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INTRODUCTION

"In the design of modern petroleum refining equipment, a kiow=-
ledge of the volumetric and phase behavior of nydrocarbon
systemes is useful. It aids in the prediction of capacities
and the pressures and temperatures oi operation in situations
Toy which no experience is availables AL present there is
no universally applicable .uethod for the determination of these
data from the behavior of the pure components which coupose
the system. Consequently investigations of individual systems
i& necessary in many cases and much work of this sort remains
1o be dones

However, the experimental inwvestigation of the properties
of a multicomponent hydrocarbon syctem, one of n couponents, is
difficult, due to the large number of variables which must be
fixed to determine the state of the system, the exaclt number
being given by the phase rule. Then, too, the compositions
ol the phases must e determined and when the componenlts are
many and closely related the necessary analysis bLecoumes compli-
catele It ie¢ Tortunate that, in many cases, data obtalned
from studies of binary aixtures can be applied to more cuaplex
SyEtems Engineering accuracy can usually be obltained in the
userof volumetric and phase data for one component from & binary
aixture invesiigation to predict the behavior of that component
in a more complex system, provided the averages moleculiar weight
of' the other components present is similar in the two mixiures.

Correl:tion of phase and volumetrie properties for one couponent
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against the average molecular welght of the other substances

present is frequently used in the case of naturally occuring

olle, for which an exact analysis would be very laborious to

obtaine.

Volumetric data are conveniently regorted either as densi-

ties or as speciflic volumes, usually of the system as a whole,

though in some cases these quantit.es are obtained for each

phase. Throughout this thesis specific volumes are reported

in cubic feet per pound. The specific volume oi a substance

is Gefined as its volume at the existing pressure and tempera-

ture, divided by its weight. The symbole used to represent

this guantity and others of importance in this discussion are

tabulated below.

P
T
t
v
Ji
X1

|0

Pressure, pounds per sguare inch abgolute.

Absclute teuperature, degrees Hankine.

Temperature, degrees e

Specific volume, cubic feet per pound.

Mole fraction of component 1 in the gas phase.

Mole fraction of component 1 in the liquid phase.
The "equilibrium cunstant®™ for couponeut 1(= yi/xi).
Component 1 is taken as the more volatile couponent,
Mole fraction of comoonent 1 in the gystem.

Specific volume of component 1 = (@ V/2 ml)PTng

in cubic feet per pound.

Total volume, cubic fect.

Weight of component 1 added.

Specific gas constant.
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U Internal energy of a system.
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THEORY

According to the Phase rule (¥ = ¢ « P + 2) a binary
systen in the single hase region has three degrees of Ireedom,
and requires the determination of three variavles to fix the
intenglve properties ol the system. C,y the number of components,
is twoy P, the number of phases, is ones and thus F, the pume
ber of degrees of Ireedom, eguals 2 - 1 + 2, or three. Those
variables wsost cummonly specified are pressure, teaperature,
and coapositiony usually of the sysiem as a whole. 4 Dinary
mixture oi fixed compositi.n is generally considered as a
definite and independent system, because itls properties usually
camot Le predicted from thoze of ite conelituents. Thus
relationships belween pressure, volume and temperature Ior pure
subgtances are ol little use in detesrmining these propertics

for binary sy«tems.

Gas Laws: Hany correlations have been attempted Lelween teu~
perature, pressure and volume of a substance or mixture in

the gas phase. The most common of these ils the classical gae
law, wiich may Dbe expressed in engime¢ring units by the eguaw
tion PV = bt, where b is the universal or molar gas constant
divided by the molecular weight of the gas. Thisz relation
holds falrly well for hydrocarbon gases at couditicus far

resoved from their critical states, but breaks down badiy as
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the critical region is approached. hefinements, such as those
oi the van der Waals e uation, improve the accuracy but fail
too in the critical region. A perfect gas i defined 48 one
which obeys the gas laws and for which (o U/5 V)p = 0, where

U is the inmternal energy. For any actual gas, the ideal law
is modified to the exyression, PV = £bt where £, the compressi=
bility 1aetor, equals PV/bT, and is thus defined by the equaw
tion itself. Z' = PV/P V, and Z% = PVI /P A T are also used,
but in each case these Quantities are functions of P, T and

the compasitien and nature of the gas. before they can be
determined, the volume of the system must be investigated as

a function of {these variables.

Liguids: An ideal liquid is defined as one for waich (8 W/ 9 Plg
= 0and (3 V/aT), = 0. For actual liguids these relatious

&
duv not hold, since as the temperature increases, the isothermal
compressibility, - (9 V/E)P)m, increases but aecreases as P

LNCTEU8ES o For hydrocerbons in general, ( a\aT )P Jp =
T

t 53y 2 ,
(“ﬁ%)p is pusitive, and ( a( )T) = (;)PZ) is negatives

ap T

At high pressures and low temperatures, actual liguids a, ./ rT0&ch
ideal behav.or. Correction factors of various kinds have
been applied to liquid volumes, but in each case the volume
must be determined as a funcition of pressure, temperature

and composition. At low pressureg the additive volume rela-
tiomy V = n3Vy + (1 ~ ny) Vg, applies fairly well for liguids,

where n; iz the weight fraction of component 1 in the mixtures
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Viy 18 the specific volume of that component in the pure state; and
V is the specific volume of the mixture. This rule fails in

the eritical region, and does not avply to assocliating substances.
A similar relation wuich applies guantitatively results when
partial volumes ol each component are substituted for sgpeciiic
volumes, but to obta:n these partials, the volume of the mixe

ture myst bLe determined as a function of P, T, and compositions

Two=-phase Hegions In the single-phase region, a binary sys-

tem behaves like a pure substance, tut in the two-phase region
differences begin 1o appear. Zince in the grapuical portrayal
of the relations of three variables., solid figures are neces=
sary and these are difiicult to comsitruct, a set of curves is
commonly used. To depict the volumetric behavior of a system
of fixed coupesition, curves of pressure vs. volume, temperas
ture vs. volume and pressure vs. temperature are sufficient.

