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CHAPTER I
INTRODUCTION

Vapor-liquid contacting operations, such as fractionation,
absorption, stripping, two-phase conversion, partial condensatien,
and vaporization are prominent in the chemlical, petrochemical, and
petroleum industries. A knowledge of the fundamentals of vapor-
liquid phase equilibria is therefeore important ﬁo these industries.
A complete understanding of the phase equilibria phencmena of these
operations may be obtalned by experimental and theoretical metheds.

Temperature; pressure, and composition of the equilibrium
phases are independent variables determining the state of phases in
equilibrium. The thermodynamic treatment ef eQuilibrium vapor and
liquid phases of an 1ideal binary system 1s rather simple, but the
thermodynamic relationships for real systems are complex. In the
case of petroleum fractiens, the theoretical treatment is impessibly
difficult, so experimental measurements and empirical correlation
of data are required.

Vapor-liquid equilibrium phase distribution coefficients for
each component of a system;me commonly expressed in the form of
mole fraction of the component in the vapor phase divided by the
mole fraction in the equilibrium liquid phase. Therefore,

K T, %) " vy /%4 | (1)

1(P,



The main objective of this investigation was the evaluation of
vapor-1liquid phase distribution coefficients (k-values) of petroleum
oils. Except for a few equipment tests, all the experiments were
made at an isobaric condition of one atmosphere.

The direct measurement of a great number .of cdmponents existing
in minute quantities in a petroleum fraction is impractical, there-
fore the distribution coefficients were found indirectly and as
follows:

1 - Equilibrium flash vaporization of the petroleum fraction at

some temperature.

2 - Batch fractional distillation (true-boiling-point distil-
lation) of both vapor and liquid phases,

3 - Conversion of the results of step (2) from volume per-cent
to mole per-cenﬁ, and finally establishment of distillation
curves (boiling temperature vs, mole per-cent off) for each
phase,

4 - Calculation of K-value (at equilibrium pressure and
temperature of step 1) of each component of the mixture
represented by its distillation temperature, obtained from
the ratio of the slopes of liquid and vapor phase distilla-
tion curves at that temperature,

The.idea of representing the petroleum continuum by a series of
hypothetical differential quantities was first suggested 5y Katz and
Brown (70), and later improved and applied by Edmister (31).

~Evidently this investigation is the first attempt for experi-

mental evaluation of K-values of peﬁrdleum fractions, and the project



will be followed for compilation of extensive information, which

would ultimately lead to general empirical relationships giving the
K-value as a function of fraction boiling point and the system tempera.
ture and pressure.

During the course of this investigation a theromostatic flow
and a recirculating type of equilibrium still were modified and used,.
These stills were evaluated, and religble‘techniques for ascertain-
ing equilibrium conditions established., Also a new flow equilibrium
apparatus with good possibilities was introduced.

An analytical fractional distillation was carried out in an
efficient sieve plate column, The operational characteristics of
this columm were first evaluated, and then a satisfactory T.B,P,
distillation procedure was formulated, The average molecular
weight of each narrow boiiing cut of petroleum mixture was measured
by a cryscopic method. An improved technique for evaluation of this
physical property, as well as suggestions by a related method for
characterization of petroleum fractions are given. Chromatography
was used for determining the equilibrium condition of the
petroleum fraction, and it was also applied for direct measurémentv
of K-values of a relatively simple petroleum mixture, Finally,
various techniques and simplifyiﬁg suggestions are presented for
calculation of K-values, '

The second chapter contains impoftant thermodynamic relation-
ships for vapor-liﬁuid equilibria. The independent nature of.the
subjects presented in Chapters III, IV, V, and VI necessitates

separate treatments., In each of those chapters, the related theory,



equipment, procedure? representative results, and discussion are
given, Chapter VII deals with calculation ofrvappr-lidui§4pha§e
distribution coefficients, Some specific usesof these values are

discussed in Chapter VIII.



CHAPTER II
CRITERIA OF EQUILIBRIUM

It has beem shown thermodynamically that a system is subjected
> sppntaneoug change if there is any conceivable process for which
3>0. Consequently, a state of eguilibrium is one in which every
ossible infinitesimal process is reversible, or one with a constant
»tal entropy. Therefore the necessary criterion for equilibrium of
1y process is dS ® 0, Since it is not always eagy to study the
rtropy change of all the systems that may be affected by a certain
rocess, many thermedynamic functions, which are less fundamental
nd less general than the entropy, but are of more practical conven-
snce have been invented. In order to have a deeper insight into
his concept, some of these'thermodynamic functions will be briefly
iscussed here,

A property of the system celled its Helmholtz function, A, is

efined by the equation,
AsU-TS (2)

nother property of the system called its Gibbs function, G, or

ts free energy, shown by the equation,
G=2H-T5=(U+PV) =TS =A+F¥ (3)

here U is the internal énergy, H the enthalpy, V the volume, T the



temperature, and P the préssure of the system.

Now considering a clesed system on which a constant pressure is
acting as the only external force, then for an infinites!mul revers-~
ible process at constant temperature énd pressure ( i.e., at eguill-
3riuﬁ) the Gibbs function of the system should not change. That is

to say
dg = ¢ (4)

. . : ) t '
lhe- G functien of the system can be given by the sum of @, GP , etc.

f the constituent phases of the system. Seo,
46 = 4G'+ dG'+aG '+ - - - (5)

‘he free energy is a state function and depends on all the veri-

\bles which determine the state of the system.
= G(T’ P, « * *,my;5 np, * * , nk) (6)

'for most chemical engineering purposes the above equation can be

‘educed to the following equatien.

= 6(T, P, hl, n,, ¢ c, nk) (1)

J 2
G
+| £ dng (8)
% T, P, n '



81though the molal free energy makes a very satisfactory quantitative
measure for criteria of equilibrium, there are certain respects in
which this function is awkward., It is therefore desirable to intro-
iuce another scale of measurement of equilibrium, which is called

the fugacity, £ (81). The fugacity will be equal to the vapor
oressure when the vapor is a perfect gas, and in general it may be
zonsidered as an %Ideal" or corrected vapor pressure. The fugacity
is partially defined in terms of molal free energy through the

aquation,
G 3RT Inf+ &(T) (9)

there 8 is a function of temperature only,
In a differential form, the fugacity of a component in a

sjolution is thermodynamically defined by the relation,

(4G, = RT d 1n £ )y (10)
s the partial molal free

energy of component one.

fl = fugacity of component one at temperature T,

It follows by equations (L4, 5, 10) that at equilibrium,
he fugacity of a component in the liquid phase is equal to the
ugacity of that component in the vapor phase,

The fugacity of a pure gaseous component is related to its

ressure by the equation,

p
ln% :/7_ (z - 1) 5 (11)



‘hus, if data are available which relate the compressibility factor Z
£ a gas, to P and T for the pure gas, the fugacity of the pure gas
t any chosen temperature and pressure is obtainable from equation
11). However, in ;he usual case, these data are not_available.

Hougen and Watson (64), eﬁploying the concept of correspond-
ng states, have constructed plots of Z as a function of the reduced
ressure and reduced temperature, using available data for seven
ases., The same authors have constructed plots of f/P solely as
function of the. reduced pressure and reduced temperature. The
atio of £/P is termed the'fugacity coefficient' ]/, and for ideal
as behavior is equal to ;ne.

Benedict et al (12) also derive aAgeneralized method for
redicfing fugacity of pure gases. They ut?lize the virial equation
! state and consider the first coefficient, B, as sufficient to

tpress the non-ideal behavior of the pure gas,
PV = RT + B,P (12)
1e preceding two equations will yield the result,

BIP
£z U= e (13)
P RT

i@ virial coefficients B are explained by the kinetic theory of
ses (113), :

The fugacity of a pure liquid at a pressure other than its
n vapor pressufe is evaluated by means of equation (13)

rived by Hougen and Watson (63),



f Vm(P = p)
P -
1n - = 1
n - (14)
p
fP 8 fugacity of the pure liquid at P and T,
fp = fugacity of the pure liquid at a pressure equal to

the vapor pressure of the pure liquid at T,
Vm & arthmetic mean molal volume of liquid froﬁ P to pe
»r problems involving solutions, it is convenient to define a

1ermodynamic property called Mactivity", a.

a® |w (15)
£ T
f = fugacity in solution,
f° & fugacity in standard state at the same temperature.

r vapor=liquid equilibria consideration, it is convenient to

oose the standard state for each component in the liquid phase,
the pure liquid component at the pressure and temperature of
lution, Similarly, the standard state for each component in the
por phase is chosen as the pure vapor at the pressure and tempera-

re of solution. Thus,

(fo)v 8 Li P (16)
Vm(P = p)
()= pe M (17)
(fo)v ¢ fugacity of pure vapor at P and T ~ fugacity of
the comporent in its standard state.
(fo)L £ fugacity of pure liquid at P and T ~ fugacity

of the component in its standard state,
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The Mactivity coefficient in terms of mole fractions"jy, is
sfined as the ratio of activity of the component in solution to mole

~action of the component in solution.

ek~ (18)

s for component one in the liquid and vapor solutions, the

tivities are expressed in terms of mole fractions.

(f1)y
(a) = " (}’1)L (19)
1°L
(£1)
(av:l)v = ” o‘; =y (V7)) (=0)
v

The thermodynamical relation of vapor and liquid at equilibrium

i established as follows,

At equilibrium (£ ) = (f ) (21)
lv 1L :
(£,°)
Therefore K =y /x = QL)L_ —1 L (22)

(iyi)v (fle)v

Kl = vapor-liquid equilibrium constant of component one at P

and T.

uation (22) may also be shown in the following forms,

(V) g2 /p P
k= yl/xl = . [(f%)L/Pl} ( Pl) (23)
(7yi)v 1'v
(7)) Oy () /o)

K1 = ('ya) (Kl)ldeal ()/) (fo )v/P (Kl)Raoult (23a)

though equation (22) could be written in terms of other thermo-

namic quantities instead of activity coefficients. However, activity



efficients are much preferable, since they vary less with tempera-
re and composition than some other thermodynamic quantities which
uld be utilized. For all conditions except those close to the
4tical point for the solution, ( Vi)v could be taken as unity.

uation (22) for any two componeﬁts can be written as follows,

(o] o

B, (%) [f) (&

% AT AR e

perimental K-valuesz Engineers generally utilize vapor-liquid phase
stribution coefficients for design purposes, and this subject for

e case of complex hydrocarbon systems has been fully reviewed and
scussed by Edmister (32). The summaries of some of the more

ominent experimental works are presented here,

Matheson and Cummings (87) studied the vapor pressure of five

w=boiling paraffin‘hydrocafbohs in an absorber oil over a wide range
concentration., The results indicate positive devigtion from

oults' Law. Katz and Hachmuth (71) determined vapor-liquid
uilibfium phase distribution coefficients of methane, ethane,

opane, butanes, pentanes, and hexanes in a system of natural gas
i a mid-continent crude oil at 40°, 120°, and 200°F, over a large
sssure range. This work showed that the effect of temperature on

8 equilibrium constant is greater at lower pressures, and for

gher molecular weight hydrocarbons. Sage and Lacey (131) showed
at the equilibrium constant for methane in various binary systems
not only a function of equilibrium pressure and temperature, but

so of the composition of the system,



The experimental work of Webber (150) includes the determination
* vapor-liquid equilibrium constants of methane through hexane in a
rpical absorption oil, at temperatures from 330 to 180°F, and
‘essures from 100 to 5000 psia. The experiment showed that at
‘essures above 3000 psia, the composition of the mixtures has a
ronounced effect on the equilibrium constant valdes. Vink, Ames,
wid and Katz (149) gave the vapor-liquid equilibriwm phase dis-
‘ibution coéfficients of methane, ethane, and propane in a crude
1.

Roland et al (121) presented some equilibrium data for the
\1f Coast distillate - natural gas mixtures at hb?, 1209, and
0%, and high pressures with a reasonable degree of accuracy.
i@ data indicate that the composite composition-of the mixtures
' gas and distillate has small effect on the value of the equili-
‘ium constants, although this may not be considefed conclusive so
T as heptane plus is concerned.,

Eflerts and Smith (35) published equilibrium data at 228°F and
92 psia, with some considerable variation in the constant for
rious mixtures. White and Brown (152) reported experimental
por-liquid phase equiiibrium data for petroleum fractions boil=-
g from 85° to 750°F at temperatures from 300° to 820°F and
pressures from 50 to>7OO psia. The equilibrium phases were
alyzed by fractional distillation in a Podbielnisk column, The
rresponding cuts from both vapor and liquid phases were analyzed
r molecular weight and density. K=-values are reported for pentanes,

xanes; heptanes, and higher boilihg cuts, having boiling ranges
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om 25° to 100°F. The data show a consistent trend for the light
phtha, while it indicates some discrepancy for the furnace oil.
Kirkbride and Bertetti (72) published equilibrium constant
ta for methane, ethane, propane, n-butane, and n-pentane in
raffinic, naphthenic, and aromatic typesof absorbing oils, at
°F, and pressures from 125 to 3100 psia. The K-values of these
ges at any condition of equilibrium are dependent on the type of
i1 used. '
Standing and Katz (1h1) presented equilibrium constant data
r four mixtures of natural gas - crude oil, at 35°, 250°F, and
gh pressures. Roland (122) used Katz and Hachmuths? equipment
d method for study of‘fapor liquid equilibrium.propérties of
tural gas in contact with crude oil at 120°,12000F, and pressures
om 1000 to 10,000 psia. The equilibrium gonstants are reported
r methane, ethane, propane, butanes, pentanes, hexanes, and
pténes plus. The plots indicate a rather large scattering of
sults, which may partially be &ttriﬁutedlto the grouping of
8 hydrobarbons.
Rzasa and Katz (129) have studied the vapor-liquid phase
havior of methane - Kensol lé system to pressures of 25,000 psia,
i to temperatures of.260°F. Kensol ;é is a commercial high-nerrow-
11ing oil, The equilibriﬁm véporization constants have been

lculated from the experimental data and extrapolated to 700°F.



CHAPTER III
VAPOR-LIQUID EQUILIBRIUM EQUIPMENT

The need for vapor-liquid equilibrium information has been
itioned. For many systems of industrial importance, the vapor-
juid equilibrium relationships must be determired ekperimentally.

Although the experimental measurement of vapor-liquid equili-
.un may at first appear to be a rather simple taék, iﬁ frequently
wes to be one of the most difficult physico~chemicél measurements
execute precisely. The complete equilibrium study of & system
| elther be done at isothermal or iseobaric conditioné.

Thermodynémic consistency testscan only be applied to a
iple system, and the result is frequently inconclusive. Gilliland
'0) states that it is not uncommon to find experimental deviations
order of + 10 percent between different investigators using es-
itially the same technique. The experimental study refers to
position measurements of both vapor arnd liquid while im equili-
um with each other at some known temperature and pressure. Be-
es8 the operational errors, the inconsistency in equilibrium study
" be due toj purity of sample, the experimental measurements, the
ure of the system, and/or the design and construction of the
11ibiium equipment.

It is almost impractical to make a complete and exhaustive

vey of the literature on this subject, and evaluate all the



'fersnt designs of vapor-liquid phase equilibria apparatus. There
‘@, a brief review of some of the more common, and reliable types
presented here,

Three different equilibrium apparatus were constructed and
id in this investigation. Complete design and operational details,
well as their evaluation and comparison are presented in this
pter. Two of the equilibrium stills are modifications of a well
wn recirculating (Othmers'), and a thermostatic flow apparatus.(85).
;‘third one which was developed as a result of this work, is based

a radically different and highly satisfactory design.

Theory of Equipment Design and Survey of Iiterature

The discussion in this chapter will only include the vapor=
juid contabting devices, and no reference will be made to the
perature and pressure measuring apparatus. Vapor-liquid
dlibrium devices are normally classified according to their method
operation, and as followg

1) Simple distillation

2) Dynamic:flow

3) Static or Autoclave

L) Dé; and bubble=-point

5) Vapor-recirculating

6) Vapor and liquid - recirculating

7) Flow

1, Simple Distillationg This method is the oldest technique

* vapor-liguid equilibrium infestigation, and it has practically



n abandoned ever since the invention of the other techniques.

e thermodynamically consistent results are attributed to this
hod, and with proper equipment modification it may come into
stence again, As the name implies, it is basically a simple
tillation, where the vapor composition is measured at various
peratures. The corresponding composition of liquid left in the

is then calculated by material balance, There are many inherent
ficulties associated with this method, wheﬁ simple distillation
ipment is used, The 1large quantity of boiling liquid in the
11 may not be homogeneous, unless a proper heater such as internal
-wire is used,

Hanson (58) and co-workers, believe that vapor formed from a
ling liquid may be slightly super-heated in some instances, and
s subsequently can cause an erroneous temperature measurement.
not properly designed, the vapor before entering the condenser
- cool and partially condense (52,156); therefore, the vapor
position would be richer in the more volatile components. The
or coming from the still can entrain and transport liguid, when

velocity is sufficiently high, or when the boiling is quite
orous, This phenomendﬁ, of course, enriches the vapor with less
atile components.

There are many different designs andlsizeséf one theoretical
ge simple distillation stills (16,19,80,107,1h5,158); A design
h the vapor arm extending into the still, which also holds the
rmometer, has proven to be satisfactory for many systems. The

or in the pot is vaporized slowly by both internal and external

16
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eaters. Cornell et al (23), used the technique of Rosanoff (123,124,

25) and obtained reliable equilibrium relations for binary mixtures

f ethanol-water, methanol-water, and acetic acid-water. The equip-

ent basically consists of two concentric tubes, where the central one

8 provided with an internal electric heater, and acts in the capacity

f a small distillation flask. The vapor flows down the annulus and
nto a condenser, With the exception of the vapor condenser, the
mtire equipment is placed in an oil bath.

2, Dynamic Flow: In this method the vapor is passed through

. 1liquid until the composition of the effluent is the same as that
f the entering vapor. At this point the composition of liquid is
iufficiently changed as to be in equilibrium with the vapor.
.nother method is one in which the vapor is passed through a series
f liquid containers with liquids of approximately the same composi-
:ion. The number of these liquid containers must be sgch that the
rapor entering the last one remains unchanged as it bubbles through
(t. Entrainment and pressure drop are two of the major difficulties
»f the dynamic flow method. In some cases an inert cérrier gas 1is
Introduced in the first vessel. This inert gas transports the
aquilibrium vapor from the last one., 1In such a case, and when the
sressure is high, the effect of total pressure on vapor pressure of
:he components can not be neglected,

A well known laboratory size dynamic flow equipment is the
Jathala (20) still., In this equipment, the preheated liquid is fed
sontinuously into the mixing section between two layers of fritted

glass. Vapor in a super heated state is also fed continuously to
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;he equipment, but below the lower fritted disc. Vapor and liquid
ix well together as they pass through the disecs, and finally enter
. short Cottrell pump. Both phases separate at the top, where the
)quilibrium temperature is measured. More sucgessfﬁl design varia-
‘ions depend on accurate flow of phases,and some are vacuum‘jacketed.

Colburn (21) used two insulated concentric chambers, where the
nner one contained the liquid, Vapor passes between the two
ompartments, and contacts the liquid in the inner chamber. This
quipment and its modification (92) have produced somevexcellént
esults. Aroyan and Katz (6) modified the apparatus of Dodge (29)
or low temperature and high pressure equilibrium studies. The
quilibrium gas is recirculated by a magnetic pump through the
iquid, until the steady state is attained. Siiilar designs
57,90) have produced some satisfactory results,

3. Statice The liquid sampleis placed in an evacuated bomb
hich is maintained in a constant temperature enclosure, and agitated
y rocking or internal mixing. The liquid vaporizes in the bomb,
ad when it is in equilibrium with its vapor, the pressure and
ompositions of both phases are measured. Theoretically this
schnique should produce highly reliable results, although in
ractice such factors as sampling and stirring upset equilibrium,
>ng periods of rocking should eliminate the inherent problems of
tirring, and the use of an especially designed sampling valve in
mnection with chromatographic analysis should reduce the sampling
ifficulties. This equipment is very adaptable for high pressure

westigation,
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Sage and Lacey (98,130,132) have used a high pressure bomb very
iccessfully for vapor-liquid equilibrium studies. of light gases,
:nedict (13) used a 4000 cc. steel bomb which was kept in an
sothermal oil bath, The bomb pressure was regulated by mercury
1jection, The equipment showed consistent results for systems such
3 methane-ethane-isobutane, Katz (71) obtained reliable phase
istribution coefficients for hydrocarbon gases dissolved in a heavy
t1. The equipment is a variable volume bomb with an internal
lectric stirrer. There are other apparatus of similar designs
4,15,26,61,148) which have produced some consistent results,

4, Dew and Bubble-Point: This method employs the same. equip-

mt as the static method, but with some provisions for changing the
ylume. The volume can either be changed by mercury or by piston
.splacement, Phase diagrams can be prepared by obtaining a number
! igotherms, or by visual determination of dew and bubble points

| glass equipment. This technique is often used for the equili-
rium study of binary mixtures, and it requires no analysis of

1ases. In some cases nucleation may be required, otherwise a
‘egsure higher than that of dew-point, or lower than bubble-point
n result.

Young (157) developed the original capillary equipment for
udy of equilibrium at dew and bubble-point conditions. Kay (7,8)
dified the original equipment for investigation of equilibrium
operties of petroleum hydrocarbons. The liquid under investiga-
on was confined over mercury in a thermally jacketed Pyrex tube,

tube with 1.5 mm, inside diameter, and an intermediate section
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f 4 mm. bore was used., To bring about equilibrium between the phases
uickly, an electromagnetically operated iron rod (1.9 cm.) was
laced in the liquid space. Pressure was conveyed to the system
hrough mercury, and it was measured by means of two gas manometers.
Cummings (24) very successfully measured dew and boiling point
urves for mixtures of n05 - nC7,at high pressures., The equipment
1s a small "U" shaped quartz tube (0.5 e¢m. 0.D, x 55.0 cm. long),
ith its closed end in a reflux jacket. Stirring was accompliéhed
ith a small magnet, and the equilibrium pressure was measured by a
2ad weight tester, having mercury and an oil as the intermediate
luids, There are many modifications of these devices (47,71,95,135)
sed for equilibrium study of various systems under highly diversi-

ted conditions,

5. Vapor-Recirculation: This is another satisfactory techni-

te for vapor-1liquid equilibrium study, and there are many complicated
:signs which operate on the same principle. Vapor-recirculation is
8ically a continuous simple distillation, where the vapor product
i totally condensed and recycled back to the still, The recircula-
.on rate, and the total amount of charge can be selected so as to
ve any desired vapor-to-liquid ratio.
A vapor-recirculation equilibriuﬁ still was used in this investi-
tion, and therefore it will be discussed in more detail later,
Yamaguchi (155) designed the first recirculating equipment for
udy of ethyl ether-chloroform system. Sameshima (143) used an
proved version of Yamaguchi's equipment for successful study of

e acetone-ether system. The apparatus consists of a 200 cc.
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iternally heated vessel, submerged in a cryostat. The electrically

:ated vapor arm is connected to a condenser and a 10 cc. receiver,

dch are placed directly above the still., The overflow from the
iceiver returns to the pot, and any vapor génerated in the return

ne is also condensed and returned,

Othmer (100) improved the design further by extending the vapor

m into the cylindrical still; and placing the condenser-reservoir

the side of the pot. The return connection in this case is an
verted 'U' line with a siphon breaker, The advantages of this
sign over the previous ones are rather small, nevertheless it
rved to popularize the recirculating technique. There are a
eat number of modifications of this still for serﬁing various
rposes (10,17,18,25,30,42,47,48,50,51,52,56,62,78,101,102,103,
55109,1L0,143,15L),

The recirculating equilibrium still used in this study is a
jification of one of the latest design by Othmer (10L4). It is
one piece glass equipment, specifically recommended for eéuili-
ium study of petroleum fractions. The still pot is in the form
two joined hemispheres with a total capacity of 500 cec, The
all lower section of the pot serves for vaporization of small
antities of liquid left in it. The vapor-arm carries saturated
por to the top of the condenser-receiver. The condensed vapor
turns to the bottom of the pot through a small tubing, and its
ow is regulated by a 3-way cock, The entire still is thermally
sulated. Both vapor and ligquid temperatures are measured in the

t, and the samples are withdrawn through the 3-way cock,
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Kortum (74) jacketed the flask and the vapor-arm with a fluid
apor or liquid) about 0.5 °C warmer than the equilibrium tempera-
re. An internal heater, and a magnetic stirrer were used to improve
e uniformity of the pot liquid. The vapor receiver was fitted with
swinging funnel to eliminate the interruption in recirculaﬁion while
mpling. Apparatus based on the same principle has been designed
th two or more ideal stages (42,60), and they are highly recommended
r éystems having low relative volatility.

Jones (69), in order to eliminate the mixing difficulties in the
t, superheated the recycling condensate in the tubular vaporizer,

1 then mixed it with pot 1liquid. The equipment is very satisfactory,
i there are many modifications of it in use (3,4,9,76,117,136).
mer (101) has designed a similar still for high pressure equilibrium
idies, and there are a number of modifications of‘it also (48).

6. Vapor and Liquid Recirculation: This differs from the

s2wious technique by the fact that both vapor and liquid are re-
rculated, 1In the vapor recirculation, the liquid and the vapor
peratures are measured independently, and are matched. In the
jes where both temperatures are not the same, neither one can be
isidered as the equilibriﬁm temperature,

In vapor-1liquid recirculation.equipment, a Cottrell pump
.por-pump) mixes the phases and then pumps slugs of these onto
! thérmometer. The equilibrium vapor and liquid phases are sepa-
ed in a disengaging section, and then recirculated b#;k to the

11. In this type of apparatus problems associated with the
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mperature measurement, entrainment, and partial condensation of
por are essentially eliminated.

The Gillespie still (49) and its modifications (46,106,119,126,
7) have produced many reliable vapor-liquid equilibrium rel;ti?ns.

the Gillespie still, a Cottrell pump operates from a boiling flask
00 cc.), heated both internally and externally, The pump throws
ugs of both phases on the thermometer_well, and the phases aré
en separated for obtaining representative samples. The condensed
por is finally mixed with the liquid, and they are recycled back
the pot. Thé design is very sensitive to the nature of the system,
d details of the still construction (65). The equipment, although
all, may require many hours to approach the equilibrium state, and
some instances it may cycle.

Ellis (36,37) used a spiral Cottrell pump, which cauéed a much
orter time for attainment of steady state condition. In the Thormton
111 (147) and its modification (41), both vapor and liqﬁid receiv-
8 are placed below the disengaging section in the vapor space.
is method eliminates the difficulties associated with the liquid
oler, and phase mixing.

The Altsheler still (2) is reliable and fast coming to equilib-
um, A mixture of both phases spurts from one leg'of the tubular
ftler into a cyclone separator, located just above the Cottrell
np. Condensed vapor returning from the condenser mixes with the
juid phase surrounding the Cottrell pump.

7. Flow Equipment: In this apparatus, feed is continuously

ited, and partially vaporized in some sort of vaporizer. The
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dxture of the two phases is then separated in a disengaging chamber,
here the equilibrium temperature and pressure are measured, Such a
nit compares with industrial flash vaporizers, and is commonly used
n pilot plant studies of petroleum oils.

The Hala et al equilibrium still (55), is a small flow apparatus
here the material is heated for a few seconds, Feed flows from a
upply vessel to a short vaporizer, and then it spurts on the thermo-
eter well. Both phases pass through the disengaging section, before
ach is cooled and coll’écted° This all glass equipment requires at
east 50 cc, of material, and is specifically useful for heat sensi-
ive substances.

A constant temperature, high pressure instrument was designed
y Zinn and Stechel (142) for the equilibrium study of the Hé-Nz-Cﬂa
ystem, This equipment was 1ater>modified (54,128) for equilibrium
nvestigation of low boiling hydrocarbons. Feed, in this instrument,
lows thrdugh many parallel branches of copper capillary tubes, and
s then sprayed on the walls of the equilibrium chamher to obtain a
etter contact between the phases., The entire apparatus is Rept
n a constant temperature jacket.

Smith et al (139) used a similar design for study of flash
aporization of petroleum fractions, The metallic vaporizer is
acketed with mercury vapor as the thermostatic fluid. The
isengaging section is over-sized in order to eliminate any possible
ntrainment. A low pressure, all glass version of this equipment was
esigned by Lockwood et al (85). One of the equilibrium g;ills used

n this investigation is a modification of the above equipment.
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A flow equilibrium flash vaporizer was designed by Edmister et
1 (33) for investigation of equilibrium properties of petroleum fraq-
ions. 1In this metallic equipment, feed is continuously pumped
hrough a lead-pot partial vaporizer., The pressure of the feed is
hen reduced, and it is finaily flashed in a large insulated disengag-
ng chamber. Both vapor and liquid phases are withdrawn in such a rate
8 to have a constant interphase in the flash chamber,

Okamoto (96) introduced a metallic equilibrium apparatus for
tudy of petroleum oils, The partially vaporized feed from the
ipe still is atomized in a large chambef by a rotary nozzle, Vapor

s then dried in a cyclone, and the phases are cooled for sampling.

