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Owens, Thomas W. - ¥valuation of Benedict's fgustion
for Csleulstion of Critiesl Fregsure of Hydrocsrbon Mix-
tures - Thesie, submitted to Newerk College of BWngineering,

Jenuery 24, 1955.

An introduetion to the problem of eriticsl pressure
calculrtions of mixtures is presented, followed by a
brief history of prior work in this fleld. Y¥entioned
in the history are the correlstione of %Watson snd Nelson,
Smith and Wetson, Waeyfleld, Furetta and ¥stz, Benedict,
end Hdmister. Another gection containsg =z series of
tebles showing critical pressure calculated by Benedict's
equation as contrasted to other dsts appearing in the
litersture. An evsluation of the equation is then mede

from the comparisons.

Included are ecurvesg of the valueg shown in the
tsbleg end a serieg of curves depicting the devistion

pf these values from the experimentsl.



APFROVAL OF THESIS

FOR

DEPARTMENT O# CHEMICAL ENGINHERRING

NREWARK COLLEGR OF ENGINKERING

BY

FACULTY COMMITTEE

API'ROVED:

— = g Es

NEWARZ, NuW JHERSHY

JANUARY, 19565

ii



PREFACE

The Benedict equation for eslculeting eritical preg-
sureg of hydrocarbon mixtures wes applied to available
literasture dats for comnarison of results with other prior

erliculation methodr.
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INTRODUCTIGN

Enowledge, or more properly, lack of knowledge con-
cerning criticsl properties of hydrocerbons has resulted
in great interest in this field for the past thirty yesrs.
The petroleum industry 2s & whole has been extremely de-
sirous of leerning more about this subject. Ko single
tector (8} is of greater precticsl importence in cracking-
Plant design than the computations of volumes of liquids
end vapors at eracking-zone conditions. ©Small errors be-
come very important becsuse the stocks mre at or near
their critical points and 2 small misjudgment msy shift
the behevior of ihe mesterial from that of 2 vapor to that
of a ligquid. To accomplish the intelligent design of pet-
roleum refining equipment, knowledge of the e¢ritical prop-
erties of hydrocarbon mixtures, particulsrly as s funetion
of properties readily determinsble, ig parsmount as the
criticel pressure in psrticulasr cennot be essily determined

directly.

In particular, the use of equilibrium e¢onstants in
Phase equilibrie computations hes required en increase in
the knowledge of the eritical point. The limite of the
two-phase region and the relative smounts of vapor and
ligquid within this region are of particular interest since
these mixtures sre gimilsr in nroperties to the effluents

from digtillete wells.



Mrect experimental!?) determinstion of the eriticsl
congtsnteg is not only ineonvanient but frequently mislasd-
ing unlese properly determined by competent experimentelists
in thig filelu., Come of the factoras that csan czst doubt on
trese ueterminctions ary stem from the gxyerimentel eguip-
ment, purity of substance, bockeground of Iinvegtigetion, and

the gtability of sueh compounds near the criticsl point.

At hnrg been mentioned, the critics) polint is importsnt
in meking phese equilibria egtimetes. It is an imporiant
point on the phrge diagramfs) bacrusge 1t uefines the son-
ditions above whieh there {s ne cdistinciion between coexint-
ant phezes. 3Althouph the critiesl temperzture of miztures
may be carrelsted or estimeted =ith relstive e=ge and scoare
uey, the eritierl pressure {s & much wore couplex property
snd is gifflecult to prediet. OF interest in this tople sre
the poeudnecritic~l prescure snd the ceritiesl rcressure. The
ceeudn-eriticsl pres-ure is an imzsglinary point which mry be
resdiily determined sg spyrroximstely oroportionel to the aznl
frostiong of the pure conponente. The ariticcsl presrure,
wiille belng on netusl exzpsricentuelly detorminsble polnt,
frequently sseumesn » velue conslder-oly highber tasn tnst of
any of the pure couponents of the aixture, lMsny correlators
trve silerdly to determine the pseudo-critic-l pres ure and

then relate this empiricelly to the setusl or true critiesl

prescure,



The more important correlstions {10 date are sunmmar-
ized in this pregentstion. ¥Hevsluastion of Benedict‘s(l)
correletion will als0 be presented and will be compared

with other litersture vslues.



SUMMARY OF PRUVIOUS CORRAELATIONS

Watgon and Relsgn(lo)

Several methods of estizating critical pregeures have
been propoged. Watson snd Nelson, in 1933, proposed an
sdoption of sn existing method for finding the eriticnl
prescure of a pure hydrocsrbon utilizing a Cox vapor preg-
sure chart. Enowing the critical tempersture of s pure
hydrocarbon, the eritical pressure ¢ould be found by draw-
ing & line on this chart and connecting the normel boiling
point of the compoind with the convergence point of the
hydrocarbon vepor pressure éurves. The presgsure at which
this line c¢rossed the abeoissa of the critical tempersture

waec the ¢ritieal pressure.