On VeP and V-T diagrams, (o v/aT)Pmand (8 v/ OF) gy, » the
slopee of the isobars and lsotherms, change abruptly at two
points, the dew point and the bubble po.ot oif the sy.ilem.

The state at which the system is entirely gaseous butl in equilii-
Prium with an infuinitesimal awnvunt oi liguid 18 kunown as the

gew point, and the state at whech the system ie entirely ligquid
but in equilibrium with an infinitesimal amount of gas is

known as the bubble point. The properties ol the system at
these points are those of the gas or liguid at the dew or bubble

point conditions. For such a mixture the isobare and 1s0=-
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therms are notv straight and horigontal between the dew and
bubble points, through the two phase region, and thus differ

from thoce of a pure substarce.

Eguilibrium Constantes In any given mixture {there are three

compositicns ol imporiance: ny, the cumposition of the system
a8 a whole, and x «nd y, the compesitions of the coexisting
liguid and gas phaseg respectivelys Inowledge ol these two
latter quantities is frequently of importance. The ratic of
¥y to x Tor a given component in a gystem is a useiul quantity,
which e often calied the "equilibrium comstant", K. This
guantity i¢ a function of the pressure, teuperatuwe, ana nature
of the system considered, and is not in any szense a constant.
Ky = yo/%x3 and Xz = ya/xg = (1 = y3)/(1 ~ %) At a coustant
temperiture when the pressure equals the vapor pressure of the
more volatile couponent 1, Ey = l. As P decreasges; Iy luncreases,
but ceases to have any meaning wien the pressure Leco.wes 1less
than the dew point pressure of the mirture under consideration.
Ae P approaches the dew point pressure, K; becovmes indetermie
nate. When the pressure eguals ths vapor pressure of the

more volatile curstituent, ¥; equals unity. Equilibrium
constante for a substaace are applicable vnly in systems slude
lar o thu&é in which they were determined, thus iiaiting their

range ol usefulness.

Critical Degions The critical peint of a system is deflined

ag that state at vhich all the intensive properties of the



coexisting phuses become continucusly identicales For binary
and multicomponent systems it ls not necessarily the point of
highest pressure or temperature for the existance of twoe phases
in a adxture of fixed compositions It will be noted on the
P-V diugram (Fige 4) that there is a point of taugeﬁcy'b@t%ﬁeﬁ
the dew point curve and an isotherm for a lemperature Ligher
than the critical temperature. Thite temperwture is the highe
ezt alt which tw? phaees can exist in a mixture of the parti-
cular couposition considered, and ie known ac the ricondens
therm. It i in no sense A critical point, for the properties
of the tvo phases are sot identicals It will be nocted also,
that if the pressure is continually decreased at a coustant
temperature acove the critical temperature but belbw the cri-~
condentherm, a liguid phase will appear and Gigajpear again,
and the isotheria in question crousses ithe dew poinl curve in
two places. This phenomenon ig called retrograde cuideusaw
tion, and occurs in the two-phase region ol a binary system

at teuperaiures above that of the critical states
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APPARATUC FOR P-VeT MbASUREMENT

Two general types of apparatus have been used for the
measurement of the pressure-volune-temperature relations of
hydrocarbon gystemse These utilize the same principle, dif-
fering oniy in material of construction. in effect, both
conglst of a ciamber which can Le maintasined at a coustant
tenperature, wiiile the volume is chunged, the pressure and
volume being measured. in one of these devices the chanber
ig of steel, (1)“, while in the other it counsists of a glass
capillary tube, sealed at the upper end (2,3,4). The steel
apparatus is capable of carrying on investigaticis al pressures
Tar in excess oi thwse which are possible in a glass tube,

The greater voluie oI this type of chamber makes pussliuvle the
use oi a larger sample. However dew and bubble points can

Le determined only b¥ locating breaks in the isotherws and iso-
bars, a procedure which becomes s0 difficult as to be nesrly
imgsussible in the critical region. Since the sanple may be
seen in the glass tube, dew and bubble points can be located
visually, +nd the number of phases present is knovwn ol all
times. This is not always the case with the steel eguipment.
The apparatus used in the work here reported utiilizes a glass
capilliary tube.

This apparatus consists in essSence of a thicke-walied glass
i s o 0 0 0 O 4 G 0 A A A s

¥ Literature references are listed at the end of this thesis.



DIAGRAM o SYSTEM tr VARYING P end V

©

© Sample Bomb Connectn

ll:(~~ T High Yacuum

' H
B M Leod Gauge

Figure 1. Diagram of system for varying pressure

and volume of sample.
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capillary tube, sealed off at the ugper end, and cunnected to
a steel chamber at Lhe lover end. This chiamrer connects 1o
& mercury reservoir ufch which pressure can be applieq and
also to a device Ior measuring the pressure. Around the
cuteide of the glass tube is a glass Jackel, within which a
sure gubstance 1 L.oiled. By wmeans of automatic valves, the
pressure above the boiling liquid is maintained coustant and
thus the temperature within th.s vapir Lath is fixed.
The pressure tube, a8 the glass capillury tube will Le

calied, is thick wallied, the outeide wiameter Le.ng /2 inch

anc the insice d.ameter, 3/18 inch. The upper end ie sealed
of3 in such a manner thot the th.ckness of glass at the end
i the¢ same a&& the wail thickness, in order te avoid ulneces=
gary stresces with change in pressure and temperature. The
open end oi the tule 18 expanded to a thinner walied ¢ylincer
1 1/4 inches in .uteide diameter, and 1 7/8 inches long.
Referring to the diagram of the systea suuvwn in Figure | these
ortions e the tube are labeled A and By respectivelye.