Equigment

odified Othmer Recirculating Equilibrium Still (99,104): Figure (1)
hows the modified unit .adopted for this work, and it is mﬁde up of
our separate parts, The boiler section has a total capécity of

000 cc., and i8 made of two joined hemispheres, with the larger one
n the top and the smaller one on the bottom. The geometry of the

ntire pot is as follows:

Distance from bottom (cm,) Approximate volume (cc.)
1.5 50
2,5 100
3 150
4 200
) Converging from the small to the 250

5.5 large hemisphere 300
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Distance from bottom (cm,) Approximate volume (cc.)

5.5 11 cm..wide 500 '
7 " 500
10 950
12.5 Recommended maximum operating 1500

capacity

16 2000
maximum possible hold-up . 2350

The 100 cc. mark on the condenser is equilevel with

the 2000 c¢c. mark on the pot,

A ball joint (3 12/5) is provided at the bottom of the pot to
ike a convenient connection for the condensed wvapor return line,
large evacuated ball joint (5 65/L40) is at the top center of the
't, and on one side of it a thermometer well (% 19/38) is provided,
rile on the other side the long vapor-line (1 iﬁch I,D.) is con=
icteds A short thermometer well for measuring the vapor temperature
. fixed to the central Joint. The side thermometer well extends to
e center of the extended section of the pot for measuring the
guid temperature. The vapor-arm at the top is connecte@ to a
rved return line by means of a large ball Jjoint (56'5/1‘0)’. One
de of the curved vapor-line-extension has a small thermometer
11, and the other side is connected to the top of the.vapor con=
nser,

The condenser consists of five balls, and the last one is
ovided with a side opening to an auxiliary condenser, and a

ort tapered inlet to the receiver. This tapered hozzle allows -
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counting of drops of condensate to the reservoir, which serves to
jure the boil-up rate. The condenser and the condensate-reservoir
placed in a single water cooled jackeL, which extends down to the
l joint of the return line. Three water nozzles are provided for
i cooling jacket, one being at the top, and one at the end of the-
lenser, while the third is located at the end of the receiver.

A water connection from a constant head and comnstant tempera-
» tank is made to the central nozzle., The condensate reservoir
jraduated from 20 ce. to 1000 cc, in 10 cc, divisions. Either
1uxiliéry condenser or a cold trap, depending on th;‘nature of
roleum fraction under study, can be attached to the side-arm by
18 of a tapered ground glass joint (324/40).

Three different types of condensate return lines were made,
each one was examined independently. A three-way regulating
¢ similar to the original one used by Othmer, but with ball con-
:ions to the pot and the reservoir, comprised one of the condensate
arn lines. The second one is similar to the firs; one, only it
a highly sensitive Teflon needle valve in the line for control
the recirculation rate, The third one is of entirely differént
aciple, and simply consists of a manifold of overflow connections.
manifold has eight equa}lyNSpaced connecting cross flow lines,
re each one is controlled with a cock. The drainage of both pot
the reservoir are through the three way cocks.

The pressure regulating line is connected to the top of the

iliary condenser or the cold trap, and the siphon breaking



xtension of the manifold.

A thin layer of asbestos paper is molded over the entire pot
nd the vapor-arm. The asbestos paper is coated with graphite im-
regnated asbestos cement. The small extension of the pot, the main
ody of the pqt, and also the entire vapor-arm, are wrapped with
hree 1000 W. heaters. Each of these heaters consists of 30 Ft.
lomh/®.)of esbestos insulated Nichrome wire. The wires are wound
niformly over and around the pot and the vapor-arm. The heating
ires are covered with a layer of asbestos cement, and then many
ayers of asbestos paper. The entire heating section is covered
ith asbestos cloth tape, and finally with aluminpm foil t© make a
atisfactory heat insulator. The Nichrome wire is more closely
pund at the lower section of the pot. The power input to each of
he three heaters is controlled by ﬁhree independent variable power-

tats.

Modified Thermostatic Flow Equipment (85,68): The equipment

onsists of a 100 cm. integral, vacuum jacketed still with a constant
smperature heater. The silvered vacuum Jjacket is made of 10 cm.

lass tubing, and 14 expansion bellows are made into it. It is also
rovided with two 1 cm. wide vertical windows for visual observation
nd inspection. Heat is supplied by condensation of a8 saturated

apor to a heater-vaporizer, which consists of about 16 Ft. of
>uble-coiled 8 mm. glass tubing. A small distillation flask (300 cc.
» 500 cc.) provides the saturated vapor, and a condemser at the top

f the reflux Jacket, condenses the excess vapor.
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Feed at a constant rate passes through an auxiliary pre-heater,
nd enters the heater-vaporizer coil at the top of tﬁé reflux jacket,
he auxiliary heater is an electrically heated glass U tube, which is
onnected to the column by a ground tapered joint, As feed flows into
he column, it distributes itself between the two helical coils, and
hen flows down to the flash chamber. The flash chamber is located
lmost at the bottom of the heating jacket, and is sbout 5 cec. in
jameter and 7 em, high, Feed enteré the flash chamber from both
ides through two small (12 mm., E.C.) fritted glass plugs. The
iquid outlet from this chamber is a small siphon tube, which
asses through both walls of the jacket, and has a ball joint at
ts end, The 22 mm, glass vapor line extends from the flash chamber
alfway through the column, inside the heater coils, and then bends
ut at about 80 degree angle, The vapor line is connected to an
specially designed vapor condehser by means of a ground joint,

The vapor condenser is made of many small bulbs, alternately
ocated on both sides, which procures an effective method for con-
ensation of vapor in a short condemserwith minimum of liquid hold-up,
he liquid outlet is connected to a 10 inch liquid cooler through a
mall crank by means of ground ball joints, The crank can be revolved
bout the axis of 1iquid outlet, and therefore change the relative
og8ition of the cooler, When the crank is at its highest position,
he liquid hold<up in the flash chamber is at its maximam, and it
overs the fritted plugs., As the crank is turned from its highest
ogition, the amount of liquid hold-up in the flash chamber de-
reases, The sintered plugs (extra coarse, pore siie 170=220

derons), break-up the vapor into a great number of infinitely smll
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ubbles. This, therefore, creates maximum contact between vapor
nd liquid phases before they are separated from each other.

The impeortant changes in the equipment are: a new design fer
ondensers, a separate boiling flask, the crank arrangement for the
ontrol of liquid hold-up, and the addition of the sintered plﬁgs.
his equipment is shown in Figures (2) and (3).

New Flow Equilibrium Flash Vaporizer: Figures (4)and (5) show

he design and the set up of this all glass equipment. The apparatus
onsists of a heater-vaporizer, a flash chamber, a vapor condenser,
nd a liquid ceoler with a small crank attachmernt.

The heater-vaporizer is made of 50 cm. of 7 mm. glass tubing
ith a ball joint at the inlet end, and a fritted glass plug (12 mm.
n diameter, extra coarse) at the other end. This heater 1is at-
ached to the flash chanber by a tﬁpered ground glass joint (¥ 24/40),
hich holds the fritted plug inside the chamber. A thin layer of
8bestos paper 1s molded over the glass heater, and is coated with
raphite impregnated cement for improving heat conduction and dis-
ribution. An asbestos coveredl Nichrome heating wire is wound
niformly around this heater. The heating wire is covered with
sbestos cement, and themn completely covered with three layers of
sbestos paper. The heater has outer layers of glass tape, and
luminium foil. A removable 2 mm. glass rod is placed inside the
eater.

The flash chamber is isothermally insulated by the vaper,
nd the entire internal section is adiabatically insulated by a

1

acuum jacket. The jakket is 40 cm. leng, and 10 cm. in diameter
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;h two expansion bellows at the upper section. The vacuum jacket
completely silvered with the exception of two narrow observation
dows. A thermometer well extends from the top of the Jacket dewn
the flash chamber. A condenser similar to the one used for the
ler flow equipment is connected to the vapor out-let by means 6f
>all Jjoint. As the feed flows from the heater-vaporizer to the
ish chamber, the vapor portieon of it is divided into a large number
very small bubbles in the narrow (25 mm.) section of the flash
umber. Vapor then passes through the disengaging section (55 mm.
). x 80 mm. high) with a much reduced velocity, where 1t loses
5 liquid droplets. The vapor finally flows downward around the
ash chanmber, and in between the composite walls to the condenser.
The liquid line with a small U-shaped trap is attached to
2 bottom of the flash chamber in such a way as to eliminate any
s58lble dead space. The liquid outlet is connected to the. crank
1 the liquid cooler by ball joints. The position of the crank
atrols the amount of liquid hold-up in the contacting section of
» flash chamber. This governs the extent of contact between the
ases.
Liquid Flow: A well controlled flow of feed 1s essential
r flow equilibrium apparatus, and Figures (3), (6) show the
ccessful flow system used in this work. The flow rate was easily
i accurately controlled over a wide range (from 1 cc./min. to
cca/min.) with a negligible variation during a long peried of
eration. Liquid feed is transported by a small gear pump ‘Eastern)

om the bottom of & large glass surge tank to a one liter constant
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ad tank, located at about 10 ft. above the pump. The constant
ad tank has an over-flow connection at the top, which returns the
cess liquid to the surge tank.

From the bottom of the constant head tank, the feed may flow

either one of the two flow equilibrium apparatus, depending on

e selected position of a three-wey cock.

Control of flow is accomplished by two sensitive Teflon
edle valves, placed on both sides of a rotameter in the transfer
ne. All the connecting lines are of l/h inch heavy wall poly-
hylene tubing. Two fine screens are placed on each end of the
tameter for keeping the fritted plugs free from any solid particles.
ed was always filtered through glass wool, and its contact with air

s kept to a minimum.

Atmospheric Pressure Correction: The atmospheric pressure
the labora£ory is variable and usually less than 760 mm. Hg.
dependable and accurate pressure compensator was designed to elimin-
e this discrepancy (Figures 3, 7). Air from a high pressure line
reduced by means of a pressure regulator, and is dried and cleaned
it passes through a bed of silica-jel. The air pressure is then
rther reduced by a needle valve, before it enters into a surge tank.
essure in the surge tank is controlled and regulated by a sensitive
s-bubbler.
The bubbler consists of an approximately 30 inches of 2 mm.,
D. glass tubing, partially immersed in a 1 1/2 inch glass pipe
ntaining water. The other end of the small glass tubing which is

t in the water, is connected to the surge tank. Air pressure is so



To equipment

Regulator

Manometer Bubbler

TrT
°!hn
il

Filter

Figure 7 - Pressure Compensator

6¢



490

rulated as to cause a very small flow (one or two bubbles/sec)
‘ough the glass tubing. Air bubbles which are released from the
» of the tubing pass through water, and into the atmosphere. The
18s tubing can be moved up or down to change the static head of
cer at the point where air is released. The immersion dept of the
18s tubing in water is equivalent to the air pressure in the surge
tk, because the pressure drop due to a small flow of air through
+ bubbler is negligibly small.

Lines which convey the pressure to the equipment, and to a
1Isitive manometer, are also connected to the surge tank, The
ferential pressure measured by this manometer, plus the baro-

:ric pressure constitute the absolute pressure of the equipment.

Vacuum System: A simple but adequate vacuum system which was
:d in this investigation, is shown in Figures (3, 8). The vacuum
1p is directly connected to a large metal surge tank, provided
‘h a vacuum release and drain valve at the bottom. The surge tank
connected to a Cartesian manostat, which controls the vacuum. A
:rogen bubbler, located between the manostat and the cold traps,
leases enough nitrogen into the system to eliminate any possible
:tion of hydrocarbons, therefore loss of products. Nitrogen
m a high pressure cylinder is reduced, and bubbled at the rate of
+ or two bubbles per second through a liquid of very low volatility,
» percolation of nitrogen facilitates its rate control by visual
jervation. Atmospheric air can also be used successfully, when
irre is no possibility of material oxidation., The vacuum line can

‘her be connected to the cold trap of the recirculation still, or
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the traps of th% flow apparatus. One system of traps and ;e-
.vers is designe& for-the fleow apparatus;(and it can be attached
elther of the two flow apparatus. :

In the vacuum connection for the flow systems, %here are
wnches fer vapor and for liquid sides. There is a c&ld finger‘trap
each vacuum line , which insﬁreé against loss eof voiatilé compon-
;8. The cold traps can either be kept in ice or solid 002, as
juired. A three-way cock can connect any one or both of the cold
\p8 to a mercury manometer. Heavy rubber lines connect the celd
\ps to product receivers and collecters.

Each product receiver is a small 50 cc. glass container,

.ch at one end can be connected to the product condenser, and at

+ other end to a 500 cc. collector, by means of ball joints. A
‘ee-way cock connects each product collector te the vacuum system.
'h product collector can be removed from the system by first
1sing the glass stop cock between the receiver and tLe collector,
| then releasing the vacuum.

All the vacuum lines are made of a sufficiently large tubing,

| the connections are sealed with specisl rubber cement.

Temperature Measurements: Temperature measurements were made

;n both calibrated thermocbuples and thermometers. Figure 9 shows
+ thermocouple circuit as it was used in the experiment. The
rmocouples are made from Chromel-Copnic wires, and are fiash

ded together. The cold Junctionms, és well as copper lead Junc-
ms were placed inside of individual oil filled glass tubing,

.ch were kept in an ice bath. The lead lines were then connected
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1 two-gang-multipole selecting switch, and finally to a very sensi-

w

Leeds and Northrup type K potentiameter. Standard acc_essories ,
1 a8 a sensitive leeds and Northrup galvanometer, batteries, and a

wdard cell, .were used.
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Procedure and Tests

Othmer Still: This still was tested for pressure drop by

necting.one leg of an inclined manometer to the thermometer well
ning of the pot, and the other leg to the auxiliary condenser.
manometer liquid was selected to be the same as the pot liquid,
the vapor condensing in the leg of manometer connected to the pot
1d be of the same composition as the manometer liquid. Two liquids,
uene and water, were used for this purpose, and it was noticed that
n at the highest flow rate (2.4 liter/hr) the pressure drop
ctuated between 0.8 and 1.0 mm. of 1liquid, The pressure drop at
operating rate is even smaller, therefore, quite negligible,
Entrainment, which often causes trouble in many stills was
mined by a colorimetric method. A known quantity of dye was
solved in the pot liquid, and after distillation at various
es and with vérious levels in the pot, the reservoir liquid was
miﬁed for dye. Toluene and water which have different inter-
ial properties, were arbitrarily chosen for this test. Tests
e conducted at 200, 1000, and 2000 cc. pot hold-ups, and boil-
rates ranging from the normal operating condition (1-2 drops/seg)
the maximum rate of about 2.5 liter/hr. The complete absence of
in the reservoir liquid, even at the most severe conditiqn was
erved, This test clearly indicates that entrainment is not a
tor for the equipment.
The material loss (as vapor or decomposition) was investigated

‘h the following typical results:
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Charge 2000 cc.

Rate 1 drop/sec.

Water temperature 23 - 25 °c

duration of operation loss

benzene (B.P. 80.1 °c) 5 Hr. 8 cc.
toluene (B.P. 110.8 °c) 5 Hr. 3 cc.
o-xylene (B.P. 144 °¢) 5 Hr. 3 cc.
o-xylene 10 Hr. 8 cc.
n-decane (B.P. 174 °C) 2 Hr. 2 cc.
With 2" Hg positive pressure
toluene ' 1 Hr. 5 ¢Ce.
toluene 3 Hr. 9 cc.
toluene 5 Hr. 12 cc.

Test for thermal decomposition, using & heavy petroleum‘cut
ith A.S.T.M., I.B.P. 132 °C, E.P. 311 0C, flashed at 218 C
time - Hr.: 1 3 7

condition : no'discoloring or yelleow color light brown
loss

A very importent factor in all the recirculating stills 1is the
ime which the system requires to come to equilibrium, and the follew-
ng test was devised for this purpose.” In the case of binary mix-
ures, the returning vapeor condensate to the pet was analyzed at
arious time intervals_gnd was plotted versus‘time to ascertain the
rue equilibrium condition. The same technique was applied to the .
ase of multicempenent mixtures, but here only the relative amoﬁhts.

f some of the components were piotted° The experiments showed that

he determination of the relative quantities of only two predominantly
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ccurring components (preferably one near each emd) are adequate for
,hisdfesto T@ése relative quantities were determined by the method
f Chapter V. Tﬂe identification of these components evidently is
ot necessary. The representative curves are shewn in Figure (10).

Equilibrium tests were conducted under various conditionms
Appendix B), and the results can be judged from‘Figures (11, 12),
hich compare very favorably with those of literature. Two binary
ystems of acetic acld-toluene, and benzene-toluene were selected.
'he acetic‘acid-toluene system was analyzed with 0.0965N - NaOH.
'‘or the titration, sufficlent quantity of water was added teo thé
rample to reduce the concentration of the acid snd also to aid in
ts extraction from the orgahic phase. The time required for the
xtraction of the acid from the’organic phase was noted. The possi-
11lity of interference of atmospheric CO, in the titration due to
he exlstance of erganic layer on the top was nil.

The benzene-toluene system was analyzed by chromateography.
‘wo sets of experiments were performed, one with the overflow mani-
'old, and the ether with the Teflon neddle valve connection. As
xpected, the results were in agreement. The procedure for studylng
quilibrium vaperization of petroleum fractioms was conducted
xactly as the test rums, and by use of the overflow manifeld. The
ame method for knowing the true equilibrium cenditien (plet of
oncentration vs time) was applied. Under all operating conditienms,
he maximum quantity of liguid im the pot was never more than EOODcc,
he analytical requirement was such that at least 1000 cc. ¢f each

‘hase wagp meeded. For instance, for.d 10 percent vaporization, the
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'y - Mole percent teoluene in vapor phase
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Atm.
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Figure 1l - Equilibrium Test - Othmer Still
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experiment was repeated six'times to éollect ehough samples. It is
important te establish exact heat inputs by trial runs. In the case
of even the smallest amount. of leak, the experiment was repeated again.

A small amount of carbon was deposited each time inside the flask
wheneQer a leng period andhigh temperature were used. This layef of
carbeon was removed by heating the empty pot, and raising its tempera-
ture véry slowly, and at the same time blowing air into it. Im seme.‘
instances it bgcaﬁe necessary to treat the pot with a cleaning
solutien.

Thermeostatic Flow Equilibrium Equipment: The twe impertant

tests for this equipment are entrainﬁent and equilibrium. The same
colorimetric technique was uséd to study emtrainment characteristics.
A series of tests was conducted at various vaper rates and ;t various
liquid held-ups in the flash chamber, using ﬁgter, toluene, benzene,
and a light maphtha as the test liquids. The experiments shew that
vapor rates up to about 1.3 liter/min. (at the standard cendition)
would net cause any entrainment.

Figures (13,14) show the comparison between the equilibrium
data obtained with this equipment, and those which were taken from the
literature. The benzene-toluene system was analyzed as befere, while
refractometry was used in the case of toluene - n-octane sygtem. Re-
fractive indices were measured by an Abbé refractometer (Spéncer 1591)
at 25.0 oC, and using a yellew light. Thirty six stan@ard selutiens
were prepared by velumetric methed at & comstant reoom temperatufe;
and with a maximum possible errer of less than 0.5%. The calibra-

tien curve was prepared on a large graph paper for improvimg its
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accuracy. All the samples were kept in a refrigerator, and they were
analyzed as soon as possible. The small glass sampling containers
were cleaned with a cleaning solution, and were dried in an oven.

Two techniques were used to estaﬁlish the desired operating
conditions whenever petreleum fractions were flash vaporized. A
plot of (%) versus feed rate was prepared to investigate the operatimg
range at which (%) ratio is independent of the feed rate. The second
test éonsisfed of plotting the relative quantities of some of the
components versus feed rate. These relative quantities of compenents
vwere measured by chrematography as before. The trial test was
conducted for each case, before collecting 1000 cc. samples. Figures
(15, 16) show some representative plots.

The Jacket temperature was maintained by refluxing one of the
following erganic mgterials, at 760 mm. Hg. Atmespheric pressure
compensation was accomplished as/already described.

| 2, 2, 4 - trimethyl pentane
2, 3, 4 - trimethyl pentane
n - octane
ortho xylene
orthe toluene
n - decane
n - dodecane
l, 2, 4, 5 - tetramethyl benzene
Naphthalene
n - tridecane

2 - methylnaphthalene
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(I - chloronaphthelene
1l - bromomaphthalene
Seme of the high boiling therméstatic materials were not
stable with heat, therefere two thermometers were placed inside the
Jacket to detect any pessible change of temperature. Although, the
discoloring ef thermestatic materials with heat is net an indicatien
of a large conversion, nevertheless, these materials were often disj
tilled or replaced. The thermestatic system was always cleaned after
each use, by refluxing benzene er toluene for some time and drying
with air.
The time required to bring the column teo the operating
temperature depends enly on the boiling peint of the refluxing liquid,.
and is often shert.

New Flow Equilibrium Equipment: Irn the eperation of this

equipment, both feed and heat flows to the vaperizer must be kept
absolutely constant during each run. The flow of feed to the vaperi-
zer, as explained before, was highly dependable. The input of elec-
trical.power through a varliable powerstat, as it was tested by sensi-
tive meters, changed but insignificantly at all times.

Entrainment, and equilibrium tests were conducted as fer the
other flow equipment. Figures (17, 18) show the equilibrium data
ebtained by this equiﬁment, using benzene-teluene, and toluere-n
octane systems. Figure (19) compares the results ef equilibrium
vaporization of a petroleum fraction, obtained by the menti¢ned
devices.

The precedure fer vacuum operation is basically the same feor
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Figure 17 - Equilibrium Test - The New Equilibrium Equipment
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‘Toluene & n-Cg

— Literature at 760 mm. Hg.
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both . flow apparatus. The vacuum receivers and collecters vere
attached to the condensers, anil the manostat was édjusted to preduce
the desired vacuum. The equipﬂént was then tested fer leaks befeore
the test was started. After a sufficient start-up time, the cel-
lectors were detached from the unmit, cleaned, and placed back fer
collection of samples. Traps were kept in ice te ensure the cel-
lection of any escaping vapeors ffem the comdensers. The results of’
these vacuum operatiens are shewp'in Figures (20;21), and are given

in the appemdix.
Discussien

Because of the complexity ef petroleum fractiens, the therme-
dynamic cemsistency tests (59, 118) can not be applied, therefore it
has been the practice of the investigators te operate the apparatus.
within the limits which preduce reliable results for seme bimary
mixtures. For imstance Okamoto (96) establisked a limit fer atemiza-
tion of a binary feed, and applied this te the case of petroleum
fractiens. Evidently these tests, and alse the smeethness of the
plot eof the fraction of feed vaperized as a function ef equilibrium
temperature, car be quite misleading in seme imstances. Here seme
satisfactery tests have been devised, and preserted in this séction.
It is evidemt that each apparatus must be imvestigated ildependqntly,
apd all ef the variable facters be studied, before it camr be satis-
facterily used fer equilibrium investigatien.

Othmer Still: Othmer recirculatimg still was the first

equilibrjum equipment cemstructed. It was selected because it has
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been highlyvrecsmmeﬁded by - previous‘ﬁorkers, and‘for i1ts sim-
plicity of design. It alse appeared to have advaﬁtaées fer the
type of‘investigation ;n question; In erdér te meet‘the large
sample requirement, it was decided to construct a 2000 cc. still.
Although'ﬁhis did net eliminate the need for repeated operatiens
it nevertﬁeiess feduceh the number of runs fbr.each é&se. The
equipment fecausé of i%s great bulk Had £o be constructed in three
séparaté pérts.

Othmer im his siﬁilar design used an internal heater and
insulated the heated pert;on with electrical heaters. Here the
heat input to the still was regulated by external heaters oily.
This technique of extermal heat input, as found in this study is
mere advantageeus than the other methed. Anr imternal heater supplies
heat for vaperizatiem of liquid inm thé pot, and alse generatesenough‘
heat to cempensate for the heat lesses from the walls. On the other
hand, the external heaters transfer Jjust enough heat to the liquid
to cause the desired vaperization. Therefere, fer an identical |
operating condition, an internal heater must transfer mere hea£ to
the liquid than the external heaters. Intermal heater must be small
in size, therefeore with a much smaller heat tramsfer surface than
the external heaters, which cever the entire heated section ef the
equipment. All these necessitate that the surface temperature of
the intermal heater be much higher than the wall temperature. The
conclusiorn is that an internal heater causes much greater thermal
decemposition than whem heat is applied extermally. >Thermal de-~

cemposition fer each petreleum fractien depends en the equilibrium
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:emperature, and the duration of operation. Studies show that the
‘hermal decomposition, even at an equilibrium temperature as high
18 250 OC is not significant.

In all the cases the vapor in the vapor-arm was kept.a few
legrees superheated. If even a small amount of vapor condenses
m thé,large vapor arm, it would enrich the vapor in a manner similar
;0 that in a wetted wall distillation column. When vapor enters the
rapor-arm, it can only return to the pot by molecular diffusion,
thich is definitely insignificant as compared to the flow transport.
‘herefore the superheating of vapor in the vapor-arm is definitely
\dvantageous,

Three different return connections, over-flow manifuld, Teflon
leedle valve, and a simple regulating cock were compared. It was
‘ound @hat the regulating cock was inadequate for this type of work,
18 it did not offer an accurate control of back flow to the pot,
\1so, it was almost impossible to duplicate an experiment satisfac-
;orily by this technique. The Teflon needle valve gave excellent
iontrol of back flow, even though the 1iquid head was never more
‘han a few inches. The reproducivility of this method was‘satisface
;ory, and it needs very little attention,

The over-flow system as would be expected, was the easiest to
idjust and to reset. It is }ossible fb replace the extensive over-
‘low manifold by a simple inverted 'U' tube with a siphon breaker,
‘he level of liquid in the condenser reservoir can be altered by

'winging the 'U' tube around the axis of its ball connections to the

ot and the vapor reservoir.



Condition of Equilibrium: In order te reflect on what takes

place during the equilibrium operation, it weuld be necessary te
consider a sufficiently ideal case for this purpese. Assuming a
mixture is te be equilibrium flash vaperized at seme temperature anq
pressure te preduce melal vapor to liquid ratie ef zl .

flew connectien is therefere set for §% condition, and the predeter-

The eover-

mined pewer input 1s such as teo cause a constant vaporizatien rate

of b'!%%%E (eg - 1 er 2 drops/sec.). From the time when vaperizatién
starts until the time when over-flow begins, the precess is a simple
batch distillatien. The average compesitien ef liquid in the wvapor

regservelr, and in the pet may then be calculated as follews:

-y% d(X+Y) = -4 (X+ Y)x* (25)
*
d(X+ Y) . dxa (25a)
thus X + Y -

1n (26)

x*
I 5 - xg
where (X+ Y = X3+ Y1) Is the total moles of feed, and x% the mele

fractien of cemponent A.

x*a- mole fractiom cemponent A in the pet

y*a mele fraction ef vapor in equilibrium with x*a,

% b -
X1, = average mele fractien ef compenent A in the cendensate

reservoir at the time when over-flew just starts

pet compesitien, cerrespending te xjg

X)a



Now, the recirculatien starts with the same ceonstant rate,
and the ameunt eof the mest velatile coempenent in the reserveoir is
higher at this time than during all the recirculatien peried.

Material balance for ceompenent A in the reserveir weuld

result,
by";-‘bxa=d‘""d_g—l' (27)
b (Ya ~¥a) =1 i‘%}g- (27a) -

Xy = average mele fraction of component A in the reserveir
(assuming a complete mixing)
6 = time

For the still pet,
¥*

b (x4 - ¥ = X1 a: (28)
Where the 1imits are:

Xg frem x,, te Yg

££ frem xla teo x*%
By material balance at equilibrium,

(Y, +X) x% = 1y v, v X x*fa (29)

* f
xaf, Ya are the final cempesition of compenent A in the pet and the

reserveir respectively.
At the steady state conditien, the cempesitions in the pet

and the reserveir remain constant, that is,
g
dxa Y

- a =0 (30)
de de

Alse by material balance,
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f X
byg - byg (31)
f *f
or y,£ Ve (32)
*f *
thus dy - 4x -0
g =T"a = (33
ae do )

*f
Y, 1s the vaper in equilibrium withxa'

Equatien (32) shews that at equilibrium the flewing vaper and
cendensate are of the same cempesition, and de neot change with timey
By assuming a satisfactery equilibrium relatien, the time required
for the operatiemn can be calculated frem the given equatioms.