The molal averesge boiling point of hydrocarbon mixe
tures also plot as straight lines on the Cox chart with the
geme point of convergency &as the pure hydrocarbons. Also
the slope>of the initial equilibrium vaporization points
plot sg agtraight lines but with less slope than the boiling
point eurve. The authors found that by Joining the A.3.T.Y,
104 point with & point approximately BO4 psst the criticel
temperature igotherm on the sversge boiling point line, the
spproximste critiesl pressure could be found. Thieg ig the
absolute pressure reading where the 104 line crosses the

eritieal temperature iesotherm.
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At the time the "atson and Nelson method wss proposed
there wag very little published deta on the critical pres-
gures of hydrocsrbon mixtures. The sccurste determinstion
of such pressures was quite difficult and exscting and the
euthorg had 1ittle to work with, both in devising their

method snd later in testing it.

omith and wstson(9)

The correlations and methodes presented by Smith snd
Watson clelimed to be sdvantsgeously based on and gpglicable
to beth pseudo-critical snd true eriticsl properties for
2ll widths of boiling renge and any type of mixture. The
euthorsg felt that becsusge & trae critieal pressure of &
mixture is intermediate in composition and higher in value
than eny constituent, the true critiesl prescure could not
be correleted 825 8 function of conly two mverage properties.
Key (5) nes previously indiested that no such maximum exist-
ed for pseudo-criticsl yrescures which were approximstely
proportionsl t0 mol fraction in binary mixtures. The
authors then proceeded toc correlete true and pseudo-critieal

prescures by means of 8 reries of charts.

The true molal, mecn and weight averege boiling points
end A.P.I. gravity were first determined. From a plot of
weight averzge bolling points versus true critical tempera-~
ture for a family of A.P.1. gravities, the true criticsal

temperature was uveterminea. From the ssme figure, the
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pseudo~criticel tempersture wss determined using the true
molal aversage boiling point. The ratio of true to pseudo-
eritieal tempersture ws then ¢slculsted. From snother

plot relating the two, the ratio of true to pseudo-critical
pregsure wag found. Two more plots were formed linking
raspectively, mesn eversge boiling point snd A.P.I. gra-
vity with pseudo~critical pressure, and molecular weight

and A.F.1, greovity with pgeudo-¢riticel pressure. Fronm

one of these plotgs the pseudo-critical was determined

and the true critical pressure calculated from the pre-

viously determined rstio.

veytiera®)

¥eyfield Iin 1942 proposed & new method of determin-
ing ¢ritiesl pressures empiricelly, for binary normsl hy-
drocerbon mixtures. He pointed out that wWweress all criti-
cal temperatures of such mixtures lie between the critical
temperstures of the two pure components, the c¢ritical pres-
sures may be far in excesgs of either pure component. He
8ls0o observed that the deviations of the true critical from
the edditive critical pressure coincide with the ratlos of

the molecular weights of the pure c¢components.

In hig analysis, ¥ayfield selected a known binary
normal hydrocarbon system snd proceeded to graph the true
eritiecal pressure of the mixture agsinst the weight com-
position. Then he drew in the expected or peeudo-critiesl

pre-sure curve baced on the weight percentages of the com-
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ponents snd the true criticel prescures of the pure compo=
nent:=. The difference between the true and the additive
eritical pressure of the mixture at any concentration he
designeated &8s PCD and by simple mathematicel anelysis pre-

sented the following equation:

L
Pep = Pox - Pem - %56 ®Per - Fen

The only unknowns in this equation are Ppp and Py, s0 that -

Cy
by determining the PCD of any unknown mixture or concentra-

tion the true ¥ ¢ean be found.

Cy

For the systems studied, ¥ayfield found that =ll the

devistions pasg through & maximum. When he plotted ~_B§§._
max PCB

ngringt the weight percent of the heavier component for
all of his known systems, a fairly g00d curve resulted with
& peak 8t the Tifty percent ordinate. With this curve, the

PGD can be found knowing the maximum Fc By plotting max-

o
imum Pop sgeinst & ratio including the eriticel temperature
and number of c¢arbon atome for both components, on 10g-1cg
paper he wss sble to drsw & gtraight line through points
repregsenting sll hig known systems. By mesng of the two
curves and the egustion plus 2 knowledge of the components

and their weight concentrstions, the eritiesl precssure of

the mixture mey be found.