ItV wili be noted in the sane disgram, that the large

end B ol the pressure tube fits smugly into a steel shell (,
wizich 1s a pu.t of the cover of the steel chamber. A4 rubber
washer D, protects the top of the enlarged glass section irom
sctual contact with the steel. The tube is sealed .nty this
cover L, an arrangement sinilar to the packing of a valve.

A rubler gusxet k replaces the¢ packing unc is held tiantly
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aga:nst the tube by a packing gland ¥, forced G.wi by a4 giand
aub G Ae in the case oi a valve stem, the packing gland
and the seat of the gasket in the cover are beveled so that
presgure on bhe girand presses the gushet tighter sga.nst the

gland

tube and eifects a tight closure. In tightening the
nut, cure is reguired in order to aveld developing stresges
in the gluss tube which aipght cause fracture at tuis .osnt
when teuperature couditions change. The cover w.uto which
the tube is comnected .¢ helid tigittly to the steel caumber Uy
steel Lolte H, and a monei metai gasket I, Tetween cover and
champber, makes tiie connection pregsure tighte

The volume of the sawple in the apparatus is varied Uy
forcing in or withdrawing wercur, fr.am the steel ch.uber.
A small passage conmects tils chamber vaith a smaller cuutact
chasilber Jy, in an axten?}om on the Lott.m ol the steel LlocKe
%ithin this space is an .nsulsted conmtact polit, su connected
thet when mercury rises to this level, a circuit is closed and
a signal lighit cumes on. fron the bottom of this contuct
chambter steel tub.ng leads thru s needle valive ¥ wzto a four-
way connection L. This line is browht down below the cone
nection and back up to it, forwing a tra, , and thus preventing
tiie leakage of alr Irum the mercury systea iunto the pressure
tube with resultant contaanination of the sanple. From the

connection L, one iine leads to a pressure gauge, so that the

pressure on the mercury at this point (which normally is nearly



the game as thut wethin the pressure tube) can be approximately

measured, Another liine leads thru a needle valve i, slightly

upward into the bottom ol the mercury reserveir N, TILE re-

w

servuir i¢ located above the comnection ana awost of the rest
¢ thiis part ol the sysitesn, so that any zir that leake in
will rice into the reservolr, frua which it can be resoved
without dafficuity. Tone fourth 1iine fron the commection
leads to a tee O, froum which bLranch .ipes to the pressuie
balance c.ntact champer P and the man.meter Qe Valves Ly 3y
and T, make 1t possible to shut off either or Lot ol these
parts of the gy:-tems

The mercury reservoir I ig a heavy-walled stecl cyliider,
with a gasketed top Lolted to it. Steel tubing leads frum tie
top oi tols chumber to the valve system Jy, V, W, and X. This
syetem makeds Lo&sable the application oo either pressure or
vacuui to Lhe Iegervuir. rressure is supplied irom compressed
air in a pressure tank, direct commection with the laboratory
prescure lineg veing wvoided, becadse of tne very high pres-
gure c.rried in them which would make regulation Gifficult,
and uaght damage the apparatus in event or the lailare of a
cvalve. Connecteon to the pressure tank 18 made Lelween vaives
W and K. Valve % was driginai;y used for inflating the pres-

3,

sure ta.k froa the pressur

(2]

i lineg, bul this conmection has

been digc.utinued and 1t is no longer NECEES4ATY .« Valve W

cuutroels the pressure valve V, opening to the air, is.used
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to bleed down the systew to .tuuspheric pressure and vaiive U
serves to regulate the removal of air from the recervoir oy
the laberetory vacuum suap in case pressures velow atmospheric
are desired.

The prescure existing within the system is mcasured on a
pressure balance, reading to 0.01 pound per sguare iunche A
copper tubing line containing oil connects this baiance with

the contact chmmber Fe

a;g,,‘

aintainsnce o Temperatures The temperature coi the pressure

tube and sample, whilch is kepl congtant by Jjacket.ng the tube
with a vapor bath comtain.ng a .ure 1liculd boiling at a constant
pressure, is adjusted by varying the prezsure. The jacket
cui.elets of a doullede-valled glas: cyliinder A shvwn in the
diwgram ol the temperature c¢.:irol system urescuntec in Figure
e The space Letween the walle is evacuated 1o minimlze conl=
ducticn locses and the sfnside and ocutside wal.is of this space
are silvered to reduce radiation locses. A ounsalvered strip
mikes poscible the viewing obf the pressure tube. Low temnpera-
tures of ﬁull¢ub are attained by red.cing the precsure in the
gpace atove the liguid with a Cenco pumpe Leference to

7 1

igure 2 wiil aid in understanding the operation oI the reg-

4

sure control systes. & U=tube B, comtaining mercury, is cohe
cected at one end to the line leading fron the vacuum puamp

to the Jj.uckel, wnile the other end leads to a chamber C, which



temperature control system.

agram of

Di

Figure 2.



ig a lurge se.led glass tube. The two arms are connected
thru the stopcock De When the pressure in the Jucket, as
iﬁéic@t\d by the mancetal mancmeter, has been reduced to the
desired value, the stopcock D 1s closed and the chamber sealed
offs  Furither operation of the pump causes the mercury in
the jacket arm of the U tube to bLe forced up by the greater
prescure in the cusaber and to mike econtact with a wire by
sealed into the tule. This completes an electrical circudt,
operating & relay which co:rtrols a mercury switch. The closing
of thiie switch allows current to fiow thru the cuils of a
gulonoldld ¥y wiich activates a magnetic valve. The magietic
field produced 1ifig a‘valve stem and permits alr to bleed
into the systeuw, increasiing the pressJre snd forc.inyg tie aer-
cury dow., away from the combacl, thus breaklng the circuit.
The stem thenuroe.s back into place, stopping the admittance
of air, and the vacuum punp evacuates the jacket until the
proce.Ls is repeated. By co.trolling the rate oI prescsure
incre.se and reduction thru valves G and M, movement o1 ilhie
mercury can be reduced to a very small amocunt.

