I, the fugacities were calculated
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JTABLE I

DODGE AND DUNEAR

N,-0, icothern at 90.50°K.

e L S e

Ny (N-:‘.) g = 1':|_/f1" 8 {plot) Percent Dev.

0.99 0.9893 0.9%00 -0.07
0.98 0.9793 0.9300 =0.07
0.95 0.9490 0.9520 =0.32
0.90 0.8972 0.9019 =0.52
0.85 0.8482 0.8558 =0.89
0.80 0.8004 0.6178 =2.13
0.7 0.7080 0.7159

0.60 0.6139

0.50 0.5191

0.40 0.4239

0.30 0.3231

0.20 0.2231

0.10 0.1128
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I4BLE AX1

HOLST_AND HAUETRGER
A = N, Leothem at 85.11°X

o = TesEIRSTEUSTEE=S

a = f:I./.t‘lo ay (plot) Perceat Dev,

0.3907 0.9900 40,07
0.9802 0.9600 0.02
0.9489 0.9500 ~0.12
0.90L4 0.9020 =0.07
0.8101 0.8207 -0.08
0.7249 0.722 40,51
0.6347 0.6274 1.15
0.5385 0.5299 1.60
0.4429 0.4305 2,82
0.3496 0.3309 5.34
0.2429 0.2246 7.53
0.1249 : 0.1138 8.90




froa equation (15) vsing the eriticel conetants fer nltrogen as given
ebove and for argon

T, = ~122,0°C = 151.2%

Py 48 ata.

The data of Bourbo &nd Ishkin were not evalucted in this zomor for
they calculated their results from the Gibbs-Duhem equation and this vould
constitute merely a checic on their cslculatlone.

The results of tha literature survey on the air sydicm and sulsequent
evaluation of this data show the need for the following data:

(1) The Argen-Oxygen sysiem should be reinvestigated at total
pressures from 1 to 2 atn, and in the concentration range
from 0 to 50 mol% argon in the liquid because of the in-
consistencies in Bowrbo and Ishkin's data at the higher

pressures.

The Oxygen-Nitrogen-Argon system should be 1nvcl.tigatc€. at

total pressures froa 1 to 2 atm. over the entire concentration
range of oxygen and nitrogen and from O - 20 mol? ergen in the
liquid,
The Nitrogen-Oxygen system should be reinvestigated el totel
pressures from 1 to 2 atm. and over the entire concentration
range, as part of the work on the termary systen, the data of
Dodge and Dunbar having been shown sufficiently reliable to
serve as a check.
In addition to the above, the remaining data neceded to conplete the
alr oystem (up to the critical region) are desirable.
Part II of this report gives the results of the investigation of
the Oxygen-Argon system at 1 atmosphere over the entire range of con-
centration.
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TIT civse the rssuits cf the investigatl of:

e Arpen-Oxygen system at 2 atcospheres end from 9

nolt argon in the liguid,

The Nitrogen-Cxygea gyutem .rom 1 to 2 atuoaphercs over

ihe entire range of concentratlon,

The Oxygen-Nitrogan-Argon systen from 1 to 2 atucsphercs eb
conceantraticne that hove sppeared in plete oelculations made

on towers tested &l the Pennsylvania State Colleze.
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VAPORLLIGUID FCULLINEXYA DATA FOR THE SYSTI ARGON OXYGTR 4% ORE
ATUOSTHERE PRESGUNE OVIR THE INTIRE RANGE OF COUP05ITION

Apparatuss

The la*oratory isothermal cnlorineter? C, wus used for ttece teasurements.

For teaperature measureasmnta, zcld resistance tuarometeor F-100 ond ateudard
thermooouples S-7 and 8-4 were used. Thece had besn checked ez2inct vapor
pressures of pure oxyzen in October 1941. The rosistanes theincueter R-100 was
compared against therzocouples S-4 wnd S-7 dvring every rim. The mononetrice
mercury levels were acasured by a Socleto Cenevoise cathetomeler, wilth two
telescopes with nicrometer eye-pleces, which could deteet dtftercncer of 0,001 mm.
This inatrunent was used to compure the mercury height with lenstas on & standard
meter which had Lean calibrated by the U, S. Burecau of Stendards. The preasure
determinations were thus accurate to 0.02 mma, of mercury.

The relationship of the calorimeter to the auxiliary lince ic shein in
Figure 9. The three liter und 0.2 liter bulbs had graduated cepill:ories and
were calibruted gravimetrically :ith both mercury and water to an accuragy of
0.1 and 0.01 cc. respectively. The line voluaes, which are sraller, were deter—
nined by measurcaent of the pressure alter expansion from & celibroied buld at a
imom pressure into the woluae to be deternined, vhich had been firct evacuated.
The 1line volumes warc kmovn to 0.2 psr cent in all cases. The three liter end
0.2 liter bulbs were placed in a thermostat, the temperature of which was kept
constant to "0.00X°C." cs determined by a Beckrann thermometer. The absolate
temperature of the latter was ascertained by reference to & Coloz thermometer
graduated in intervals of 0.02°C. which had been calibrated by the Bureau of
Standards end was accurete to within 0.01°C.
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Both the ikree liter and the 0.2 liter ecalibrated bdulbs could te fllled
with mercury from the reservolrs beneath them without coutariraticn., By meens
of a bicycle pup or & vacuum pump, pressure or vauuk could be enplial or the

reservoirs and the meroury ralsed or lowored et will, The texzperalure of the

lines wms dot;.omined by five 0.1° thermometers placed at verlous parts of the

system, Evacuation to & pressure of 1070 mm. supplied the criterion of the tigh~
ness of the complets system.
Qxveen and_frgont

Pure oxygen vas obtained by the metiiod of Von Sienendl® , Boker's *C.P."
Ilno‘ wes vsed. The permangenate bulb was first evacuated, then ropumzed after
heating, The oxygen pasced through a X0 drying tube and a glass wool filter
and vas finally collected in a liquid air cold trep, the tore ruv: being Alscarded.
From the cold trap, the liquid oxygen as distilled into the three litsr measuring
buldb and ultinately into the calorimeter. By analysis, oxyzen prcparcd in this
way had at the most an impurity of 0.01 per cemnt.

Pure argon was obtained from the Linde Alir Products Compony. They re-
ported that the gas had been freed of last traces of oxygea and nitrogen chemi~
cally and that spectroscopic analysis indicated no trace of any cthcr element
except argon. Leasurements taken in the hi;h argon content region confiraed the
absence of oxygen. The argon was teken from five liter cylinderr, oriyinully at
100 p.s.l., equipped with two valves and connected to the zluss system by a
copper seal. The pressure in the gylinders was never allowed to go down to
atmospheric pressure. A vaouwum of 10~5 ms. could be pumped on the complete
line up to the valve nearest the gylinder. In this way, any poseibility of
oontamination was avoided.