By & very similar process, with another equation and

similar curves, Heyfield developed another method for cal-
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culating critiesl pressures which he cslls the mpersture
method. The methods differ in his drewing of the additive

curve and the eguetion derived therefrom.

Kuretts angd Katgfd)

The first sattempt by Kuratts znd Ketz to correlate
eriticsal pressures of naturzl gas and gesoline mixtures
'Was tried using the Smith and Watson method. Since the
volatile mixtures could not be brought into line with the
petroleum fraections, the authors decided that some vsri-
sble, lmportesnt in the volstile mixtures having relastively
high eritical pressures became much less significsnt in
the petroleum fractions with relatively low ceritical pres-
sures. They concluded that the missing variable wasg molec-
ulsr welght. From Smith and Watson'e other variables =
reries of curves were drewn relating the ratio of igﬁééﬂznl
to peeudo-critical tempersture for s serieg of molecular
weighte. For mixtuares of known ¢ongtituents, the pseudo-
eriticsal pressure e¢an be cslculsted by multiplying the mol
freetion of the constituent by its eritical pressure. For
unkmown petroleum mixtures, the pseudo-criticsl pressure

may be found by one of the Smith and Watson methods.
Eenediet (1)

Benedict's equation wes presented by kamister'2) ae

being the first to attempt to sccount for the effect of



concentrations of components in e mixture. This method,
gimiler to ¥ayfield's, attempis to cslculnte the eriticsal
pressure as & conversion of the pseudo-eriticsl pressure
by empirical considerstion of the atmogpheric boiling
points of the constituente alone. This equation has been
used in this presentstion to calenlste critical pregsures
of binery snd complex hydrocsrben mixtures for which date
is sveilable in the literature. Results of the calcula-

tiong were then compared with other published correlations.

Benedict's eguation is'
Tm)
Pou = pFe 5 41
bi
100

where Pgy = critical pressure of mixture

pF, T pseudo-critieal pressure of mixture mXxy Poy
Tbi = atmogpheric boiling point of ith component

Xy = mol fraction of ith component

Fdmister (23

In the ssme article in which he presented the Benedict
equetion, REdmister offered two more methods for calculating
eriticsl pressure for which he e¢laims approximete veluesg
only. Both methods asre asdaptions of criticsl locus curves
related to the various criticsl pressures snd temveratures
epvesring on the border curve. Also, both methods sre
sired at nmetually estimating convergence pregcsure, which

&t the critic»l tempersture ig the critical pressure.



CLICULATIONG AND CONCIUDIONG

Tsbles 1 - 8 show & seriesg of binary hydrocarbon mix-
tures. Included in ithe tables sre the experimentally ob-
served litersture verlues of c¢ritical pressure ns well ag
the eslculeted velues from the Benedict equation and other

11 shows

caleulations teken from the literature. Table ©
three geries of natursl gss and natural gesoline mixtures
agein with experimentslly observed and eslculated litera-
ture vslues plus the calculated Benedict values. Because
the ¢nlcoulrtiong are somewhatf{ tedious, they were set up

on 8 gystematic basis ms shown in tshles 10 and 11 in the
sppendix. Accuracy was obteined by use of & cslculator

and by carrying out the calculatinng to the number of

places shown in the table.

Observation of the correlated values of critiecsl
pressures in tebles 1 - 8 indicate that the two empirical
methods set up by ¥aytield have by far the greatest accur-
scy fTor the type mixtures shown. The aversge overall ¥ay-
field deviation wag 1.2 per cent by the weight method and
1.3 per cent by the tempersture methoud. Comperative de-
viation valueg by the octher methods are Benediet, 3.0 per
cent; Kuratte and Ketz,3.0 per cent;and fmith and Waison,

8.6 per cent. With one exception, the ¥ayfield celeculated

IT See teble 12 for composition of mixtures.
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average critiesl pressure was closer {0 the ex erimentally
observed value than sny of the otner wethode. The one

; Y Z b - 1 v 13 5 @
exce:tion wse {he &5312 o g mixture series where the
Benedliet eritical pressure velue ghowed the ¢losest cor-

relsztion with an ever:ge devistion of 0.5 rer cent.

Frox the zbove observeticns, one may coneclude thet
the Keyfield method ig preferable for gsleulsting the
eritiesl pressure of binsry normel hydrcesrbon systeme.
Vigwever, this zethod nrg been smet u;g;gr hinsry syctems
only. ‘ayfield helleves thet the ;;;?géﬁ plots will hold
for branched parsffin, olefing, end eyclic gystex but theat
the meximur Fgu'curvas will not. Yerueis when more dats
bee . wes availeble, new curves covering the different cluasges
of compounds cxn be formed for the meximum Fpp curves. In
sny cese, {(bpeesuce of the binery festure) the excsllent
method of Jeyfleld will have limited use over the gazut of
volatile mixturee existing in the petroleum and orgenie

filelds.