cundenser is attached to the top ol the Jacket, 1o con-
Genge the v ..ors and return then to the bLath. Thie .s doue
uolt only to cunserve the ligquid being bolled, but alsc to pie-
vent thelr carvyl:g over into vacuum punp, vwhere, Ly dig-
soiving in the vil, they would cause d.fTicultlies. The trap K,
serves as a fwther precaution against the boll..g over of Liquid

from the bath. A contasucr ¥ of lsree volume 1s lucl.ded

[
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in the vacuwun system to reduce the .ulsativ.s produced Ly
strokes ol the unpe The siopcock O awy be used to prevent
movement ol the mercury in the U tule L

The energy necessary for boiling the licusds in the vapor
Lath ie supplied by an e*cctrLcaL bheater L, woech fits araund
tiie bottum of the jacket Lelow the double wallis. hesistances
in serieg with the heater allow the rate oi heatl.ig to be cone
troiled. "Bumping® oi the veiling liqguids ls avoided by
small glase rivge placed in the heater sectiolle To prevent
contact ol these sharp r.ngs with the pressure tube, 1t is
surrounded by a short section or glase tube which is attached
to the Lottom of the bLoiler. A pmall water cooler Lelow ilhe
boiler lowers the temperature ol the licuad ar.und the counection
0l the Jacket to the pressuare tubee. This commection 18 &CCOue
plished Ly poane ol a section of rubber tubing, slipped over
the outlside of the Lottom ol the jacket and over the pressure
pasterc The introduction ol sufTlicient aercury to cover ith.s
geal protects the rubber fron the organic ligulias wuich are

o,

boiled in the vapor bath. The stopcock P enables the liguid
to be drawn off, while stopcock 7 serves to reliieve the vacuwn
a1 the Jucket.

Smail temperature changes are made while the couatroel
system is in operation Ly raising or lovwering the pres.ure
glightlye. Thiz de accomplished by varying the amount of

mercury «n the mancstat Ly aeans ol an awxilliary valve J,



connectec to a line full ¢f mercury <uod located wore than
7o comtineters below the level oi the mercury in the U tube.
Hunning the stem into this velve displaces some 01 The aercury

wrd thus increases the pressure in the Jackety turning it

cutward has the oppogsite effect. The v.lve was placed Lelow
the syeten to ellminate danger ol leaks and the adudtiance
of air.

The teuperature ex.sting in the va,.or bath is wmeaswred
witsh a cuuper~congtantan mulis lead thermo-cou,.le, cuimiccled

with a White poterntiometler. This thermo-c¢ uple was calibrated
aga:nst a Bureau ol Standards platimaa res.sts.ace theraometer
and it ig Lelieved that the temperature within the vapor batlh
was determined to vwithin a tenmth ol a degree reliat.ve 1o the
interrativial platinum scale. The ground glass stopper
Porming the top oir the J.cket was elongated into a thin tule,
gealed at the lover end, and the thermoc.uple wae placed within
this tube. The level ui the Junction w.s about tiwee inchies
Lelow the Loy 01 tie piesgure itule.

Ond, very pure licuids can be used sucvcewsiuily an the
Jackety, since tiie presence of Lmpurlities csuses tie bDolling
teaperature Lo ch . lise even at coagl ot pressure, ad distilla-
tion ch.anges the com ocsition ol the original aixture. Adthough
a4 condeuser is bLuwili into the jucket Letween the boiling liguid
and the vacdaum gy, ﬁome'vapor is not cundensed, and is drawn

oif into the umpe The Li.ulds used, (2) and the temperature

ranges for which they sre found suitable are:
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Ethyl Alcchol,y - &0% 100=170°
Toluenicy CoPo 170=220°
Coiorolenzenc 280-205°
Lromolenizene 205«-300°

Aniliine 200-250°

““'tﬁthno Proper agitation ol the suaple withiin the pressure

tube 1s egsential {0 assure the attaimme:t ol ecuilisbriua
between the phaseg. 3ince the sanple 1s entirely enclosed,

no direct mechanical stirrer can bte conviently employeds Con-
sequently stirring ic done by meane of & mugnetic agitator

which conelete of a small piece of goft iroum vwire iovcated within
the tube. Tiiie ie noved up and dowvn by ueanes of a water-cooled
solencid i, which Iits arvund the ¢xterior ol the vapor bath

W EE T Current Tlowing through these coils produces 4 dagne-

(S

tic field ol sufilcientsirength to lift the stirrer williin tne
tuley and awwaiyg tihe eolencvid up and uown, esther Ly hane or
with the aotor proviced, agltailes the aiXiure, and LuSUres
egurlibriun. Considerable agitation vwas loulit necessary wvelore
& reading was takel. Manual movement ol the &olenciu was

usually emzloyid, as It secaed most comvenlent.



sodition of Sample:  To make poceible the addition ol samples

01 Lydrocarv.ns to Lhe pressure tubey, Lhere is & sgel i passages
wothin the steel wallis ol the base chaubere. nelerence to
Figure 1 will nake these conmections clear. well above tie
mereury level contact, the vacuwn lice witain the DLLock cone
necte to the tube leudiang 1utc the sauple chamber. A buillite-
in needlie valve Z enacles this conneciion to wve siul 0Ll On
the voacuuwn side ¢of this valve thers is a passage leadiag 1o the
campple vomp connection on the right ol the blocks The vacuuwa
line ieade thru anocther Luiltein needle vaive/%a the ighe
VERC AW Ui e

The Lilgh vicuum pecessary Ior remov.ng air Iruva the pres-
sure tube is maintained by mesns of a mercury Gifi.s.om gump,
backed up by & Cesco Eyvae pump, and the systea le cupable
ol prouucilg vacua ol the magiituce of 10 7 .am. 0L mMETCUTYe
As indlcated in Pigure 1, this vacuunm systen adse comnects
witlh the top ol the manometer on the s8ide 01 the agparatus,

aid the dMeleod gauge atitached at tiis point makes muasureneils

[&]

£ ke vacuum possible.