Eropedurer

A sample of oxygen was measured volumetrically in either bulb. The

nighi‘. of sample was caloulated from the pressure, volume and temperature. This
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gas vus then condensed into the calorizeter systea thich wae keps ot z»out 85°K.
The emownt of residual uncondsnsed oxy;ct was determined from anoller e of PVT
data, The desired amount of argon wac ihem likewioe measurod out s cundensed.
Tho mixturc then stood at leest twenty-four hcurs before any mcosurowcsats were
taken,

On Series I-VI vapor pressure messurements were taken bobtmeen 550-850 int.
mn, bafore taking any equilibrive data. Three to four points rere teken at each

composition after constaat rezd‘ngs were atteincd in each case. The ‘ezperatures

recorded wers those read on gold resisterce theraometer R-100. The composition
of the liquid for these measurezentis 1s Ceteruined By subtracting raspectively
from the mumdar of moles of each canstituent originally condenssd in the c2lori-
metor as described above, the number of moles of each constitueat in the exall
azomt of gas iu equilibrium sith this mixture. Since, usually abovi 0,2 noles
vore condensed into the calorimeter snd since approximately only 0,000 0les of
gas were in equilibrium with this liquid, no appreciadble error could te made

in epplying this correction.

The equilibrium data vere obtained in the following mamncr. The mercury
in ihe calitratod bulb to be used was ceused to fall slomly, vaporizing seterial
at constant pressure from the calorireter. To produce slow vajorization the
pressure oa the reservolr was allowed to lcak out slowly while at tlhic sanc tine
supplying heoat eleetrically to the caulorimater to keep the vapor pressvre constant,
By this neans the pressure vas kept constant vithin 5 mn, while vaporizing. This
proceas tcok at least 45 minutes, snd usvally about 1-1/4 hours. The systen was
thea thermally isolated for from 18 -~ 24 hours, (in which tiae the equilibriuwm
pressure varied at the most about 10 mm. corresponding to a change in temperature
of 0.2°0.), after which accurate tempcretire end preseure readings were takea,
Finally, the calorimster was shut off from the calibrated bulb, The quentity of
material vaporized was then determined from its temperature, pressure end volume,
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afier whica the compocitlion of this gaseous minture was fowrd Uy czolyeds. Ald
equilibrim msasurcuonts were takem &t approxir:tely 740 int. ma. of morcury.
After the first geseous sample had been enelyzed, the calidratzd bulb was
eveounted to 10-6um, s the calorimeter stopcock open:d and a mew coxple veporiged.
1he same procedure was then applied to this second sample., Three or four vapor-
izations of approximately 0.02 to 0.03 moles of gas werc made in thic way.
Finally the remsining material in the celorimeter was completcly vaporized, the
molar quantity of gas and its compositicn completing the date on one sample.
In the above procedure, if -
n = molos of srgen originally in the calorimeter systen.

noles of oxysen in the calorimeter system.
moles of argon gas vaporized from the cclorimeter system,

moles of oxygen ges vaporised from the calorimeter system,

moles of argon gas remaining in the calorimeter system.

moles of oxygen gas remaining in the calorimeter system.

moles of argon liqiid remaining in the calorimeter system.

x = noles of oxygen 1liquid remaining in the calorimeter system.

(vhers, by caloriaster systes, we mem the calorimoter and filling line wp to

the calorincter stopcock), them
xltnl-(yl-byb...................(18)
xztnz-(yz+ylz')...................(19)

For the first voperisation, the quantities n) and npy ere the moles of argon and

oxygen originally present in the oalorimeter system. The gquantities y; and y3
are determined from the 2mount of material vaporised and its anzlysis. The
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quentity y}'_ ia calcvlated froms

_L_Z__m............(zo)

o)
N+ R
wiore the term in parenthesls represents the wole fraction of argon in the vapor,

n e

P represents the equilibriwm prosauro,Zv/T the sun of each gac volune in the
oalorimeter syctem divided by its absolute temperature, and R the gas constant,
A ¢qmaticn similar to (20) exists for y%.

For the nex:t vaporizution, the woles of argon wrd oxy:en orizinally in
the calorimeter systsn txe (x; + yi) ed (7, + y%) rospeciively. Tie otker re-
quired quantities ars determined analogously to the above.

Analynics
The composition of all gassous mixiures was ascertained bty chacilical

analysis for oxygen. For analyses between 97 percent and 100 percent 0,,

the method used was that ot Badzern using copper with m‘cl + n:‘oa 8 th-
sorbent. The burette used for this work was calitrated with morcury. Rcadings

could be made to 0.01 percent, but drainege errors limit the accuracy to about
0.015 percext. Analysis of the pure oxygen produced from Kind , Bave ectinated
results of 99,99 percent, 99.99 percent and 100.01 percent for thrce analyses.

For analysis of mixtures containing from 0-97 percent oxygen, ¢ conventional
Orsat procedurs wvas employed using the ccmmercial absorbent sm:mz“). This
absorbent vas the moct rapid .nd accurate absorbemt of those trled; it behaved
very sinilarly to Fleser's solutionl?. A three foot water jacketed burette was
used for these amalyses. Readings on thic burette could be estizmuted to 0.03
peroent but the accuracy of deterulnution is probably from 0.05 to 0.10 percent,
In theee analyses, the a;paraful ras checked before cach series by analysis of
0, in air,

(a) Furaished by the Hays Corporation, lfichigan City, Indiana
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The meticd of transter of the gas to be amalyzed o the Lurciis involved
no intermediate containing vessels. The eazple was drewm inte 1 bargtte, thru
a systen vhich had previously been evacuated to 105 mm. pressure,

After Series I, all analyses wers tcken in duplicate.
Datas

It was notioced that the first waporization of each serice gave a vapor which
was not in acoord with the results of succeeding weporizations. This first measure-
ment was always hizh in argon content. With the aethod used ol {illing the ealori-
neter, the gas phase originally consisted of 100 pereent argon, It is dexonstrated
presently that the time to reach equilibrim for this is too loag to be practical! 3
Therasfore, the results of this first vaporization wero discerded in 2l serles.

It will be shom presently that the rates of gas Giffusion, cveporation -

and oondensation were reapid enouzh to establish equilibrium in 21l other cases.
The tera kmown least accurately is the term y of equation (20). This

tern could be exactly calculated if the temperatures of a1l purts of the calori-
meter system from the calorimeter, rhich was at about 99%., to the exterior
lines, vhich were at about 300°K., vere knom. The tamperature'distribution

in the gradient could only be approximated. Conseguently, in the finul vapori-
gation, on accomt of the mmall amomnt of liguid left ia the calorlaecter, an
tyoreciakle orror i ht be nude. Arbitrarily, if yb/x ws greater than 0.2, the
result of the vaporization was discarded. 4ll other results are included in
Table VIII,

Yapor Presgucast
The total pressure above nixtures from 0 - 87 percent argon was measured

as descridbed above, The values are given in Table IV. The oObserved pressure
in international millimeters and temperature in degroes Kelvin are given in

columns two and three respectively, for liquids of the compositions given
: the results of Table IV indicate that the

umvzmmmmmmumtouateqmnb Ul
data was used in a later calculstion as will be seen.
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B Y et B T D M S P L e

55¢.92 87.303

€25.%) 6€.722

761,08 90,211

801.2) 00,714
0.37 743.74  09.972
0.41 . 151.32 20,075
0.47 747.61 90,020
0.48 721.49 89.681
0.73 751.07 90,051
.04 135469 89.845
1.5 765.51 90.195
1.64 774,98 90,306
2.44 759.08 90,102
2,51 774.27 90.293
3.08 75765 90.05%
3.19 £48.67 91.165
3.15 751.51 £9.993
3,16 $43.55 88,542

3.18 546.30 87.054

+ As road on R-100,
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_An Liquid int. mi. Kelvin (oba.-enlz.)
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L4 775.08 96,093 2.6
7.7 758,17 89.867 1.1

