
Fractionation of Straight-Run Pennsylvania Gasoline
M. R. Fenske, School of Chemistry and Physics, Pennsylvania State College, State College, Pa.

During
the past two

years a research pro-
gram has been con-

ducted at this college relating to
problems in the refining and im-
provement of products of Penn-
sylvania petroleum. Recently
a petroleum refining laboratory
was established where the work
is to be continued and ex-

panded on a larger and more
effective scale. One of the
first problems studied was the
composition and knock charac-
teristics of straight-run Penn-
sylvania gasoline. The most
logical method for determining
the composition, as well as the
amounts of the various hydro-
carbons present, is fractional
distillation. However, this is
not a simple problem, for the
gasoline is known to consist of
a large variety of hydrocarbons,
each one being present to the
extent of only a few per cent.
Since special equipment is needed for such a fractionation, it
is always better if some method or data are available for the
design of this equipment.

Design of Fractionating Columns

Considerable information is available on the design of
fractionating columns (f, 2, 5, 7). For binary mixtures, the
graphical method for calculating the change in composition
from plate to plate will readily give the number of perfect
plates for any given separation, provided data are available
on the vapor-liquid equilibria. For mixtures of more than
two components, or for mixtures in which the actual chemical
compounds are not readily identified, as in petroleum, the
stepwise method of calculating from plate to plate by means of
equilibrium data and material balances is used. This method
was developed and used on the fractionation of petroleum by
Lewis and co-workers (3,4). They introduced the conception
of key components, which are the components between which
the cut or fractionation is-being made.

Since the fractionation of the straight-run Pennsylvania
gasoline was intended to separate the constituents so that
their identification might be possible, a degree of separation
much greater than anything heretofore required was necessary.
To get any significant separation of such a complex mixture,
obviously a great number of plates (or their equivalent if a

packed column is used) is needed. To calculate by the step-
wise method the number of perfect plates needed for this
degree of separation, when such a large number of components
is present in the gasoline, is an almost impossible task. For-
tunately, using the conception of key components, the problem
becomes relatively simple no matter how complex the mix-
ture, granting the Validity of the usual simplifying assumptions
used in designing fractionating columns.

These simplifying assumptions are that the moles of
overflow and moles of vapor ascending the column are constant,
that the operation of the column is continuous and adiabatic.

that there is no heat of mixing
of any of the components, and
that Raoult’s law may be used
in determining vapor-liquid
equilibria. Lewis and co-
workers have made an exten-
sive study of the application of
Raoult’s law to petroleum hy-
drocarbon mixtures, and this
assumption, as well as the others,
appears to be justified in the
fractionation of petroleum.

Minimum Plates When
Operating under Total

Reflux
In the design of any column

it is important to know at least
two things. One is the mini-
mum number of plates required
for the separation if no product,
or practically no product, is
withdrawn from the column.
TÍis is the condition of total
reflux. The other point is the
minimum reflux that can be

used to accomplish the desired separation. While this case

requires the minimum expenditure of heat, it necessitates a
column of infinite height. Obviously, all other cases of
practical operation lie in between these two conditions.

Consider the two components, A and B, which are two
hydrocarbons present in the gasoline. These are to be the
key components; that is, B is the component boiling next
higher than A, and it is desired that everything boiling below
A, together with practically all of A and a small amount of B,
be taken overhead as a distillate; that everything boiling
higher than B, together with practically all of B and a small '

amount of A, be taken off as the still bottoms.
The relationship between the vapor and liquid compositions

for A and B are written directly from Raoult’s law.

I    = Xa (Poa)
Vb (it) = XB (Pos)

where x and y = mole fractions in liquid and vapor, re-

spectively
  = total pressure

P0 and Poa = vapor pressures of pure A and B at tem-
perature at which this mixture happens to
be boiling under pressure, it

Dividing one equation by the other, and substituting
mole ratios for the mole fraction ratios, and a for the ratio
of PoA to Pos, there results the familiar equation:

Ka
_

Xa
Yb

a Xb

Here, a denotes the relative volatility and is assumed con-

stant at the temperature range over which the column is

operating.
The usual material balances around any plate above the

feed give:

YnA = Xn + 1, + XeA
YnB = Xn-.g +Xcg

The equations and relationships derived for
the separation of complex mixtures are con-

siderably more convenient than the usual step-
wise method for calculating the plates in a

fractionating column, and it is believed they are

sufficiently accurate for design purposes. It
becomes practically impossible to use the step-
wise .method for unusually close separations in
complex mixtures. Equations for the minimum
number of perfect plates, and minimum reflux
ratios are derived. Certain relationships are

developed so that it appears that the separation
of a complex mixture may be treated as the

separation of a simple binary mixture of the

key components, using the same ratios for the

binary mixture as occur with the key components
in the case of the complex mixture.