To iintroduce a ganple of gue .nbo the pressure tube, a
steel Lomb conta.ning & purified sauny-le ol the hydrocarbon to
e uwved & carefuily welighed and attacied to one end vi the

sample Lowb conngCtioli A siaillar vowb contain.ng the wither



component ©L the gyitem iz wttached to the otier end ol the
¢cornection. The nigh-vacuum pump ls tien started, -nd the
enﬁire tiune is evacuated. When a fairly high vacuum has been
attained, the pressure on the mercury reﬂerVUir is reduced,
merewy@ilovied to flow

anddout of the pressure tube and down to a polint Lelow the
centact Jo Valve Z, curmecting the vacuum line t¢ the inside
of the sample chiwmbery is then opened and the pressure tuve
itsell le evacuated. The mercury level in Tie pressure system
must Le close to the cuntact level vefore this counecting valve
ig opened or wercury w.ll Tlov over .ntc the vacuwlin syslems
After the eystenm has Deen evacuated to a large exteit, it is
arged with the hydrocarbarn cunponent other than the vne

ceing added, ang re-evacuated. When a high vacuum has Deen

atta.ned and all air .urged out of the system, the chuugber is

shut of'f from the vacuum pump by clesing valve Y, the mercury

fod

level is acjusted until it is Just at the level ol tue cone

tact, the boub valve is onened slightiy, and sawple is adumitted
slowly 1o the systei. The ener.in;, gas inercaces the grSSSure
witnin the ca iilary tuve, and forces the mercury velow the
contacte dore mercury ic then aduitted unt.l the level returis.
A roagh estimate of the amount ou sample .utrodudced may be
chtained Ly ioting the pressure onn the asnometer, T With

R

the reserveir H shut olf, this manometer and ithe pre.sure tube

iteell Torm a U tute, the pressure on each arm of wiich at the

veginning of admnission isg the same. lowever the gas iun the
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pressure tute bLuilds us the preseure there, causiog the mer~
cury to rise in the uther aru. By adsitting mercury and thus
keeping the level in the closzed side always at the sune height
an estimute of the amount of sample added can be wmmde from

2

tie presture existing in the vworking section.

,

when sufficient
gas has been added, the bosk valve ig closed, and the top of
the @rgssﬁre tube cuoled with licuid air, in order to cuuddense
and fyreece the sanple at th.s point. This procedure avo.ids
wetting the tube vallsg and mercury with the hydrocarbine

Lefore cocling however, valve Z is closed. Hercury, it then
brougiit up slowly ioto the pressure tube, corfining the sampls
above itle The rate of rise must be glow, to prevent the occeliu-

sron below the wmercuary surface of any of the sauple which might

s
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1:1le ol the tube. The liguid alyr is
resoved, aadihe saaple allowed to melt. The sample boab 1s
then cooled in licuid air, and the v.lve reopened to the cone
necting line, 80 that the bydrocarbon remaining in the line
willi Le condensed bacy irdo the buabe The aaount Lottt will
Le that cmrrespon&ing to the vapor pressure of the nydrocarbon
at iiquid alr tesperature, this pressure ordinarily bel.g
Very 1lowe The bLomb valve is then closed, and the Doal removed
anc weigned. The weight of saaple a.ded is the a.iTerence
Letwedn the weignts ol the bouwb, before and alter addition.
The other congvatuent le added in the smae munner, cxcept that

the pressure vube is nol evacusted a uin, but the suogle in




it ie frozen at the Lop while the other is being added, All
auditions ofi samples are carried out with the vapor Jjacket

TEOVEds

Voluwae Meas prement: The volume occupied by the saumple was
determined Ly measuriig the drstonce oi the acrcury surtace
«n the pressure tube Irum toe sealed end ol the tube.  The
voelume of the tuve vwas calilrated as a function of this dige
tauce.  However iustead of plotiicg these quant.iliee, oue as

a funct.on of tne other, 1t ig zore accurate Lo determine an

P

ayverage diameter of the tuve, and plot residual voliures, the
1
Gitferemnce vetweern the actusl volase, wnd the volume caliculated

from the average d.oaeter, as a function ol the Cistankes

Thils gave a smooliy curves actual measuremelt 01 lhese
lengting was done Uy the use ol a cathetometer with 4 precigion
0F O.1 miliimeter.

Tt was found impractical to calibrate tiwe volume ol the
tube by moving a weighed slug of mercury tack wnd forth along
its length, for the diameter oi the tule vas Luo larges Cali=-
br@tion was accoapliched by .uspending the tube vertaically,

Open end upy velrghdig

purilied mercary, @ad rea-

guYing wetin bthie catietometer tie total helgit ol the mercuary
coiumm aifter each addition. Fuovwarg the tesperature, ana the
density of the aercury, the voluwse o. the tube ag a fuuction orf
thne leugth 01 the coluan was calculated, and from this, resiaual

voelunes determinedea



peagings: Ko parteculur technique was found essential Tor
taxing readl.ge in vthe siugle phage regicn of this system.
The sample was brought up to temperature anc the control valveg
set.  Hercury vwaig then forced into the tube, the sample thoroughly
agitated, an. the position oi the top of the mercury read with
the cathqﬁat@r. This reading wae then recorded as Ne &%
was also found comvenient to record for each position of the
ma@wy,&y“mezmwzwmuggm?tw‘mp@fthapmm&wetMM,
as th.e value varied with the pressure wiihin the tube. The
gcale reading of the pressure balance was then cbla.aed, together
with the potentiuvmeler rexding for checking teuperature.

When two phases were present, the lechnigue was essentialliy
the same, except thist another quantity, the ievel oi the iiguid

vathin the tube, vas recorded, and conslderavly .gore agitation
'and time for the attainment of eguillibriul were NECESSary.