7.86 762.36  £5.832 0

8.03 845.43 90.02¢4 0.002
£.04 757.01 69.760 0.003
8.07 €4)..44 ge, 205 + 0 0.6004
8.08 546,34 86.761 0,020
14,1 760.80 89,512 0 0.002
14,2 166.62 89.541 : 0,051,
15.2 771.55 89.569 0,034
15.76 . 762.52 $9.452 0.004
15.80 649.24 87.935 0.013
15.83 550.01 26.430 ' 0.011
751.10 88.876 0,011
145.07 88.759 0.017
£23.64 89.659 . 0.002
761,14 88.892 0.004
110.22 60,245 0.003
631.66 87.160
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Table I V.continued)

VA: O PRESSIRE OF ARGON-OXYGEN MISTURES EXPERILENTAL DATA

Mole Por cent T o
Argon Y P deg. AP =
in Liquid Nle e  yolvin  (odse~caln.) {cnle.-ols.)

e gt e

65.2 755.99 87.768 - 0,8 - 0.030
67.6 750.28 87.667 - 0.2 - 0.605

66.3 738.12 £7.507 - 1.2 - 0.015

6.7 735.30 87.445 + 0.3 + 0.005
69.69 852.45 88.826 1.9 + 0.023
69.33 785.47 88.033 + 1.5 + 0.017
69.87 638.67 86.796 + 1,2 + 0,015
86.65 746432 87.302 + 1.1 + 0,013
86,92 786.97 87.805 + 0.5 + 0.004
87.16 768.33 87.564 + 11 + 0.013




relationshlp

logy, P = -A/T + B
is followed very closely in the pressure range stuvdied. Tuuvc the duta ean be
reprecented as in Table V, wmhera colum one ;lves thc composition In mole perceat
argon in the liquid paase, end colurns two and three glve respectively the
eorraéponding constants 4 and B tor thic conposition, The fit of thcre equations
with the experinental data is sliomm in colums four and five of Table IV, It
is seen thit the mesn deviation is 0.7 ma,, correcponding to a tcerature
derlation of o.ooé°c. Thue, at theee prescures the acceuracy of temperature
neasurcnents is the determining factor in the measurement. Tue data have been
extrapolated to the normal boiling po'nt ol pure argon to give a velne cf §7.23
+ 05°K. (-185.92°C.). Values for the norsal boiling point of argon reported
in the literature are those of Ransay and Travers (-186.1°c.)13, Croselin
(~185.8400.)14, Uathias, Onnes and Crommelin (-1£5.66°C.) 5and Bovsto aud Tehkin
(-185.9°0.)16. The value which we find for the normal boiling poini of oxygzen,

90,20 :-.02"(. (=182.96°C.) is in perfect sgreement with the valuc of Roge end
Briciweddel?, vis. 90,19 based upon a oritical study of the Litcrature.

Table VI gives values of the temperature in degreos Xelvin at which a
total pressure of 760 int. ma. of mercury is resched, for various ml:iures.
These values, calculated from the data of Table V represent the bolling curve at
this pressure. Likewise caloulated from the data of Table V, Teble VII lists
the total pressure for various mixtures at a teuperature of 88.57°X.
Eauilibrive Datas

Table VIII lists the cxperimentally obtained equilibrium data, Although
the pressures differed slightly from one ataosphore, the effcct of this snall
difference on the vapor composition is nogligihle. Accordingly, a plot was made
of y/x versus x representing this data and & suooth curve drom tarowgh the
vresults. Figure 9 shows this plot on a smaller scale, For convenleace the
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T VAPOR PRESCUCE OF ZRGON-OXYGEN MIXTURES

_Iole Per cent
Argon in Liquid

370.20 6.9842
3€9,68 6.9816
269,20 6.9786
368.74 6.9759
368.20 6.9734
367.88 6.9710
365.83 6.9594
364,00 6.9497
86£.37 6.9419
360.92 6.9354
259.63 6.9298
357 .7 8.9196
355,27 6.9102
553,56 6.9013
552.07 6.8937
350.70 6.8852
349.329 68,8763
348.12 8.8685
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ZABLE VI

BOILING POINT OF ARGON-OXYGEN MIXTURES
LT 760 INT. 'l, TOT.LL PRESSURE

Kole Per cent Boiling Point
trgon in Liquid Degrees Kelvin

90,202
90.148
.80.097
90.044
893,992

89,041
89.695
89.459
89.220
89.015

86.819
88,459
88.169
87.939
87.735
87.579
87.435
87.298
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Table ViI

AT FB.ST,

D R A A S
= PP otage=tuy ~

T J ey
Mole Par cent otql‘lrog-u *
Argon in Liquid ~-)

— e D

674.2
708.6
740.0
768.6
792.2

h1.3
828.7

gez.2
85¢.7
066 . 8
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Hnie For cer
of argon
in 1iquid

le Par
of. argon
in vaper

*
.

2.44

1.64
12.09
11.02
26.69
65.66
67.69

0.67

0.73
0.48

Qedl

3.65
2.40
17.30
15.99
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gmoothed values of y/x ere listed in Tablo IX.

The accuracy of thess reauvlts is deterained by the eccuracy of mmalyeis.
Eince cach point depeads cn eidier two or three analyses, tae volues of the mole
percent of gas in equilibriwm #iih liquid of & specific concentretion may be in
crror b 0.03 mole percent for lox argon concentrations und by 0.15 mole perceat
for high ergon coacmntrations. The third oolima of Teble IX 1liste the percentage
error in y/x on this besis.

The conventionally reprcsented T, X dlagran, summarizinz 211 the data
is chom in Figure 10, The low wolatility of argon at high concmutraticns
fovad by Schilling end by Bourbo and Ishikin has been substantiated. Iigure
11 is a move detailed plot of zrgonecxyzen liquid-vapor equilibrin ef very
low argon conceatrations, the region of interest for caleulations involving
(4.1 ovén tower.
Equidibriun Data ch 88.57°%s

Since the calorimetric apparatus could be used at presswrec cnly alightly
above one atmosphere, the sffect of pressures on the equilibriu: valucs could
not be fomd., Likewise, exact valuce for the equilibrium data represented iso-
theraally were not obtained. However, if & temperature wis chosen in ihe mean
range of of the results ¢t one utmosphere, an isothermal repreccntution of the
deta could be obtained tc a good cppronmat.ion.. The tenperature chosen was
88.57°K. '

The pertial precsure of argon in the gas, Py, may be relcted to the vapor
pressure of the pure liquid dy the equation -

R A T e R PR T ..
where a; is the activity of argon in the soluticn, If the activity coefficient
be assumed coustant for ths amall temparature interval between the temperature
corresponding to & total pressure of 760 mm. and 88.57°K., then -

Py (88.57%.) = p) (DPP(SESTX) ., . ....... (22
‘ ® (1) |
1

CONFIDENTIAL
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Tzble IX

SNCCTHED VALUES CF E-UILIPRTIIN! DATA FOR 1
SYSTE!! ARGON~OXYGEN
AT ONE INT, ATM,

AR PIRLNL T AREER P & rTrIgERTT M IRt LA P PRI S R T St R BN O S TS TP TP WP i W TS W)

tiole Por cont
Argon

X Netimatad

in Licuid ) % hzcursc)
(!S (y/x in K

————— o

o 1.50
1 1.495
2 1.489
10 1.445
20 1.38¢
30 1.310
40 1.226
50 1,151
60 1.09¢
70 1.057
8o 1,031
90 1.014
100 1.000
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whero Pl. (88.57°%.) 13 the parilal pressure of argon at 83.57°X,

P; (7) is the pertiel pressure of argon at 7.