The remzining correlstions heve been develoned =0 8
not {0 be limited Lo binary miztures., Of the three othar
methods shownh on tebleg 1 - 8, there is 1ittle to choone
bet~ean the Bencdiet snd tihe Furetts snd Yatg values.

HBoth enow an oversll sveru:e devistion of 3.0 per cent.
The Benedicet sversge devirtion valuee wers the more errastie
of the two covering » reange of f GuB ner ecent for the 65313

_ . . , ,
- Cvﬁls series to . 7.5 pver cant for the Cgﬁﬁ~ 57“1& gories,
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The Ruratie end Kotz average devirstion range wes f 1.9

per gent to £ 4.0 per cent.

Irevioug work in the eritical point field hes indi-
ceted that the devistion of the sctusl critiesl pregsure
of & mixture from the weighted average critiesl pressure or
peeudo-criticasl pressure, is influenced by several factors.
Awong those which increase the deviation of the eritical
vressure, or in other words, form e high critiecal loeci
curve include: (a) wide beiling widih between lightest snd
heaviesgt components; (b) & high retio of molecular weight
of pure components; ‘¢) a wide difference in criticzl tem-
reresture of pure components; (d) few intermediste compon-

ents.

In an effort to determine the extent of their influ-
ence, the sbove listed fsctors applicsble to binary sys-
temsz, nawely &, b and ¢, hsve besn incorporated into the
following tzble. This table lists the systems studied
with essocisted experimentsl eritical pressure values ag
well as the corresponding ¢sleuluated pseudo-criticel pres-
sure. The difference of theme pressures should then
follow the pattern set by sppropriste numerical values

for the influencing factorse.
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fystem Highest Corres- P, - Aver. DIiff. MNol. Dift.

Experi- ponding P Dev. in wgt. in
mental pPe P’¢  Bene- Boil. ratioc T,
Pc dict Pointse o
034‘ -caﬁs 1468 656 812 3.8 218 2.75 323
GH& ~04310 1824 646 1273 3.8 290 3.63 422
Ggﬂﬁ “cvﬂle 1263 640 8623 7.3 336 3.33 423
GEHB -04510 638 597 41 0.8 75 1.32 100
04H10-07H15 596 51¢ m 1.8 178 1.92 207
Csflg -Cstz  em 590 81 1.7 141 1.64 181

The mbove tnble does not correlate any of the three fac-
tors to one hundred per cent agreement. However, it is resadily
apuarent that the influence of increased values of all three
of the factors definitely raices the critiesl locus eurve.
Correlation probably would be better if the msximum points
in &l1 the curves could be used for the compariecon. Actually,
the highesi experimental pointe sveilable were used which
vary in their degree of closeness t0 the maximum criticsl

pressure velues of the mixture.

Also noteworthy in the sbove table is the significant
influence of the criticsl pressure minues the pgeudo~-critical
pregrure totsls on the sversge deviastions computed by the

Benedict equetion. Here again, agreement is not one hundred
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rer cent congistent., However, the fsct thst the maximum
aversge deviation correspgonds directly to the difference
between bolling peinte of cosponente 4s importent as it
is this _roperty plus the mol =eight wiich %enedlet uti.

iizeg in hig equetion.

In genersl, criticxl .rescure cslculntions of binsry
mixtures by the Penedicet xwethod s ser to give results on
the high side wheresp the Furstts and Fetr valuee sre more
liabi& to be on the low side. Another obgmervztiion thet
ey De made ig thet the meximum e=lculated devistion in the
eriticsl prepsure Ia more likely to occur for fhe HO per
.eent by welght mixture which In turn reyresents the maximun
true eritienl presecure deviastion from the welghted avernge.
There is »#1r0 & tendency fTor the Xursttin snd Hetsz results
0 broeket the experimentnl Tigures more no then the Bane-

diet valuesn.

Rigures 1 to 8 in the sppendlx ghow apiticel vregoure
curves of sectusl versus Calculsted valueg Tor the binary
mixtures shown., Figures € to 16 ghow the per ¢ent devistion
of criticel pressurep from the exreriment=lly determined
veluss 0f the seme Dinsry mixtures, =2Xeminetion of the
eurver shewn in figures 1 to 8 shovwe thet ssmples were
chonen in moel ¢sges a0 that = ressonably scourstie curve

through the rrxingr eould be arswn. However, three of the
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series contained vilues eprroeching the maximum from one
side only =nd sznother had too few pointaz in the maximum

region to do other than arpnroximcte this eres.