It is evident, that if the cendensate be mixed at all times,
& sherter recirculatien period is needed. This car be achieved By
providing the cendensate reserveir with a mixer. Visual obse;va~
tien indicated that diffusion and gravity mixing is inadequate.

It is alse quite evident that, during the recirculation time,
the compesitien gradually changes teward equillibrium, witheut going
beyond. Therefere, a plot of cempesition versus time, at the pofmt
where it is independent ef time (Equatiens 30, 33, Figure 10) in-

dicates the true equilibrium cenditien.

Thermostatic Flow Equilibrium Equipment: The constant

temperature flew apparatus has to be operated within the experi-
mentally determined flow ramge. When the flew rate is higher than
the maximum allewable rate, then eme ef the two fellewing umdesir-
able phenemens will eccurs (1). The flew rate may exceed the
pessible capacity eof the heat exchanger, amd im such a case the
percent vaperizatien would be less than the true value fer-the

temperature. The pre-heater can effectively improve the range ef
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eration, by aiding the columm heat exchanger (2). The second
$8ibility is that the vapor velocity may become high enough to
use an appreciable amount of entrainment, This would of course,
irich the vapor with the less volatile components,

The thermostatic materials must be replaced or purified,
ienever it is necessary. For obvious reasons, the presence of a
1all quantity of lower boiling components in the thermostatic material
; very exitical., Pressure regulation of the thermostat was found to
: necessary, The two thermometer wells, one in the middle of the
ylumn and the other next to the flash chamber were used to avoid
1ty possible error. Because of the heat transfer requirement, the
(uilibrium temperature is slightly less than the temperature of the
icket,

Experiments revealed that when the porous plugs were not sub-
rrged in 1liquid, true equilibrium could not be established in mény
1ses, When the plugs are submerged, the vapor and liquid are
rought into intimate contact_with.each\other, at a constant tempera-
ire and pressure,

- In order to investigate the working nature of such an equi-
tbrium equipment motre systematically, it is advisable to construct
column Qith only one heater-vaporizer coil, which would eliminate
1e undesirable uncertainty of feed distribution between the two
>ils,

New Flow Equilibrium Equipment: The need for simple reliable

juilibrium equipment motivated the design of this apparatus.

1 this equipment both feed and heat flow must be very closely



69

agulated, in order to obtain uniform products. The control systems
lready discussed served this purpoée. This equipment, because of
ts small mass can be brought to operating temperature rather quickly,
t is very simple in design and easy to construct and operate, The
ritted plug'can be removed, and easily cleaned with a cleaning
olution.

The nature of liquid véporization in a tubular heat exchanger
8 such, that even at the best condition true equilibrium can not be
kpected, First nucleation at some>favorab1e locations takes plaoe,
nd then some of these nuclei grow into large vapor bubbles, as the
lugs of vapor and liquid discharge from the exchanger. Becauée the
iquiﬂ is not homogeneous, and the slugs of vapor are rather large,
n intimate comtact between the two phases is-not possible; As a
apor bubble moves forward in the vaporizer, the average‘temperafure
f fluid increases, and it grows at the;interface, becoming enriched
n the less volatile components. The main factors which govern the
pproach to equilibrium therefore are: the size of heat exchanger
nd the rate of heat transfer, the number aod the size of‘vopor
ubbles, and the transfer coefficient, The need for a final and
omplete contact between the phases, is well known by now, and it
an be accomplished easily by porus plugs. The existence of the
ritted plug at the end of the vaporizor, and also thé crank arrange-~
ent, provide some excellent means for study of thebimportance of
ood contact between the phases., Figure (18) shows that when liquid
old-up in the flash chamber is nil, equilibrium is poor, while at
igh hold-ups satisfactory results were obtained, The fritted

lug breaks the vapor slugs into a great number of infinitely
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mall bubbles. When the plug is partially or totally submerged in
iquid the small vapor bubbles then create a foam, promoting maxi-
um contact between the phases. Since both temperature, and preésure
re constant, and phases separate immediately after contact, then it
.5 reasonable to expect a true equilibrium between them.

To investigate the unifeormity of temperature inside the
"lash chamber, the thermometer well was replaced by a cork stopper
rith a thermometer passed through it. Under various equilibrium
ronditions, the thermometer was moved up or down to make a complete
;emperature survey. The results indicated that the flash chamber
.8 completely isothermal at any equilibrium conditien.

Figures (20,21) show the equilibrium study of a petroleum
‘raction at various pressures, and the plot is well within the ex-
ected limits. In Chapter V, vapor-liquid equilibrium phase distri-
ution for some components of a hydroformer product are presented.

The present design is well suitable for atmospheric and
racuum studies. Its capacity decreases with the reduction of pres-
sure as expected. At high vapor rates, some slugging occurs, and
:his can be eliminated by placing a deflector in the disengaging
section, or replacing the porous plug with porous disc (fritted
iisc with solid glass on the upper side). The thermometer well
ind the fritted plug can be fixed to the flash chamber if desired.
[he placement of the glass core in the vaporizer improved the heat
:ransfer property, as well as causing a better phase mixing.

A high pressure equipment based on this design should be

sxpected to gilve satisfactory results (fritted glass can be replaced
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)y sintered metal).

Finally it should be mentioned that from the view-point of
aquilibrium study of petroleum fractions, the Othmer still requires
3 long period to come to equilibrium and, moreover, the condition of
equilibrium should be investigated by the methods given here. Large
samples can only be collected at the expense of repeated runs.

The modified flow equipment (the thermostatic flow equilibrium
equipment) is complicated in design and fragile, therefore it has to
be handled with great care. It is easy to operate, but its operat-
ing range for each equilibrium condition should be determined first
by the methods already presented. The equilibrium temperatures are
limited to the available thermostatic materials, and this in some
instances create & great handicap. The high temperature thermostatic
materials are often unstable and costly. The start up time is
short, and large samples can be collected without difficulty.

The flow equilibrium equipment, which has been designed as
a result of this investigation, is simple and reliable. It can be
constructed to be operated at all temperatures and pressures satis-
factorily. The start up time is short, and large samples can be

collected with ease.



CHAPTER IV
DISTILLATION ASSAYS

In this chapter batch fractional distillation assays, as
lated to this work, will be discussed. The components of petroleum
actions (continuum) can be separated according to their boiling
iints by means of batch fractional distillation. .

Both the petroleum feed and the products of equilibrium
ash vaporization were analyzed by simple (A.S.T.M.*) and fractional
wteh disti%lation, and the results are given in the qppendix.

Batch fractionations were performed by means of an efficient
.eve plate column (Oldershaw), and a comparison was made with a more

ymmonly used appartus (Sarnia MK II).

Since the apparatus and the procedure for fractional distil-
ttion of petroleum fractions are not standardized, it therefore be-

\me necessary to evaluate the fractionator and formulate a reliable

erating technique.

THEORY AND SURVEY OF LITERATURE

Petroleum is a complex mixture of various hydrocarbens with
ich close physical properties, that complete separation of indivi-

ual components is not practical by means of distillation. Even if

American Soclety for Testing of Materials

T2



73

ne components are separated, the treatment of so many components pre-
ent in insignificant quantities is impractical. Therefore, it be-
ame custemary to characterize complex petroleum mixtures by their
oiling points (distillation curve), demnsity, viscesity, etc.; rather
han the amount of each individual components they contain. .

éimple or Rayleigh (116) type distillation has been standard-
zed in petroleum industry (A.S.T.M., D-86, D-158, D-216), and the
esult is expressed in the form of volume percent of distillate col-
ected (abscissa) versus distillation temperature (ordinate). The
emperature 1s actually the condensation temperature of the vapor
lowing out of the flask, and because of the nonideality of the
olution it is not simply related t© the volatility of components
nvolved. Also in the petroleum industry an efficient batch fraction-
1 distillation is referred to as true boiling peint (T.B.P.) distil-
ation, which 18 an attempt to separate the complex petroleum.mixture
nto its components according to beiling point. Under the ideal con-
ition of maximum column efficiency, and close to the total reflux
peration, it would be conceivable to produce a‘atepéwisevdistillation
urve (T.B.R:), where each step would represent an individual com-
onent. In practice, these numerous steps are not discrete, and
'ppear as & continuous curve. The equilibrium flash vaporization
‘EﬂF.V;), the simple distillation (A.S.B.M.), and the fractional
[fstillation (T.B.P.) curves generally appear in the order of in-
'reasing slopes, and are empirically related to each other. Many
inalytical and empirical equations are available for all the three

\ifferent curves (94,120).
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Any fractiomating apparatus which accomplishes a good degree
f separation is Broedly termed T.B.P. equipment. Im actuality, for
omplex petreéleum mixtures, the slight variation in efficliency and
perating eondition causes no significant change in the position ard
he shape of T.B.P. curve or properties of distillate when it is pér-
‘crmed in a sufficiently effective column. True boiling point distil-
atiorn can be conducted at various sub-atmospherié¢ pressures up to
60 mm. Hg., and at constant or variable rates of distillatiom. The
urves obtaired by constant distillation rate are more smooth, and
re more useful for desigm purposes.

T.B.P, distillation is generally carried ocut in am efficient
nd insulated packed column at a high reflux ratices. There are some
‘ew Qi&ﬂy'uaed packed columms (11,86,93,110,112,146), each with some
dvantages. Other types, such as sieve plate, spinning band, and

retted wall columns are less common.
APPARATUS

The fractiomating equipment (T.B.P. still) selected for this
itudy vas an Oldershaw (22,97) column. These columns are made im 30,
X0,15,10, and 5-plate sections, and are provided with integral vacuum
jacket to approach adiabatic condition. The vacuum Jacket is totally
tilvered with the exception of two marrow longitudinal observation
rindows om both sides of the celumn. The columm is mormally made of
’yrex glass, and sufficient number of expansion bellows are constructed
into the ocuter shell to allow safe operation evea up to 300 °c.

iach section of the Oldershaw column comsists of certain number of
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ass sleve plates sealed inteo a glass tube of 26 to 28 mm. in inner
ameter.

Figures (22,23,31) show the details of sieve plate, weir and
wn-pipe. There are 82 holes in each plate, and they are arranged
i three circular rows. The holes have low tolerance, and are dril-
:d with red hot tungstan wire of 0.89 mm. in diameter. The baffle.
pe which is placed in the center of the plate, is 10 mm. high, and
) mm. in diameter. A small section (4 mm.) of the baffle is cut
'f at 1 mm. above the plate to form the weir. The baffle directs
ie flow of liquild to the weilr, which maintains a proper liquid seal
1 the plate. The down-comer or the drain-pipe 1s bent and tapered
*om 10 mm. to 3.5 mm. to prevent any vapor-lock. A bead of about 0.5
0. is sealed to the lower section of the drain-pipe to regulate the
.stance between the end of the drain-pipe and the plate bellow. As-
:nding vapor passes through the holes in the form of small bubbles,
1d the descending liquid from the plate above flows over the plate
afore it enters the drain-pipe. The lower most plate in any column
sction has & uniform weir, and without drain-pipe. FEach sectlon can
» connected to the other parts by means of 29/&2 ground tapered Jjolnt
rale jJoint at the bottom).

Figure (23) shows the details of design of liquid trap used
n the operation and the evaluation of the column. The trap is a
odification of other commercially availlable designs. It 1s basically
o integral vacuum Jacketed 50 cc. reservoir installed between the
istillation flask and the column. Vapor flows through the central
ipe, passes around the deflector and enters the column at the base.

he liguid from the column drips on the deflector, and finslly falls
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nto the reservoir which surrounds the vapor pipe. The annular reser-
oir hés a narrow neck at the top, where the calibration mark is
ocated. At the bottom, the reservoir can be connected to the central
apor-pipe, or to a sampling line by means of a three-way cock. At

he normal operating condition, the column liquid flows from the trap
p the vapor-pipe through the cock. When the cock is closed, the
igquid collects in the trap till it -reaches the 50 cc. mark, and
inally over flows to the flask. By proper regulation of the three-
ay cock, the vapor going into the column, and the returning liquid

an be sampled.

A reflux regulating valve is located between the top of the
olumn and the reflux condenser. There are two different designs of
eflux dividing heads, vapor-dividing, and liquid-dividing; and of
hese the former was found to be more suitable for this werk. The
till topb£emperature is measured by a partial immersion thermometer
onnected to the lower section of the automatic vapor-dividing still
ead with a ground tapered joint (F 10/30).

The vapor flowing into the automatic vaper-dividing head
rom the column 1s selectively directed either to the reflux conden-
er at the top, or to the product condenser on the side of the column,
y means of a glass valve plunger. When the plunger is seated, the
épor condenses 1n the reflux condenser and returns to the column,
nd when 1t is unseated the vapor flows to the product condenser. The
alve has a long glass stem, which passes through the reflux condenser,
nd at the other end 1s attached to a soft iren rod enclosed in a glass

nvelope. The entire vapor-dividing head is vacuum. jacketed.
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The selective operation of the valve is by a small solenoid,
1ich encloses the end of the valve stem. A powerstat controls the
wwer Input to the solenoid, and its operation 1s regulated by an
lectric timer (Flexopulse, Eagle Signal). This time switch is operated
r a small synchronous motor, with on or off perieds from 1 to 120
sconds. The time switch can produce reflux ratios from 1/119 to
19/1, with the maximum cycle duration of 120 seconds and a minimum
ycle duration of 2 seconds.

The reflux condenser is a large (six balls) water cooled
>ndenser, which is attached to the top of automatic vapor-dividing
2ad with ground joints (F 29/42). The product condenser is also an
fective one, having a 100 cc. reservoir, and is connected to the
apor-dividing head by a ball Jjoint.

Distillation flﬁsks of various'sizes, frem 1000 to 7000 cc.,
ith one or three tavered joint necks (F 29/42) were used.

The heating mantles are hemispherical and metallic, and
ere supported by a small automobile scissor-Jjack. The power in-

ut to the heater is through a 1000 W variable powerstat.

OPERATION AND TESTS

Since neither the T.B.P. still ner the operating preoce-
ure are standardized, it therefore became necessary to invest some
ffort in that direction. Although each individual Oldershaw column
ection may have certain inherent characteristics, each section does
ave properties that are reproducible. The results of these compre-

ensive tests are given in the appendix, and some are shown in this
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hapter in the form of plots.

Heat Loss: The column set-up for measuring heat loss con-
isted of a two neck 2000 cc. flask, the reflux trap, a section or
ections of the column to be tested, the vapor-dividing head (valve
emoved and a plug used in place of the reflux condenser), product'
pndenser, and a return line from the product reservoir to the flask.
ith this set-up and under steady state operation the liquid hold-up
f the column is ceonstant.

Any amount of vapor generated in the flask, (99 mole % pure
1quids) should flow to the product condenser, and then return to
1e flask. But because of the small amount of heat loss from the
slumn, a portion of ascending vapor condenses and is collected in
ne reflux trap. The heat loss can be calculated from the time which
aquires to collect 50 cc. of condensate in the trap. By this method,
2at losses from two 30-plate column sections were measured and com-
ared. Benzene, and toluene were used to compare heat losses from
late, and empty packed columns at various boil-up rates. Heat loss
raracteristics of 40-plate T.B.P. column (two sections) was investi-
ited at 1000, 2000, and 3000 cc./Hr. boil-up rates. The following

ire liquids were used for this purpose.

benzene N-B.P. 80 c
toluene 111
methylpentane 60
2 —2-4 trimethylpentane 99
o-xylene 14k

o-ethyl-toluene 165
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ire was taken as to eliminate any air draft in the laboratery, and
1e amblent temperature was measured at close to the middle of thé
>lumn. In order to ascertain the repreducibility of the results, .
ich test was repeated at least three times. Figure (2&) shows the
fect of vapor temperature on the heat loss from the T.B.P. column,
By this technique, the thermometer was also checked and

ilibrated, as it came in contact with the highly pure and saturated
tquids at the top of the column.

Start-Up Characteristic: For this test a 7000 cc. flask, a

)-plate column section, and the condensers were used. A known mix-
ire of benzene and toluene was placed in the flask and then heated
> some predetermined rate. At the start the distillation column
\s completely dry and at room temperature. As the vapor mixture
peared at the top, a representative sample of it was obtainea
wough the sampling three-way cock, located at the top of return
.-ne. The samples were taken at various time intervals, from the
{me when vapor first appeared on the top and to the time when
;eady state condition was reached. The experiment was carried out
or the conditions of: total reflux, total take-off, and one to

1@ reflux ratio. The test for the condition of total take-off was
ipeated to check the reproducibility of the result. In this ex-
rriment .care was taken to secure representative samples, and they
're immediately analyzed by chromatographic technique. The quan-
.ties of components in the pot were such as not to be effected

r the liquid hold-up in the column.



180

160 |

140 fe

120 |-

100 - -

60

150 200 250 300 350
UA - Cal./Hr. - ©C

Figure 24t - Influence of Inside Temperature Upon
Heat Losses from Oldershaw Ceolumn
(40 plates)

82



83

Pressure Drop: The apparatus set-up for this test is exactly

1e same as before, with the exception of using pure liquids in a
naller flask. The distillation return line, which has a liquid seal
>op at the bottem, and returns the liquid from the product reservoir
> the flask, was used as the manometer for measuring pressure drop
ross the column. Seme liquids and operating conditions as in the
Irst part were used here.

Hold-Up: Another impeortant characteristic of the column is
t8 capacity for retaining liquid while under operation, and also
ome times after the completion of operation. The arrangement of the
juipment was the same as before, except that heat was supplied to
1e flask by a Nichrome wire through one of its necks. Because of
1e negligible heat capecity of the heating wire, the vapeorization
in be stopped almost instantly in the flask, as soon as the heat is
1t off.

Pure benezene, n-octane, and toluene were used for this work.
1e dynamic hold-up of the column at various boil-up rates and reflux
atios were measured by suddenly cutting off the heat and at the same
Ime closing the three-way cock of the trap. The liquid ceollected in
ais fashion in the trap was carefully drained and measured as the
ynamic hold-up of the column. The static hold-up is that portion of
1e dynamic hold-up which does neot drain even after many hours. The
tatic hold-up was measured by placing 200 cc. of some other material
1 a clean flask, and refluxing it for some time, before analyzing
ne binary mixture for the amount of original liquid in it. Figure

25) shows the effect of boil-up rate on colume hold-up.



Effect of Elegtric Timer on the Actual Reflux Ratio: For

his experiment an empty packed.column with integral vacuum Jacket
nstead of plate column was used. The amount of internal reflux and
be product for each condition of operation was measured by the reflux
rap and the product receiver réspectively. Benzene was used for
his experiment, and although it produced a small ameunt of internal
ondenstion because of its low boiling temperature, nevertheless

his effect was taken jinto conaideration. Reflux raties from 1/15

o 15/1, and gperating cycles from 2 t¢ 120 secomds, with various
ower inputs to the solenoid were investigated. The operating
naracteristice of A.C. and D.C. solenoids were compared. For each
ondition of operation, thé actual reflux ratio was compared to the
orresponding electric time switch setting. The boil-up rate ﬁas
sout 2000 ce./Hr. throughout the test.

Column Efficiency: The column set-up for the efficieﬂyy

:asurement consisted of 5000 cc. pot, the reflux trap, a section

? the Oldershaw column (10 or 30-plate); the vapor-dividing heed,
1e condenser, and the return line. Benzene-toluene, and toluene-n-
:tane systems were used for this purpose, and the analyses were
arried out as before. At least three samples for each conditien

»re obtained and enalyzed. The variables for this test were: the
»11-up rate and the reflux ratio. The operation consisted of
Llowing the column to reflux under the desired condition for at

sast 45 minutes, and them taking samples of the top condensste, the
wpor flowing into the oﬁlumn from the flask, and the liquid flowing

ek to the pot; then thé column was operated for another 10 minutes
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get the second sample, and the same for the third sample. A
presentative plot is shown in Figure (25).

Effect of the Cycle of Intermittent bperation: This test

nsisted of measuring the effect of cycle of operation on the ef-
clency of the column. That is; for instance, the efficiency of a-
lumn can be measured at reflux ratio of 1/1, but with cycles of
eration from 2 to 120 seconds. The column set-up and the proce-
re was exactly the same as the previous case, but with various

me cycles. In one case the compositions at the beginning and at
e end of each cycle, as well as the average value were measured.
nerally not less than 30 minutes were allowed between each suc-
ssive sampling. Some of the representative plots are shown in
gures (26,27).

T.B.P. Distillation: The operation consisted of charging

e still pot with exactly 1000 cc. of sample, and attaching it to a
l-plate Oldershaw column (two sections). The heat input was so
gulated as to produce a boil-up rate of about 2200-2500 cc./Hr.,
d then the column was put under the total reflux for not less
wn 45 minutes. At this time the top temperature was constant,
id a reflux condition of 12 parts reflux and one part product was
posed. The top column temperature was recorded at every 25 cc.
oduct take off (2.5% by volume), up to 90% or even 95% over.

le exception to this was, when the top temperature exceeded

0 °C. Each 5% cut was collected for density ﬁeasurément by
1stphal balance. Small samples were taken from every 2.5% cut

d at every 5% over for molecular weight measurement. Generally
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a trial or duplicating run was found to be useful. The lmast 10%
was distilled in an A.S.T.M, type distillation equipment.

The fractionation equipment was cleaned after each run by
refluxing in it either toluene or benzene for at least 10 minutes.
When precise analytical work was to be performed, the column Qas

also cleaned with a cleaning solution.

Discussion of Results

Heat transfer from any section of the column can be ex-

pressed by the following general equation

Q = UAAT = T'AT (34)
Q@ = heat loss from column section - g?l°
A' = T - Ta = average column temperature - ambient temperature, °C

Experiment shows that U is some function of tower temperature,

therefore,
Q=U(T)AT (35)
Equation (35) for the T.B.P. column is,

Q = (0.121T - 95.7)(T - Ta) (36)
For each plate, g = Q/n = heat loss in cal./Hr.-plate

Se q = (.003 T - 2.39)(T - Ta) - (36a)

Equation (36a) can be used to calculate the additional internal
reflux caused by heat loss from the vacuum Jjacket. The above equation

also suggests that the over-all heat transfer coefficient is directly



related to the column temperature, and at high temperatures the heat
loss becomes excesgive. When a large column is operated at very
high temperature, then the top plate may become dry while the bottom
plate may flood.

Start-up characteristics of the column is another factor of
importance in the field of batch fractional distillation. Starting
with a cold column, at the beginning the product had the highest
concentration of the more volatile component (benzene), then it de-
creased to a minimum and finally the concentration increased with
time till it reached the stecady state condition. The fact that the
concéntration of benzene(benzene-toluene) was highest at the start
is indeed a lo‘gical one. That is, when vapor rises in a cold column
it condenses on all surfaces, and therefore it fractionates itself
as it moves up in the column.

In other words the efficiency of & column is the highest
vhen it is cold, which is due to its high effective surfdaces. As
a column approaches its operating temperature the "cold éfficiency"
decreeses, therefore the concentration gradient reduces. ’Finally
the concentration gradient logarithmically increases with time due
to increasing reflux and hold-up in the column. This phenomenon is
essentially some function of relative volatility of the system,
number of plates, hold-up, and boil-up rate of the column. It was
for this fact that in T.B.P. distillation, the column was first
operated at total reflux till the steady state was attalned, and
the uncertainty due to the start up condition was eliminated,

Figure (28) shows the start-up characteristic of the column.
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Pressure drop and dynamic hold-up depend on physical pro-
perties of fluid and the boil-up rate. Pressure drop across the
column has basically no consequence on T.B.P. distillation, unless
it is commenced at very low pressure. High hold-up on the other hand
is rather undesirable, firstly for the large feed requirement and
secondly for the reduction of efficiency. Static hold-up depends on
physical properties of liquid only, and its effect on T.B.P. distil-
lation was found to be insignificant.

The result of comparison of electric reflux timer and the
measured reflux is rather capricious. The D.C. solenoid was free from
vibrations, and consequently produced better results than the A.C.
solenoid. The power input and the position of the solenoid must so
be adjusted as to give a quick and firm motion to the vapor dividing
valve, and in such a case the reproducibility is very high.

The plate efficiency of Oldershaw column is very high, and
almost in all cases is more than 60%. Experimental work shows that
efficiency increases with the boil-up rate, till flooding condition
occurs. Column efficiency was measured at total reflux, and by use
of Fenske (43) equation.

n . log [(fﬁ/xggp" (XB/XA)1J

log O ave. (37)
wvhere : is the number of theoretical plates in the column.
Gave, is the average relative volatility of the system.

b'e
(.A/XB)D is the ratio of mole fraction of the components in
distillate.

(XB/XA)l is the ratio of mole fraction of the components from
the first plate
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One of the neglected factor effecting the efficiency of both
batch and continuous digtillation is intermittent or cyclic product
take-off. Since the product take-off of many small industrisl and
almost all of the analytical columns are done intermittently, there-
fore it was considered necessary to make gome preliminary experi-
mental inquiries. It was ascertained that in all the cases examined,
the intermittent product take-off is more advantageous than the con-
tinuous operation and an optimum time cycle exists for each condition.
Under steady state operation, the concentration gradient in a celumn
depends on D/L, (distillate/reflux). The smaller D/L, the larger
would be the gradient or the composition of the most veolalile comppon-
ent at the top of the column. Therefore, the greatest concentration
gradient exists at the total reflux.

Considering a column operating.continuously at some D/L‘
condition, then the concentration gradient thrdﬁghout the column
would remain constant at all times. Now if the column be operated
intermittently at the same D/L condition as before, then it has to
perform at total reflux for s.L seconds, and at total take-off for
s.D seconds (s is a factor, and s.L 4+ s.D is the:cycle of intermit-
tency). During the L period, the concentration gradient increases,
while it decreases during the D period, and these depend on the
rate of approach to steady state. Therefore at the end of suf-
ficiently long L and D periods, the concentration gradient would
be the same as in the cases of total reflux or total take-off
respectively. When a colump 1s operating intermittently, then
at the beginning of the take-off period the concentration of pro-

duct, which is extracted from the enriched top plates, is the highest.
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The effective maximum L period is equal to the time required teo create
the maximum concentration gradient in the column. The optimum cycle
of intermittent operation depends on the column's capacity, rate of
approach to equilibrium, and reflux ratio.

T.B.P. distillation was performed most carefully, and in
order to avold any possible mistakes, a duplicate run was also made.
In almost all cases the readings were done at every 2.5% cut, al-
though' it is more desirable to record the temperature continuously.
The duplicate runs showed that the reproducibility is quite high and
is within the limits of accuracy of measurements. The operation was
so close to the total reflux, that if at any time during the distil-
lation had the column been switched to the total reflux ceondition,
the top temperature would not have had altered noticeably. The
T.B.P. distillation curves of the products of flash vaporization
operation of each petroleum stock appear on both sides of the feed
curve, and in the order of their E.F.V. temperature, as is shown in
the representative Figure (29). Figure (29) indicates that the
distillation curves of vapor fractions are below, and those of
liquid fractions are above the feed curve. As the E.F.V. temperature
increases the T.B.P. distillation curve of the vapor approaches the
feed curve, while the liquid curve departs from it. When a petroleum
fraction is distilled into many product cuts, then the total volume
of product is always more than that of the original feed. This,
however, did neot intreoduce any difficulty in this work, because
ultimately the volumes were converted into moles. One of the main

requirements of T.B.P. distillation is to produce a good and
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reproducible.separation. A rather simple pep:qleqm fraction (a hydro-
former product) was used to investigate the sharpnéss of separation
and its reproducibility in both liquid and vapor products of E.F.V.
pperation. These preliminary trial runs indicated that the sharp-
ness of separation was essentiaslly the same for both vapor and

liquid fractions. The T.B.P. distillation curve of this petroleum
fraction, as is revealed from its chromatographic analysis (Chapter
V), indicates a sharp separation, and small overlapping of the

ma jor compdnents. The investigation also indicated that the degrees
of separations are fundamentally the same for 60 and 40O plates Older-
shaw columns.