P: (88.5'I°l.) is the vapor pressure of pure liquid argen at 68.57K.

P: (T) is the wapor preesure of pure liquid argon et T,

T is the temperzture corresponding to an equilitriim pressure 760 mm,

Likowise, the similar eguation -

Py (88.57K.) = 2 (NP2 (68.57K) ..., ........ (2
B

relates the partial sressure of oxygen at 88.57 ‘o the partial presoures ene
perimentally obtained at 769 m.(‘). Table X sumerizec the resulls ovar the
complete concentration ranze. It is seen thut the results cbteincd at £8.57°K.
diffor from thos obtained at 760 int. ma. by enly 0.9 per cent at tke greatest.
Figure 12 is a plot of y/x against x for a temperaturc of 83.57°K. The P, X
dlagran at 68.57°K. is shom in Figure 13. In figure 14 the pertial prescures
of argon and oxyzen are plotted sgainst the mole fractiom of arzon ir the liquid
at 88,57°C. It is seen thut very uppreciable differences from Rooult's law

(a) 2n equation similar to (22),which however allows for the chcnge in the
activity of the pure components with temperiture iss

o.ooo(z‘)

and gives results almost identical with equation (22), The use of equation (24) 1is
equivalent to o _the partial pressure at 88. from that o 1ert:|entllly
determined wt T, by mulid; g the latter by Py Rnoulil, o5 .)7# Raoults,T),
%'.:. by txl.u“utio 22 the purtial pressures caléulated from Raoult's liw at the

ures.
OCORFIDENTIAL
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In Table XU the data cf this research ore compared vith 'h8L cf Dourbo
and Ishkin, :nd that of Schilling. 2lthough the data of tiac lutier ure _iven at
different teuperstures, end &t different preossures from thie research, corre-
lctions can be made. The check of the experinental valuee with the dote of -
Bourbo end Ishkin i1s excellent from 0 - 40 per cent, but is not &s sood at
higher argon concentratione. The work of Schilling, dme accoriing to the author
to "engineering accuracy” agrees with the data fourd in this worz within his
probable experimental error et all excopt tho middle ceaccntraticn ranzo.

The data of this reseerch can be proved free of appreciablc ciror due to
lack of equilibrium. : 4

The reversible transfer of argon froz the jas to the 1liquld rhare ie

represcnted by
k
Wt 4

2

...l..ll........-.l.l..(25)

whers A; represents the mole fraction of argon in the liquid rheee, Ag in the gos
phase and k) and ky are the specific reaction constants for the recttlons as
written. Then -

g;:"kl‘l'kz“o-.o.cococcoc-o-o(26)

shers the derivative expresses the chiunge in concentration (expressed as nole
fraction ot oonstant total pressure) of argon in the gas with time., Taus at
oquilibrium

O R N I I (27)

:‘-'i BE o e e e e et et s e 000000 (28)

SR

shere K is the wlatility constant (y/x). The equation represcatls; the material
balance in the system is
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2AUTLIPRIW! T SYST

* u mEMeemlY
RTRAN
b 1]
Tiauid
(x)

¢

5|
19
20

3(

74,20
82.50
11.10

10C.CO 100,00 10%.0C

- > D et

* Yalue unsertain from numeriesl date c=iven in :ublieatien,
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ﬂg‘g"'ﬂlﬁlgn‘oo.o.o.oooooo--oo(29)
ng the total moles of gas

ny = the total moles of 1liquid
n; = the total moles of argoen

Substituting (28) and (29) in (26)

a4
)
i | b |

Integrating, and including the initisl condition (t = 03 A = A:)

-6 ()
e | e =K, t . (3)

.‘—?iq-;TM .Fh-l 85+ 1
(& v ‘(

.Eﬁtoooo.oooo..o.ooo(”)

2

) m

The constant k3 can be solved for using data cbtalned in the rirst
vaporization of each series. It bas been stated that due to the mothod of
£111ing the calorimster, the vapor originally consisted of 100 mole por cent
argon, and in the tine of stending allowed, the vapor did not come into equili-
briwmm with the liquid. 8ince analysss of the vapor were measured after 18 - 24
how's standing, data are available to solve for the constant ky in equatiom (31).
The initial conoetration of argon, Ag, was calculsted by aseuning thot the vapor
formed was in equilibrium :ith the "average liquid® in the calorimeter during
veporisation and allowing for the nusber of moles of pure argon originally in
the lines. The wvalue obteined for kp was 0.027 houu.l o Using this value of
kz, the percentage errcr due to asymptotic approach to equilibrium in any
vaporisation osn be oaloulated, however, a more accurate value of k, to be
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discussed preseatly, was used. Tae computed errore are Msted ia Todle YIT as
a fmction of the concectration of argon in the liquld. It is cooi: thot the
maximun error produced in ths neasureuents Cue to poor equiliiiiua i 0.2 per
cont. Tie data and celeulcted values of ¥y ere swimurized in Table ZITI,

To deterzine 52 more eccurctely the calorineter was filled wilh thres-
fouarths of & mole of liquld oxrgen vhile the large bulb i eoriceting lines
were filled vith geseous argon at atmospheric proceure. The cslerineter stope
cock was then opened and at nessurecd ti:es analyses of the wasor vag tuken. The
data at the several time intervals together with the values of kg dcrived there-
from are swmarised in Table XIV. In thess measurenents the swlwmie of vapor .
teken ves about five times that taken during the actual equiliirinm neamirenents,
therefore tho rate constant correspondin: to the latter thould be cpproximately
0.05 hours™L compared to the average value of 0,027 hours™) fownd froa the data
in Table XIIXI. In viow of the fact thsat the values in Teble XTII were rather

close to equilibrium the value of 0,05 hours™2 is the value choser for k2.

Mile detoraining ks more accurately it was possiblo at the sone tinme to
obtain u check point on the oquilibrium syaten in which a very large asount of
neterisl was containel in the calorizeter. A summary of the dita for this point

appears belows
T= 88.‘2*

P = 707.90 mm.
Mol per oent 02 in gas = 73,30
Lol der cent A in gas = 26,69
ol per ceat Oy in liquid = 80,60
Mol per ceat A in liquid = 19,20
y/x = 1.390

y/x from plot at 83.57°K. = 1.375
This value of 1,290 for the equilibrima constant at 83.429%. corrcoted to 88.57°K,

is lomo
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Teble XII

FRROR IN X (y/x) PRODUCED BY CHOSEN EQUILIBRIUX
TIME OF 18-24 LOURS

— s =

Mole Per cent Percent Error
Argon in in
Liquid K

1
10
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TASURELENTS

CONFIDIMTIAL

6

0.03657

0.23220

0.0%158

0.2325

0.2570
12

0,0258

1.061
0.0259
0.1418
© 0.1171
0.7500
c.8290
12
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Table XIV

DATA OR EXPERDNEMTAL TETERIINATION CF Xk,

lczrfor ky for volune ugod
~ 0z full buld. in equilitriua
measure:ients
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The accurecy of the deta mas tested using the Dihen equallon 2s  cutlined

in Pert I of the rasport. The remlits of this calculetion sre glvea in Teble XV,
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‘TABLE XV

THIS REEEARCH A - O, ISOTHZRM AT 88.57°K

W ]
N, (0.) a, = 1/1‘2

e; (plot) Percent Dev.