The whole sample was stirred, especially in the neightorhood
ol the phase LOWGATY «

LHowever in deterwining Lubble or dew .ointe, greater cars
vas reguired. These polite were a proached irou toe single
'yﬂaae regLoi, to avold the grealer da¥iicuity ol atlainlog
two phase gguililiriugie In the case of a4 Lubble Louild, a rough

a . proximation was firgt obltasued by reducing Loe piesaude -

wntll the twe pliages appsared. Tie Voila€ wai Lubl Gecrease

antil the tuie was again aill {eiled with diguide. Ly venbing
guapresged 2Ly Irom Lhe recerv.ir, MErculy was «iicvwed to
glowly flow out of the precsure tube, until & saall Lulble

&

Tormeda At theoes point the pressure was Jixed by closing the
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air outlet valve, and the sagaple vigorously agitéted. If the
bubble did nct becowe larger, this coidition oi pressure and
voliume wag recorded 58 the vieual bubtle pointe. If it continued
to grow, tue gre.sure was inereasec unt.l it disagpe«red, and

Tie prwcess repeaited. in every case many readings were Laken

in this T8nge. Dew po.it was approached Irom Lhe gas r,:tn:x:se,\
the appearance of dew which did not chunge in awount at coustant
pressure beliy loken as the criterion oi their estabiishunent.

It was founc that the states Lhus visually deteruines coincided
with the points 4t which the isotherms and isobars chauged

glope on preccure=voiuge, and temperature~volune Uiigrads,
(Figures 3 and 4) and conveniently located the Lublie po.nt

anc vew poant of the ciitures In the criticel raage, where
Lreaks in the igotherns are scarcedl, Qerc;,tibxﬁ, thgee vasual
poiute were almost sssential In rixdug tie boundaries ol tiie

WO PLALE I'€51 0%



Presgure Calcul. tions: The pressure balance used in these

measurements wus Tirst callbrated aga.nst the mercury wmanometer
on tine &ide ol the apparatus go il 1ts zero coivection, due

to ciffercnces in elevation of the pressure tule and balance,
might e oblaiied. The scale correciion tuctor 1or tuoe Dalance
used was known Irag a previous calibration. Furtier correction
ior the height ol the mercury in the pressure tube itsell was
applied aid thus the pressure on the sample alove atavepheric
calculated. To tiig wag acded the corrected baromgllic prese-
sure, giving the absolule pressure on the saple in tue tule.

The iocrimala usced wasg:

Absolote Pressure = A(Scale + B + barometer(Corr) - il = Nb)

where A ic the scale correction factor oi the pressiure bialance,
Ly is the zero correction duse to drfierences in elievatiuuy Laro=
geter{(corre) is the atuospheric pressure, ad wmeasured un a
mercury barosweler corrected for Lrags 8Cale €ApAlSiOl,y il

pounce per sguare inehjy anc K(M - N_) is the correction Tor

o

the column oi mercury witiiin the pregsure tube. ¥ is a coli=
version factor for coaverting centimeters of mercwry to sounds

per sguare inchk, and variee vith the tems.rature a: the density

of the 171c”r Clil €8 o & 1is the level of the mercury vwithin

the tube, and ﬁo iv the reference level ot whiech thie correction

*

18 ZEerv. ﬂb was takern as 70.00 cuie below ET, thie level of
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the top of the tube, and E was evaluated with the wercwy at

this level.

Volupe Caleulstions As has been previously mentioned, the
pogition of the mercury level in the tube was used as & mEAsBUre
of the volume occupied by the sanple within the tule. Tﬁ@
length of tube filled with sauple was obtashed Ly sublracting

W from HT‘ This guauntity was esther obtained for each valiue
or H{, or w.s calculated from the experimentally determinec
variation of ET wilh pressure. The former wethod was aore
reli:ble, and wa® used in the computation for acst ol the data
reported.s This difference waes then ultiplied wy a coustant,
Pi times the sguarc oi the average rad.us of ihe tube, giving
the total agparent volume in cuble centimeters ol the space
ab:ove the mercury level. However eince the steel slirrer,
floating on the mercury was also in this space, its voluue

had to be subtracted {roa the total to give the apparent voluue
of the sample, ¥pe. The volume ol the stirrer wire was cal-
culsted frow its weight and known density. To obtain the
&ctu&l v luae oQLuQiad by the sample, from yﬁ was subtracted
the residual vwiame, g corresponding to the length ol tube E? - Iie
- il The

Y

This guantity wae obtained frum a plot of V vse. ET

total apparent vclumé of the sample, minus the proper rec.dual
\

voluase, gave the velume in cubilc certimcters occupled by the

sampley, Ve YV multiplied by a constant and divided Ly the

we.ght in grasg of sample within the tube gave V, the speciiic

volumne ol the amixture in cubic feet per pound. The foruilae



0
K
-

used weres
E}‘ m W AOP4D (“T - _m} - (0203 0 27A2 = i X (A&V@' radius of ’Iutﬂh,

30203 = volume oi stirrer wire.