This hydreoformer preduct has also been used to compare the
performances of the Oldershaw column and a very coﬁmonly used packed
column (Sarnia MKII, 15 theoretical plaﬁes - 86). The results in-
dicate that the separation obtained by the Oldershaw column is

superior to that of the Sarnia still (Figure 30).
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CHAPTER V
CHROMATOGRAFPHY

Chromatography is a simple analytical method and produces
'apid and effective separation leading to exact analyses of complex
ixtures of high relative volatilities. Small samples (about one
ilcrogram) may be used for both quantitative and qualitative anslyses.
\ relatively large quantity can be separated inteo its components.
’he techniqué can also be used for studying a variety of physico-
themical phenomena, associated with gas, liquid, and solid phase
:qquilibria.

Tswett was credited in 1903 for inventing the chroma-
;ographic technique, and in 1952 James énd Martin (67) introduced
:he idea of moving gaseous phase, after which several thousan@
>ublications have appeared on the subJect.‘

In this work, gas chromatography was used as an analytical
sechnique for equilibrium studies of petroleum fractions. The dis-
:ussion of chromatographic theory and the survey of literature have
>een kept to a minirum in this chapter. The equipment, procedure,

and finally theé discussion of results of this research are presented

nere.
Theory

In all the chromatographic techniques, there are two phases,

a statiomary and a moving one. Gas chromatography covers all those

99
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ages where the mobile phase is gaseocus. The fixed phase may be an
isorbent (gas-adsorption, or gas-s8o0lid chromatography, G.S“C.), or

n absorbent liquid held on inert supportimg substance (gas - liquid
artition chromastography, G.L.C.). Gas chromatography can also be
lasgified according to the means of moving the gas phase through the
ixed phase; such as displacement, elution, and frontal methods. All
hese three methods can be applied to the gas adsorption, while only
lution is used with gas-liquid partition chromastography. The elutioﬁ
nalysis, which was used in this study, consists of passing a carrier
a8 (Hydrogen, helium, nitrogen, ° ° <) continuocusly through the
iystem. A gaseous or liquid sample, which will vaporize in the
system, is introduced into the flowing carrier gas. The carrier gas
;ransports the sample over the fixed phase, which may either be a
liquid or a solid, confined in a suitable container (column).

Each component of the sample distributes itself in a
sharacteristic fashion between the moving and the Stationary ﬁhases,
18 1t proceeds through the column. In a faveorable condition , the
sample components separate and issue from the column in the effluent
stream at different retention times. The concentration of each
component may be detected in the effluentsﬂre#nxby eny one of the
many means, such as: automatic PH meter, thermal conductivity cell,
infra-red gas analyzer, surface-potential detector, hydrogen flame
detector, or gas density balance.

Gas chromatography may be most directly compared with
batch fractionation. In both, the separation depends on repeated

distribution of each component between the phases. The theoretical



late cohcept, and the height equivalent to a theoretical plate has
1so been adopted in chromategraphy. Therefore, the over-all separa-
ion achieved with a chromatography column depends on the number of
lates, and the extent of separation per plate. A gas chromatography
olumn may posses many thousand theoretical plates as compared to
ess than a hundred plates in a fractionating column.

A temperature gradient must exist in distillation and the
.eparations are according teo the volatilities of components. The
:olumn temperature in chromatography is normally constant, and the
rder of'separation depends on many factors. The main difference
)etween the two may be due to the fact that in gas chromatography
‘ach component is separated and transported individually by the
arrier gas, and overlapping of the components can teotally be elimi-
mted. It is believed that no molecular rearrangement takes place
ln gas chromatography, while this is a serious problem in high

temperature distillation.

Survey of Literature

There &re a number of books (27,79,108,111) on chromatog-
raphic technique, which discuss the fundamentals, and give referen;es
to more than 2000 publications on the subject.

Attempts have been made to determine vapor-liquid equilibrium
phase ratios by chromatographic methed, by a few investigators (73,91)
and as yet it is far from practical use. Here, the equilibrium phase
ratios are measured by detecting the componeat distribution between

the stationary (liquid) phase and the moving phase.



Shively, Morris, and Roberts (137) analyzed a petroleum
fraction in the range of gasoline for its components. More than
100 components ranging from C3 to Cés were identified, with a maxi-
pum deviation of 3.2 percent, when different analytical techniques
were applied. The gasoline was first fractionated into seven cuts,

and then each cut was analyzed independently.
Apparatus

Figure (32) shows the chromatographic equipment used in
this study. It consists of a few standard components, and those
which were made to fit the specific needs of this work. The carrier
gas, helium, is supplied from a storage cylinder, and it passes
through two pressure regulators before it enters the reference thermal
conductivity cell. The carrier gas then immerges to the sample in-
Jection block, passes through the column, and finally it enters the
measuring thermal conductivity cell. Before the effluent gaé escapes
into the atmosphere, its pressure is regulated by a sensitive needle
valve, and its flow may accurately be measured as it passes through
a soap-bubble flow meter. The column is comstructed from 1/4-inch
copper tubing (6 or 8 Ft. long) and packed uniformly with 35 to 80
mesh chromosorb-red coated with liquid (20% T;C}P.). The column is
wound in a spiral coil to fit inside the constant temperature bath.
A 28-inch long horizontal and well insulated reflux jacke% consti-
tutes the main part of the bath. A small distillation flask supplies
saturated vapor to the Jjacket at one end, and a condensey at the

other end condenses and returns the thermostatic liquid to the
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flask. A sensitive thermometer is placed in the condenser, and
arrangement ;s made for manual control of its pressure. The thermal
conductivity cells and injJection block are also located in the con-
stant temperature Jacket. Samples can be inJjected into the injection
chamber through a rubber plug by means of a syringe. The detecting
block holds two (8000 ohm) thermistors, one in the reference chamber,
and the other im the measuring chamber. The thermistors are heated
by a battery, and lese heat mostly by conduction through the carrier
and effluent gases. The difference in compositions, therefore thermal
conductivities of the two gas streams unbalances the Wheatstone brige,
which has these»two temperature sensitive thermistors as its compon-
ents. This eleétrical unbalance is automatically recorded by a one

millivelt Bristol Recorder (Model 560).
Procedure

The bath temperature was regulated by boiling a pure liﬁuid
such as water, toluene, or cyclohexane, under a constant pressure
(760 mm. Hg.). The flow of the carrier ges was controlled to 50.00
cc./Min., and its outlet pressure was held constant at 760 mm. Hg.
The identification of each peak representing each component was made
by superposition, that is, by addition of a small amount of a pure
material to the sample and noticing the possible growth of one ef
the peaks representing that component in the mixture. In the case
of multi-component mixtures, with wide ranges of volatilities, more
than one temperature was found to be necessary for adequate separa-

tiens.
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Calibration graphs based on either the peak height or peak
area, depending on the nature of components, were prepared for each
constituent. A 10 microliter (U-liter) syringe with 0.1 Y-liter cali-
bration was used. Since the capacity of the column was limited to
about 30 U-liter of liquid sample, and since some of the multi-compon-
ent samples, contained a small percentage of some of their constituents,
it became necessary to extend the charts teo the amounts less than
0.1 J-liter This was realized by injecting a sample consisting of a
known mixture of two or more components. For instance, to find the
peak helght corresponding te 0.0l Y-liter of benzene, 0.l q-liuﬂ'of
10% mixture of benezene and toluene was used.

The attenuator in all cases was set to produce a large

peak on the recorder chart.

Discussion of Results

At the present time, the chromatographic technique is not
well enough developed to be conveniently used in the exact analysis
of complex petroleum fractions; however its future possibilities in
this direction should not be questioned.

A petroleum fraction can be fractionated into a few
narrow cuts, and each can be divided into groups of hydrocarbons
by means of L.S.C. or G.S.C. or both. The results can then be
analyzed by some suitable G.L.C.

In Chapter III the use of G.L.C. in connection with
equilibrium study of petroleum fractions was discussed. There,

only the relative amounts of some of the components of the mixtures,



ther than the exact analysis was the objective. In Chapter VI the
cesslity of G.L.C. analysis of solute olls for possible presence of
nzene as a componemnt shall be discussed.

In Appendix.B, the approximate G.L.C. analysis of a hydro-

rmer-product is given. More than 25 components were identified, and
" those only 15 eoccurred in measurable quantities, with arematics aé
e prominent portion. Figure (33) shows the results of T.B.P., and
le instantaneous G.L.C. analysis of T.B.P. products. The overlap-
.ng of the components, which is one of the disadvantages of T.B.P. is
111 illustrated here. This subJject has already been presented in the
*evious chapter, and also will be discussed from the view point of K
1lue calculation in Chapter VII.

Equilibrium flash vaporization of the hydrofeormer-product
1s. studied in Both of the flow equilibrium equipments, and the re-
11ts were analyzed by G.L.C. The consistency of the work for the
romatics part of it can be Jjudged from Figure (3&), and the complete
egults are given in the appendix.

From this exploratory study it is evideat, that this techni-
ue can be developed to such a state of perfection, where exact analyses
f complex petroleum fractions would be possible. The advance of this
ethod would assist In the equilibrium investigation of petroleum frac-
ions in the following ways:

1. Reduction in size of sample required .
2. Use of small equilibrium stills ,
3. More exact and complete analysis of products .

4, Better foundation for theoretical work in complex
systems. ,

5. Much faster, easier, and more reproducible,
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technique.

6. Indication of the true equilibrium operating
condition of some equilibrium stills.
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CHAPTER VI
MOLECULAR WEIGHT AND MOLAL VOLUME

The molecular weight and molal volume of an oil are physical
properties that are interrelated by density. These properties can
only be measured indirectly.

Cryscopic technique was chosen for measuring molecular
welghtes of petroleum fractions, which are mixtures of molecules of
diversified sizes and kinds existing in some sort of molecular ag-
gregation even at infinite dilution. The measured "apparent average
molecular weight at infinite dilution obtained by cryscopic metheod"
was found to be in close agreement with the calculated average mo-
lecular weight.

In this chapter, the subject is first treated theoretically.
This is followed by a brief account of the research steps. Tﬁe
equipment and the procedure adepted for this study proved to be
highly dependable, and are given in detail. The final section of
the chapter is devoted to the discussion of results. A few typical
graphs are shown to aid the presentation, while the bulk of informa-
tion is kept in an appendix. Suggestions are made for characteriz-
ing petroleum stocks. The usefulness of some of the techniques pre-

sented becomes more evident in the next chapter.

Theory

Certain physical properties of liquid solutions are inger-

related, without regard to the particular solute or its concentration,
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the value of any one of these properties can be evaluated, witk &
high degree of accuracy from the observed value of any one of the
others. These "colligative properties" of solutions include: fre-
ezing-point depression associated with the presence of a solute that
does not enter into solid solution or form a solid compound with the
solvent, the boiling-point elevation, the vapor pressure depression
assoclated with the existance of a relatively nonvolatile solute,
and the osmatic pressure.

These properties have been predominently used in simplified
forms for the purpose of estimating the molecular weight of solute
in a dilute solution. Each of these properties is proportional to
the molal concentration of the solute in a sufficiently dilute
gsolution. The molecular weight of a substance may either be deter-
mined in a gaseous state by the use of Avogadro's law, or in a dilute
solution by detecting any of the mentioned colligative properties.

The freezing-point depression method has been selected for
estimating molecular weights, because it has the advantages of ac-
curacy and ease of operation over the others. This technique has
commonly been used for molecular weight determination of petroleum
oils.

The freezing-point is that temperature at which the solid
solvent exist in equilibrium with solution. At freezing-point of
a liquid (solvent), the solid and liquid phases are in equilibrium,
and their vapor pressures are equal. The addition of a nonvolatile,
and non-soluble solute in the solid solvent phase to an equilibrium

mixture of solid and liquid solvent, would reduce the vapor pressure
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of liquid solvent,'and thus disturd the equilibrium. In order to
restore the equilibrium, a part of solid ﬂust melt to liquid. This
change is accompanied by gain of some heat from the mixture, and
consequently lowering the equilibrium temperature.

Figure (35) schematically represents the change of the
vapor pressure of pure liquid-solvent, solid-solvent, and a solutien.
The curves indicated by "liquid-solvent" and "solution" represent
the vapor pressures of pure solvent and solution with & fixed concen-
tration, respectively. Points F and F' represent the freezing points

of pure solvent, and the solution.
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Solid solvent
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From the geometrical consideration, and for very dilute solu-

tion,
1 _ d .
Prp - Pp _  aPsolid , P Pf' . Psolution (38)
st o 1
Tr - T¢ aT Ty - T¢ aT
d Psolvent . dPsolution |
alSO, a7 = dT (39)
Pp - P _-dPsolid _ dPsolvent

applying the Clapeyron equation to the case of solid, and solvent,

d Psolid _ AH(s-v)d'T d Psolvent - AH(l-y)dT (k1)

where JAN : Y AN H(1-v) is the molal heat of fusion of
solid solvent, then,

Pr - P . AHg1) P - (B2)
Te - T, R Tg®

W
- m
but Pe-P ] ] (43)
P w
M +-m
where: X 1is the mole fraction of solute in solution.
w, mand W, M are the weights and the molecular
weights of solute and solvent respectively.
Finally:
R Tf2
T, - T.' = X s ke x (L)
f f AH
(s-1)

Therefore, the freezing point depression [ﬁTf, the cryscopic

constant 'kf', and the mole fraction of -solute can be related as
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follows:

ATf = kf X (L"5)
AT = k (46)
£ £ —1—7—,3:’“" o |

which for very dilute solution, reduces to

ZXTf = ke wém (47)
M

The freezing point-depression caused by the addition of a
small quantity of solute to a solvent is usually detected by a highly
sengitive differential thermometer. The exact procedure which was
edopted in this investigation will be fully discussed after the pre-
sentation of some of the previous pertinent studies.

Previous Works on The Measurement of Molecular Weight of

Petroleum: Iwamoto (66), used a miniature Beckman apparatus in which
2 or 3 cc. of solvent and 2 to 10 M.Gr. of solute may be used.

Kubata and Yamane (77), introduced a design which uses a sensitive
thermocouple instead of a Beckman microthermometer. This equipment
gives good results with 5 M.Gr. of solute imn 1 cc. of solvent. Wilsonm
and Wylde, (151), determined molecular weight of petroleum fractions
by cryoscopic method, using a Beckman equipment and benzene as the
solvent. For low concestrations /\ Ty = 65.50 ¥/ is suggested.

They recommend a [§T¥ of 0.5 to 2 oC, and a better result may be ob-
tained if ﬁfo is plotted as the function of observed molecular

weight and extrapolated to zero. Fitz Simmons and Bahlke (4k4,45),
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measured molecular weight of some petroleum oiles by freezing-point
depression, Victor Meyer, andi Menzies-Wright methods. The results
of various method checked well, and they were plotted as the func-
tions of A.P.I. gravity, logarithm of viscosity, and A.S.T.M.
distillation midpoint. Steed (14k4), determined molecular weight of
petroleum fractions by freezing-point depression, using nitrobenzene
as solvent. Cryscopic constant was found to be a linear function of
the temperature depression, and it was taken at infinite dilution.
The mean molecular weight of crude oils and their fractions were
determined by Gullick (53). Pure nitrobenzene dried insitu by
anhydrous sodium sulphate was used as the solvent. The mean mole-
cular weight is expressed as a function of other physical properties.
Epperson and Dunlap (38), measured the molecular weights of
ten fractions of lubricating oils by cryscopic method. The results
were checked by means of three solvents: benzene, nitrobenzepe, and
ethylbromide. 25 cc. of dry solvent and enough solute to cause Q.l
te 0.2 CC freezing-point depression were mixed in a regular Beckman
apparatus, and the results were plotted as the function of viscosity.
The cryscopic equipment which probably gives the most accurate re-
sult for petroleum fractions was developed by Adams (1), and then
impreved by Kraus and Vingee (75). This apparatus employs two
cells, one for pure solvent and the other for solution. The
temperature differential may be measured by thermopiles. Rall
and Smith (114,115), used a medified Beckman apparatus, with a low
temperature flow bath. Four types of dry armd wet solvent benzene

were used to investigate the effect of moisture and impurities.
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Also the results of eleven laborateries for the same o0ils in benzene
solution were compared. They concluded that the deviation ef results
from different laboratories is greatest for the highest molecular
wveight oil. A direct relationship is claimed between the slope of
molecular weight versus concentration.plot, and the value of extrap-
plated molecular weight for the same solvent. They also suggest that
molecular weight of viscous o0il be determined by first diluting it
with the solvent. Lipkins and Martin (84), and Lipkin and Kurtz
(83), present equations which relate molecular weight to other

physical properties with a fair degree of accuracy.

Apparatus

Figures (36,37) show the equipment used for measuring the
freezing-point depression. It consisﬁs of a Beckman thermometer
graduated to 1/100 OC, placed inside of a 125 cc. test tube. The
thermometer is held in place by a cork stopper, as to be detached
from the wall of the test tube. A Nichrome stirring wire with
either a ring or a spiral end is placed in the test tube and around
the thermometer. Thie stirrer may be moved up or down without con-
tacting the sides of either the thermometer or the test tube. The
other end of the Nichrome wire passes through the cork, and is
attached to a small weight and a flexible Nylon cord. The cord
passes over two small pulleys, and finally is attached to a wire
which is loosely connected to one of the holes of a metal disc.

The disc is mounted on the shaft of a small 3é TepoM. electric

motor. The arrangement is such that the rotational motien of the
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motor may be transformed into the reciprocating movement of the
stirrer. The variously positioned holes in the disc provides a
convenient means for adjusting the amplitude of the stirring motion.
The test tube is suspended by a cork ring in a larger test tube, with
a small air space between the two. These in turn are placed in one

of the two cylindricalmcompartments of a small refrigerating

machine. The temperature of this refrigerator can be closely con-

trolled by adJjusting the pressure of its evaporator.
Procedure

The solvent, a 99 mole percent pure benzene, was further
purified in an efficient fractionating column, and the middle
80 percent cut of each batch was collected over calcium carbonate.
This purified benzene was stored in a‘dark glass container, and
was kept closed with a cork stopper. A calibrated 25 cc. pipet
was kept in benzene by passing it through the cork, and the other
end was connected to a short rubber tubing. The test tubes were
cleaned with hot cleaning solution (concentrated Hy SOy, K-chromate)
after each use, then rinsed with distilled water, and finally dried
in a low temperature oven.

The operation started for each series of molecular weight
determinations by setting the Beckman thermometer for the freezing
point of benezene, and then thoroughly rinsing the thermometer
and the stirrer with it. 25.00 cc. of solvent benzene was care-
fully pipetted in a clean 125 cc. test tube, and then immediately

the thermometer and the stirrer were inserted in it. These were
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placed inside the larger test tube, which was maintained within the
refrigerator. The stirring motor was then started, and the tempera-
tures were read to 2/1000 0C with the assistance of a reading lens at
every 15 second intervals. 25 cc. of benzene sufficiently covers the
thermometer, and the amplitude of the stirring motion was so adJuéted
to give a full movement inside the liquid.

A plot of temperature versus time shows cooling and super-
cooling of solution, and then a rapid rise of temperature to the
freezing point. The temperature of the evaporator of the machine
was kept at 3 OC below the freezing point of benzene. This small
temperature differential, plus the arrangement of the test tubes
gave a desirable slow cooling rate. The small temperature dif-
ferential,together with the rather rapid movement of the stirrer,
eliminated the possibility of excessive supercooling. During the
cooling perio& the Beckman thermometer was tapped occasienally,
and the entire mercury thread of the thermometer was inspected in
order to detect any possible discontinuity in it. The accepted
freezing temperature of benzene is the average of three readings
for each of the three samples used. A maximum deviation of 5/1000
OC was tolarated. The solutions were prepared by adding exactly
0.250 cc. of solute into 25.00 cc. of solvent. The accurate trans-
fer of solute was made possible by a calibrated 0.25 cc. syringe.

The test tube containing the solution was covered with a
cork and was placed in ene of the compartments of the refrigerator.
The solution was removed after total crystallization, and was then

melted to a temperature of about 2 or‘3 oC above the freezing-point



f benzene. The thermometer and the stirrer were swiftly placed in
his solution, and the freezing-peoint was measured as before. While
he freezing point of one solution was being measured in one of the
ompartments of the refrigerator, amother solution was being cooled in

)he other compartment.

In all the experiments, one solution was investigated for
s;ach sample, and a maximum deviation of 5/1000 ©C was accepted for

;hree readings.

Discussion of Results

It is quite indubitable that petroleum oils do not possess
the characteristics of ideal solutes in solvents. Evidently these
petroleum solutes have some appreciable vapor pressures at the freez-
ing-point of solution, and may crystallize with solvent, and as well
as forming some complex molecular groups in solutions. Although
these non-idealities, particularly the latter one,tend to creaﬁe
some discrepancy in the results, nevertheless the "apparent” mean
molecular weights have been found to concur with the mean molecular
weights in sufficiently dilute solutions. An extremely dilute solu-
tion gives a very small freezing-point depression, with a rather
large percentage of error.

It has been a common practice for the previous werkers to
measure solvent volumetrically, and weigh the liquid solute in a
sealed glass capsule. In this study, both the solvent and the

solute were measured volumetrically with a constant solute to sol-

vent ratio of L, (0.250, 25.00 cc.). This method essemtially
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eliminates the discrepancy due to thermal expansion of solvent, when
both solvent and solute are measured at the same temperature. More-
over this technique is fast and reproducible, and also provides a
highly satisfactory method for converting the volume percent T.B.P.
into the mole percent.

The cryscopic constant for benzene was calculated from equa-
tion (M6 ), by measuring freezing-point depression caused by add-
ing some small quantities of naphthalene to benzene, and it agrees
with the values given in literature.

The method of Rall and Smith (115) was used to correct the
calculated molecular weight for non-ideality of solution. A plot
of uncorrected molecular weight 'm"' as the function of concentra-
tion '%' gives & straight line for each solute. The general equa-

tion of these lines in terms of the extrapolated molecular weight -

to zero concentration 'm' and the slopes 'S' is:
" w
m = Sy (w) + my (48)

Where for solvent benzene S = 1.150 m. The substitution of these
two in equation (47) would result the following equation, which
has been used in this work.

= w
ATf 1+ 1.150 ¥

(49)

This equation can be simplified for the case of 0.250 cc. solute

and 25.00 cc. benzene to:

m =

58.838 FL/ZXTf (50)
1+ 0.0132 s '
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Where ' F%' is density of the solute.

Some petroleum fractions contain benzene as one of their
constituents, which reduces the value of 'w' while increases 'W'.
Presence of benzene in solutes were detected and 1ts amounts were
measured by chrometographic enalysis. Sultable corrections were
then applied to the measured values of ZXTfo It appears that this
type of correction has been neglected by the previous investigators.

The experimental technique, the equipment, as well as the
validity of the equation, were tested by means of solutes consisting
of measured quantities of pure organic compounds (2,2,4%, tri-methyl
pentane, n-heptane, n-dodecane, n-tridecane, and cyclo-hexane). The
average deviation for two different samples, and a total of six

determinations was found to be 1.8 percent.

Equation (50) can be simplified without loss of any ac-

curacy to:
_ 58.838 Pe/ATe (51)
1+ 0.0132([28)gye.
where : ( F%)ave. is the density of the petroleum stock,

and Fé is the density of a fraction of it frem T.B.P., which its
molecular weight is 'm'. Therefore for each stock of petroleum,

equation (51) would be

me k' ([Pe/ATy) (52)
or ATy = k' ¢ Fo/m) (53)
where : k' is a constant, and varies insignificantly for dif-

f

ferent stocks.



600

500

Loo

300

200 |-

100 | e

123

A-n- parb.fins
B - n - acetylenes
C - n - alkylbenzenes

6
(P/m) x 103

25
Figure 38 - (°/m) as Function of Ty



124

quation (53), as it will be discussed in the next chapter, is highly
.ppropriate for transformation of T.B.P. volume percent to the mole
rercent. It is also apparent from the above equation that the value
f (F%/m) can be measured more readily and accurately than the molec-
1lar weight. It should be recognized at this time that (F%/m) is
she reciprocal of molal volume, which is an important physical
juantity.

Figure (38) shows the plots of (f%/m) for variéus homo-
logue series of hydrocarbons as a function of their normal boiling
points. Curve 'A' is for n-paraffines and teo its left is for
branched paraffines. The curve for normal monoolefines runs pareallel
to 'A' and Jjust to its right, and curve 'B' represents ﬁ-acetylenes.
Normal alkyl benzenes are represented by curve 'C', where to its
right lies the location of branched alkyl benzene depending on the
number of branches, and then the other aromatics. I.B.M. 650
computer was used to find the following equations for the mentioned
curves, and they are:

The general equation is:
(F%/m)es Oc = a 4+ bTg + cTpe 4 dTB3.+ eTBh (54)

Where FL is the density at 25 ©C in Gr./cc., and Iy is the normal
boiling temperature in °c.

Thus, for n-parafines,

( Qm)x1000=9.9132-3. 819(TB/100)4 ,7635(TB/100)2- .08825(1'}3/100)3 }
;Oohh95(TB/lOO))+ (54a)
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For alkylbenzenes,

£ - T T 2 . T 3

( /m)XlOOO-18.153h-ll.1510(\B/100}+ 3.4681( B/100) -.54389¢ B/100) +
.033139(T8/200)"* (ko)
for n-monoolefines,

T 2y T 2 T 3,
(§7m)x1ooo=8.695u-3.2153( B/100)+.6683( "B/100) -0 7893( B/100) 4
.003811(TB/100)* (She)
for n-acetylenes,

T T 2 T 3
(éym)X1000=B~1801-2.6752( B/100)+.4655("B/100) -.04398( B/100) ™+
.00166&(1'13/100)1+ (5kd)
for n-alkylcyclo hexanes and cyclo pentanes,
(éVm)x1000=8.268h-25065(TB/1oo)+.3901(TB/100)2-.03258(TB/100)3+
.001087(TB/100)* (5ke)
for oil G
(@Vm)x1ooo=8,o721-.788u(TB/1oo)-.379h(TB/1oo)2f.08603(T£/1oo)3-
.00k972(TB/100)* . (54£)
for oil A

T T 2 T 3
(£/m)x1000=2.6251+ .07469( B/100)-.0039455( "B/100) -.01304( B/100) +
.001130 (TB/100)* (54g)
This type of plot can easily be prepared for a petroleum sock by simply
measuring (ZlT})h of its fractions at various T.B.P. temperatures.
Such a plot not only furnishes the molecular welght information, but
it can serve as an excellent and yet a facile technique for character-
ization of petroleum stocks over their entire bolling range. The utili-
ty of equations similar to (54) for petroleum stocks will be mentioned
in the next chapter.

Figure (39) shows a representative plot, relating together
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molecular weight, T.B.P. temperature, and the volume percent distil-
led~off for one of the petroleum stoc¢ks investigated. Similar infor-
mation for the other stocks are given in the appendix.

In Figure (40), (AT¢)s of each of the twenty equal volume
(5%) T.B.P. cuts are plotted in the step-wise fashion, as the
function of their T.B.P. temperatures and volume percent. A smooth
curve is passed through these steps, in a fashion as to balance the
area on both sides of each one. The (ZXTf)% of very small samples
taken at various T.B.P. temperatures are also plotted on the same
curve. From this and the similar graphs for the other stocks (with
20 or 40 T.B.P. cuts), it becomes quite evident, that the mean
(Zle)B of fractions can be satisfactorily obtained from the cor-
responding point Zle plot, or vice-wversa.

Figure (+1) is a representati&e plot, which clearly indi-
cates that[ka vss T.B.P. temperature curves for various flash
vaporization cuts of the same petroleum stock plot into a single
curve.

These experimental results coincide well with the theore-
tical reasoning, and therefore, evidently for each petroleum stock
a single plot onXTf as a function of its T.B.P. temperature would

be sufficient to characterize it.
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CHAPTER VII
EXPERIMENTAL K-VALUES AND DISCUSSION

In the previous chapters the apparatus and the experimental
techniques for obtaining the equilibrium vapor and liquid, the T.B.P.
distillation curves, chromatographic analysis, density, and molecular
weight of petroleum fractions have been fully discussed. This chapter
deals with the calculation of vapor-liquid phase distribution coef-
ficients (K-values) of petroleum fractions. As has been stated
earlier, the proper design and operation of any vapor-liquid con-
tacting equipment require accurate knowledge of equilibrium phase
distribution ceoefficients. The techﬁique presented through this
inwéstigation is sufficiently easy and realiable to be used for de-
sign purposes.