0.99 0.9902 0.9900 ' + 0.02
0.98 0.9805 0.9800 0.05
0.90 0.8006 0.8%95 0.12
0.85 0.8491 0.8402 0
0.80 0.7936 0.7998 - 0.15
0.75 0.7493 0.7490 + 0.04.
0.70 0.6994 0.6987 0.10
0.60 0.€003 0.6091 o
0.50 0.5c31 0.5831 o
0.40 0.4337 0.4326

0.20 0.3354 0.3330

0.20 0.2206 0.2279
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YuPOR-LIGULD 2oUi JBRI: DaTa O THE SYSTL: OAFGLNNITHOGLA-aRGOW
Equilibriua Ves:el
A detudled drun.ng of ea iaproved eguilibr ratus .

The apparwtus itself is & : to Isothers

This desi.n ascd bec ) t can be

glven tenperiture b 330% ] 14 ¢ «: the coclin,

&geat) and Leld therw for .re. ! 01" wdjustaent,

The equilibriva vessel (&) wwe cor 2t copser tube 1" C.L., 3,47
I.D.y und 5" long. 7ae botioa wnd top »nlu creved lato the tube to a
depth of 1/4" giving un elieciive in (e & double threud grocve
a8 cut into tie body of tris cylinder uad < ur wound constuntan hecter
of 75 ohas resistuce wruoned into the t rooves. Aiter the heuter hud
beea painted . ith bukzlite und buked for z-3 1rs, ¢ covering of copper foll
wa3l solder«é 7er to cut dow iuts ) t.. Two therioccuples
(B) ane (BY) are ims ~ted iato & 1, £t scldered to the botlo
of the equillbrium ves:el,

The filling tube (C) wus a 57 Geraoan sllver tubing with a
wal: tricknesc of 0.7.)3 eavy & i sle ot u eylindrical copoer
botto: (D) and u t : 1 Cut 1 { urround the equil-
ibrium ves.el. Bot top wat shicld ure e ulppcd with heuter:.
Thermocovoles ure pliced on tae bet of the shicld (F), top of tae shicld {G),
£L1liag tube juct inside the top shield (3), fil.ln, tube just cutside tue shleld
top (I), uad 2" Lbove the chield top (J). The l.st cc thermocouples .re uscd
to be sure tnut the tube : lan tie equilil resE( thus elimin.te

the poesibill ‘luxing.

The shlelds wre huig {roa er ring (M) which is
tpp. of the cryosiut euter e
t vy

e
t-h'. P ¥4 g
= -
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A regenerator (K) 1s located in the filling tube ut the point vhere it
padees thrcuch the shield top. It consists of a tube 7/8" in dianeter wnd 1-1/2°
long ith silver soldered connections to thic f1lling tube at both cnds. It is

‘?411ed with small wire gouze dises shich make jatimuaté contact with *he wall of
the tube. This device ensures contsct .ith the shiald top of eny jas passing

up or dom the filling tube, thuc ~liminating a large source of hoat loek.
The stirrer (L) was mounied on a tubs of 1/8" Geraun silver tubing with
& 0.009" wall thiciness. Originally, 3 snall discs were soldered at 1/2% in-

tervals on the bottom of this tube for the stirring of the liquid. It vas

Jater discovered that these discs caused splashing of the liguid and the droplets
thus formed were eveporated giving & vapor shich was not in equilibrium with the

ldquid. The ctirrer was modified by cuttin: away a large fraction of the cross
section of the tube for a length of 6 inches, This ucf;on vas flattened to
ribbon 0.4 u2. wide and 0.2 mm. thick and & loop made in its end. This arrange-
nent has ncde a very satisfactory stirrer.

The stirrer rod is fastened at top to a sylphon bellows (i1); the bellows
and attached stirrer are both moved by an adjustable eccentric driven by a
Flexo Action gear and nmotor system vhich turns at the rate of sixty times a
ninute.

A schematic drawing of the cryostat with all external glass lines'appears
in fivure 16, The mixture in the equilibrium vessel is vaporized through a very
short connecting line into the 500 cc vaporization bulb shovn in figure 16. This
buld is oonuceted to & aercury reservolr hosc pressure can be decreased auto- |
matically by means of a solemnoid valve actuated by a mercury menowcter with
contacts connected to the moin equilibrium sysiem. Thus, as the vaporised 1iquid
increases the pressure in the aystem, thc nanometer contact actuates the solenoid
valve in the mercury reservoir system and rcleases pressure which allows the

meroury to fall in th4 vaporisarion buld, lucreising the volwe cond decreasing
the pressure in it. This action takes place very rapidly and the pressure
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during vepordeation can o held coaziant in this mamner te 2 Sew niiliaeters of
BeSCUTY Pregsure.
Zaanersture and fregouxe Megevrengile

Tke temperature of the equildbriom vecsel. is neesured by reons of the
two copper-constzuten therdoczuples in o mell at $he bottem of thz eooudlibriwm
vessel. The indiccticns ot the temwocouples cre veud on ouz of the Crycgenle
Luboriuiory Vedte dovole rotentiometzr: (100,230 nmierovolt range) wiih vhich the
EIF can be read to 0.0, microvolts |this corresgonds to .003™ in tLc rauge of
ihe air system measurcacate). »2ic salurited, iinely shaved ¢istilled water lce
is used ut all timee fer the coil Jmotions of the termocouples. The stendard
ceil ol the patoniicmeter is checksd Srequently eialnss themacatelcd caturated
oolls shich are the Cryogenis Ladoratory stancards,

The terrocovuples were celibiaield agaiaet c:q‘;bn veper pressares. Heolew
ene atrogphare; fthe eguation of c:t!xls

Logig Pata = -(i19.21/T) + 5.2365 - 0.0084LT
withi the correctlons tc it tound by iston, Tilltmgans, aad Peoeenl 2, wes 'e.set.;
in converting fros cxyguii vajor pressure teupersiures to tamperaliccs on Phe
thiresdynarle scele. Above oae atsoschere, the eguation of Dodge and Davis<?
Logyy Byyp = 5+70381 - 853.523/0 + 50272,3/1% - 1T83500/>

was used. The equation of Dodze wnd Duvie rives $0.2¢ for the norsul boiling
point ol oxygen :Lica is La porfect eyreenzat with the value ccccptcd by the
Cryogenic Laboratory.

Teble XVI gives conversios tudles for Ba¥ to temperaturec og deterzined

from the oxygen vepor preseures thub vere uved fa all of theaoe equilibriunm studics,

Prassice wee rezd by a Gaeriac: Cathartcaster ;\n the compound zerowy
meroseter shown in figure 16, The mer-,.cf.mtar is ol the nune geaeral decign used
by Famzerlingh-Onnes in state data studieald at tus Tn2versity of Leiden, It
consists ol two aanometers in serice, tie firct ctiicched Alcegtly to the equilie
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Calibraticn of Thermocouplcs

for Liquid-Vapor Equilibrium Apparatus

o s
71
71
71
70
70
70
70
89
69
69
68
€7
66
66
66
65
64
€4
64
83
63
83
62
82
62
6l
61
6l

q98E2885883833 ib
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briwm syster and the second attachied to the long erm of the first manometer.
In this.way, the sun of the preesurce reud ca the two manometers zives the total
prescure of the systen.