U<t
§
bk
P
e
3
1
=
N’

(Determined from plot of Y vs ﬂT -~ )

i
f

<
i

.@1@02 E/Wt. oi Sample (gre) 01602 = constant for converting
CC/gr. to Cubie

feet/ pounde.

alcuiativn of Compositiont Although theoret.casly the welighing
1) 5 & &

of the hydrocarbons as gases intec the a, peratus should have
determined voth the composition and the total weight of the
sample, 1t was found actually that the results ol this wethod
were ol insufiiclient accuracy, especially for ihe very, swall
guantities necessary to obiain dew points at the lower teupera-
tures in this apparatus. Consecuentl, althougi fou aixtures
were lavertigated for dew points, theilr coapositions were so
amperfectiy huown dhat results of wnly the bubble poiat work
wWili be veported here. With the 1lirger aswounts uged Yor Lubble
poLnl measureusents the resulis were correct to w.othin one or
two pexrcents It was found desirable even witin tihe lorger
sasples tu cieck the accuracy ol the weight and cuaposition of
the sauples rortunstely tinis ¢ould Le coune without great
dgiificulty, by rumming aa isotherm on the sure pentane iutro-
duced at a standard low temperature, 120° ¥, before the audi~

tion of any pIropanee. From the known speciflc volume of pentane
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(8) the weight oi thig substance present coult be calicu.ated.
It has been determined (&) that liguid aixturees of propane and
n-pentane fullovw closely the laws of ideal sclutions at low
temperatures, znd thus the additive volume law can be applied,
using the specific volumes cf the pure couponeuts (7). Applie
cation of this law will give the we.ght perceint of propane
present, and frum the known weight of pentane, the total weignt
of thesample csn be determined. A sample calculation follows:

Additive volume law

<3
i

Vy = Vi¥y + ValWs specilic volume

W o= Weight percent
w = Actual weight (Grams)

Frogm the volume calculatiouns of the apparatus:

Ve = «01602 ¥/ wy

P

e
[
i

= wl/wt and

{

Wy = wz/wt
Thuss:

Vg,

3]

Viw{wt + V3W3/Wt = 01602 v/ LA
Viwy + Vawy = J01lc02 )4

In a particuluy case {or mixture 3

v = 130°, P = 210.10 1b./ind ¥ = 1.6449%  ug = 4854 gr.
Vi = 0.08581 cubic ft./1be (7))

Vz = 0.02682 cubic £t./1be  (8)



Wi = <3710 gr.

A gimalar metnod aight have be:n used for deteriaining
the ¢ mposition of the gaseous mixtures, had isothierus been
run on the pentane added. In this case it would have been
necessary to assume that the subst.nces behaved as an ideal
gulution at iafinite attemwation, and thus that the yvalue of
the cumpressibility Tactor, Z, was unity at zerc gressure.
Volume mezsurenents of these small san.les in the 1ldlguid region
are not accurate eaocugh to afford a particulariy guod corre-
lation, as the length of tube occupied by the sauple is small.
The calculation of we.ght and composition on the basig o the
corrected coapressibl iity factor would seea to Le the lest
svluticn te this problem, although compositions might Le esta-
blished by a carefully dctermined curve of dew point pressure
ves composition at a fixed temperatuxres Such a curve would
make possible the determination of the compositiovn ol the wixe

tures alreaqy liwvestigated for dew point but not reported hiere.



The data presented in this thesis are the resuits or
measuregeirts on three amixtures of propane and n-pertane.
The mount of sauvle used in each case precluded 1nve$tiga—
tion of anything but the liquid rshase and bubble point region.
save 21 temperatures unear the criticales Volumetric cata for‘“
these lig.ids are presented in Table I re.orted as pressures
Tor even volumes 2t various temperatures, and vo.dnes Ior even
pressures and teaperatures. Table II gives tne pressure, teda-
perature and voelume of the amixtures at bubble point conditions
a:d bubble point pregsures .t even temperatures i cunpositions.
Table III gives critical and cricondentherm duta Ior aulxtures
1 and 3, and for even cunpositiong thruout the systems

The cuta in Tatle I are iinited as to accuracy Ly ulcer-
tainties in the coumpesition of the mixtures. These CO.up0OEl-
tione are probabiy good to w.ethin one tenth of one pexcent.
¥or euch part.icular syctem the error is counsiderably less than
this, i1 is believed. The neceseity of composition correla-
tiong in obilain.uy part of the data ol Table II iacreased the
probatility of errcr, so thait the Lubble point pressures at
even comgousitions 4re probabl, accuraie ouly to the nearect
pound per sguare inch. The critical and cricondentiera data
are probably guod to within 0.2 - 0.4 percente.

Vapor pressures aud the critical coustate of Jure pentane
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wvere obtaiied from the publicatiocus of Young (2). Specific
voiwineg o this substance were taken from the wurk of Jage
Lacey aud Schaofema (B). Preseure-voluse~teaperature reiations
ol propane as deterwined Ly Neliis (7) were utilized.

Pigure 3 is a zlot 0i the volumetriec date on the Tiret
mixture in Tatle I on the pressure~volume plane. Isotherms
at thirty degree lutervalis Trom 220° {o A30° are siown, extend-
ing from the li uid into the twoephase regiol. It will be noted
that the slopes ol these isotherms change alruptly at the bubble
point in ewchi cace. The change in slope Lecoues 1eEs pro=-
nounced 4s the oritical region is ayproached where the prow
perties oi liguad and gus becone more nearly the saue. it
wiil be noted too that the slope of these soolbermg in ione
liguid region becouunes wnereasingly negative as the leuperas
ture of the system ls raised. Thus - (9 V/EBP)T, tie isothermal
compressibility ol the licuid adture, increases a. the tengera-
ture is raisede. Also iv can ve seen that the volume ol the
saturated 1i uid incresses as the tesmperature is raiged, the
veluine incresse due Lo thermal expangiocon beling greater than
the decrease cauced by the higher vapor pressure of the sub-
gLince. Tihe veluae os the saturated gas, (not shown ém this
disgram) decreaces a& the tesperature increases, until at the'
cr.tical point the volumes of satursated liguid and gas become

equale

o,

Flgure 4 is a plot ol the criticzl region of mixture 1 on
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an eunlarged pressuré-voliuae scales It is really a continuae
tion of Figure 3. Isotherms here are spaced at uauch closer
interv.lse. The straightness ol these curves thru thig twow
piase region ot lemperalures weil‘ﬁelom he criticual ds iliuse
trated Ly the curve for P30° F. A8 the critical tewperature
is apiroached and exceeded, the lines thru this area BLow noOre
Curvatur'€e At these teaperatures the slopes ol lne isotlerus
change Lut ilttle at e dew and bubble ointe. It can e
secn that an .sothierm for 344.2° would be tangent 1o the twoe-
phase dome 2t the point T. This is the highest temperature
at wi.ch two phases can exiet for a mixture of this particular
coupusition, aal is several degrees above ihe critical gointy Ce
Tiile ,odnt Ty is kuown ae the cricosdentherm. The phenomenon
of relrograde ¢ noensation is well illusiratled Ly ColsiGering
tihe isothe.m for "43°, wiviclh iz above the critical teuyerature
but below the cricoudeltiierine Starting at a pressure of 520
pouncs per sguare inch, incresse in the pressure CAuses &
.ecrease in velume of the gus phuase until a pressure of about