The deviation curves shnown in figures nine to sixteen
chow 8 repetitive type curve for the Benedict devistiong Iin
four of the systems. As ¢zn be seen in the figures, the
four devistion curvesg spprosch zero devistion &t both ends
end recede towards the center. Perhope three of the other
four mould f#ll intc the gume pattern if, as is evident on
the ¢ritiesl preerure curves, the semples had been contin-
ied to give resulte on both sides of the meximum criticsal
presrure. To some degree, the curves of the RKurstte and
Ketz devistionsg follow the curvsture of the Benedict curve

but generslly displsced in the negrtive direetinn.

Teble 9 showe experimentsl snd ealculeted critiezl
preg:zure velues for three serieg of complex nsturel gsas snd
gnsoline mixtures. In all three series, the Xuratts end
Katz correl-tion shows exceptionslly good consistency with
the experimentsl value. On the other hsnd, the Benedict
eco-relestion shows sstisf ctory agreement for the "B" geries
only. The "B" gerie is & lers complex mixture of natursl
gu8 snd norm:-l butsne with fewer intermediste componentis
than the " und *T* gerie:s. from this observation, the
Ruratte snd K:tz correlstion seems {0 hold promise for com-

plex mixture evalustion but the Benediet equntion is more
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1imited in scope.

An attempt was mede to determine if by chsnce the
eoncentretion of the most prevslent component in the com-
plex mixture might be in s more accurate range of the
Eurstta and Ketz method but no ¢rnelusion of this sort
could be dresen., This was done by checking the prevelent
conponent of the complex mixtures in the binary curves
Lo check the deviations in the sress where this component

weg moet concentrsted.



Table 1

Mol
CH4

70

i)

(6)
“xperi-
mentsl

1468
1406
1292
1158
1018

891

766

CRITICAL PRESSURTE - CALCULATRED AN #XraRIMENTAL

Benedict
Cale. % Dev
1471 £ 0.2
1440 4 2.4
13564 4 4.8
1227 # 6.0
1078 £ 6.0

934 4 4.8
774 £ 1.0
iv.dev. 3.6

1420 -
1388 -
1270 -
1180
1060

947

NSO W K

783

AV.dev.

CHy - CaHg SYSTW™M

(4)
Eurettea&Xate
Cale. € Dev.

3.3
1.5
1.7
1.9
4.1
6.3
2.2

3.0

()
Gmith&vatson
Csle. 4 Dev

1640 4 10.5
1807 £ 14.3
1363 £ 5.5
1176 ¢ 1.4
1180 ¥ 15.9
7¢8 - 11.3
iv.dev., £.8

(6)
Vayfield-wgt
Cale. € Dev

14 56 - 0.8
13¢5 - 0.8
1284 - 0.8
1145 - 1.1
1016 - .8

875 - 108
74‘;@ - ?OC
ﬂv.de?~ l‘é

(6}
Mayfield-temp
Cale. ¢ Dev.
1444 -~ 1.6
1382 - 1.7

1273 - 1.5
1149 - .8
1011 - .7
868 - 2.6
716 - 6.7

Av.dev. 2.2

L1



Table 2 '
CRITICAL ! RESSURE - CALCULATED AND RIPHRILGNTAL

CH4 - 04}110 SY ST /M

(6) (4) (9) {6) (6)
¥0l € Experi- Benedict Kur:-tta&Katz Smith&Wstson ¥ayfield-wgt Mayfield-temp
CHy wmentel Czlc. 7% Dev Cele. € Dev. Celc. % Dev. Cnlc. £ Dev Calc. £ Dev

78.4 1924 1816 - 5.7 1770 - 8.0 2200 £ 14.3 1058 £ 1.8 1915 - 0.5
70.7 1901 1818 - 4.4 1890 - U.6 2110 4 11.0 1903 ¢4 C.1 1932 # 1.6
6C.8 1799 1733 - 3.7 1720 - 4.4 2360 # 3l.2 1744 - $.1 1779 - 1.1
7.5 15637 1512 - 1.6 1243 - 6.1 1708 4 l11.2 1448 - 5.9 1441 - 6.2
28.7 1083 1123 £ 2. 1060 - 3.2 11256 £ 2.9 1656 - 3.6 10056 - 8.1

7
Av.dev. 3.6 ./ v.dev. 4.5 ivedev. 14.1 fv.dev. 2.9 iv.dev. 3.5

S———r

8l



Table 3
CRITICAL PRAESSURE -~ CAICULATHED AND AR T ET 2T,

CoHg - C4H10 System
(6) (4) (9) (6) (6)