K-Values of Petroleum Fractions: For convenience in present-

ing the method, a hypothetical petroleum mixture composed of six
components, 1, 2, 3, 4, 5, and 6 with normal boiling points Tpy» TB2,
* + +, Tpg are assumed. It is further assumed that this hypotheti-
cal petroleum fraction is batch fractionated in a highly efficient
column, giving a plateau for each component and with no overlapping.
The result is converted from the volume percent into mole percent, as
is shown by the distillation curve in Figure (h2>. This petroleum
fraction is equilibrium flash vaporized at some pressure (e.g.l Atm.),

and some temperature (e;g. T, = TB3),'to produce equilibrium vapor-'

e

12N
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iquid pheses with distillation curves as shown in Figure (h2). The
.B.P, distillation curves of these phases indicate that the mole
ercent of the components are y;, yo, * * *, Y4, and X1 X0, © " T,
6 in vapor and liquid phases respectively. Then the vapor-liquid
:quilibrium phase distribution coefficient of each component of the

ixture at the condition of equilibrium(P, = 1, Te = Tp,) would be,

Component Normal-B.P. K(Te Pe)
2
2 Ts, Kp = ¥2/xp
3 Tas Ky = Y3/x3 = 1
6 T K =Y
Bg 6 = O/xg

To this point two assumptions have been made, the complete
absence of over-lapping in the distillation analysis, and the small
number of componenté present in the petroleum fraction. In general
the physical properties of the components existing in most petroleum
fractions change gradually with boiling temperature. Therefore, for
example, the physical properties of component 3 in the former example
is close and in between those of components 2 and 4. Then conse-

quently, K3 is close and in between K, and K;. This condition 1s

2
more true when the petroleum mixture is composed of nearly the same

type of hydrocarbons, and of very close boiling constituents. Figure
(43) shows T.B.P. distillation curves of equilibrium phases, but for a
less hypothetical condition then the former example. Here the number

of constituents are more, and some over-lapping of components exist.
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herefore, the K-value for a component of the mixture, such as the

ne which boils between Tg and (T + /A\T)p would be

y _ Vg

ey, - LTADs” T (&N (55)
e "By *(T+AT)g - " Tp Dxy

ey, = (2YAm;) (56)

In actual cases the number of these distillation steps or
;he number of components are so high, that the T.B.P. plots appear

18 smooth curves. Then equation (56) takes the following form:
P Ny

(Kp ) = (é> /5T ) at Ty (57)
S et T

For a constant equilibrium condition (P, Te, Xx), equation (57)

can be simplified to,

dy/d4T .
Y/4T5 )y Ty, (58)

(g, = (e

or
. dTB / dx _
(K)TBi ( TT5/ay ) =

slope of T.B.P. distillation curve (temperature-VS-mole percent)
of liquid phase

slope of T.B.P. distillation curve of vapor phase in equilibrium
with liquid at P, Te.

both slopes are taken at the distillation temperature TB.'» , (58a)
i

The transformation of T.B.P. volume percent into mole per-

cent, can either be done by analytical technique or by incremental
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nethod. In the case of the former technique, the experimental data
mst be expressed in analytical form, which is often unsatisfactory
and with reduction of accuracy. The latter method, however, has been
found to be more reliable, when sufficiently small increments are used.

Conversion of T.B.P. Volume% to Mole% (with 4O cuts)

Volume% T.B.P. Ave. Ave. Moles Mole% Mole%
Off Te@ . DenSi- Mo Wt o Off
. . ty
L1)  (2)  (3) (&) (5) _(6) (1)
2 Tp 0
0

pom 2.5m 2.50m
! 10@_?/ m;

2.5 Tp, 2.5 [2/m,

100 S'[2/m,
R
100M2 m.
5.0 Ty o 2.5 ((/u)m,)
2 : 100 em(:

[33 m 2.5E/m5A 2.5/2/m

100 m.
7-5 TB3 -!C 2-5 g?z/m;;}-.o)
100 . /m,
. . a my 2.5[,? m, o e e A ¢
: . P m 2:5P m 2.5. m ‘
100 Ts, oo W/ 100y /m, 100
0

100%9/?/1111 100

Columns (1), (2), (3), and (4) are results of the experimental measure-
ments, and plot of (2) versus (7) gives T.B.P. mole percent distilla-
tion curve. All the T.B.P. readings were done at equal volumetric
intervals, and the M. Wts were measured with a constant volumetric
ratio of 1/100, then the following simplification can be applied for

the conversion of T.B.P. curves.
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The molecular weight of each cut of a petroleum fraction can

e calculated from equation (52),

my = ké ( F))

ZS§; 1 (52a)

To convert volume quantity to mole quantity,

B = lerpthmnl, (A, 9)

where v is volume percent T.B.P. cut, and E¥_ is the same for all
f .
volume fractions. Thus, the general T.B.P. conversion formula is,

| (v[J)iA} (ZSPT;)i__ B} ﬂ(:nATf)i (60)
[2’ Evp)i/k’f (f@;);‘ z (AT,),

So, the previous table can be reduced to the following form:

Volume% T.B.P. Ave/\Tp of Mole Fraction Mole % off.
off Temp. each cut
(1) (2) (3) (4) (5)
0 T 0
By

(\Te)y ATe)y ) S OTe)4

2.5 T (\Tr)4

i T @ET

@f)g (ATf)Q/Z(ATf)i

5.0 (ATe); + (AT¢)
e 10 ZtATﬂif -
Qﬁwf)3 QS#f)3/§EQﬁ$f)i

7.5 TB3 100 (ATf)1+(§Ta%%Tf)3
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. . . . .
L] . L] . . .

. ° . . .

. WTedyo  WTedyo/Siame), -
100 Ty _ 100
S,
The advantages of this technique are,
l. No need for density measurement of each cut

2. No need for calculation of average molecular weight
of each cut

3. Ease of computation
L. (AT¢)y, can be obtained from the general equation
or the plot (Chapter V) with a minimum of experi-
mentation.
The T.B.P. distillation curves on the mole percent basis for
both vapor and liguid equilibrium phases were plotted on large graph
papers for obtaining the proper slopes.

K-Value Calculation From T.B.P. Temperatures vs. Volume Percent Curves:

Assuming an equilibrium flash vaporization of a known mixture at some
To and Py to preduce volumetric phase ratiO‘%, then the K-value for

each individual component would be
INARYN
Ky = A
L1/
N 1 1
S AL/

Where: Zkvi is the volume of the ith component in the vapor phase;

!

(61)

fi, m; are the respective density and molecular weight
[kLi is the volume of the ith component in the liquid phase;

f)l, m'i are the respective density and molecular weight



Equation (61) can be rearranged to,

_ R
Ky = <A_—i_§‘ ) p:@'é"mt =Avi Gé;ﬁ;‘;) (62)
m H
BT (-1-———/; )

where: Z&vi is the volume fraction of the ith component in the
vepor phase;

f% m are the average properties of that phase

1311. is the volume fraction of the ith component in the
liquid phase;

/3', m are the average properties of that phase
But m'y = mt,[ji =21 ; and using equation (52a), then

AVi Zle',

= 6
K, AL AT |p (63)

where:lST},[xT}' are the freezing point depression of the equili-
brium vapor and liquid phases respectively, and are pro-
portional to the corresponding molal volumes.

When the number of components increases to infinity, then equation

(63) would be,

av) [ATe'
Ki =<d—l—)TBil—§ff—_ p (64)
Th '.
o dv/dTg ATp' 2
X = la1/atg . ATy | p )
1

Where:dTB/dv, de/d] are the slopes of the volumetric T.B.P.
curves of equilibrium vapor and liquid phases respectively.
Figures (62,63,6l4) show the comparisom between the K-value
curves calculated by equation (65), and the previous method. Some

the advantages of this method are:

137
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l. No need for measurement of density and molecular weight
of each cut.

2. Ease of calculation
3. Temperature-volume recorder chart can be used directly.

Other Techniques: Edmister(34) suggests that appropriate

horizontal lines be drawn on the graph of molar T.B.P. curves of
equilibrium phases, and the ratio of the corresponding mole percerrt
of phases be taken as the average K-value for that cut. If the
T.B.P. curves consist of plateaux, then the horizomtal should be
placed about halfway between each two succeeding omes. Evidently,
the method presents a sound technique for the cases where T.B.P.
curves have plateaux. For smooth T.B.P. curves, this method is
basically the same as those presented here, and at the limit they
are identical. Figure (63) shows the K-values obtained by this
method with small temperature increments of 2.5 °C, and those ob-
tained by the use of equation (58).

White and Brown (152) calculated K-values for pentanes,
hexanes, heptanes, and a few higher boiling cuts, with an average
boiling range of 50 OF. As it has been stated in Chapter II, the
method failed in the case of light hydrocarbons - furmace o0il mix-
ture, while it produced consistent results for light naphtha.
Pentanes, hexanes, and heptanes made up the major portion of the
feed, and the heavier hydrocarbons constituted the rest. The
results were presented as & straight line, with log K and average
boilling temperature as the coordinates. The K-values calculated
from White and Brown's experimental data by the use of equation (58)

are compared with their K-values in figure (47). Evidently
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White and Brown's technique has the following disadvantages:

1. More experimental and calculatiomal work ig required

2. it is highly dependent on the accuracy ¢f molecular
welght and demsity measurements

3. The technique may faill when one cut or more comtains
e large percent of the total quantity

k, The K-values are the average values for the cuts,
rather than the instantameous quantities; and
therefore are less thecoretically sound

5. A very limited number of experimental K-values can
be obtained

6. The presentation of results in graphical form, be-
cause of the above limitations and the spread of

points, is quite difficult.

Measurement of Slopes: In general the errors of differentia-

tion of a function from tabulation of experimental or calculated
values, are exaggerated, whereas integration improves them. Dif-
ferentiation is concerned with a limit process carried out:on the
quantity [?(T-+[§T)-f(Tﬂ /N\E, and as the magnitude of AT gets
smaller, the uncertaimty in the result gets greater. Experimental
data may be differemtiated analytically, numerically or graphically,
and some of the techniques are briefly imdiceted here.

The experimental T.B.P. data can be represented by an
equation (polymominal) fit to the data points by a suitable .computer,
and then differentiated. In general the curve fitting of T.B.P. data

is a complex operation, and yet this method may not have any added
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8CCUracy.
The differentiation by numerical method (113,153) is often
very time consuming, and not desirable for this type of work.
The graphical differentiation of this type of experimental
data is usually more satisfactory, if the applied technique is suf-
ficiently sound. Evans (39), and Lipka (82) describe mechsnical
devices for performing differentiation with a good degree of accuracy.
Evans' seems to be more exact, whilevLipka's gives a continuous curve.
One of the reliable graphical method is by connecting the
equal-distance near-by points Py, P, ° * * etc. on both gides of
(x, T) and as P approaches T, the slopesé%%—%’é%%-?- e = ¢+ etc. may
then be plotted as a function of AT. The value of (%’I‘,_)AT 30 Obtained
from f%% = f(/AT) is equal to (%%an This method is very reliable
but rather time consuming. Figure (64) shows the close comparisen
between the K-values calculated by this technique and the following

one.

Graphical Differentiation: A small flat mirror was mounted

on wood in such a way that it can be placed on the graph paper with
its surface precisely perpendicular to the paper and extend right
down to it (Figure 44). The instrument was set so as to intersect
the curve at the point at which the slope was desired. The mirreor
was then rotated around the point until there appeared no discon-
tinuity in the direction between the curve and its immage in the
mirror. At this condition the mirror is perpendicular to the curve
at the point. The slopes were then determined directly from the

intersection of the plane of mirrer with the grid lines of the graph
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paper. The slope of each polnt was checked from both sides of the
curve, by Jjust turning the face of the mirror 180 degrees. In this
fashion slopes of T.B.P. curves were measured at every So or 10 °c
intervals. With great care and experience these settings were made
with an accuracy higher than that to which the curves could be drawn.
Trial tests of this technique with relatively large circles indicated
that with this simple device an experienced operator can measure
slopes with deviation of about two parts per one hundred. Through-
out the work this technique has been applied for differentiating of

T.B.P. curves.

Mirror

Figure 44, Mirror Differentiator
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| dy -dx__ dv.
The values of é_; dTB ar dTB

as functions of their corresponding T.B.P. distillation temperature

dl
» gT.» 80 obtalned were plotted
B

(Tg). In the case of all normal petroleum fractions, the plot grad-

ually increases to a maximum and then decreases. The curves S g
4aT
B

£(Tg), %%E = £'(Tg) of vaper and liquid phases in equilibrium with
each other intersect at only one point, and that temperature should
be the same as the equilibrium temperature. These curves can serve
to smooth the values of measured T.B.P. slopes, and therefore improve
the consistency of K-values.

Presentation of K-values: With a few exceptions, equations

(58) or (65) or both were used for calculation of K-values through-
out this work. Because of the existance of many accumulated experi-
mental and calculational discrepancies, the results are somewhat
gcattered. Therefore, the smoothing of data is desirable. More-
over, the result would be more useful, if correlated in the form of
equations as well as charts. Equations serve as a satisfactory means
for interpolation and extrapolation of the experimental data, which
is often necessary.

Although the empirical presentation of experimental informa-
tion is often unreliable, a semi-empirical correlation is most suit-
able for the present problem of petroleum fractions. The problem is
to present the K-values of each component as a function of equilibrium
temperature, and the normal boiling temperature (here equilibrium
pressure is not a factor, since all measurements were made at atmos-
pheric pressure).

In order to achieve the above objective, it is necessary to
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start from the basic equations. For low pressures and ideal solutions,
the K-value of each component can be found as the ratio of its vapor

pressure p; and the equilibrium pressure P. Therefore,

_ P ,
(K5 JRaoult = 5+ (66)

From the integration of the Clausius-Clapeyron equation

(dpi _ AH:L
EE_ = —Eﬁréy the vapor pressure of any substance can be related to
i .

the saturation temperature as follows:

log1;>1=Aﬂi-—]%l (67)

Where A and B are constants, amd T is the absolute saturation temper-
ature. It is evident from the assumptions made in deducting the
above equation from the Clausius-Clapeyron equation, that (67) would
be limited to short temperature intervals at low pressures.

Contrary to expectations, the experimental data show that
the equation is applicable to a much wider range of pressure and
temperature. Equation (67) can better be adapted to the real condi-

tions as follows:

log pj = Al - %%TE— (68)

Where C is a constant with small variations for all hydr o carbons.

By combining equations (66) and (67),
bi
Kizallo (69,

Equation (69) suggests, that the vapor-liquid equilibrium censtant

of each component of a’ﬁixture can be expresse& by log K as a functien
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Also, an attempt should be made for correlating A1 and Bi

a8 some¢ functions of normal boiling temperature;TBi,of all the
componente of the mixture. Figures (45,46) show the plot of Al and
Bi of equation (68 ) as functions of TB for various groups of hydro-
carbons. These values are taken from the A.P.I. tables (5). As can
be Judged from the graphs, B can be successfully presented as a
direct function of the normal boiling tempera;ure. A can be apprexi-
mately expressed as a direct function of the normal boiling point up
to moderate temperature ranges, or in form 6f some exponential func-

tion for higher temperature ranges.

Thus
B = Bg + SzFp (70)
A= g + STy (11)
or A=A°+A1TB+A2TBE+"° - {12)

Combining equations (66),'(67),(70), and (71), the following general

equation would result.

B+ SpT
1 (Ag + SpTp - _2____§_§)
K= (p) 10 Te (73)
Using equation (73) for a more general case, then
‘ By + SpTg,
(A + AT +ATZ:.,.- 2_"27)
K= (§) 0 ° EENE Te ()

Equation (74) can be written in a more useful form as follow,

log(PK) = A, + SpTp - .:.E/- ;’é Tg (75)

For a constant #quilibrium temperature Te, equation (75 ) can be

simplified to,
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Bo SB
log (PK) = -2y - (=-8, T 3
og (FK) (o Te) (Te A) B (76)
Pe
or log KTe =C, -Cy Ty (76)

Equation (77) suggests that, for any fixed condition of equilibrium.
log K of all the components of a mixture can be expressed as a direct
function of the normal boiling temperature. For compﬁter utility

equation (77) can be expressed as follews:
1ogxge=c+c'r+c T2+C8TB3+--v (77a)
. 5 6 B 7 *B

From equation (75a), the K-value of any component of the mixture
represented by its normal bolling temperature Tp , can be expressed
i

as a function of the absolute equilibrium temperature T,. Thus,

1
Log(PK), = (A0£+ SAiTBi) -(Bo, + SpT; ) o (75a)
e
or
c
log(KPe)i = C3 - _‘il_LL_ (78)
e

where C's are constants.

Equations (77) and (78) were satisfactorily used for the
analysis and the presentation of the experimental results. Figures
(48) through (71) show the physical properties curve, the equili-
brium T.B.P. curves, and the K-values plots for some of the petro-
leum fractions tested in this work.

Experimental K-Values: The first set of curves belong to

oil A, which its physical properties are presented by appropriate

plots. The recirculating still was used to prepare the equilibrium
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phases at atmospheric pressure in this case.

The K-values calculated from the experimental results (by
the use of equation 58), are presented as plots of log Kversus T.B.P.
temperature for each equilibrium temperature To. The plots indicate
that the experimental results can well be expressed by equation (77).
The graphs also show that the deviations of the points over the
T.B.P. temperature range of 700 to 180 °C are very meager. A small
equilibrium temperature change of 2.5 OC has caused a definite ’
variation in K-values. This clearly indicates that for such a low
boiling petroleum fraction, the presented method for K-values calcu-
lation is very sensitive to small equilibrium temperature variations.

Log K for various T.B.P. temperatures are plotted as the
functions of %; in figure (53). This plot shows a good agreement
between the experimental data and'equation (78). Finall& the
extrapolated and the interpolated values of log K as the functions
of T.B.P. temperature are given in figure (54). These curves are
obtained by cross pletting the experimental results (equations
77 and 78), and are useful for engineering spplications.

The experimental K-values can best be expressed by the

following equations (Figures 49, 50, 51, 52):

0il A, Pe = 1 Atm.

-2

og K = -1.038 x 10 Tg + 1.383 5 Te = 134.0 °C
-2

log K = -1.038 x 10 Ty + 1.463 ;3 Te = 1h1.2 °C
-2 .

log K = -1.038 x 10 Tg -+ 1.150 3 T = 1,5 OC
-2

log K = -1.038 x 10 Ty + 1.517 | 5 Te = 147.0 OC

vhere Tg is the T.B.P. temperature in °c.
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The slopes of these lines changed insignificantly and capri-
ciously (1.045 x ig to 1.032 x ig) over the entire range of Te; there-
fore, the average value was selected as a better representative quan-
tity. Evidently a definite trend in variation of these slopes with
Te should be expected over a much wider range of equilibrium tempera-
ture.

0il B, which is a higher boiling cut than Oil A, was vapor-
ized in the Othmer equilibrium still. The physical properties of
this o1l are also presented in graphical form (Figure 55). Figures
(56,57,58) show plots of log K vs. T.B.P. temperature for this oil.
The curves indicate that the experimental data well follow the
trend of equation (77) over the entire beiling range. Figure (59)
shows plot of log X as the function of —%-, which is the graphical
representation of equation (78). Each lize on the graph indicates
e material boiling at a constant T.B.P. temperature. These lines
have negative slopes, which increase with T.B.P. temperature. The

experimental K-value equations for this oil are,

0il B, Pe = 1 Atm.

-2

log K = -1.693 x 10 Ty + 2.660 . Te = 162.0 C
-2

log K = -1.625 x 10 T, + 2.608 ;3 Te = 165.0 ©C
-2

log K = -1.465 x 10 T + 2.488 ; Te = 174.5 OC

Both slope and intercept decrease with increase in T,, and they

can be related to %r* as should be suspected from equation (75a).
e

0il By, is a blend of Oil B, and has essentlally the same
physical properties. The experimental K-values of this oil are

expressed as before. The results are rather scattered, and do neot
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coincide with those of 0il B (Figures 60,61).

0il By 5 Pe = 1 Atm.

-2
log X = -0.880 x 10 Ty + 1.425 ; Te = 169.5 °C

176.0 °C

Jog K = -0.560 x 10 Ty + 0.783 ; Te
These equations for no obvious experimental reasons have dubious
values of slopes and intercepts. The data as it may be observed
from the plots, are uniformly scattered throughout the boiling
range.

Figures (39 and 62 through 71) show the physical properties
and K-value curves for heavy boiling kerosenes (oils G and F), and
their blend (o0il F-G, 50/50 by volume). The thermostatic flow

equipment was used to flash vaporize these oils at atmospheric

pressure. Here the various methods of obtaining slopes of T.B.P.

dy ]

- h

curves, therefore K-values such as dTB dTB [ A TB ATy - 2.5'

[Ay /AX -1 are compared with (a‘rf‘/ )(AT /AT )
NN

The results indicate that the accuracy of the techniques are basi-
cally the same, with (g;B / dTB)(Z&Tf /Lfo) method being favored
for 1its greater ease of application and higher consistency.

Oils G and F have basically the same characteristics, and
their vapor-liquid equilibrium constants differ but little from each
other. The K-values of the blend, as it should be expected, are
in between those of 0ils G and F. The scattering of data is notice-
ably greater for these high boiling oils, as compared to the previous

fractions. The results indicate that equations (77,78) also apply

to these o0ils over their entire large boiling ranges. Contrary to
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the first case, a difference of 3.5 °C in Te produced no noticeable
changes in T.B.P. curves of equilibrium phases, therefore the K-
values. |

The experimental K-values of these oils can be expressed by
the following equations:

0il G, 1 Atm.

log X = -1.554 x I Tp + 3.230 ; Te = 218.0 °C
log K = -1.500 x o T + 3.300 ; To = 234.0 °C
log K = -1.395 x 15 Tp + 3.253 ; T = 2440 OC
0il F, 1 Atm.

log K = -1.550 x o Tp + 3-340 3 T = 218.0 %
0il F-G, 1 Atm.

log K = -1.563 x ig Tg + 3.250 ; Te = 218.0 °C
log K = -1.610 x ig T 1—3.6uo ' ; Te = 234.0 OC

In the cases investigated, the T.B.P. boiling témperatures
corresponding to K = 1 are less than their respective equilibrium
temperatures. These temperature differences are higher (about
10 °C) for high boiling oils, and are lewer (about 1 °C) for low
boiling o0ils.

K-values of a hydroformer product (o1l D) were obtained by
the use of both flow equilibrium apparatus. The equilibrium phases
were directly analyzed by G.L.C., and the results are presented in
Chapter V and Appendix B.

K-values obtained by the methods of this chapter, although
in reality somewhat differ from the original‘concept, but have

greater engineering applications, as will be shown in the next chapter
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For most engineering calculations, the temperature ranges
involved are not greater than those which are spown here; however
for higher temperature ranges, equations such as (77a) instead of
(77) may become useful.

The validity of these experimental K-values can be best
examihed by the methode of Chapter VIII, however they are compared
with some of the values given in literature (88,89,138). As it is
gehown in the next chapter, the measured K-values are consistaﬁt.

Figure (72) shows the good agréement between the experimental
K-values of oil A, and those of Smith and Smith (138), and Mexwell
and Bonnell (88,89). The characterization factor of oil A is 12, and
the literature values are also for the oils of that nature.

The Smith and Smith's K-values are taken from their K-value
plot for paraffines. Maxwell ﬁnd Bonnell present charts of vapor
pressure (for characterization factor of 12), and corréction charts
for various characterization factors. Here the K-values were calcu-
lated as the ratios of vapor to system pressures.

Figures (73,74) compare the experimental K-values of non-
paraffinic oils and the values calculated from the vapor pressure
charts. The disagreement is evidently caused by insufficient
characterization factor corrections, and also by taking the K-
value as the ratio of partial to the system pressures.

The disagreements between the evaludted and the literature
K-values for some oils indicate the existance of a great need for
experimentation. These experimental K-values can subsequently be

generalized inteo charts and equations.



177

Experiment

Smith and Smith (138)
Maxwell and Bonnell (88)

50

b -

'—l

N N
o

150 18¢

Figure 72 - Comparison of the Experimental and Literature K-Values -
0il A



178

\\\\ — Experiment
©  Smith and Smith (138)
A  Maxwell and Bennell (88)

A ; ]
(o]
b A
[e)

| o
!

120 150 180 210 200

Tg - °C

Figure T3 - Comparison of the Experimental and Literature K-Values - oil
at Te = 174.5 °C



.2

| ©  Smith and Smith (138)

B ' ]
i
|
|

180

Figure Th - C

210 240 270
: T - °C

omparison of the Experimental and Literature
K-Values - Oil F at Te = 21405 °C

Ve

179



180

Suggested Empirical FEguations for Slopes of T.B.P. Curves:

From equation (77), it becomes quite evident, that the slope of the
T.B.P. curve must be a continuous function of normal boiling tempera-

ture. Therefore,

Vg Cy - CT (770)
log m = Cy - CoTp TTo
Thus
Cin -
V/amg ® ¢%9(C10 - ) Y (Tp) (79)
and
a*/gp, = o 1L W(zp) (80)
dv dl
Similar equations can also be written for AT’ and Eﬁﬂs. Ir
B B

4/(TB) cen be determined, then appropriate empirical equations
can be deduced. for T.B.P. curvés, by simply integrating the above
equations. With the exception of hydroformer product, the other
petroleum fractions examined produced a continuous T.B.P. and
slope curves. Evidences indicate that for these petroleum frac-
tions the slopes of T.B.P. curves as functions of boiling tempera-
ture are Gaussian distributions. Therefore in such cases,
L o5 - ) Yiny) - Lo L0720
dTB afo1r (81)

and } |
. (T - oy 12/20.'2]

ax__ u(®12 - Te)yq ).
e ‘ B T (82)

dTy

Where (1 's andfi's are parameters.

In order to prove the validity of conditions of equations (81) and
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(82), they must be examined with the availsble experimental data.

Therefore,

d - 1n 1l - _ 2 2
1n ‘a%g) =1 (aJﬁ) (Tg - 1L)2¢ (83)

By’assumins the comtinuity of equation (83) amd differentiating it

with respect to T.B.P. temperature, them
4
dl.“a%) _ M- T8
B - CLZ (84)

Similarly

(85)

dy
1n ETE)

Equations (84) and (85) suggest, that plots of gi—;;——- and
B

1n 9x ’
A4

=
dTp o

dgln 9%5)
Ty

cases where the above condition is true, then the limitations of

as fumctions of Tp, should be straight lines. In the

equations (8l) and (82) are satisfied.

dy_
aTy

corresponding T.B.P. temperdture, and then differentiated to

The measured values of log were plotted versus the

d
cbtain d(108 5%5) . Figures (77 and 78) show represenmtative plots

dTB
4(1og I d(log %)
of - dTp and =T Ts"  as straight line functions of T.B.P.
B B

temperature. Because of the repeated differentiation and plotting ,
the poinmts are rather scattered, but however they satisfy the condi-

tion of equations (84) and (85).
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The lines for each equilibrium vapor amrd liquid are parallel
r nearly so. This means that the values of (O and Cﬂ are equal. By

ntegrating equation (84), the following equation would result.

. T T 2
s B2 B Ly (86)
T 52
B el o
B
‘hus T i .{[' T2 /
B B N :] B
[ i )
szxze (87)

[n order to compare equations (87) and(77), CL2 must be equal to
Ciz , Which has already been proved to be so. This may mot be the
:ase when larger T.B.P. temperature ranges are imvolved (equation 75).
Also, the value of ﬁéﬁ; is equivalent %o C; of equation (77).
Tt is evident that equations similar to (81) and (82) can be
used to express the slopes of most T.B.P. cﬁrves, and can be utilize®
to improve the measured values. |
Since equations (84) and (85) for most petroleum oils are
parallel limes, therefore it is expected that the slopes of these
lines and thelr average boiling points comstitute useful parameters
for generélized charts. However, because of insufficient experimental

data, the above objective is not included in this work.
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CHAPTER VIII
APPLICATIONS OF INTEGRAL TECHNIQUE

The validity of the experimental vapor-liguid phase distribu-
tion coefficients presented in the previous part are ascertained in
this chapter. Techniques for some of the more common vaporization
calculations are also given. These computations indicate +that the
K-values so obtained for the continuums are suitable for integral
vaporization calculations, which otherwise can not be satisfactorily
performed by some conventional methods. Integral calculations for
more complicated processes, such as fractionation,can be performed
with the same relative degrees of ease and accuracy. The latter
were not included in this work.