E70 pounds per sguare inch 1s reached. At this Jressure a

liguid phace Leglud to separ te a. dew, and & dew poiut i

0
&~

wn

recorded. fLiowever. upon further Lncrewse in pressure, tihe
liguid first increaces in amount, and then rapidly decreases,
the mixture reaching wuother dew point at about S8O7 pounds per
gquare incho. Further ilcreacze in pressure decreuses lie voluwne

/ .
0i the single~phase material presenle Whethe: th.s material
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ig liguid or gas iz difficult to sx The icotherm for 348° F.
ig above the cricondentherm «nd thus snowg no discoutiuuity of
Shase ae Toe pressure 18 increaseds A Tew expermentaliy
Geterulued points were shown on this Tigure to illustrate the
care with wbiach bubole and dew po.nts were located. Hany
points actuadiiy taken were nol shdwn to aveid crowdilg.
Visually determined bubble woxnte were used tu iocale the domes
The cifisculty of actempting tv fix this curve by breaks in

he isotheras in the critical region is obviocusg.

Pigure & is a piot of bubble pu.at pressure VErsus compoSi-
tion .t a series of tenperatures. These curves .xe uearly
straight, Lending slightly downvward. The critAQWJ tegrera=
ture of propane, 206.3° ¥, fails betwesrn the isotheras ror
190 sad 220°. Conseguently the former curve 18 coabimmuous
acrose the diagran, while the latter erges with a dew poiut
curve (not cstablished) at a cr.tical co.position lower than
160% PrOPALIE o These curves camnot crosge ihe critical pregsure~
coaposition iocus but becowme tangent to 1t, merging with the
dew _oint curves at this po.iut. The critical pressure-col-
poeition .curve, shown across the top ol this diagras forms the
upper 1ilait for the bubtitle vodint curves. mne 1€ CUrVES TEVErSe
curvature ag the critical region is approached becuming con-
cave downward and tangent to the critical locus .t the criti-
cal pressure. At higher temperatures the bubble po.nl curves

are more itimited in extent, meetiyg the criticua. locus at
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couaposations less r.och .o propane.

Figure 6 depicts ihe pressure~teaperalture reiatious Ior
the three ixtures studied, together with the vapor pressure
curves of tne pure cuagsorents and the precsure-tesmperature
locus of crotical gointe of «ll mixtures of Lropune and ne
el i€ The max.omus cribical ;r&asure i8 sumewin.l in excess
of thst for esthier cumponent. For hydrocarb.ng it hag Leen
shown that the greater the difference in .awwleculdar wesgol Le-
tween the com onents, the higher will be the maxXiuum critical
pressure of the system produced by mixing them. The maxiuuws
critical pressure of this system is not as great as mignt have
been expected. A curve thru the cr.oticas po.nts of bLoth pro-
pane and pentane, and thru the point of maximin teuwperalture
for the existence of two phases in aixiures 1 and 3 woulc
have def.ned the locus oi the cricondentherm counditions for all
compositions. Thic curve could h.ve ULeen shown on Figure O.

In esther case it falls below the critical curve, for at a given
ccupposition the cricondentherm pressure i& less tuan the cri-
tical pressure, whiile the temperature, Ly definztlun};s higher
than that at the critical state.

The cricondentierm dats of Table III indicale that at
composition close to either pure compouent, the d.ifereice
between the critical state and the cricopdentherm L& smalil,
but th:t at‘comyealtlons in the neigiiborhood of 30 mole percent
propane, the difference becuncs considerable, the maxipum
two-phase temperature Lelng about 7° higher than the critical

temperature at thie point,
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DATA

TABLE I

Composition of Kixtures:

“ole percent propane KMole percent n-pentane

Mixture 1: 37,80 68,20
wixture 8: B6,3H 13,65

Bixture 3: 855,57 44,43

Fressures in pounds per square inch absolute at even specific

YOlumesn.,

Wixture 1l:
\jo_lume’ cu, ft. per ;;()undf 000’3 C.048 Q.06 0.08 0.10

{ 5 1

Temperature, F
130° 104.8 105,35 101.4 98.7 95.3
160° 146.7 144.9 142,35 138,1 134.3
190" 202.2 199,5 1906.4 189.2 183.9
230° £66,3 261.1 £54.0 243.1 £234.5
250 © B41.4 335,0 825,92 $11.7 298.6
80 423.6 410.0 B88,0 366.7
310 © 529,5 H18.4 483,1 453.8

3307 580,00 B29,0



“ixture 2:

Volume, cu. {t, per pound

Temperature, 77

Mixture B3

Volume, cu.ft., per pound

Tenperature,

130

130°
160°
180°
210°

3200

Op

-

G.U4

1o4.9
£512.0
88640
371.1
507,38

0,04

8537.0
322.0
400.,7

0200

152.9
20%2.1
2al.4
BG4.5
4065, 8
58547

0.05

886,0
31847
397,5
52G,0

571.5

Q.06 -

151.3
206,.,8
277.7
KL T
454,11
569,11

Q.06

286.2
317.8
3349
5219

565.0

0,08

148,28
2801l.6
B0R. S
545.8
437,0
U4l.8

0.10

145.9
197,82
568, 0
354.7
419.6
518.1
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