The cathetomuter is equipped with a steel scale and vernier shich allows
an interpolation of .05 m3, to be made on the main scale. The cethetozeter scale
was calibrated every 10 om. sgalart a silver inlald scale of the Cryogenic Labora-
tory which had been criginally celibrated at the Nutional Bureau of Standards,
The calibration correctioms along ~ith the corrections for depression of the
mercury colum from meniscus height, gravity correction om the mercury columm,
and temperature correction ou the mercury column are given in table XVII,

Zhe Jnalytioal Apparatus
The analyses are mace by a diy method and are taken at constmt veluze,

The analysis apparatus is sho.n in fi ure 16 und is incorporated into the main

lines of the apparatus.

The gas is circtnéted over the sbsorvent by menns.or a Toepler punp wnd
ﬁ.m:uy returned -to the ori;inal contining vessel at the ori;inzl volusc by means
of thie seme pumd. The pressure is then read and compared with the prezsure of
the original sample. i‘or this purpose, the pressures are reud on a nercury
munometer uging the Gaetner cathetometer. Fine copper scrcenin; rclled into
amall oylinders and heated in a furnace to 50090 is used for absorbing the oxygen.
This is better than finely divided copper which eventually fuses to & sclid nass
of low ratz of absorption. A liguid air trap is used to absord eny water vapor
arising froa hydrogen sbsorbed by the copper. Lolten 1ithium at 300°C i used
in the sase way for the absorption of tho nitrogen. In this nmuer, duplicate
analyses agroeing to better then 0.05 per cent are obtained regulerly.

Zha Cas Generation Foulpment
The samples of oxygen and argon were as desoribed in Part IT of this

report.
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Nitrozen wac preparcd by th. action ol broaine o1 axonia by a metliod

2.

similar to that described by Giaugue Concentrated bromine woter, made by

dissol.ving bronine in s saturated KBr solution, is edded hrous®: a stopcock to a
six molal ammonium hydroxide solution in a two liter flask., FExcess solution

was rozoved throush an edditional stopcock sealed into the botton of the flask.
A-zonium hydroxide was added, ¢s needod, thrcugh a separate stopeoc’t, thus making
ths gemeration continous. The nitrogen passed throush a copper oxide furnace
heated to 450°C for resoving anaonia, then through a large sodius hydroxide
drier and three large driera containing phosphorus pentoxide, all in serles.

The zas finelly pesised throuzh & liquid air trap. The nitrogea thus made was
added to the feed mixture by mecans ot the sampling Toepler shown in figure 16,

Aaly:zis of nitrogen made in ttis way zave 0.02 per cent oxyzen and a trace of °

inert gas. The slight contanination is probably due to air diseolved in the
emoniur hydroxide and bromine water.

At first an ‘ttnpt wag mide to prepare nitrozen by heating ammoaium
dichrosate. Fortwmately, as a precaution, only a small quantity (5 grans)
vas wsod for A yiolent sxplosica ocourred n heatinz in & confined vaseal,
This asthod wus therefcre abandoned and we wish to ;o on record &s WARNIRG
AGATNST HEATING ALWONIWM DICHROUATE IN A CLOSED SPACE. :
Oparation of the Xaullibriun Apparsius

The gases are gensrated as described and made up by pressure (on the
analysis monometer) in the ten liter storsge vessels to the desired concentration
of the feod nmixture. An snalysis is made on the feed mixture for the purpose of
checking both the analysis apparatus and the ges generation equipment. This
check is necessary becauso it p-events the use of any fsed mixtures which may
have becoze contaminated through some wmnoticed blumder.

The amount of feed mixture sample is determined by messuring the temperature
mdpmmdthogumtﬂnodintholugenmphnghﬂb vhose volune is
OONFIDENTIAL
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kno'm to £ 0.05 cce (The line voluzes on all eections of the equiiibriuva appara-

“tus and lines have been deter:ined with un accuracy of % 0.05 cc. for any given

section.) After the sasple has been measured out, the stopcock to the equilibrium
vesscl whose Wratwe has been lowered to 58°K. When the ssuple has finished
condensing, the residual pressure in the lines 1s read, Throe fillings of the
large sampling bulb give a sample of approximately 0.36 moles in the equilibrium
spparatus. .

Tho temperature of the sazple is sloily raised from 58°K to the desired
temperature of the equilibrius measurement und then the manometer contacts are

set for regulation. The bellows-stirrer is turned on und the sanple allowed to
vaporise very glowly and wiformly over a period of from one to two hours,
Vaporiution 1s allowed to take place wntil approxismately 0.02 moles (500 cc at
1 atn) have been accumulated in the vapor phase. To ensure cquilibriua the
bellows stirrer is allowed to continue its action for another one and a half
hours. During the periods of vaporisation, stirring und standing, the tilling
tube is kept 0.3° « 0.5°% warmer than the equilibrium vessel. Ono-half hcur
after the bellows stirrer has been tumed off, pressure cnd teaperature meesure-
ments are taken und the stopcock between the equilibriwm vescel und veporization
bulb are then mmalysed.
Sazole Data:z

Delow are ziven the actusl experizental date transcrided from our

standard notebooks.
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Page No,

s

Date 8/09/43

Feed Mixture No. _7 (for run ;5),
£tored in Bulb No, A

Prrtiel pressure of Os -

TBeth _______ _ T Buld —£4,0 _T» £3.0 Ty £2,5 T,
Volume set at mark on calibrated bulb,

Ts = Upper
Manometer

Meniscus top Meniscus bottonm T, = Lower
Bcale Vernier Scale Vernier Kanometer

104 | 75 3 00
625 g | 0o
|_20¢ [ 70 00 |
633 | 15 00

Pertisl pressure of __0Oy + A

T Bath T Bulb _24.0 Te-B2.0 T, _%2,6
Volume set at __top mark on celibreted bulb.

Meniscus top Meniscus botton
Scales Vernier Scale Vernier

88 5 25

888 1 70 937 -]

by

| es | m | e | e
w | om 0
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Page No, 47

Date __ 8/81/43

System _A ~ 0, __ Run No. 14

tnelysis of Feed Mixture _ - for Oxveen

191;.1’ Initiel pressure.

T bath__£6,2 Ty __£7.0 Ta_£6.5 T,

T, = Upper
manometer
Meniscus top Meniscus bottom
Scale Vernier Scale Vernier Ts = Lower
manonmeter

| 1£7

1127

.Argon pertiel pressure.,

T bath__£8.8 Bi se= Ta__£7.8 Ta

Meniscus top = Meniscus bottom
Scale Vernier Scele Vernier

1st
absorption { 126 | 65

18]

ad
absorption 226
18]
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Pege No. 39
Date 8/81/43 -~

System _A -~ O _ Run No. __\4

Meesurement of smount of material in_ largs veporization buld for
d_sample

fegulaiing menometer sot 8t _ ~==  inches
Veporization bulb initially a':'___ B8 __ __merk on bottoa
Vzporlization bulb finally at __ 3 mark on bottom

T bath_4,585 Ty__ 85,5 T, 27,8 726,65

T; = lines
Meniscus top Meniscus bottoa
£cale Vernier Scale Vernier Tz = Upper
nenometer

28 . — T3 = Lower
88§ Y & manometer

.98 70
oss | oo | so¢ | w0

System _A - O, Run No. 14
¥essurement of emount of meterial in_Jines for Feed sample residual

Reguleting menometer set at __ -=- inches
Vaporization buldb initielly et ___3 __ mark on top
Vaporization buldb finally et ___3 ___ msrk on top

T beth__«=- Ty_25.4 Ty _ ==e Ty __£6,6

¥eniscus top Meniscus bottom
Scele Vernier §Scele Vernier

108 20
117 45
; (%)
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' Page No. __ 40
Date 8/81./43

System _4 - Op Run No, ___14
Metsureme¢nt of amount of materisl in_ Jarge v:porizatioa buld for
Feed Semple.