Fractionating columns, in agreement with
the design indicated by these equations, are

found to be effective in separating straight-run
Pennsylvania gasoline.
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where
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X = moles of liquid
Y = moles of vapor

ACa and XCB = moles of A and B withdrawn as distillate
n and   + 1 = any plate and the one just above it, re-

spectively

However, under total reflux, A„a and XCR are zero, so divid-
ing one equation by the other gives:

=
X*+U

YnB Xn  +  1B

Substituting this in the equation above, which contains
a, gives:

An
Á7 1B

A^a
AnB

This equation gives the ratio between the components A
and B in the liquid on any plate and their ratio in the liquid
on the next plate above it. The general equation then
follows:

A
A n5

A*
XlB

(1)

Xi.
The ratio denotes the molal ratio of A to B on any  ß

AnA
plate, while  — denotes the molal ratio of A to 5 on anyAUr
plate, n plates removed from the first; n, the exponent of a,
is the number of perfect plates required for this separation.

This equation, then, gives the minimum number of plates
required to go from one ratio of A to B to another, for it is
based on operation under total reflux. In addition, it should
be noted that the presence of any number of other components
is not involved in this equation, which makes it applicable to
the separation of any mixture where A and B are the key
components (granting the simplifying assumptions made
earlier).

Minimum Reflux Ratio for a Column of Infinite
Height

It is important to know the minimum reflux ratio in the
design of a column, for this quantity will give the lowest
possible amount of heat necessary for the separation desired.
To get this minimum consumption of heat, there is needed a

column of infinite height. While this is not a practical case,
it is nevertheless very useful in determining the performance
and efficiency of any actual column.

Equations are given in the standard references (I, 2, 5, 7)
for minimum reflux ratio. However, they require the vapor
and liquid compositions at the feed plate. These are not
readily known for a complex mixture, because the temperature
of the feed plate has first to be calculated. This difficulty can
be avoided b3'· grouping the terms as ratios of the key compo-
nents. Writing the usual material balances for plates above
the feed for the two components, A and B, gives:

Vy0¿ = Oxa + lA + Px=A
VynB = Oxa + iB + PXcB

where x and y = mole fractions of liquid and vapor, re-
spectively

V, O, and P = total moles of vapor, overflow or reflux, and
product, respectively

n and   + 1 = any plate and the plate just above it, re-
spectively

xc = mole fraction in condensate

These equations show the relationship between the vapor
rising into a plate and the composition of the liquid on that
same plate.- If, at any time, the composition of the liquid on

the nth plate should become equal to that on the n + 1th
plate, then at this point no separation would occur. It also
happens that as the reflux ratio (0/P) in a column is reduced,
the difference in composition between the nth and n + 1th
plate is reduced. That is, the composition on the n + 1th
plate approaches that on the nth plate. If it should become
only differentially greater, then the column would have to
be infinitely high to get the separation required, for the enrich-
ment per plate would be only differential in amount. These
conditions are those prevailing at the minimum reflux ratio—
namely, the composition on the n + 1th plate becomes equal
to that on the nth plate (6).

Dividing the two equations above, and substituting compo-
sitions on the nth plate there results:

Vm
=

0x° a + Px‘a
y*B Ox „B + Px

cB

Substituting for — its equivalent a —and rearranging
VaB XnB

the terms, gives:

While this equation shows that there is a minimum reflux
ratio for every plate, the minimum reflux, which is really
wanted, is that which, when slightly exceeded, would make
the separation possible in a column unusually long. This
value is obtained if the feed plate is made the nth plate (6).
Accordingly,

where x¡ = concentration (in mole fractions) on feed plate

Since it can be proved that the feed entering a column should
be introduced on a plate having the same composition as the
feed (I), and this is independent of the other components
present, it follows that Equation 2 will give the minimum reflux
ratio for separation of the key components, A and B, in a

mixture, when the molal compositions of A and B in the enter-
ing feed and the distillate are known. In this equation it is
not necessary to know the temperature of the liquid on the
feed plate.