¥ol ¢ Experi- Benedict Rursztta&Kat z Smith&Watson Kayfield-wgt Weyfield-temp
6936 mental OCrle. 4 Dev Cele. € Dev Cale. 4 Dev Cale. 4 Dev Calec. <€ Dev

94 .7 758 7E £1.8 74C - ©.5 767 4 1.1 760 4 0.13 761 £ 0.28
82.2 827 855 / 3.4 7¢8 - 3.5 813 - 1.7 82¢ 4 O.24 B34 # C.85
65.8 847 681 £ 4.6 820 - 3.3 887 A 5.4 845 4 0.36 848 4 0.71
45.1 781 Bl9 4 4.9 788 4 0.64 843 /4 7.6 782 £ 0.13 786 4 .84
17.8 646 €67 £ 3.3 645 - 0.15 655 ¢ 1.4 644 -~ G.31 646 ¢ 0.0
Av.dev., 3.6 Av.dev. g&g> AVv.Gev. 3.5 Av.dev. Q.23 Av.dev. L.49

81



Teble 4

¥ol ¢
CoHy
96.8
88.7
77.1
58.7
26.5

CRITICAL 'RESSURE - CALCULATRED AND TXFERIVENTAL

ngﬁ - C'?Hlﬁ Systenm

(6) (4) {(9)
Experi- Benedict Euretta&Katz “mith&Wetson
mental Csle. <% Dev Cale. 4 Dev Czlec. 4% Dev

850 885 4 4.1 807 . 5.1 27 4 9.1
1132 1175 4 3.8 1065 - 5.9 1232 4 8.8
1265 1325 4 4.9 1830 - 2.6 1580 £ 25.0
1106 1225 # 10.7 1105 - 0.1 1431 £ 29.4

#

é82 770 # 12.9 690 £ 1.2 875 13.86

Av.dev. 7.3 &ftv.dev. 3.0 Av.dev. 17.2

(6)
Hayfield-wgt
Cale. 4 Dev.

880 4 3.5
11581 # 1.7
1243 - 1.8
1083 - 2.1

675 - 1.0
Av.dev. 2.0

(6)

¥ayfield-tewp
Czle. 4 Dev.

866 £ 1.9
1134 # 0.2

1265 / 0.2
1120 4 1.3
690 4 1.2

Av.dev. 1.0

Do



Table 5
CRITICAL PRESSURE - CALCULATRD AND EBXMERIVSNTAL

c:SHB - C4H10 System

(6) 4) (9) v (&) (8)

Mol % Experi- Benedict Kuratta&Katz Smith&Watson Meyfleld-wgt Mayfield-temp
CSHB mentel Cale. & Dev Cele. <€ Dev Csle. ¢ Dev Calc. € Dev Cale. ¢ Dev.
85.5 631 83C - 0.16 860¢ - 3.5 608 - 3.6 632 # 0.18 635 4 0.63
69.4 638 632 - 0.90 607 - 4.9 - - 638 0.0 641 £ 0.4%
51.6 830 622 - 1.3 597 - 5.2 649 f 3.0 830 9.0 62¢ - 0.16
33.9 609 608 - 0.5 o83 - 4;5 813 £ 0.86 810 # 0.16 807 - 0.33
20.3 588 587 - 0.25 580 - 1.4 584 - 4.1 589 4 0.17 587 - 0.17

Av.dev. 0.6 Av.dev. 3.8 Av.dev. 2.9 Av. dev., 0.1 Av.dev. 0.3

1e



Table 6
CRITICAL PRESSURE - CALCULATHAD AND HEPYRIVENTAL

CsB10 - Cqﬁlg System
{6) (6) (6)

Yol ¢ KExperi- Benedict anflelﬁ-wgt Mayfield-temp
C4Hy0 mentsl Cale. <€ Dev. Csle. % Dev. Cale. < Dev.

94 576 575 - 0.17 567 - 1.6 570 - 1.0

80.1 596 608 £ 2.0 586 - 1.7 561 - .84
62.1 584 600 4 2.7 578 - 1.0 579 - .85
42.5 538 553 4 2.8 532 - 1.1 533 - .93
15.9 452 458 £ 1.3 440 - .66 449 - .68

Av. dev. 1.8 Av.dev. 1.8 Av.dev. 0.9

aa——



Teble 7

CRITICAL TREEFURK -« CALCULATED rND RBXPIRIMANTAL

{6) 4) {(9)
¥ol € Experi- Benedict Kuratta&Katz mith&Watson
03H8 mentel Celc. 4 Dev. Cale. € Dev. Cale. % Dev.