Reguleting mznometer set et__~—-=_____ inches.
Veporizsrion billb initielly at____4 ___  mark on bottom
Veporization bulb finally at___4 mark on bottonm

T beth_4,545_ T, 85,1 __ T, 27.0 Ta__56.2

Meniscus top Meniscus bottom
Scale Vernier Scale Vernier

120 7 118
. 810 | 809

810 509

System _A - O, Run No. _14

Measurement of amount of material in__lines for_Feed sample residual
' Regulating manometer set at__===____ inches

Vaporization bulb initially at___ 3 mark

Vaporization bulb finally at___3 mark

T bath - T,_ 85,8 Ty === Ts__86.3 _

Meniscus top Meniscus bottom
Scale Vernier Scale Vernier

123 ~LEL 12
}—228 - -




CONFLDENTIAL

Page No. A%
Date 8/81/43

System _A - O, Run No, 14

Measurenent of smount of material in_ Jarge _ vaporization bulb for
Feed sample.

Regulating menometer set at ===___JAinches
Vaporization bulb initislly at___3 mark on bottom
Vaporization bulb finally at___3 mark on botton

T bath 4.400 T, 24.8 _ T, 26,8 _ T, £8.0 __

¥eniscus top Meniscus bottom
S8cale Vernier S8cecle Vernier

113 | 00
€94 693 10
~115 112 £0.
694 698 . 1 95

System _A - O ___ Run No. 14
Measurement of amount of matserial in lines _for Feed sample residual -
Regulating manomster set at__. inches ’ ‘

Vaporization bulb initielly at___ 3 - __ merk on top
Vaporization bulb finelly at__3 mark on top

T batb' s T,__24.8 Te = T4 _26.90

Meniscus top Meniscus bottom
Scale Vernier 8cale Vernier

118 26 117 00
127 85 3 127 30
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Page No. 29
DATE _B8/51/43
TIME S107. P M/

System - A - Oy Run No, pr N
Thernometers before:

No. 1__g28.8 .No. 2___£8,.8 No. 3 28.1 No. 4
No. B No. No. 7

T, = Upper mano-
, reteyr
Theraomaters aftert
. Ty = Lower mano-
No. 1__28.8 No. £___28,5_ No. 8 £8.0 No. 4___meter

No. 5 No. 6 ﬁp. K/ Ty = €mall vapori-
zation buld

Collimation resdings (50 cms on glass scale)

Scale Vernier

telescope 786

telescope 786_

t.elesco.pe 690

telescope €90




LUNELUZN L LAl

e

~ ¥eniscus bo;tm lr'_enkcu:: Top

feale |\' raior Time | Scule [Vernier

m—— e

Lover & | - - L_ P . B . R L 8. 1
lipper 1 800 _ 45 ) ' 60

e b et . -y ey

Lower 3 2 &7 . . 00

-— e e

Opper : 72 25 3 5%

1.%‘.‘)&..!1@1‘-9’1 Meniscus to
Scale Time Scale

_25 5,0
800 [

27 v.4
778 8.4

iscus bottom Heniscus ¥o
Scale Vernier Tine Sear

25 00 9.2
800 60 10.1
37 65 11.5

155 0 o125

Meniscus t‘%
Scal ernier |
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Pzage Nc. 29
Date s{.‘?'.l./f“'_".s

Tine 5:07 P, M,
System _A ~ O, Run No., __14
Condition of ice junctions__1____ hrs in use. B8tandard cell No, Ep,26120¢
Standard cell setting_1.01895 Volts
Before U__43.1 cms L__43.3 ems Z__43,1 cms
After U__435,4 ens L__43.8 cms 243,595 cms

Thermocouples at beginning
Time_=5.,0 Can top__ 4650 Czn bottom__5150

r..amnzmmz__ cm _ cnlehk)
4970 2.2
Shield Top, 80 35,1 |
5110 67.4
Shield Bottom 20 40,2
‘ 4970 63,3
Tube Couple No.l 80 28.3
| _<1.0 4660 48,9
Tube Couple No.2 70 £1.6

Thermocouples at end

Time__12.0 Can top__4660 Cen bottom__5120

_Tipe Potentiometer __com _cm({chk)
‘ 130 4970 G4.3
Shield Top 80 l 37.0 42,6

14,01 5110 50.8
Shield Bottom_ £0 £3.6

Tube Couple No,l

4970
80
4650
€0

Tube Couple No. £
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- Page No. _ 200 . _

- OB i Date __ ____8/34/23 _ _
CONLIDRITIAL

Equilibrium Veszsel Temperstures

Couple Ro. 1 Couple No. &

Time Potentiometer cm " Time Potentiometer omn
4980 45.7 ) 1.0 4080
4980 45.7 5 2.5 4930
4080 45,7 .83 3.5 4360
N 4960
4990

4980
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Pzge No. 42
Date 8/321/43

System _A - 0, Run No. ___14

Measurement of amount of meteriel in_ _smell vaporization bulb for

_materjal balence .

Feguleting menometer set at__+ 1.7 _ inches

Vaporization bulb initially at__4,2 mark on bottom

Vaporization bulb finally at__ 4,2 mark cn battox

T bath 28,0 T; 28-5_ Ta 28:6 Ta

T, = Upper manomater

T3 = Lower menometer

Meniscus top Meniscus bottom
Scele Vernier 8cale Vernier

ea | z0 § ze 80
630 £0 89 65
28 £5 26 90
€90 85 89 60
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Pege No. __4F

Dete 8/31/45

Systen _A - 0, __ Run Ho. 14

Mnelysis of __ Equilibrivm Vavoor for_____Oxyren
Total Injtial pressure

T bath__28,0 T,..£7.8 Ta_27.2 Te

Eenlscus top Meniscus bottom
S8cale Vernler Sccle Vernier

H
125 65 155 70

638 05 : 85
125 .00

10 79
125 £0 00

Argon Pertiel pressure
T bath__E_'Loo Tl e T' 26.4 Ts

Meniscus top Meniscus boztom
Scale Vernier Scale VYernier

1st
ebsorption 1£9 | 4 327

£83

and
ebsorption i3 )28
£83 2L2

3rd
ebsorption £8

258

128 |
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Saple Calcwlztions

Below zre dascribed the caeleulctions of the data given in
the previcus section.