Calculation of Equilibrium Composition: As befere, for any

component of a mixture boiling at Tpy

Ki = Ji
X4

By differéntiating the above equation
dy; = Ki axq + x31 dXi (88)

But,as it has been stated before, K; = Kj(P,,T,,x) which is more

conveniently given by K;i = Ki(Pe,Te,Ko). Thus

dK; = OKi dPe Ok dTe + _S_Ei..dxo (89)

See St

162
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At low pressures and at any constant equilibriﬁm conditibn, equations

(88) and (89) may be replaced by equation (56)

dys = Ky dxg (90)

For continuum

x-fy X (91)
(2]

Since both K and y are functieons of nermal bolling temperatufe, then
plot of 1/K(Tg) versus y(Tg) can be used to obtain T.B.P. curve fer
equilibrium liquid. Equation similar to (91) can be written for
equilibrium vapor. A representative figure (79) shows the close
comparison between the T.B.P. curve calculated by the use of
equation (91) and the experimental curve

T.B.P. curves of equilibrium phases on the convenient volu-
metric basis, and the phase ratio,can be calculated at any equili-

brium condition as follows!
JANE! : -
" L 1
Ky = ot ATg ) NN (ﬁynf ) (92)
AL TeJp - viv \OT P
L

ﬂhere‘fi is the volume fraction of the ith component in the feed.

£y

"1 T (/K AT ATHPIN

So (92a)

For centinuum

1
v = f _af (93)
o 1 +Q/RATe /AT pL/Y
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Similarly

1 ‘
L* f af - (94}
o 1+K(AT /AT ) /L

Epg above equations should be integrated between the limits of zero

and 100 instead of zero and one, if the T.B.P. curve of feed is
expressed in volume percent rather than volume fraction.

For each condition of equilibrium, f and K are continuous
functions of T.B.P. temperature, and ([ka'/[le)P is a constant.
‘In order to solve equation (93) for V, the volume fraction of vapor
phase, f should be pletted as the function of 1/ [l+l/K(AT YT £)p }
The total area under the curve is obviously equal to V, and the area
above it is the result of equation (94).

The volumetric T.B.P. curves of equilibrium phases can be

calculated from the following equations,

f
' 1: 1 +(1/xxmf /mf)PL/y f 1/19(ATf //\Tg ) pl/
(95)
Similarly

o 1+K(ATf/ATf')1§’/I/ o 1+ K(AT/AT, )WL
(96)
The plot of equation (93) is also used here, and v and
functions (T.B.P. plots of equilibrium phases) are calculated by
addition of the successive increments. Figure (808) is a representative

application of the technique, and it shows the close agreement between
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the experimental value of L/V and T.B.P. curves, and those calculated
from equations (93,9%,95,96).

Evidently a minimum of calculational effort and experimental
data (T.B.P. curve of feed and K-values) are required to solve the
equilibrium vaporization problem. Since (ZXTfVZSTf)P changes but
very little with equilibrium temperature Tg, therefore the need
for trial and error solution of the abeove equations has basically
been eliminated. The upper limit of ([&Tf'/ZXTf)P is one and its
lower limit for most petroleum oils is about 0.8, and it cam be
conveniently expressed as a function of T..

Edmister (31) has proposed methods whereby equilibrium
flash vaporization, fractienal distillation, bubble and dew point
calculations can be performed- graphically and with & minimum eof
labor. Some of these techniques are-presented in the follewing
pages.

The integral flash vaporization calculation for a continuum
is essentially the same as that for a finite mixture. It invelves
the finding of the mole ratio of equilibrium phases % by trial
and error. The following vaporizatien equatiens can be used for

this purpose.
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y Z
s dz *

¥ T, X (97)

[0} [0} KY
r

Yy Z

dx = d

Tk (98)

o o T

The procedure simply consists of assuming a % ratio, then plotting

1 versus the mole fraction of feed (equation 97). The area
X

.+-———

KY
under the curve is obviously equivalent to the moles of'vapor Y,
while the area above the curve is equal to the moles of equilibrium
liquid X. The calculated X should then be compared with the assumed
value, and the calculationYﬁust be repeated until a sétisfactory

check is obtained.

Assuming that the error caused from the measurement of the

# Equations (97) and (98) appear in the original paper (31) by the
following nomencdlature (This nomenclature is not the same as that of
this thesis),

S S #), L= . 1
v/f — (97#), e v (98%)
Kv A

where: L and V are moles of liquid and vapor mixtures; also v, 1, and
f are moles of infinitesimal increments of vapor, liquid, and feed
respectively.
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area under the curve and plotting is /\Y, then the calculated % would
Y+AY

be equal to __.75:_. Therefore if X is very small relative to Y
X—AY

or vice-versa, then the calculational error would be highly magnified.
The accuracy of this method is obvieously highest when X and Y are
very close, and it decreases when the ratio is either very low or
very high. Evidently only a few polnts are needed to draw a smooth
curve, although greater accuracies can be obtained with mere points.

T.B.P. distillation curves on mole percent basis fof both
equilibrium phases can easily be obtained by solving the above
equation for successive increments. Figure (81) gives a comparison
between the calculated and the experimental T.B.P. distillation
curves. The compariseon as it should be expected is within the
limits of the expectancy, and the usual uncertainty in the first
and the last few percent are élso indicated there.

Bubble and dew point calculations for contipuums are
principally the same as for finite mixtures, and the above discus-
sion applies to these cases as well. The integral relationship for

bubble point calculation of continuum is

1
f Kdz = 1 (99)
0

Values of K(Tg) at an assumed Te for a few T.B.P. poinmts are
plotted as a function of z(T@), and a smooth curve is then drawn
through these points. In order to satisfy the condition of equa-
tion (99), the assumed Te must be such as to produce an area under
the curve equal to unity.

The integral relationship for dew point calculation is
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1
dz =1 (100)
(>} K

Values of - at an assumed T. for several points on the molar
K(TBS €

7,B.P. distillation curve are plotted versus z (Tg), and the
area under the curve as before must be equal to unity.

T;B.P. curves for bubble-point vapor and dew-point
liquid can be determined by solving equations (99) and (100) at

their respective equilibrium témperatures by successive increments.
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CHAPTER IX

SUMMARY AND SUGGESTIONS FOR FUTURE STUDIES

The main objective of this investigation was the deﬁelop-
ment of apparatus and techniques for evaluation of vapor-liquid
equilibrium phase distribution coefficients (K-values) of petroleum
fractions, These coefficients were to be presented in a useful and
reliable form, and to be used in calculation of equilibrium vaporiza-
tion ﬁrocess by sbme integral techniques, In order to achieve the
goal, many related branches were studied independeﬁtly, and they
were finally consolidated in Chapters VII and VIII. To avoid
duplications, the extensive discussions which are incorporated in
Chapters III through VIII, are not reproduced here, The follow-
ing are the summary of the main contributions of this investiga-
tiom,

1. Survey of previous works in the fields of theory of

equilibrium, vapor-liquid equilibrium apparatus, T,B,P.

distillation, chromatography, molecular weight measurement

of petroleum, and integral technique.

2, Modification and complete evaluation of the Othmer

still, and a thermostatic flow equilibrium equipment,

3. Design and evaluation of a new flow equilibrium apparatus.

4, Suggestion of reliable techniques, used for ascertaining

the condition of equilibrium in connection with the operation
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of the apparatus.

5. Evaluation of the Oldershaw column, introduction

of intermittent and transient distillation, and formula-~
tion of a sound technique for T,B,P, distillation.

6. Use of chromatography for analysis of simple petroleum
fractions, and its application in conjunction with molecu-
lar weight measurement and equilibrium apparatus operationm.
7. Introduction of some improved techniques for measure;
ment and presentation of molecular weight of petroleum
fraction,

8. Suggestion and comparison of various techniques for

K-value derivation from experimental flash data and
analytical assays.

9. Development ofrequaﬁions for K-values of petroleum
oils, and T,B,P, curves,

10. Presentation of an integral formula (based on volumetric
T.B,P, data), and application of the existing one for test-
ing the experimental K-values, and equilibrium vaporization
process,

Suggestions for Future Investigations

There are many préblems encountered in any investigation,
The researcher mﬁst set an over all objective and not deviate too
far from it. However this is often difficult, because many of these
relevant problems are both important and interesting. Since the

objective must be achieved under some limited conditions, therefore
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these problems must be merely neted and be intrusted to the

researchers to come. This section serves to point out the fields

.-where further investigations should be desired.

l. Fquilibrium Equipment: Although great efforts have been

directed toward vapor-liquid equilibrium equipment design and opera-
tion, further systematic studies along the follewing lines invest-
igated are needed:
a) Study of theory of equipment design, 1eadiné to a
more objective approach in design, evaluation and
operation of appar;£us:
b) Further investigation of the techniques for
ascertaining the condition of true equilibrium

2. Improvement of T.B.P. Equipment: It has already been

mentioned that the consistenéy of results depend greatly on the
accuracy and the reproducibility of T.B.P. distillation curves.
Although Oldershaw distillation column, and the presente& operat-
ing method have proved to be quite satisfactory, nevertheless;the
following suggestions are constructive.
a) Use of automatic recorder, where the turning of the
chart would be proportiougl to the volume distilled, and
the top temperature be continuously recorded on it. This
should noticeably improve the accuracy of T.B.P. plot, and
practically eliminate the personal attention required
during the entire operation.
b) When the column is used for analysis ef high boiling

oils, then it should be operated at a constant reduced
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pressure. Also the column must be insulated with preper
heating mantle.

c) Use of efficient spinning band and wetted wall
columns in connection with smaller sample quantities.

3. Chromatography: Extensive use of chromatography fer

direct analysis of some simple petroleum fractions, and its applica-
tion for indicating the true equilibrium condition of vaporizatien
of petreoleum oils should receive some additional attention.

Lk, Empirical Relationshipa: The techniques and the appara-

tus which are presented in this work, have made the experimental
determination of K-values of petroleum oils an easy task. The K-
values taken from the generalized charts are evidently less ac-
curate than the experimental values. Therefore it is recommended
that the K-values be evaluatéd experimentally, whenever possible.
However, the empirical relations are useful for interpolatien,
extrapolation, and improvement of data. The following are a few
important aspects of this phase of work, where further investigations
are helpful.
&) Further study in the direction of characterizing
petroleum oils by thelr molal volume-beiling temperature
curves.
b) Study of the trend of variation of slopes and inter-
cepts of K-value equations (77,78) as functions of
equilibrium temperature, over some much wider temperature
ranges.

Also application of equation (74) to represent data with



wlder boiling ranges.

c) Continuation of this study at other pressures.

d) Further study of the effect of blending of petroleum
fractions on K-values,

e) Computer application of the suggested equations.

5. Integral Technique: The engineering importance of

integral technique has already been discussed. Therefore, additional

extension of this method would have a great industrial utility.
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APPENDIX A

DEFINITION OF TERMS

A = Helmholtz function, Total heat transfer area
a = Activity

B = Virial coefficient of state

b = Vaporization rate in the recirculation still
C = Constant

D = Distillate

d1/dTg - Reciprocal of slope of T.B.P. curve of liquid phase on volume
basis

dv/dTB - Reciprocal of slope of T.B.P. curve for vapor phase on volume
basis

dx/dTB - Reciprocal of slope of molal T.B.P. curve for liquid phase

dy/dTB - Reciprocal of slope of molal T.B.P. curve for vapor phase -
(the numerical values of these slopes are relative quantities|

F

Total volume of feed
f = Fugacity, Mole percent (T.B.P. analysis) of feed

Gibbs function

G
H = Enthalpy
K = Vapor-liquid equilibrium phase distribution?coéTchient

ke = Cryscopic constant

L
1

Total volume of liquid phase
17 = Volume percent (T.B.P. analysis) of equilibrium liquid phase

M = Molecular weight of solvent (Chap. VI), molecular weight of
each fraction 4 '
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N =
n =
P =
Po =
p =
Q =
q =
R =
S =
T =
Tg =
T, =
ATf:

212

Molecular weight of selute '(Chap. VI)

Mole fractien in seolutieon

A component of system, Number of distillation plates
System pressure

Equilibrium pressure

Partial pressure

Total heat loss

Heat loss per actual plate

Universal gas constant

Entropy

Temperature

T.B.P. temperature, the normal boiling point - %¢
Equilibrium temperature - °C or 1/0K

Freezing point depression (for 1 to 100 volumetric solvent-benzene
to solute ratio) - ©C

QQT%é@f)P = Ratio of/\Ty of liquid and vapor phases in equilibrium with

] £ < <
" 7] " "

5 .
1]

o]
n

<
1"

each other
Internal energy, Over-all heat transfer coefficient
Total volume of vapor phase
Volume percent (T.B.P. analysis) of equilibrium vapor phmse
Watt, Weight of solvent
Weight of solute
Total moles of liquid phase
Mole percent (T.B.P. analysis) of equilibrium liquid phase
Total moles of vapor phase
Mole percent (T.B.P. analysis) of equilibrium vapor phase
Total moles of feed

Mole percent (T.B.P. analysis) of feed, Gas compressibility facto
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Relative volatility, A constant

Density

2  Fugacity coefficient
= A function, Time

A function

2 A constant

X TEEE D v O R

Activity coefficient, A constant
Subscripts

a 8 Ambient condition

0

T Freezing point
1 = Liquid

m = Mean value

s = Solid

v = Vapor

l, 2, » « - i, j, k = Number of cemponent

Superscripts

« Liquid phase

L ] LI}

9 = A phase
0 = Standard state
¥ = In egquilibrium
f = Final condition
Specifications
A.S.T.M. = American Society for Testing of Materials
B.P. = Boiling point
Cal. 2  Calorie
cc. 2 Cublc centimeter
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‘M. 2 Centimeter

3eCoe = Extra coarse

i.P. = Final boiling point
t. = TFoot
7.L.C. = Gas-liquid chromatography

3.5.C. = Gas-solid chromatography
. = Gram
fr., hr= Heour

I.,B.P. = Initial beiling point

liter = Liter
L.S.C..= Liquid solid chromatography
min. = Minute

mm. = Mllimeter

True boiling point

TOB.P.

Ball joint

L)
1

Py = Tapered Joint
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EXPERIMENTAL AND CALCULATED DATA
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TABLE I
EVALUATION OF VAPOR-LIQUID EQUILIBRIUM APPARATUS
WITH BINARY MIXTURES
Othmer still
Toluene and acetic acid mixture at 1 Atm.
total charge ='1 Lit.
(Literature - D. F. Othmer, Ind. Engr. Chem., 35, 614, 1943)

Equilibrium Mole percent toluene

Temperature ,

in ©°C Liquid Vapor
105.0 38.90" 22.20
105.5 38.09 22.20
107.5 30.06 14,61
107.5 30.00 13.75
106.5 92.80 95.25
106.7 89.05 95.05

Othmer still

Benzene“and Toluene mixture at 1 Atm.

Total charge 1 to 2 Lit.

(Literature - E. Kirschbaum, "Distillation and Fractionation", Chem.
Pub. Co., N. Y. 1948)

Over flow manifold Teflon needle valve
Equilibrium Mole percent benzene Equilibrium Mole percent benzene
Temperature Temperature
in ©C Liquid Vapor in ©C Liguid Vapor

99.0 25.20 .30 8l1.0 95.00 97.50
97.5 3k.55 55450 8.5 79.20 90.80
105.5 11.50 25.50 82.0 90.75 96.00
90.0 56.80 7720 88.5 73455 8. 50
85.5 75.00 88,40 97.0 35.20 56,80
100.5 2k.70 43.60 93.0 47,60 70.20
8h.5 90.80 96.00 105.0 12.60 27.45
98.5 28.30 47.80
106.0 9.15 21.65
Thermostatic flow equipment Equilibrium Mole percent benzen
Benzene and toluene mixture at 1 Atm. Temperature
With various feed compositions in ©C Liquid Vapor
. 100 - 26.05 15,10
100 26.15 45,00
100 25.85 45,00

100 26.10 45,20



Cont.

Thermostatic flew equipment

Toluene and n-Cg mixture at 1 Atm.

(Literature - Bremiley, E. C., and
D. Quiggle, Ind. Eng. Chem., 25,
1136, 1933)

Constant feed composition

Equilibrium temperature = B.P. of
2, 3, 4 trimethyl-Cs

The new equilibrium flow equip-
ment

Benzene and toluene mixture at
1 Atm.

(with max. hold-up in the contact-
ing section) :

217

Feed Rate Mole percent toluene

Yapor
Te25
87.25
87.25
87.25
87.25
86.70
86.75
86.60

87.10
87.10
87.10
87.10
87.10

Equilibrium Meole percent benzene

in
ml/min. Liquid
11.0 83.70
14.0 83.70
16.5 84.40
20.5 84.40
22.5 84.40
28.0 8h4.40
31.0 84.15
39.5 83.70
k7.0 83.70
55.0 84.00
65.0 83.75
70.0 84.00
90.0 84.10
110.0 84.10
temperature
in °C Liquid
108 4.3
107 .5.6
107 6.4
106 10.5
106 10.3
103 15.5
103 15.4
102 19.6
- 21.3
100 28.0
96 37.2
96 - 38.3
- 38.5
96 k1.2
93 48.8
92 52.2
90 60.5
90 6l.2
96 T2.5
86 73.6
8k 84.2
- 85.2
- 87.0

Vapor
12.5
16.0
1T.5
23.8

2345
3106';

\O\O\O 00008
FLWW-I RN
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Cont.
The new equilibrium flow equipment Mole percemt toluene
Toluene and n-Cg mixture at 745 mm. Hg.
(wvith min. hold-up in the contacting section) Liguid Vapor
25.5 37«5
31.3 48.3
31.0 49.3
31.3 ' 51.2-
28.7 41,3 -
27.1 37T
26,3 36.3
43.9 537
)'l'll-a3 '5605
46.0 61.5
57.1 69.2
The new equilibrium flow equipment Mole percent toluene
Toluene and n-Cg mixture at T45 mm. Hg.
(with max. hold-up in the contacting section) Liquid Vapor
41.5 52.6
38.7 k.7
38.7 50.2
k1.2 52.5
41.1 54,3
- 50,2 61.5
48.3 59.1
58.3 68.4
65.0 73.2
T0.4 77.8
69.1 76.0
33.7 ks.2
33.3 43.7
17.2 25,2
21.0 30.0
.5 80.1
80.3 84.8
8l.2 85.1
81.0 85.0
92.1 93.7
93.9 95.0
93.4 91.0
27.3 39.2
91.0 92.5
29.2 40.8
27.6 38.9
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TABLE II

COMPARISON OF THE EQUILIBRIUM APPARATUS

BY MEANS OF A PETROLEUM FRACTION

Sp. Gr. = 0.811

Othmer still
Te in °C V%
230.5 1k.3
.238.5 25.9
243.0 43.5
245.0 59.4
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Vol. 4 Sp.Gr. T.B.P. A.SaT.M.
¢ c
I.B.P, 126.0 190.5
2.5 162.0 -
5 .T70 172.5 -
10 .81 185.0 202.5
15 . 786 192,5 -
20 .87 197.5 213.0
25 .T99 207.0 -
30 .T99 212.5 221.5
35 <795 217.5 -
ko .805 224.0 230.0
45 .812 230.0 -
50 .808 234.0 239.0
55 .81k 22,5 -
60 .819 249.0 248.0
A.S.T.M.
60 250.0
65 266.0
70 269.0 256.0
75 270.0 -
80 273.5 261.0
85 276.0 -
90 280.0 271.0
95 287.0 288.0
E.P. .83k 300.0 300.0
Thermostatic flow equipment The new equilibrxiwm
equipmerrt
Te in OC V% Te in ©C V%
234.0 18.2 236.0 19.5
24k, 0 50.8 234.0 16.8
236.0 21.6
239.0 29.8
240.0 32.5
24k2.0 k2.1
245.0 Sk by
247.0 6h.



Oil E
Sp. Gr. = .805

TABLE IIT

VACUUM OPERATION OF THE NEW EQUILIBRIUM EQUIPMENT

A.S.T.M,
Vol,% OC
I.B.P. 160.0

10 180.5
20 196.0
30 205.5
4o 214.0
50 220.5
60 229.5
70 239.0
80 251.0
90 272.0
E.P. 323.0

~-Equilibrium Flwsh

250 mm.Hg. 450  mm.Hg. Fis5 mm.Hg.
V% T in °C V» Te in C L) Te in ©C
0 145 0 166 0 186
9.1 154 11.1 176 13.5 198
15.9 160 35.0 189 k7.5 213
21.0 162 k5.9 193 48,4 214
36.4 171 4.2 205 67.3 220
64.8 182 94.3 218 100 238
86.2 193 100 224
100 209

0oce



TABLE IV
HEAT LOSS AND PRESSURE DROP OF OLDERSHAW DISTILLATION COLUMN
Lo-plate Oldershaw, as it was used for T.B.P. distillation

Boiling Pressure Loss in Heat Loss In ml. of Heat Loss in Over Head Rate Boil-up Tower Ambient

Material inches of Liquid boiling liquid/Hr. K Cal./Hr. in ml./Hr. Rate in Femp. Temp. in

. ' ml./Hr. oC oc
Benzene 15.0 122.5 9.32 1000 1111 80 35
" 20.0 104.0 7.95 2000 2096 80 35
" 23.0 111.0 8.47 3000 3102 80 35
Toluene 15.5 270.0 _ 18.35 1000 124k 110 32
" 20.0 270.0 18.35 2000 224 110 ‘32
" 23.0 266.0 18.20 3000 3240 110 32
O-xylene k4.5 hho.o 28.23 1000 1388 14k 35

" 17.5 460.0 29.55 2000 2405 1Lk 34.5
" 22.5 ks2.0 29.00 3000 3398  1kk4 34
0-Ethyl- 1k.0 645.0 39.50 1000 1582 165 36
Toluene 15.7 636.0 39.00 2000 2575 165 36
" 17.5 634.0 38.80 3000 3572 165 36
2,2,4 Tri 15.0 373.0 1k .80 1000 1338 99.8 33
methyl-c5 15.5 370.0 14.68 2000 2335 99.8 33
" 17.0 357.0 14.13 3000 3230 99.8 3k
n~Ciyg 1k.0 960.0 38.20 1000 1802 17k 35
14.5 1015.0 Lo .60 2000 1848 17h 35

" 15.0 1000.0 ko.10 3000 3835 17k 3k.5

Tee



TABLE V
START-UP CHARACTERISTICS OF OLDERSHAW COLUMN

Testing mixture & benzene and toluene
Boil-Up rate = 2.25 Lit./Hr.

Condition of Operation

Time 30-plate 30-plate 15-plate 15-plate 15-plate 15-plate 15-plate
. Total Reflux Total take Total Reflux Total take 1/1 Reflux 1/1 Reflux 1/1 Reflux
o : . of f off (4 Sec.cycle) (10 Sec.cycle) (20 Sec.cycle)
Min., Pot.Comp=10.48 10.48 9.50 8.50 7.50 750 9.1k
Over-head. concentration in mole percent benzene
0 97 97 95 9k 88 88 95
1/3 93 91 T - 69 70 13
2/3 89 88 61 - 59 59 62
1 83 60 50 21 50 50 50
11/3 T3 -- 46 18 -- - --
12/3 T1 -- L 17 -- -- b3
2 69 30 48 18 32 34 41
2 1/3 69 -- -- - - - 40
2 2/3 68 22 50 - - - 39
3 69 - 52 19 27 28 38
31/3 70 22 53 - -- - --
32/3 71 -- sh -- -- -- --
I T3 23 56 20 27 - -
5 79 -- 60 21 26 -= , 33
6 83 -- 63 - - - --
7 87 - 66 - -- L aa 32
8 90 - 70 - - - 32
10 97 -- 77 21 25 - 32
12 98 - 83 - - -- 32
15 98 - 90 21 - -- 32
20 99 23 - 21 - - -

£n aa R - a5 - - - -

cee
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TABLE VI
EFFECT OF BOIL-UP RATE AND REFLUX
RATIO UPON OPERATING

(DYNAMIC) HOLD-UP

O-plate Oldershaw column, as it was used for T.B.P. distillation.

‘egsting material - iso-octane

Joil-Up Rate Operating Total Hold-Up Hold-Up/Plate
in in in
mly/Hr Condition ml. ml.
650 Total Reflux 58.0 1.450
1500 Total Reflux 64,5 1.612
2220 Total Reflux 66.2 1.652
2820 Total Reflux 67.0 1.675
485 Total Take off 25.5 .637
1500 Total Take off 32.0 .800
2220 Total Take off 33.0 .825
2820 Total Take off 34,2

.855

lesting material - n-heptane

1500 Total Reflux 63.5 _ 1.588
1810 Total Reflux 64.2 1.604
2000 Total Reflux 65.0 1.625
2240 Total Reflux 65.8 1.645
2550 Total Reflux 66.7 1.665
3140 Total Reflux 68.5 1.712

Static Hold-Up

Total static hold-up (average value)= 0.86 ml.
Static hold-up/plate (average value)= 2.15 x 10~ 21,
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TABLE VII
EFFECT OF CYCLE OF INTERMITTENT PRODUCT TAKE-OFF ON EFFICIENCY
j0-plate Oldershaw ceolumn

3011-Up Rate = 2.25 Lit/Hr.
lesting mixture = benzene and toluene

>roduct D/L=1/1

;ake-off D/L=4/1 D/L72/1 D/L=1/4 at the begin- at the end Product
’ycle in ning of take of take off Concen-
jeconds off cycle cycle tration

mole percent benzene in over-head

5 41.5 25.0 16.0 25.0 25.0 25.0
10 42.0 - .- 27.0 27.0 27.0
15 -- 27.0 -- -- -- --
20 -- .- -— 30.0 27.5 28.5
25 49.0 -- 16.0 - .- --
30 -- 30.0 -- 33.0 27.5 29.5
Lo 50.0 33.0 16.0 35.0 27.0 30.5
50 50.5 -- 16.0 39.0 26.0 31.0
60 51.5 35.5 -- 42.0 23.5 31.5
80 54,0 -- 16.0 - -- --
90 55.0 35.0 --- -- -- --

100 55.0 - - 49.0 20.0 32.5
120 55.0 35.0 16.0 50.0 20.0 33.0
140 55.0 .- -- -- -- 33.0

ote: The pot composition of each run is different.
= Broduct Rate, L = Reflux Rate

O-plate Oldershaw column
esting mixture = toluene and nCg

roduct D/Lsl/b 1/2 2/1 1/2 2/1
ake-off Rate=3.0 Lit./Hr. 3.0 3.0 2.9 2.9
ycle in Pot.Comp.=1k.2 15.5 15. 17.0 17.0
econds mole percent toluene in over-head
3 .- 35.2 26.7 37.2 27.6
5 49.5 -~ -- -~ -~
9 -- -- - 41.0 --
10 52.7 - .- - --
15 -- ho.2 27.8 -- 28.8
25 56.1 .- -- -- --
60 -- 27.6 -- 28.5

100 62.2 -
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ont.,
Product D/L = 1/2 2/1 1/1 L/1
take-off Rate = 1.08 Lit./Hr. 1.08 1.08 1.08
cycle in  Pot.Comp. = 22.5 22.5 2l.5 22.5
seconds mole percent toluene in over-head
2 -- 33.8 -- -
3 -- 35.8 - -
5 L8.7 -- -- 33.3
6 .- 36.5 41.3 --
9 == 37.3 -- -~
10 - -- k2,7 33.9
15 51.5 -- - 34.0
16 - .- IV _—
20 -- - Lk .5 34,0
25 .- .- .o 34.0
30 -- 375 -- 35.0
Lo - -- - 34.3
s -- 37.5 -- --
75 -- - -- 34.3
90 -- 375 -- --
100 -- -- - 34.3

125 -- - -- .- 3h.3
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TABLE VIII

EFFECT OF BOIL-UP RATE UPON EFFICIENCY

10-plate Oldershaw column

Test mixture = toluene and nCg

Conditien of COperation = Total Reflux
Bottom composition = 28.8 percent toluene

Boil-Up rate Over-head composi- Plate

in Lit./Hr. tion in mole% of efficiency
toluene

42 75.8 61.0

’89 7707 6307

1.04 78.0 64.5

1.38 78.3 65.2

1.41 78.7 65.7

1.76 - 78.9 66.1

2.21 79.8 67.7

3.02 80.0 68.0

3-75 78.5 - 65.5

L.21 75.0 59.6

at flooding 61.2 Lo.L
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TABLE IX

COMPARISON OF PERFORMANCES OF DISTILLATION
APPARATUS

0il D (nydroformer product) at 1 Atm.

Vol.% Lo-plate Sarnia Sarnia
distilled Oldershaw
D/L = 12/1 Db/L =12/1 _D/L 4 5/1
T.B.P. temperature in o

0 60.5 61.0 61.0
5 61.5 71.5 80.0
10 71.0 78.0 88.0
15 78.5 81.0 90.0
20 195 85.0 93.0
25 88.5 89.0 96.0
30 97.0 91.0 99.0
35 108.0 93.5 102.0
4o 109.0 97.0 105.0
Ls 109.5 100.0
50 109.5 108.0
55 110.0 . 112.0
60 110.0 116.0
62.5 120.0 -
65 134.0 119.0
70 138.0 123.0
75 138.0 126.5
80 138.5 129.5
85 139.0 131.5
87.5 140.0 --
90 141.0 132.0
92.5 143.0 --
95 156.0 --
97.5 171.0 --

100 196.0 --



0il D (hydroformer product)

TABLE X

COMPARISON OF T.B.P. AND G.L.C. ANALYSES

40-plate Oldershaw - at 1 Atm.