81.¢ 664 674 £ 1.5 641 - 3.5 670 4 0.9
79.82 671 €78 4 1.0 658 - 1.¢ 602 £ 3.1
55.6 648 664 £ 2.5 635 - 2.0 681 # 5.1
38.0 608 620 ¢ 2.0 610 ¢4 C.3 €49 £ 6.7

A-v.dev. 10'? uV.de‘v. 1-9 Av-devo §'=9

{8)
¥ayfield-wgt
Cale. ¢ Dev
861 - 0.5

664 - 1.0
852 £ U.6
Lv.dev. Q.8

(6)
¥Mayfield~temp
Cale. % Dev.

665 4 0.1%

678 4 1.0
658 £1.5
805 - 0.5
Av.dev. ,Q‘_a_

e



Table 8
CRITICLL I'RESSURE -~ CALCULATED AND EXFBRIMNTLAL

35312 - f:v;Hle System

(6) (4) (9) () (6)
¥ol €  Bxperi- Benedict Kurstte&Katz Smith&atson Mayfield-wgt Vayfield-temp
Csﬁlz mentsl Caliec. € Dev. Csle. ¢ Dev Cale. € Dev. Calc. ¥4 Dev Celc. % Dev.

4.7 432 491 - 0.2 487 - 1.0 518 £ 5.3 504 £ 2.4 493 £ C.2
56.8 480 479 - 0.2 473 -« 1.5 513 4 6.9 481 £ 0.8 481 £ 0.2
25.5 445 440 - 1.1 431 - 3.1 461 £ 3.5 441 - 3.9 458 ~ 1.6

e+

Av.dev. U.B5 Av.dev. 1.2 Av.dev. 5. hv.dev. 1.2  Av.dev. 0.7

¥e



Teble @

¥ixture

§=2
53
-4
-5

T-1
T-3
Twd
T-5

CRITICAL FRYESSURE - CALCULATED AND X! BRIVENTATL

(4
Fe
Bxperimental

2387
2574
2537

26193

2605
2675
2730
2900

Notural Gesz snd Gecoline Mixtures

Beneaiet
Cnle. 4 Dev.
2027 - 15.1
2852 - 12.5
2237 - 11.8
2039 - 22.9
‘vedeve 15.3
2122 - 18.6
~1885 - 1B.3
2314 - 15.2
2285 - 20.8
Av.dev, 18.2

(4)

Faratta & Estz

Celec.
2160
25895
2540
2680

Av.dev.

2640
2610
27920

2210

Av.dev.

% Dev
- 9.5
/ 0.4
# 0.1
£ 2.5

3.1

(4)
Smith & Watgon
Calc. % Dev.
3120 £ 31.0

2475 - 3.8

2v4Q £ 15.9
ZP00  f 3.2
Av.dev. 13.5
3020 £ 15.¢
2010 4 8.8
3120 £ 14.3

2820 - 2.8

f‘.v' dev *

10.5

G2



Teble 9

{cont'a)
CRITICAL FRASSURS - CALOUL THD AND #XpRRIVANT AL
Naturel QGas and Gasoline Wixtures
, (4) (4) (4)

Pa Benedict Kuratte & Eetz Smith & Wetson
Vixture Experimental Csle. 9 Dev. Cale. 7 Dev. Csle. % Dev.
B-1 1426 1808 - 1.0 1840 ¢ 0.8 1860 4 7.3
B-2 1797 1799 ¢ 0.1 1788 -~ 0.5 16585 ¢ 8.8
B3 1796 1764 - 1.8 1800 4 0.2 1870 4 4.1
P g 1706 1725 £ 1.1 1708 - 0.1 1776 4 4.0
Av.dev. 1.0 Av.dev. Q.4 iv.dev. 6.1

9¢
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Table 10
CRITIC/L PRESSURE - BHNYDICT RQUATION

Semple Calculations - CHy - C4H,, System

Kol gt Tb xi zgn) (Tb e Tx. Th

Gaces Wgt @ % lols vol ¥ Pep 100 (1 i“?ﬁ 1 10
cH, 16 50  3.125  78.37 673 527.4  £.01  1.583 4.04 3.166
CuHyg 58 50 .86 21.63 550.1 116.8  4.91  1.042  24.1  5.116
5.987 644.2 2.625 8.282

CHy 16 40  2.50 70.74 476.1 1.42¢ 2.858
Cgfio 58 60  1.034  29.26 161.0 1.437 7.052
3.534 837.1 2.866 9.910

CH, 16 30 1.875  80.83 40¢.4 1.229 2.458
Cglho 58 70 1.207  39.17 215.5 1.923 9.440
3.082 624.9 3.152 11.898