An example may serve to illustrate the use of Equations 1

and 2. Straight-run Pennsylvania gasoline contains about 5
mole per cent normal heptane and 5 mole per cent methyl-
cyclohexane. Contrary to data given in the literature (8),
normal heptane and methylcyclohexane do not form a

constant-boiling mixture. These two hydrocarbons boil
about 3° C. apart; and, in the gasoline, methylcyclohexane is
the hydrocarbon next higher boiling than normal heptane.
Furthermore, the 50 per cent point of the gasoline comes

approximately between heptane and methylcyclohexane.
That is, about half the gasoline is lower boiling than heptane,
and half is higher boiling. Supposing it is desired to take all
the components boiling below heptane, plus 90 per cent of the
heptane and 10 per cent of the methylcyclohexane overhead as

distillate, and withdraw as bottoms all the components higher
boiling than methylcyclohexane plus 90 per cent of the methyl-
cyclohexane and 10 per cent of the heptane. These two hydro-
carbons are then the key components. From the ratio of the
vapor pressure of normal heptane to that of methylcyclo-
hexane at the same temperature, a is found to be 1.14.

Referring to Equation 1 and the data given above, the ratio
of heptane to methylcyclohexane in the feed is 1:1, and in
the distillate it is to be 9:1. Substituting and solving for n,
the minimum number of perfect plates above the feed is 18.
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Likewise, assuming a to have the same value for below the
feed, the plates in this location are also 18, the total mini-
mum number of perfect plates for the above separation being
36. It is further seen that the feed plate is at the mid-point
in the column. With mixtures which require a considerable
number of plates for separation, the proportion of plates above
the feed to the total is reasonably constant for other reflux
ratios; so, in separating this mixture in a column containing
more than 36 plates, the feed plate will still be about midway
in the column. It is seen that for the above gasoline mixture,
or for the simple binary mixture of pure normal heptane and
pure methylcyclohexane, the minimum number of perfect
plates is the same, if a is constant in the two cases. Since, in
the case of the gasoline mixture, the temperatures above the
feed plate will be lower than for the simple binary mixture, and
the temperatures below the feed plate will be higher, it is
possible for a to be somewhat different in these two cases.

However, it is only the change in a which would affect the
number of plates; and, for cutting between two liquids
boiling as closely together as heptane and methylcyclohexane,
a is substantially constant.

From a simple material balance on the column, on the basis
of 100 moles of feed, there are 50 moles of distillate, and 50
moles of bottoms. The distillate contains 4.5 moles of hep-
tane or a concentration of 9 mole per cent. The concentration
of methylcyclohexane in the distillate is then 1 mole per cent.
Using Equation 2 and the value of 1.14 for a, the minimum
reflux ratio is found:

/0\ 1  0.09
\P/,„in. 1.14 - 1 |_0.05

U
1

To separate the gasoline according to the above conditions,
a reflux ratio (O/P) of at least 11 to 1 must be used, and no

fewer than 36 perfect plates are needed.

more nearly a constant as the reflux ratio is increased, ap-
proaching unity as the limit.

Dividing Equation 4 by F„A, combining the resulting
equation with Equation 3 and substituting the value of Y„ 4

found in Equation 6, F„A =
+ '- , there results:

An + i B
aa y-A„ + ,A

+
y** (7)

This equation relates the ratio of the two components on one
X,

plate to the ratio on the next plate. The last term,  —

may be considered to result from multiplying the two ratios,
XcB XcA
 — and y— so that, '  }"A

= ZM ZtM
yaa vA vA

and from Equation 6,

a

Combining these two equations and substituting in Equation
7, there results:

X
X

"s

n A
aa + (1 - a)(a) (8)

This equation shows that a linear relation exists between
An
X„ and

Aa
A„ + 'A

. granting the constancy of a.