Analysis of Charge

Mole%
light trace
n-Cs 0.133
i-Cg 1.823
1-Ccg(60°C) 1.657
n-Cg 2.154
hexene-1 .928
1-C7 2.552
3m-Cg 3.248
n-C7 2.088
3-Cyclo-Cqg .895
n-Cg .265
Benzene 11.468
Toluene 31.058
(p,m)xylene 34.471
o-xylene 6.463
Heavy trace

G.L.C.

mole percent

20
30
Lo
50
60
70

90

100

60.5
71.0
9.5
97.0
109.0
109.5
110.0
138.0
138.5
141.0

196.0

~y

benzene 4.42; 1-Cg 11.60; 1-Cg(60°C) 17.30; n-Cg 66.30;
hexene-1 .28; Cs 1.0

benzene 28.3; 1-Cg 7.42; 1-Cg(60°C) 15.12; n-Cg 3k4.36;
hexene-1 6.87; m-Cg 7.97

bepzene 78.09; m-Cg 10.46; 3m-Cg 10.46; hexene-1 .57;
n-C7 2.0; m-Cg 9.20; 3m-Cg 1.25; benzene; toluene
benzene .41; toluene 95.36; n-C; .12; m-Cyclo-Cg .3
toluene 97.31; m-Cyclo-Cg 2.68; n-Cq

toluene 97.96; m-Cyclo-Cg 1.32; n-C; .7; xylene

(p, m) xylene 95.2; O-xylene 4.7; toluene

(p, m) xylene 89.20; o-xylene 10.80

(p, m) xylene 43.04; o-xylene 56.96

heavy; o-xylene - trace

gce



TABLE XI
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EQUILIBRIUM FLASH VAPORIZATION OF OIL D (HYDROFORMER PRODUCT)

AND CALCULATION OF K-VALUES BY G.L.C. ANALYSIS

‘regsure = ThO mm. Hg.
Te=110.6°C  To=99.8°C  T=125.7°C Te= 105.2°C  T=119.8°C
y/x B/F  ¥/X D/F y/x Y/X p/P  y/x p/P
dght - - - - - - - - -
1-Cg 16.796 -- 10.400 --  27.100 -- - -- --
-Cg 11.310 -- 7.334 -- 18.352 8.233 -- 5.274 --
-06(60°C) 8.006 --  5.322 --  17.9kk 6.248 -  L.B17  --
1-Cg 5.255 - 3.905 -- 16.000 4,297 -- - h.9k5  --
1exene-1 4.083 3.785 2.411 2.840 14.308 3.547 -- 3.620 k.45
L-CZ 2.972 1.930 2.772 -- 8.739 2.60k  -- 2.872 2.350
3m-Cg 2.860 1.770 1.34k4 1.310 6.41k 2.08k - 2.4k9 2.220
1-Co 1.577 1.468 .862 1.090 L.615 1.540 1.260 2.165 1.89C
n-cyclo-Cg 1,165 1.720 .910 .985 1.858 1.106 1.140 1.318 1.69C
1-Cg 1.431 -- .537 487 1.552 .891 .582 1.264 1.031
>enzene 2.477 2.462 2.181 1.840 -- 2.449  2.110 3.043 3.081
toluene 1.056 1.053 .896 .764 1.554 1.047 .906 1.429 1.35¢C
(p,m)xylene 497 457 .287 .314  .397 387 .379 .599  .601
o-Xylene .389 .385 .249 .265 .361 .281 218 .491  .507
heavy - - -— - - - _—— —— ——
=116°C T,791.5°C  T=111.2°%C T,7105.5°C  Te=116.5°C
—7X p/P y/x y/x  »/Py/x p/P y/x /P
light -- -- - - - -- -
n-Cs 16.523-- 7.879 11.583 -« 6.077 -- -- -
i-Cg 5.718-- 6.765 5.713 -  4.394 -- L.o88 --
i- c6(6o°c) 4.936-- 4,105 8.979 --  L4.659 -- 3.773 --
n-Cg 5.17k4-- 5.250 5.666 -- 3.916 --  3.119 --
hexene-1 4,053 4.090 3.470 4,256 3.68 4.313 -- 3.346 4.0
- 2.916 2.120 2.4k12 2.329 1.90 2.830 --  1.93+ 2.1
3m-Cg 2.554 14.020 1.988 2.427 1.75 2,486 --  2.246 2.0
n-C7 2.138 1.700 1.590 2.062 1.4 2.182 -- 2.068 1.7
m-cyclo-Cg 1.453 1.521 .80k 1.202 1.35 1.881 1.140 1.155 1.5
b-Cg 1.267 .810 -.837 824 .68 1.813 -- .848 .8
benzene 2.833 2.780 2.300 2.858 2.46 2.555 2.110 2.460 2.7
toluene 1.243 1.210 .768 1.347 1.06 1.166 .906 1.4L17 1.2
(p,m)xylene .606 .535 .159 L67 45 .383 .379  .600 .5
o~xylene 412 413 .124 376 .38 .325 .318 .hk27 b
‘heavy - - -- - -- - -- - --

The new equilibrium equipment Te=125.7, 105.2, 119.8, 116, 91.5, 1l11l.2, 1

116.5°cC.

The thermostatic flow equipment Te=99.8, 110.6°C.



K-VALUES CALCULATED FROM EXPERIMENTAL WORK OF WHITE AND BROWN (152)

Material - light naphtha
Conditions - 700 ©F, 650

TABLE XII

psia l%kp. No. 8, (lSQﬂ

T.B.P., Temp. Moles of vapor Moles of liquid K
Range - °F (Brown)
86-95 43,78 31.49 1.39
135-156 10.72 13.74 1.22
175-209 10.25 8.30 1.24
209-300 2.13 1.85 1.15
300-350 1.95 2.15 91
350-400 3.95 5.06 .78
L00-450 k.00 4,35 .92
450-500 3.30 5.3 .62
500-550 3.16 4.9 6k
550-600 L.1b 8.18 .51
600-650 3.72 7.13 .52
650-700 1.88 4.50 42
700-750 1.02 2.98 .34

This method

Tp - °F K
350 91
375 .85
Loo .80
Los5 .8
450 .72
W75 .71
500 .67
525 +59
550 .58
575 .52
600 .51
625 50
675 42

otz



PHYSICAL PROPERTIES OF OIL A

TABLE XIII

fol.% T.B.P. ATy ATf)ave. (Sp. Gr.dgve. M.Wt.

listilled Temp. °C ©C oCc

I.B.P. 6.0 .531 ~ 87.0
495

5 95.5 462 .725 Ol
453

10 105.5  .hho 99.8
L32

15 117.5 .k19 .735 104.0
413

20 122.0 .40 108.0
406

25 125.5  .4o2 Th2 109.2
.397

30 133.5 .390 111.5
.387

35 137.5 .382 .766 114.2
.380

4o 2.0  .376 116.7
.370

ks 146.5 .368 +750 118.3
.365

50 149.0  .363 121.0
.360

55 151.5 .359 . 766 122.8
.358

60 155.0  .353 123.2
.352

65 159.0  .347 171 125.0
.345

70 162.0 .342 127.2
.340

75 165.5 .338 L7716 132.5
.335

80 169.0 .332 132.0
.330

85 171.5 .329 167 13k.0
.323

90 178.0  .320 136.3
A.S.T.M. 317

95 182.5 .314 <775 142.0
.306

E.P. 190.5 .302 -

231



iquipment - Othmer still o .
‘onditions - P, = 1 Atm.; Te=1kl.2°C; percent vapor = 46,8

EQUILIBRIUM PROPERTIES AND K-VALUES OF OIL A

TABLE XIV
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4 _ Vapor Liquid
Tol. T.B.P. Sp.Gr. (N\I.) Mole% T.B.P. Sp.Gr. (\T.) Mole%
yistilled °C fave. ‘o¢ frave.
I.B.P. 95.5 0 69.0 0
5 87.0 .716 470 ' 104.0 .Th2 420
10 96.0 12.1 120.0 11.6
15 100.5 .TH1 4kl 125.5 747 400
20 111.0 23.4 132.0 22.7
25 118.0 .73k 420 137.5 .756 .382
30 121.0 3k.2  1hk2.0 33.3
35 124.0 .739 408 146.0 .759 .370
ko 127.0 Ly,7 148.0 43.5
ks 132.5 .76k4 .390 150.0 .772 .363
50 137.0 54,8 153.0 53.6
55 141.0 .760 377 156.0  .773 .353
60 145.0 64.5 159.0 63.3
65 148.0 .751 .367 162.0 .779 342 :
70 150.5 73.9 166.0 72.8
15 153.5 .765 353 168.0 .779 «337
80 158.5 83.0 170.5 82.1
85 163.0 .780 .30 172.0 .780 330
90 168.0 91.8 175.0 91.2
95 173.0 .772 .322 182.0 .780 .320
E.P. 182.0 100.0  193.0 100.0
Conditions - Py = 1 Atm; T = 134°C; percent vapor = 3l. _'
I.B.P. 65.0 0 0
5 87.0 .716 L82 100.0 .738 452
10 95.0 12.1 118.5 12.2
15 99.0 .T734 455 123.5 .737 .408 _
20 105.0 23.3 129.0 23.4
25 115.0 .735 431 133.0 .764 .391
30 119.0 33.6 140.0 k.4
35 122.5 .730 410 145.0 .752 .368 '
Lo 125.0 k3.6 147.0 4.5
ks 129.0 .752 .397 149.0 .753 .363
50 134.0 52.5 151.0 5.2
55 137.5 .763 .382 155.0  .755 «353
60 143.0 62.7 157.5 63.9
65 146.5 .751 .370 161.0 .772 .348
70 149.5 72.2  16L4.0 3.4
75 162.0 .758 .361 168.0 .776 .328
80 157.0 81.7 . 170.0 82.4
85 162.0 .773 .343 ©172.0  .T765 .323
90 167.0 90.9 = 174.0 91.2
95 172.5 .74 .328 .180.0  .T777 .318
E.P 180.0 100.0 192.0 100.0



ont.

iquipment - Othmer still
Jonditions - Pe = 1 Atm.; T = 144.5°C; percent vapor = 53.9
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4 Va.p%)iT Liquid 7
Vol. T.B.P. Sp.Gr. o) Mole% T.B.P. Sp.Gr. (ATZ) Mole
Distilled ©C frave. * o¢ — Tlave.
I.B.P. 66.0 0 aL.o 0
5 90.0 .720 470 112.0 .731 1450
10 97.0 12.3 121.0 11.8
15 108.0 .7k2 Lh0 127.0 .Th2 425
20 114.0 23.7 133.0 , 22.9
25 119.0 .733 410 135.0 . 756 408
30 122.5 3.4 143.5 33.6
35 125.0 .738 400 147.0 4T .390
4o 131.5 44,8 150.0 43.6
4s 136.0 .T769 .380 151.0 . 750 .380
50 140.0 54k.7 155.0 53.5
55 142.0  .757 .370 158.5 .T67 .370
60 148.0 6.k 161.0 63.2
65 150.5 .752 .355 164.0 TT1 «360
70 153.0 73.6  166.0 T2.6
75 156.5 .769 .350 169.0 .T70 +355
80 161.0 82.8 1T71.0 81.8
85 165.0 .776 .335 173.0 . 760 «350
90 169.0 91.5 175.0 91.0
95 177.0 .772 .320 184.0 <779 «335
E.P. 185.0 100.0 203.0 . 100.0
Conditions - P = 1 Atm.; Tg = 1&7.000; percent vapor = 59.5
I.B.P. 82.0 0 86.0 0
5 92.0 .717 L60 109.5 .730 430
10 99.0 12.2 121.5 . 12.1
15 108.0 .74l 430 128.0 . T45 .393
20 112.0 23.7 130.0 : 23.2
25 121.0 .731 1405 139.5 .T51 <373
30 12k4.0 34.4 1k45.5 33.8
35 128.5 .748 .392 148.0 STUT 360
Lo 133.0 44,8 150.5 43.9
4s 137.0 .766 .378 153.0 .753 .350
50 142.0 Skl 156.0 53.8
55 146.0 .752 .362 158.5 . 769 346
60 149.0 63.8 162.5 63.5
65 151.0  .755 <355 165.0 .T70 «335
70 154.0 73.3  167.5 73.0
75 158.5 .772 .345 170.0 . 769 .327
80 163.0 82.4 172.0 82.2
85 167.0 777 .330 174.0 .759 .320
90 171.0 91.1 175.0 91.2
95 178.0 .769 .318 184.0 .778 .308
R.P. 18k.0 100.0 193.0 100.0
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Cont.
Te = 134.0 °C Te = 141.2 °C

T dy/dTp dx/dTy K K-Values of Lit. dy?dTB dx/dTg K

of (138) (88)

60 - - -- -- - 7.0 1.0 T.1l

75 16.0 3.7 k.30 -- k4o 13.0 2.2 5.90

80 18.5 5.3 3.49 3.70 -- 15.0 3.0 5.00

85 22.5 7.5 3.00 -~ - 17.0 k.2 k.o4
90 25.0 8.3 2.94% 3.05 -- 19.0 6.0 3.17

95 28.5 11.5 2.48 -- -- 22.0 8.0 2.75
100 31.2 4,2 2.20 2.40 2.30 25.0 10.5 2.38
105 k.2 17.2 2.01 -- -- 30.0 1k.9 2.16
110 36.0 20.5 1.75 1.75 -- 36.0 17.3 2.08
115 37.0 25.2 1.51 -~ -- k1.0 22.0 1.86
120 43.0 29.3 1l.47 1.35 - k5.0 26.5 1.69
125 45,5 35.0 1.30 == -- 48.2 33.0 1.82
130 k7.2 43.0 1.09 1.10 -- 51.0 40.0 1,27
135 k7.5  51.5 .92 -- - 55.0 k7.0 1.17
140 kg.2 59.5 .83 .83 .- 56.0 52.0 1.08
145 k9.1 65.2 £ S— - 55.0 57.0 .96
150 7.5 78.0 .61 .68 .6k 50.0 61.5 .81
155 45,2 78.0 .58 -- - k3.0 65.0 .66
160 k1.7 76.2 .55 .52 - 39.0 66.6 «59
165 34.0 65.7 .52
170 30.0 62.0 .48
175 25.0 55.0 45
180 18.2 45,0 .40

T. = 147.0 °C Te = 14k.5 OC

70 6.0 6.3

85 22.0 5.0 Lk.bo -- -- 17.0 k.o 4,25

90 2k.0 7.0 3.43 3.6 -- 18.5 5.0 3.70
95 27.0 8.0 3.38 -- -- 20.5 6.5 3.17
100 29.0 11.0 2.64 3.0 3.1 23.5 8.0 2.95
105 32.0 13.0 2.46 -- -- 27.0 11.0 2.46
110 36.0 k.5 2.48 2.5 -- 33.0 14.5 2.28
115 37.5 20.0 1..88 -- -- 87.0 20.0 1.86
120 kb0 23.5 1.87 1.8 -- 42,0 25.0 1.68
125 4.5 26.0 1l.71 -- - L4.,0 33.0 1.33
130 45.0 30.5 1.48 1.4 - 49.0 35.0 1.40
135 46.0 k1.0 1.12 - - 52.5 k2.0 1.25
140 52.0 43,0 1.212 1.15 -- 5h.5 46.0 1.16
145 56.0 48.2 1.15 -- -- 55.5 52.0 1.06
150 54 .0 55.0 .98 .97 90 55.0 62.0 .89
155 50.5 62.5 81 -- -- 50.0 68.5 .73
160 k6.0 71.0 .65 .75 - 45.0 70.0 6l
165 ki 5 72.0 N - — - 39.0 73.0 «53
170 39.5 T72.5 .5k .55 -- 36.0 64.0 .56
175 32.0 62.5 51 -- -- 26.0 50.0 «52
180 17.0 36.3 A7 .43 -- 16.5 37.0 45
185 10.0 22.0 A5 -- --
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TABLE XV
PHYSICAL PROPERTIES OF OIL B

Condition - 1 Atm.

Vol.% T.B.P.
Distilled Temp. °C Sp. Gr. AT, M.Wt. E.F.V,
T-C V%
I.B.P. 60.0 - 640 69.2
5 127.5 .750 L27  102.5 161.5 12.1
10 137.0 -- 400 108.9
15 142.5 .755 .380 112.5 162.0 15.6
20 146.8 - .379 115.3 '
25 149.0 . 760 .375 118.5 165.0 50.9
30 151.5 -- .370-  120.7
35 155.0 . 766 .360  123.5 174.5  T70.5
Lo 158.0 - .354 125.3
L5 161.0 776 .350 129.0 196.0 86.2
50 163.2 - 346 132.0
55 166.0 .780 340 133.2 212.0 89.1
60 168.5 .- .334 135.2
65 170.5 172 .330 136.5
70 172.3 -- .327 137.9
75 175.0 . 768 .320 139.5
80 179.0 -— 312 1k42.5
85 185.0 .787 .302 151.2
90 200.0 -- 276  161.0
95 213.0 .800 .253 186.0

E.P. 275.0 -- .230 212.0



iquipment - Othmer Still at 1 Atm.

TABLE XVI

EQUILIBRIUM PROPERTIES AND K-VALUES - OIL B

Jondition - 162.0 °C

236

—-— Vapor Liquid
Vol.% T.B.P. Sp.Gr. (\Tr)gye, Mole% T.B.P. Sp.Gr. (A\7)gye, Mole%
Distilled © ¢
I.B.P. 62.0 - -- 0 116.0 -- - 0
5 115.0 .718 .532 6.96 136.3 .756 L25  T6.42
10 124.0 «T30 450 12.87 143.2 767 .398 12.35
15 129.0 .T32 L40 18.64  147.3 .757 ~ .380 18.10
20 134.0 .756- L4218 24,13 149.7 755 345  23.75
25 136.3 <TTh 1405  29.44 152.0 .T57 .360 29.28
30 139.5 770 400 34,69 155.0 767 355 34.71
35 142.7 .T60 .395 39.87 158.2 .T773 .355 L40.Ok
Lo 145.5 .753 .387 Lhk.95 161.0 <TT7 .350 45,30
45 147.8 . T48 .380 49.93 164.0 . 780 .345  50.43
50 149.5 .T49 .376 54.87 166.5 783 ¢330 55.51
55 151.0 -T49 371 - 59.73 171.0 «TT9 »335 60.50
60 153.7 .T54 .368 64,56 172.7 STTh .330 65.35
65 156.7 .T65 .360 69.28 174.6 . 769 .325 70.18
70 159.5 <773 .355  T3.93 178.3 -T73 320 Th.97
75 162.5 .TT6 350 78.52 183.0 . 786 315 T79.72
80 166.0 177 342 83.00 189.5 .91 .315 84.20
85 169.5 .T78 .335 87.49 196.0 .T87 .327 88.50
90 173.0 TTh .330 91.91 203.0  .787 397 92.68
95 183.0 770 .318 96.28 222.0 .805 270  96.53
E.P. 202.0 770 .287 100.00 283.0 .805 .270 100.00
T, = 165.0 °C
I.B.P. 83.0 - - 0 124.0 .- - 0
5 123.3 .T732 «500 6.90 141.0 . 764 413 6.32
10 131.7 .T50 427  12.79 146.6 .758 .385 12.23
15 136.7 STTh A411  18.46 152.8 .756 .372  17.91
20 140.5 T72 .397 23.94 155.8 . T6k4 .363  23.47
25 143.5 .76k .390 29.33 159.0 STTh .356 28.92
30 148.2 .753 .382  34.59 162.0 JTT17 .350 34.28
35 150.0 .752 <375 39.77 164.8 . 760 .343  39.53
4o 151.5 .T53 371  L44.93 167.0 .781 340 LTk
45 153.2 .T60 .368 L49.97 169.2 » 782 .335 49.87
50 156.0 .TT70 .362  54.97 171.0 STTT .330 64.92
55 158.8 .77k <355 59.87 172.8  .771 <327 59.93
60 161.5 .T78 .350 64.69 174.0 .765 .323 64.88
65 164.0 .T79 346 69.71 177.0 .T769 320 69,77
70 166.8 .T83 340 Th.16 181.5 -T79 314 T4.68
75 169.0 .T83 .335 78.78 185.0 .789 .305 T79.25
80 171.5 <TTT .330 83.34% 191.0 .789 .298 83,82
85 174.0 .TT70 .32  87.81 195.2 +790 .287 88.21
90 179.0 LT71 .316 92,17 20k4.3 .793 275 92.42
95 192.0 .T90 -300 96.31 240.0 816 260 96,40

O- 7
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Cont.

Condition - T, = 17h.5 oc

237

% Vza.po%'A 3 7 Liquid T
Vel. T.B.P. Sp.Gr. T Mole% T.B.P. Sp.Gr. (\TZ) Mole
Distilled. §C flave. o¢ — fave.
I.B.P. 90.0 - - 0 120.0 - -- 0
5 126.0 480 6.81 140.0 120 6.56
10 135.3 .T4sS 416 12.72 149.0 .T60 .385 12.57
15 140.0 400 18.40 152.5 . .370 18.35
20 145.0 .T55 .389 23.92 156.5 .T62 .363 24.03
25 147.5 .380 29.31 160.0 <355  29.57
30 150.0 .756 .375 34.64 163.0 -TT5 347 34.99
35 152.0 .370 39.89 165.5 340  40.30
4o 155.0 .T5T .36k L45.05 169.0 .782 .335 L45.53
45 158.3 .357 50.12 170.0 .330 50.68
50 160.5 .TT6 .352 55.12 173.0 172 .328  55.80
55 164.0 " o347 60.05 175.0 .321 60.81
60 166.0 .780 .340 64.88 178.0 .768 .318 65.77
65 169.0 .335 69.64 182.0 .311 70.62
70 171.0 .780 .330 T4.32 186.5  .785 304 75.38
75 173.0 .327 78.96 191.6 ' «295  79.99
80 176.3 .T65 .323 83.54 198.0 .785 .285  8h.L4
85 182.2 .315 88.01 211.0 .270 88.66
90 185.0 .780 .305 92.34 218.0 <797 .255 92.64
95 200.0 «290 96.46 255.0 L2h2 96.42
E.P. 215.0 .792 .245 100.00 285.0 .818 .230 100.00



238

;ont.

‘ondition - T, = 162.0 °C T, = 165.0 °C

Tp dy/aTg dx/dTp K K-Values from Lit. gg dy/aT, dx/dTp K

oC (138) - (88)

L20 2h.8 6.2 L.02 2.5 125 20.0 5.7 3.52
L25 37.0 11.0 3.36 130 30.2 9.5 3.1€
130 48.0 15.5 3.10 2.3 135 4.0 16.0 2.T°
135 55.0 18.0 3.05 140 54.0 21.0 2:57
140 59.0 27.0 2.18 145 56.0 26.0 2.1°
145 70.2 49.0 1.43 150 84.5 55.8 1.5
150 90.3 69.5 1.30 155 72.1 60.0 1l.X
155 66.0 64.0 1.03 160 67.2 66.0 1l.0%
160 54.8 63.2 .87 1.0 165 62.2 178.8 . T
165 57.0 64.0 .73 170 64.0 91.7 T
170 41.0 59.3 .69 .78 175 L45.0 81.5 .5¢
175 27.1 56.3 48 180 20.0 50.0 it
180 16.5  140.0 41 185 15.2 Lo.l .3t
185 11.1 32.0 .23 190 10.5 31.0 .3
190 7.5 28.0 .27 195 7.0 25.0 . 2
195 5.0 22.4 .22 200 5.2 22.2 -
200 4,2 17.5 .23 .38 .29 ‘

Te = 174.5 ©C

130 22.0 5.8 3.98 3.0

135 30.2 8.7 3.49

140 46.5 18.6 2.56 2.3

145 56.0 22.4 2.51

150 75.0 37.2 1.98

155 75.0 4y 2 1.70

160 77.0 55.8 1.38

165 71.0 6l1.2 1.16

170 69.5 66.8 1.04 1.2 1.0

175 52.4 64.0 1.82

180 35.0 53.0 .66 .98

185 26.1 4y, 3 .59

190 17.0 31.0 .55

195 11.0 26.2 42

200 6.5 18.6 .35 .48 .50

210 3.6 13.9 .26

220 2.0 9.5 .21

230 1.0 7.0 <1k 22



TABLE XVII

VAPOR-LIQUID EQUILIBRIUM PROPERTIES OF OIL B'

Equipment - Othmer Still
Conditien - Pg = 1 Atm.; Te = 176.0 °C

Vapor Liguid
Vol.% T.B.P. Sp.Gr. Mole% T.B.P. Sp.Gr. Mole%
Distilled ©C oc

I.B.P. 98.0 - 0 105.0 - 0
5 130.0 .Th3 6.66 135.0 .750 6.73
10 137.5 768 12.58 143.0 .767 12.73
15 143.0 765 18.27 148.0 .757 18.53
20 147.0 757 23.77 150.8 .755 24.18
25 149.5 .753 29.19 154.2 .761 29.75
30 151.5 756  34.56 158.0 .772 35.18
35 155.0 .T64  39.85 161.0 .T777 L40.50
Lo 157.0 L7 L5.04  164.0 .TTT  UW5.T72
45 160.0 L7716 50.15 167.0 .779 50.87
50 162.8 JIT9 65.18  169.0 .782  65.93
55 166.0 .782 60.10 171.8 .778 60.92
60 168.0 .783  64.94  173.5 .77l  65.82
65 170.5 781 69.72 176.0 .768 T0.66
70 172.3 775 Th.46 0 180.0 0 LT778  75.44
75 175.0 .769  T79.12 185.0 .789 80.09
80 178.0 LT7L 83.71 191.5 .792 84.57
85 182.5 .783 88.212 197.0 .78 88.89
90 192.5 .91 92.53 211.5 .801 92.98
95 208.0 .94 96.53 251.0 .813 96.23
E.P. 260.0 804 100.00 295.0 .826 100.00

Condition - Te = 1 Atm.; Te = 169.5 ©C

I.B.P. 94,0 - 0 115.0 - 0
5 127.0 .T4O 6.76  134.0 .759 6.61
10 131.0 769  12.81  145.0 .T767 12.65
15 142.0 .769 18.56 149.5 .757 18.46
20 146.3 .758 24.10 162.0 .762 24.12
25 148.5 .755 29.57 154.5 .767 29.69
30 152.0 .754% 34,91 160.0 .778 35.14
35 154.8 LT64  h0.16  163.0 .782 LOo.4b6
4o 157.8 ST 43.33  165.8 .785  L45.71
ks 160.0 LI77  5S0.41  168.0 .785 50.83
50 162.5 L7180 55.42 170.2 .78l 55.93
55 165.0 .783 60.35 172.0 .776 60.94
60 168.0 .84 65.12 174,00  .TTL  65.90
65 170.0 L84 69.97  177.2  .T73  TO0.T9
70 172.0 780 T4.69 181.8 .785 75.57
75 174.0 LT+ T79.36 187.0  .794%  80.20
80 178.0 .768 83.94 193.0 .790 84.70
85 182.2 772 88.41  199.5 .787 89.01
90 190.0 782 92.72 215.0 .805 93.05
95 211.0 .T91 96,56 254.5  .817 96.Tk
E.P. 240.0 .795 100.00 298.0 .828 100.00

T

130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
210
220
230

130
135
140
145
150
155
160
165
170
175
180
185

195
200
210
220
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‘TABLE XVIII

PHYSICAL PROPERTIES OF OIL F

Pressure = 1 Atm.

Vol.% T,B.P. A.8,T.M, S8p, Gr. AT M.Wt.