82



Teble 10
{Cont*d) CRITICAL FPRESCURE - BENEDICT AQUATICON

Sample Calculations - CHy -~ C4H; System

2
¥ol  wat Tb x5 [Th Tb - Tb

Gaces  Wgt v 4 Yols ¥ol € Pep 100 l(fﬁﬁ) (1 0) ("1 1‘66')
CH, 16 20 1.280  47.54 31¢.9 .980 1.921
C4Hy0 o8 80  1.379  52.46 288.6 2.576 12.643
2.629 608.5 3.536 14.564

CH, 16 10  0.625  28.72 193.3 . 580 1.160
C4Hy 0 58 90 1.6552  71.28 302.1 3.500 17.178
2.177 585.4 4.080 18.338

éc



Teble 11
CRITICAL PURECURA - BEURDICT RIUJ2TION

semple Calculations - CHy - C4H,, System

gt ¢ (1) 2
CH, Ppm e b 1% b? ¢ c ¥1 Pem
50 644.2 8.282 2.825 6.891 1.202 1.818 2.818 18156
40 637.1 2.910 2.866 £.214 1.206 1.854 2.854 1818
30 624.9 11.898 2.152 2,935 1.197 1.773 2.773 1733
20 608,.5 14.564 5.538 12.503 1.1656 1.485 2.485 1812
10 585.4 18.338 4.080 16.646 1.102 . 818 1.918 1123
0 \ ©
& 2»11 (100) Ppm = psrudo-criticnl preassure of mixiure
A2
b = x; \100 Iem « c¢riticel cregsure of mixture
c = g(%§'~ 1 Tep = paendo-criticsl presgsure times the

mol fraction ol esch eoﬁponent

(1) See Table 10

o¢



EXPLANATION OF CALCULATIONS

Beunedict's equation,

e\ ?

p_s.)
Pry = oP 92’-‘1(100 -1 141
Cy —~pe T

B(x )
requires 8 knowledge of the numerical valueg of the stmo-
spherie boiling roints and the critiecal pressure of the
components involved. Both of these properties are resdily
avsilable for the systems studied. Also required is know-
ledge of the mol per cent of the mixture components or a
combinstion of the weight per cent eand the moleculsr welght.
The latter was given in the literature for the mixtures
gtudied snd the mol per cent czlculsted. In the Pep column
in t-ble 1C is shown the criticel pressure of the components
for the first mixture only, and &lso the pressure of each
component contributing to the pseudo-critieal pressure of
the mixture which is the totsl of the component pressures.
The component presgures represent the mol fraction of the
component criticel prescures in these calculstions. The
atmospheric boiling points are divided by one hundred and
ingerted into the tsble. Thig value is then multiplied
by the mol freetion and squared zg required to fit the equa-
tion. The gums of the mixture velues were then ingerted in-
to table 11 and the methematics of the equation errried out

in a simplified, orgsnized and routine manner as sghown.



Table 12

¥ixture
Designe-
tion

8.2
&3

[l

5.5
T-1
T-3
T-4
T-5
B-1
B-2
B3
B-4

Nitro-
gen

0.58
Q.53
0.54
C.38
0.38
0.36
C. 50
0.33
0.30
G.28
Q.27

COMPOSITION OF NATURAL GAS AND GASOLIN® MIxTurhs (4)

Carbon
Dioxide

Components - ¥ol 4 of total

¥eth-
ane

78.80
72.40
72.80
5¢.70
83.00
81.50
78.40
64 .30
70.65
65.24
61.30
58.25

Ethane

5.90
5.42
5.46
8.90
3.76
3.72
3.56
2.94
S.23
2.98
2.80
2.66

Prop-~
ane

3.18
3.00
2.02
5.00
1.44
1.41
1.36
1.11
1.2¢
1.13
1.08
1.01

But-
snesg

2.66
%.10
3.07
4.90
0.89
1.02
1.30
2.52
24.20
30.0
54.22
37.580

Pent-
aneg

4.25
7.10
6.88
9.30
4.38
5.01
6.31
12.30

- -

He x-
anes

2.52
4.56
4.38
12.20
3.08
3.54
4 .47
8.71

- -

Hept-
gries

2.14
z.88
3.75

2.83
5.03
3.82
7.47

34
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Teble 13

LIST OF SYMBULS

Pg - Criticel prescure

ch - Fgeudo-eriticel pressure

Te =~ Criticsl tempersture

Pcp - Difference in P, between actuasl =nd sdditive law
Poy ~ Oritical pressure of a mixture

PCH - Critieal pressure of less volstile component

PoL - Critical pressure of more volstile component

3%
t—v’
t

Welght per ¢ent of more volatile component
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