The celevlection of the conposition of tne feed mixture fronm

the deta taken during its preperztion is summerized belows

Partiel
Partie) Pressure of A and O» Pressure of O

928,65 Height of g in long erm 832.10

=88,20 Height of Hg in short arm '%2 ,Zg
850.55 Uncorrectei pressure 28.4

+0.23 Meniscus correction ¢n loag arm +0.22
=0,23 lieniscus correction on short ern -0,35
-0.40 Gravity correction on total P -0.40
-3,72 Temperzture correction on totel P -3.17
-0.10 Sczle calibration on short arm ~0.05

_19,;% Sceale calibration on long arm #0.12

846,03 Corrected pressure in mm of Hg 724.79

(see Teble XVII for corrections applied sbove)

(846.03-7£4.79) /846.08 = .1434 mole fraction Argon

The calculation of the composition of the feed mixture from

the analyses follows:

Total initizl pressure (oxygen &nd &rgon) calculated

in the same manner as above - 449,20a3m

Pzrtial pressure of ergon - 64,79mm

Correcting for tempcreture chrrge in ithe analysis buld

end for Lthe voluze chenge due to the difference in

heights of the short arz of the manometer

64.79 x £99.4/200.0 x 308,4 + 8,4 = €4.656om
30 o4+ ?
64,66/449.20 = ,1439 mole fraction of argon

Avercging the zbove datz, composition of feed mixture = .1437
mole fraction of argon. This serves as a check on the pre-

paration of the sample,

The calculation of the quantity of feed semple introduced

CONYFIDENTIAL
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ZABLE XVII

MANOMETRY CORRECTIONS FOR FQUILIBRIUM APPARATUS

Scale corrections (at 00C,)

Interval Correction Correction
(to be added) (to be added)

50 .10 .18
100 .07 .18
150 .05 .18
200 .10 »18
250 .10
300 .10
250 07
400 07
450 .06
500 +156

0
50
100
150
200
£50
300
350
400
450

LI TN I I I R I A A

Gravity correction
AP = (-.,000551)P

Temperature correction
(For mercury column send scale simultaneously to 0°C.)

AP = (-19.2 x t °C.)P

Meniscus Height corrected (to be added)

10 .12 .13 .15 .17 .19
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into the equilibrium wvessel is made from the necessary dzta given

in pares (32), (33), and (34), end is sumzarized below:
First portion (page 32) Pressure = 782.G0mm
Meterlal in_lines end lerge sampling buvlb oriazinelly
3149.2cc at 298.995°K (sempling bulb end ends all in bath)

56.6cc at £88.6%K (other sections of line 3nvolved)
Total nvmber of moles in bulb and lines

N, = 782.80 (3149.£/293.0895) + (56.6/293.7) 1.80245 x 10~5

= 0.135472 moles

Residunl mzterial efter condenseation
55.2cc at £298.69K Pressurs = 8,7%mm
Total number of moles remaining in lines

N = 8.72(55.2/298.6)1.60345 x 105 = 0.00002C rwoles
Materiel esctually condensed in ecuilibrium vessel nlns
yepor remezining beyond stopgock for first insertion

Ny = Ny ~ N, = 0.125472 - 0.000026 = 0.1254¢6 moles

Second portion (page 33)
Calculations exectly as described above
N; = 0.117881 - 0.000025 = 0.117856 moles

Third_portion (page 3)
Caleculatlons exactly es described above

N3 = 0.,099183 - 0.0000025 = 0,.023168 noles

Totel number of moles of fexd sample
Wopay =Nt M2+ Ny = 0.1.8544€ + 0.117356 + 0.092168
= 0.352470
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The 111ib nents

The data for the teapsrature =nd pressure .aeasuraments appear
on pages (3), (39, (3% end (38). The temperzture is calculcted
using Table I and the pressure is calculated in an identical manner
as those on page (41).

Corrected pressure = 1500.7mm Temperature = £6.58%K

The calculetion of the mat;erial belance to obtain the com-

position of the equilibrium 1liquid follows:

V/T sums up to stopcock (stopecock seperating equilibrium
vessel and bellows mechanisa from
vaporization bulb and lines)

W = 0,26209 cc/® (vapor ;.n equilibriun
8. ".'.1

24,0 - 0.12079 cc/° (vapor in £illing line)
1301.2 - 96.58) /%
% = 0,08088 cc/° (vapor in bellows and

connecting line)

Sum = 0,46356 cc/°
Total number of moles in vapor phase up to the stopcock

N, = 0.46356 x 1500.7 x 1.60545 x 10> = 0.011155

Where 1.60345 x 105 = 1 =
TREE | TS B

v gums bevond ston

523.68 cc vaporization buldb
1.1 cc from vepor. bulb to trap
18,7 cc to top of reguleting menometer snd compoind manome ter

3.7 ecc regulating menometer
c¢ compound mpanometer
543.8 cc at 301.2°K and 658.45 mm
Totzl number of moles in vapor phese beyond stopcock

N = & “5 = 0.019062 moles
S01.2
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Totel number of moles in vepor phases

Ny = N, + N, = 0,0111556 + 0.019062 = 0.030217 moles
Anelysis of vapor (page 43) is 0.1837 mole fraction ergon
The completion of this calculrtion is mede in Teble XVIIIX

which is a standsrd form for presenting tha equilibrium data taken

on this apparetus,
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.

Run Mo, 14

Tenper:zture __96,68 ©°K Date 8/31/43
Pressure 1500,7 _mm System _A - O
Hours for Vaporization 1.5

Hours Standing i

Feed Mixture:0.352470 mols at__85.83 _[0,, _ 14.37 72, 0 Tis
Equilibrium Vapor:0,0302)17mol:; at__aj,_,ﬂ;"o. » 18.87 74, 0_ %4

Materie) Balance

Mols O, Mols A Mols N, Total
Feed Mixture 0.301820 _0.080650 __O ___ _0.3502470
Equilibrium Vapor _0.0824666 _0.00555) _ __O __ _ _0.030217
Equilibrium Liquid _O.277154 _0,045009 __ O __  _0.332853

Bqudlibrium Liquid: _86.01  7%0s, 13,98 A, __ O 7N,

Equilibrius Vapor Corrected to __1520 mm
81,65 70s, _28:35_ A, ___ 0 Xis

Equilibrium Temperature Corrected to __]580  mm: _ 96.72 °K

Ko, = G§f- = 0488 K\ = 18,5 = L2, K, =
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DiT4

DATA ON THE SYSTEM ARGON-OXNGEN O A PRECSURE OF TRO ATHONPHFRES
In view of the doubt cast upon the data of Bourbo end Ishkin atove one
atmosphere (ses Page 7 , Part I), it ssemed most advisnble to chock tals region
because it is the most important one in the production of purc oxygen. Accordingly,
points were taken below 50 per cent argon concentration from cine to two atmos-
pheres pressure,
Table XIX is a sumary of the equilibrium data as ectually obteined

experinentally. Colum ome glves thé_ dole percent argon in tie lijuid; colum
two gives the mole percent argon in the vapor; colum three is thc pressure of
the actual measurements colum four is the temperature corresponiing io P3 walle
colum five is the equilibrius constant, K = y/x, at the pressure, P, of colum
three and at the temperature, T, of colum four, ZTable XX is ths zhove duts
corrected to one, one and & half or two utmospheres pressure ac the case may be,
The colums of Table XX correspond to the colums of Table XIX. Table XXI contains
the smoothed values of y (mole fraction in the vapor) and K (acle fruction in the
vapor/mole fraction in the liquid) up to 0.50 mole percent for argon in the argon-
oxygen systes at t-o atmospheres. Table XXII contains the saoothed values of y
and K at values of x up to 0,50 mole percent for argon in the argon-oxygen system
at 96°, 1In correcting the individual points to 96°K, the relationship

P1 (96°0) =P (96PN () ¢ e c v e e vncosvcees (32

vhere P, (96°K) = partial pressure of argon at 96°K
P1° (96°K) = vapor pressue of pure argon liquid at 96°K
Py (7) = partial pressure of urgon at the temperature measured
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