Distilled  ©C °c

I.B.P. 170.0 175.0 - 163 9k.T

5 166.0 188.0 «T53 341 128.5

10 180.0 195.0 .T767 .319 140.5
15 188.5 199.0 <T79 .311 146.0
20 193.0 202.0 <779 .307 147.9
25 196.0 20k4.5 .81 305 149.2
30 200.0 207.0 . T84 .302 151.0
35 203.0 209.5 . 792 .300 154.0
40 210.0 311.0 -799 .295 157.8
45 213.0 213.0 . T4 .293 158.2
50 215.0 215.0 . 790 «290 159.0
55 217.2 217.0 <790 .289 159.5
60 221.0 219.5 .796 .287 161.5
65 225.0 222.0 .801 .285 163.9
70 229.0 224 .0 .808 .281 167.2
75 232.5 227.0 .800 .280 166.7
80 235.0 230.0 .798 .278 1674
85 239.5 234.0 .806 275 171.0
90 246.5 237.5 .818 272 175.5
95 251.0 243.5 .829 .269 179.5

E.P. 276.0 252.0 .829 .257 188.0

(0il F is a sweet kerosene, from Texas)

240



TABLE XIX

EQUILIBRIUM PROPERTIES AND K-VALUES - OIL F

Equipment - Thermostatic flow

Condition - Pg = 1 Atm.; Te = 21k.5 OC; %V = L7.L4

Vapor Liguid

Vol.% T(.)B.P. A.S,T.M. 8p.Gr. Te)aye, Mole® T.B.P. A, s T.M. Sp.Gr. TA‘I‘f’.)ave. Mole%
Distilled ©C C oc o¢c
I.B.P. 109.0 162.0 - -- 0 154.0 208.0 -- - °
2.5 134.0 460 3.76 177.Q - .338 2.95
5 150.0 175.0 - Th6 .392 6.96 187.2 210.0 STTH .318 5. T3
7.5 159.0 .361 9.90 192.0 «310 &, 4
10 166.3 1B7.0 .762 <345 12.72 194.0 212.0 .783 .307 1Y.12
12.5 170.0 .336 12.46 196.2 305 13.78
15 174.0 191.0 . 766 .330 18.16 199.0 214.0 .786 .303 16.473
17.5 177.5 .325 20.81 201.5 .301 19.06
20 - 181.0 194.0 .T71 .321 23.43 204.0 215.0 . 796 .299 21.67
22.5 184.0 «317 26.02 206.5 .297 24,26
25 187.0 196.0 .782 <314 28.59 209.0 217.0 .800 «295 28.8%
27.5 189.5 .312 31.13 211.0 .294 29.40
30 191.5 198.0 .783 .310 33.66 213.0 218.0 . 799 .292 31.95
32.5 193.0 .308  36.18 214.0 .291 3k.50
35 194.0 200.0 .T81 .307 38.69 215.5 219.5 . T4 «290 37.03
37.5 195.0 .306 41.14% 216.5 «290 39.56
4o 196.5 201.0 .781 .305 43,67 218.0 221.0 «793 2890  L42.09
k2.5 198.0 303 46.15 219.0 .288 Lk .60
4s 200.0 204.0 . 789 .302 48.61 221.0 222.5 . 799 .287 kT.12
47.5 202.5 «300 51.06 222.5 .287 4g.61
50 20k4.5 206.0 .798 .299 53.50 225.0 224,0 .806 .285 52,10
52.5 206.2 .297 55.93 226.5 284 54,58
55 208.5 208.0 .802 .296 58.35 228.0 225.5 .808 .283 57.05
57.5 210.5 294 60.75 230.2 .282 59.51

The



Cont.

Liquid

Vapor : '

Vol.% T.B.P. A.S.T.M. Sp.Gr. (AT¢),ye. Mole® T.B.P. A.S.T.M. Sp.Gr. ATf) pve. Mole®
Distilled ©C ¢ ‘ ' ' oc oc” ' i ‘

60 212.5 210.5 .799 .293 63.1% 231.0 227.5 . 806 .281 61.96
62. 213.5 .292 65.52 232.0 ‘ .280 64 .41
65 - 215.0 213.0 - T4 .291 67.90 233.0 229.5 .802 .280 66.86
67.5 216.0 290  T0.28 23L4.0 279 69.29
70 217.5 216.0 .793 +289 72.63 235.0 231.5 .802 279 T71.73
72.5 219.5 .288 74.98 237.2 .278 T4.16
75 220.0 218.5 .800 .287 77.32 239.0 234.0 .808 277 76.58 -
T77.5 224.0 .286 79.66 241.8 ’ 275 78.98
80 227.5 221.5 .809 284 81.97 245.0 236.5 .819 2T 81.37
82.5 230.0 . .282 84.28 247.0 272 83.75
85 232.0 225.0 .805 .281 86.57 249.0 240.0 .819 271 86.11
87.5 234.0 .280 88.56 251.0 270 88.47
90 237.0 229.0 .803 .278 91.13 253.0 245.0 .81k .269 90.82
92.5 241.0 276 93.38 261.0 <266 93.14
95 24k9.0 234.0 .819 273 95.61 263.0 2k8.5 827 .26k 95.45
97.5 252.0 .270 97.82 266.5 .263 97.75
E.P. 258.0 242.0 .819 .267 100.00 286.0 247.0 .827 <257 100.00

che



zu3
sont.
M1 F at Pg = 1 Atm.; Te = 214.5 °c;éx:f4§gg)p = 0.940

gg dv/aTy, 41/dTy K  K-Lit,

(138)

170 11.5

175 14.0

180 15.5

185 17.0

190 20.0 8.0 2.50

195 41.0 19.0 2.03

197.5 30.0 19.5 1.45

200 24.0 20.0 1.13 1.35
202.5 21.0 20.0 .99

205  23.0 20.0 1.08

207.5 25.0 20,0 1.17

210 © 26.0 22.0 1l.11

212.5 32.0 26.0 1.15

215 38.0 37.0 .97 1.00
217.5 30.0 38:5 .73

220 23.5 31.5 .69

222.5 19.5 28.0 6k

225 21.0 27.5 .71

227.5 21.5 27.0 <Th

230 21.0 32.0 .62 TT
232.5 21.0 25,0 .79

235 16.5 37.5 42

237.5 13.0 2k.5 .50

240 11.0 21.0 49 54
242.5 -8.8 19.0 43

245 7.5 19.0 .37



2u4

*ont.

M1 F at Pg = 1 Atm.; T, = 218 OC; V% = 51.2

Vapor Liquid
Vol.% T.B.P. A.S.T.M., Sp.Gr. T.B.P. A.S.T.M. Sp.Gr.
Distilled  ©C ¢ o ¢
I.B.P. 109.5 168.0 160.0 195.0
2.5 135.5 177.0 '
5 153.5 176.0 .T51 188.5 210.0 JTTT
7.5 159.0 o 192.5 '
10 167.0 - 186.5" .T60 196.0 21k4.5 <783
12.5 171.0 198.
15 - 174+.5 191.0 .T62 200.5 215.5 788
17.5 178.0 201.0
20 181:5 193.5 . T64 205.5 217.0 . T97
22.5 184.5 ' 208.5 '
25 187.7 195.0 .782 211.0 218.5 .800
27.5 190.0 ' ‘ 212.5 - '
30° 192.0 197.5 .783 213.5 219.5 .795
32.5 193.0 ' 214.2 ‘
35° 194.5 200.0 . 780 215.5 221.0 791
37.5 195.5 ' 216.5
Lo - 197.0 202.0 .781 218.0 222.5 .792
42,5 198.8 219.0 -
45 201.0 203.5 «T90 221.0 223.5 .799
47.5 203.0 223.0 '
50 205.0 205.0 . 799 225.0 225.0 807
52.5 207.0 226.5
55 209.2 207.5 .800 228.5 227.0 .807
57.5 210.5 230.0
60 212.5 210.0 . 798 231.0 228.5 .807
62.5 213.5 232.5
65 215.2 212.5 .793 233.5 230.0 .790
67.5 216.0 ' 234.0 ' o
70 218.0 215.0 .T93 235.0 232.0 .798
72.5 220.0 237.0 ' ‘
75 223.0 217.0 .801 238.5 235.0 .806 .
77-5 225.5 24h1.2 '
80 228.0 219.5 .809 2Lk, 0  237.5 .820
82.5 230.0 2k7.0 .
8s 232.2 223.0 .805 2u8.5 240.0 819 -
87.5 234.0 250.5
90 237.0 228.0 .802 252.5 .244.0 .813
92.5 242.0 261.0 ‘
95. 248.0 229.0 .820 262.5 250.0 .828
97.5 250.5 ' 265.0 ' ‘

E.P. 260.0 240.5 .820 284k.5 260.0 .828



TABLE XX

PHYSICAL PROPERTIES OF OIL G

Conditiop = 1 Atm.

Vol.% "~ T.B.P. A.S.T.M., Sp.Gr. Te M. Wt.
Distilled ¢ °c
I.B.P. 115.0 175.0 473 93.5
5 166.5 190.5 . T65 <374 120.8
10 180.0 197.0 .780 .352 129.1
15 189.0 204.0 . T56 <337 136.0
20 194.0 206.0 . T84 .330 139.5
25 198.0 210.0 - T4 324 142.2
30 203.5 212.0 .802 .317 147.1
35 210.0 215.5 806 .309 151.5
Lo 214.0 218.0 .802 .305 152.9
45 218.0 222.5 .800 .301 154.5
50 222.0 224,0 .803 «297 158.5
55 229.0 227.5 #8115 <297 163.8
60 232.5 231.0 816 287 166.0
65 238.0 235.0 817 .283 168.5
70 245.5 240.0 .823 277 177.0
75 252.0 2kl .5 826 271 178.0
80 265.0 249,0 840 262 183.0
85 267.5 265.0 .84o .260 188.5
90 269.0 260.0 .8k1 .252 190.0
95 274.0 268.0 .8k2 .255 192.5
E.P 289.0 280.0 842 : —

(0il1 G is a kerosene after hydroforming, from Texas)
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TABLE XXTI
EQUILIBRIUM PROPERTIES - AND K-VALUES - OIL G

Equilibrium Equipment - Thermostatic Flow
Condition - Te = 218.0 ©C; Pg = 1 Atm.; V% = 26.3

Vapor Liquid
Vol.% T.g.P. A.5,T.M.  8p.Gr. mf)aveo Mole% T.]g.P. A.SaT.M. Sp.Gr. ATf)gve.
Distilled C C C - °C.
I.B.P. 162.0 0 143.0 200.0
2.5 120.5 478 3.62 170.0 .394
5 127.0 169.0 .T6k4 456 7.07 180.0 207.0 .780 360
7.5 141.0 436 10.38 188.0 .345
10 147.5 175.0 .87 116 13.53 192.5 210.0 .782 <335
12.5 156.0 1403 16.57 195.0 330
15 163.0 180.0 .TT5 .388 19.51 197.0 216.0 .783 327
17.5 168.0 <377 22.37 199.5 .323
20 172.5 18%.0 .T78 .369 25.17 203.0 218.0 o Tk .320
22.5 176.0 .361 27.90 206.0 .316
25 179.0 187.5 .TT6 <356 30.60 208.5 220.5 .808 309
27.5 182.0 .351  33.26 211.0 309
30 185.5 191.0 . 783 346 35.88 21k.0 224 .0 .801 306
32.5 188.0 ' 3k 38.46 215.5 .303
35 191.0 195.0 . 789 .336 hi.o1 217.5 226.0 .T90 .301
375 192.5 »333 43.53  219.5 .298
Lo 194.0 198.0 .785 .330 46.03 222.0 228.0 «795 +295
k2.5 195.0 .329 48.52 225.5 .292
45 197.0 201.0 .783 .327 51.00 229.0 231.0 811 .289
b7.5 198.5 .325 53.46 231.0 : .288
30 200.0 204.0 .789 .323 55.91  233.0 234.5 .813 286
52.5 202.0 y 320 58.33 234.0 , .285
55 205.0 207.5 .803 317 60.74 236.0 237.0 810 .283
57.5 207.0 : .31k 63.11 239.0 . .280
60 210.0 212.0 .809 .311 65.47 243.0 240.5 817 277

A



Cont.

Vapor Liquid

Vol.% T.B.P. A.S.T.M. Sp.Gr. ( 'l'f)&ve Mole% T.B.P. A.S,T.M. Sp.Or. ( Trlgye. Mole%
Distilled °C o¢ ° Y ¢ B

62.5 212.0 . 308 67.80 2L6.0 .275 66,49
65 214.0 214.0 .800 .306 70.12 249.0 24k .0 .821 273 68.84
67.5 216.0 304 72.32 251.5 271 71.18
70 218.5 218.0 .792 .302 .71 253.0 248.5 .820 270 73.50
72.5 221.0 <299 76.98 254.0 .269 75.81
75 226.0 222.0 .803 .295 79.21 256.5 253.0 .838 .268 78.12
7.5 229.5 .292 81.4k2 260.0 . 264 80.41
80 232.5 226.0 .816 .289 83.61 263.0 258.0 -840 261 82.67
82.5 236.0 .286 85.78 268.0 .257 8k.91
85 24k1.0 233.0 817 .283 87.92 275.0 263.0 840 .255 87.11
87.5 247.5 .278 90,03 276.5 254 89.29
90 252.0 242.5 .826 273 92.09 277.0 268.5 -840 «253 91.47
92.5 261.0 .268 9k.12 278.5 .252 93.64
95 265.0 -a -840 «263 96.11 280.0 277.0 -840 «250 95.49
97.5 270.0 . 260 98.08 28k4.0 o 2hh 97.93
E.P. 286.0 272.0 -840 <253 100.00 300.0 o= -840 - 100.00

Lhe



Condition = Te = 23.0 "C; re ® L Auliej ¥Vp = viec

Vapor Liquid

Vol.% T,B.P. A.S.T.M, Sp.Gr. (NIr)yye. Moleh T,B.P. AS.T.M. 8Sp.Gr. (O\T7), ..

Distilled °©C ¢ °c . A -

I.B.P. 103.0 185.0 0 129.0 197.0 0
2.5 138.5 463 3.68 188.5 .387 3.4k
5 155.0 189.0 .T63 L2 6.95 196.0 203.0 .T91 333 6.41
7.5 165.0 .387 10.03 201.0 .323 9.29

10 171.0 191.5 .T78 .373 12.99 206.5 227.5 .803 .317 12.11
12.5 176.0 .363 15.88 210.0 .311 14.87
15 180.0 194.5 -T79 +355 18.76 213.0 229.5 .806 307 17.61
17.5 183.5 .349 21.54  215.0 305 20.32

20 187.0 197.5 . T87 <343 24,26 217.0 232.5 <799 .303 23.03

22.5 189.5 .338 26.96 220.0 .300 25.69

25 192.0 201.0 . 788 «33k4 29.61 223.5 235.0 .807 -297 28.3

27.5 193.5 .332 32.25 227.0 - 294 30.95

30 195.0  20k4.0 -T787 »330 " 34.87 229.0  237.0 817 .291 43,54

32.5 196.0 .328 37.48  231.0 .289 36.11

35 197.5 206.0 .T87 .326 40.07 332.0 239.0 817 .288 38.86

37-5 199.0 .32k 42.65 334.0 287 41.23

4o 201.Q 209.0 . 798 .321 45,20 235.5 241.0 .815 285 43,77

ko.s5 2040 .318 47.73 238.0 284 46.29

45 206.5 211.5 .811 «315 50.2F 241.0 242.5 .821 281 48.80

47.5 208.5 .312 52.72 24k4.0 <279 51.28

50 211.5 213.5 .810 +310 . 55.18 247.0 24k .5 .826 276 53.Th

52.5 213.0 .307 57.62 249.0 <275 56.18
55 21k4.5 216.5 .800 305 60.04 249.5 248.0 .825 L27h 58.62
575 216.0 304 62.46 251.5 .273 61.05

60 217.5 220.0 T4 .302 64.87 253.0 250.5 .828 271 63.46

62.5 220.5 .300 67.25 255.0 270 65.86

65 24k .0 223.0 .803 . 296 69.61 257.0 253.5 .836 .268 68.25

67.5 226.5 «294 71.95 268.0 «265 70.65

70 229.5 226.0 .818 «291 Th.26 271.5 260.0 -8liky «260 72.92

(oY i



Cont.

Vapor Liquid

Vol.% T,g.P, A.S4T.M.  Sp.Gr. \Tr)ave. Moleh T.}g.P, A.S.%‘.Mo Sp.Gr. @T:t'")ave., Mole%
Distilled C C C C

72.5 232.0 .289 76.56 272.0 257 75.21

75 234.0 232.0 817 .287 78.84  272.5 259.5 ~8lily 257 T77.49

7.5 237.5 .28k 81.10 273.0 .256 79.78
80 2h2.5 237.0 .820 .281 83.23 273.5 266.0 8Lk .256 82.06

82.5 249.0 279 85.55 274.0 .256 48.34

85 251.5 242.0 .828 .273 87.72 275.0 267.0 .8lk «255 86.60

87.5 253.5 271 89.87 275.5 «255 88.87

90 259.0 250.0 .836 267 91.99 276.5 271.8 - 8ltly . 254 91.13

92.5 271.0 .262 gk.08 278.0 .253 93.38

95 273.5 267.0 .B46 0257 91.12 281.0 276.0 eI .251 95.62

97.5 289.5 - 251 98.11 293.0 .248 97.82

E.P. 297.0 273.0 846 <2k 100.00 298.0 287.0 -8k 243 100.00

642



Condition - Te = 244 °C; P, = 1 Atm.; V% = 77.6

" Vapor ‘ e _ Liquid 3 :
Vol. T.B.P. A.S.T.M. Sp.Gr. T Mole% T.B.P. A.S.T.M. Sp.Gr. (I)) Mole%
Distilled  ©°C ¢ frave. oc o¢ frave. '
1.B.P. .100.0 159.0 0 108.0 200.0 0
5 159.5 183.0 .763 Lh3 7.13  200.0 227.0 <797 2343 6.24
10 157.0 189.5 -T79 375 13.16 212.5 232.0 .803 <31k 11.59
15 184.0 195.5 .782 0352 18.83 220.0 235.0 .80k .303 17.46
20 190.0 200.0 .78k .34%0 24.30 227.0 238.0 811 .295 22.83
25 194.0 203.0 . 786 333 29.66 231.5 241.0 .812 .290 28.10
30 197.0 206.0 .789 .328 34,94  236.0 243.0 .816 .286 33.30
35 201.5 208.5 . T96 .323 40.13 242.0 245.5 .820 .282 38.43
4o 206.0 311.5 . 804 .316 45,22  247.5 248.0 .823 277 4347
45 210.5 21k4.0 .805 .311 50.22 250.0 250.0 .825 27k 48.45
50 214.5 216.0 .T99 .306 55.15 252.5 252.0 .827 272 53.40
55 218.0 219.0 -793 .302 60.01 257.0 254 .5 .833 .270 58.31
60 224.0 222.5 .803 .298 64.81 261.0 257.0 .837 .266 63.15
65 230.0 226.0 .81k .292 69.51 272.0 259.0 841 .261 67.89
70 234.0 230.0 .815 .288 4,15 274.0 262.0 841 .256 72.55
75 24o.0 234.0 817 .283 "78.70  275.0 264 .5 841 .255 7719
80 249.0 238.5 .825 277 83.16 276.0 268.0 L84 .254 81.81
85 253.0 246.0 .828 272 87.54  277.5 271.0 841 +253 86.41
90 260.0 253.0 .836 267 91.83 279.5 275.0 81 .252 91.00
95 278.0 262.5 .846 +259 96.00 283.5 281.5 -8l1 250 95.55
E.P. 291.5 271.0 .846 .2h9 100.00 294.5 - 841 245 100.00

0se
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adition - T = 24h.0 °C; Pe = 1 Atm.; (AT/ATe)p = 895
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ssure 2 1 Atm.

PHYSICAL PROPERTIES OF OIL F-G

TABLE XXII

% T.B.P, A.S8.T.M. Sp. Gr. ATe M.Wt.
tilled oC O¢
P, 120.0
5 149.5
165.0 191.0 .T59 «375 116.2
5 173.0
179.0 197.0 T3 354 127.5
.5 184 .5
188.5 201.0 .783 .343 133.4
.5 191.0
193.5 206.0 .785 .338 135.5
.5 195.0
196.5 208.0 .785 336 136.4
.5 198.5
201.0 210.0 - T4 330 140.5
.5 203.5
206.0 213.0 .806 .326 14k .5
5 208.5
) 211.0 215.0 .806 .322 146.2
1.5 213.0
; 214.0 218.0 -T797 .319 146.0
’.5 215.5
) 216.5 220.0 -793 .317 146.2
2,5 218.5
5 219.5 222.5 .798 315 148.0
7.5 223,0
) 226.5 225.0 .812 309 153.4
2.5 228.5
5 230.5 229.0 .81k 305 155.7
7.5 232.0
0 233.5 232.0 .809 .304 155.3
2.5 235.0
5 237.0 235.5 807 .301 156.5
7.5 240.5
0 ik .0 240.5 .823 .296 162.3
2.5 248.0
5 251.5 246.0 .822 2291 164.7
37.5 254 .0
)0 257.5 251.5 .826 .287 168.2
)2.5 269.5
)5 272.0 263.0 841 277 177.5
3T-5 277-0
i.P, 293.0 272.0 841 264 186.2

)il F-G is a 50/50 by volume blend of oils F and G

254



TABLE XXIII
EQUILIBRIUM PROPERTIES AND K-VALUES OF OIL F-G

iquilibrium equipment = Thermostatic flow
Condition s Pe = 1 Atm.; Te = 218.0 ©C; V% = 35.6

255

Vapor Liguid

Vol.% T.B.P. A.S.T.M. Sp.Gr. T.B.P. A.S.T.M. Sp.Gr.
Distilled O¢c S¢c oc oc
I.B.P. 99.5 155.0 153.0 202.0

2.5 128.0 147.5

5 14k .0 172.0 .752 185.0 205.0 .T75

7.5 153.5 191.0
10 162.5 179.0 . 762 94,0 212.5 .785
12,5 166.0 196.0

15 170.0 184.0 -TT3 198.5 215.0 .786
17.5 173.0 201.0
20 176.0 187.5 773 204 .0 216.0 .798
22.5 179.5 206.5
25 183.0 191.0 -T79 209.0 218.0 .802
27.5 186.0 211.0
30 188.0 194 .0 .T787 213.0 220.0 .798
32.5 191.0 214.5
35 193.0 197.0 787 216.0 221.5 =795
37.5 194.0 ' 217.5
4o 195.5 199.0 .783 219.0 223.5 .792
k2.5 196.5 221.0
45 198.0 201.5 - T8k 223.5 225.0 .805
47.5 200.00 225.5

50 202.0 204.0 .795 228.0 227.0 .81k
52.5 204 .0 229.5
55 207.0 206.5 .806 231.0 229.5 811
57.5 209.0 232.5
60 211.0 209.0 .805 234.0 232.0 .805
62.5 213.0 235.5
65 214 .5 212.0 .T96 238.0 235.5 .808
67.5 21€.0 240.5
70 217.5% 216.0 .791 243.5 238.5 .820
72.5 219.5 246.5
75 223.0 219.0 .800 249,0 243,0 .82k
77-5 226.5 250.5
80 229.5 223.0 .815 253.0 246.5 .821
82.5 232.0 256.0
85 234.0 229.0 .810 260.0 251.5 .833
87.5 238.0 264.0
90 24l .0 235.0 .815 267.5 258.0 .837
92.5 249.0 277.0
95 258.0 243.0 .833 279.0 266.0 845
97.5 268.5 , 283.5
E.P. 284 .5 256.0 .833 301.0 275.5 845



Equipment = Thermostatic riow
Condition = P, = 1 Atm.; T = 234.0 °C; V% = 77.0

. Vapor T Liquid
Vol. T.B.P. A.S.T.M. Sp.Gr. (QT.) Mole% T.B.P. A.S.T.M. Sp.Gr. (/\TZ Mole
Distilled  °C e flave. oc oc | tlave. ’
I.B.P. 120.0 182.0 0 164 .0 212.0 0
2.5 143.5 «520 3.97 190.5 «360 3.01
5 159.0 186.0 .759 406 7.06 198.5 223.5 . 786 .342 5.86
7.5 165.5 .380 9.96 204.0 -340 8.70
10 174%.0 192.5 STTh 367 12.76  209.0 227.5 .801 +325 11.42
12.5 178.0 .358 15.46  211.5 .322 14.11
15 183.0 197.0 778 +353 18.18 214.0 230.0 -800 +320 16.78
17.5 186.5 .348 20.83 216.5 .318 19.43
20 150.0 200.5 787 o34k 23.46 219.0 232.0 -T97 .316 22,07
22.5 191.5 .340 26.05 221.5 «31h 24,70
25 19k.0 203.5 786 <339 28.64  224.0 234.5 .805 .312 27.30
27.5 195.0 .337 31.61 226.5 ‘ .318 29.89
30 196.5 206.0 782 .336 33.78 229.0 235.0 .812 .308 32.46
32.5 198.0 <334 36.31 230.0 307 35.03
35 199.5 208.5 789 333 38.85 231.0 237.0 .810 .307 37.59
37.5 202.0 .331 41.38 233.0 305 Lo.14
4o 204.5 210.0 803 +329 43.89 234.0 238.5 .805 - 304 k2,67
k2.5 207.0 .326 46.37 235.5 303 45,21
4s 209.0 212.5 -809 .324 48.8% 237.5 240.5 .807 .302 47.73
47.5 211.5 .323 51.30 239.0 .301 50.24
50 213.0 215.0 8ol »320 53.74  24k2.0 243.0 .818 «299 52.47
52.5 21k.5 .320 56.18 245.0 <297 55.22
55 215.5 216.5 . T9k4 .319 58.61 246.5 235.0 .823 <295 57.68
575 217.0 <317 61.03 238.0 «294 60. 1Lk
60 218.0 219.5 <793 .316 63.44  250.5 246.0 .820 <293 62.59
62.5 219.5 .316 65.85 251.5 <291 65.02
65 222.5 222.5 .801 <314 68.25 253.0 248,.5 .822 <290 670k
67.5 225,5 .312 70.63 254.0 +290 69.86
70 228.0 226.5 814 .309 72,98 255.0 251.0 .827 .289 T72.27

al>



cont.

Vapor Liquid

Vol.% T,gaPe AeséT.M. Sp.Gr. (ATrlgye. Mole% T.B.P. AoSéTeMo Sp.Gr. ATf)ave. Mole%
Distilled C C C C .,

2.5 230.0 .308 75.33 -267.0 .285 k7,40
5 232.0 202.8 811 .306 77.67 268.0 254.5 .839 .281 76.75 .
TTe5 233.5 -30k 79.98 269.5 ‘ -279 79.08
80 236.0 232.0 .80k 303 82.29 270.5 258.0 .829 .278 81.40
82.5 238.5 .301 84.59 271.0 278 83.73
85 243.0 238.0 814 300 86.88 272.0 262.0 .839 277 86.0k4
87.5 247.5 .296 89.14 273.0 277 88.35
90 251.0 248.5 821 «292 91.36 274.0 267.0 .839 276 90.66
92.5 260.0 .288 93.56 276.0 275 92,95
95 263.0 252.5 .836 .28k 95.72 279.0 272.0 839 273 95.23
97.5 266.0 .282 97.88 282.5 272 97.51
E. P. 276.0 254.0 .836 278 100.00 302.0 284.0 .839 .268 100.00

LSz



T, = 218.0 °C
(Cme/ Tp) = 914

T = 2340 %

Cre/ Tr) = 915

} dv/dTg dl/dTB K
o T 16.5

2.5 17.2

35 18.0

37.5 19.5 9.8 1.82
0 22.1 12.1 1.67
2.5 27.2 1k4.5 1.71
)5 29.1 16.3 1.63
37.5 29.3 18.0 1.49
plo) 28.0 19.3 1.33
2.5 27.2 20.7 1.21
d5 25.5 22.0 1.06
7.5 24.0 23.0 .95
10 23.5 24.0 .90
12.5 23.0 26.0 .81
15 22.8 27.0 <17
17.5 22.0 28.0 -T2
20 21.5 28.3 .69
22.5 20.1 28.3 .66
25 19.1 27.2 Nn
27.5

30 17.2 31.3 .50
32.5

35 14.5 32.5 4l
137-5

40 11.2 31.6 .32
2.5

s 7.2 21.8 .28
7.5

150 5.2 18.0 .26
52,5
255 3.5 16.0 .20

dv/dTy dl/dTy K
12.0 2.2 5.02
16.0 3.1 L,76
20.0 .2 4,36
22.1 5.0 L.00
24,3 5.7 3.90
26.0 7.2 3.31
27.1 8.8 2,82
oh.7 9.2 2.46
33.9 10.5 2.08
23.7 13.0 1.67
24 .7 15.5 1.46
28.4 18.4 1.41
31.2 22.0 1.31
30.5 19.0 1.46
31.0 19.0 1.49
26.0 19.0 1.28
22.0 20.8 .98
24.0 25.0 .88
26.01 30.0 .79
22.2 27.8 <73
19.0 27.1 .6l
17.5 22.8 .70
16.5 23.k4 64
15.7 23.2 .62
13.1 23.0 <52
13.2 24,5 149
10.0 27.0 i
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