Applying Equation 8 successively to relate the molal ratios
on one plate to the plate next above it, and working out the
series which results, there is obtained a general equation for
conditions above the feed plate:

Practical Operating Conditions

While the equations given above tell the limiting conditions,
they do not show directly the actual working conditions. It is
possible, starting with the three following equations, to work
out the number of plates for various reflux ratios for mixtures
which are too complex to be handled in the usual stepwise
method. It is believed that these results give, with sufficient
accuracy, the necessary relationships between reflux ratio
and number of plates:

A,
= (ac

XnB
_j_

(1 — a) (a)
XriA Ga — 1

(1 -a)(«)
(aa ~ 1

'Ac*
X'A (9)

For the interval between the feed plate and the condenser,

then, y?- equals y-^, and there results:
a„a a„a

YnB
_

1 Ans
Y°A a A„a
Fng ™~ An + lB

Y-A = An + 1A

+ XcB
+ X'A

(3)

(4)
(5)

where X and F = molal quantities in liquid and vapor, re-

spectively
n and   + 1 = nth plate in column and plate immediately

above nth plate, respectively (all plates
are above feed plate)

Xc = moles of A or 5 drawn off as product

Dividing Equation 5 by F„A, gives, on rearranging:

Xc.
1 — TT^- = - = O (6)

1 ”A XUA

X
The quantity — —- which is called a is quite constant

r aA

even when the reflux ratio is not unusually high. It becomes

(I — a){a) /X°b
aa — 1 \A„a (10

The constancy of a which is
A E + IA

Yn.
can be readily de-

termined from the conditions prevailing at the top of the
column and at the feed plate. These conditions will give the
limiting values of a. In general, the higher the reflux ratio,
the more nearly constant a will become. If a is sufficiently
constant for the accuracy desired, then either Equations 9
or 10 will enable the number of perfect plates for conditions
above the feed to be calculated, for these equations are simply
based on equilibrium conditions, assuming Raoult’s law, and
on material balances. It should be noted that these equa-
tions do not depend in any way on the number of other com-

ponents present, granting the constancy of a. That is, these
equations will be valid for a simple binary mixture of the key
components or for the case of the key components if they were

existing in a complex mixture, such as gasoline, if the condi-
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tions of separation are such that a. is constant in both cases.
-Since the term, a, is obtained by the material balance, it is
miaffected by the number of other components present. In-
stead of using Equations 9 or 10 for calculating the number
of plates for various reflux ratios for complex mixtures, it
appears possible to calculate the plates from a simple binary
mixture of the key components by the usual graphical method
for a two-component system, choosing a value of a to meet the
temperature conditions prevailing in the complex mixture, and
using the same ratios for the binary mixture as occur with the
key components in the case of the complex mixture. For the
binary mixture the vapor-liquid equilibria is readily obtained
from the equation:

J'
1 + (tt — 1

where x and y — mole fractions of the more volatile component
of a binary mixture in the liquid and vapor,
respectively

This treatment obviates the use of the term “a.’’ However, for
separating to a high degree dose-boiling materials, Equation
10 is more convenient for the over-all column design, for,
with components boiling about 3° C. apart, a graph about 4
feet long is needed to get suitable accuracy.

Referring again to the heptane-methyicyclohexanc mixture,
Equation 10 shows that, with a feed of 50 mole per cent hep-
tane and 50 mole per cent methylcydohexane, and separating
this to a distillate containing 90 mole per cent heptane and 10
mole per cent methylcydohexane, there are needed for a 14 to 1

reflux ratio (O/P) 34 perfect plates above the feed plate.
Calculating this same result by the usual graphical method,
using a graph approximately 4X2 feet, there are needed 36
perfect- plates. This is also the result for separating between
the heptane and methylcydohexane in the gasoline discussed
above, for a is substantially the same for the case of the
gasoline or for the simple binary mixture of heptane and
methylcydohexane.

Equations exactly similar to Equations 8 and 9 can be
derived for conditions below the feed plate. These equations
are:

where m = conditions below feed plate
X» - mold quantities withdrawn as bottoms

Now, a become the ratio,
  m + 1A

iquation 12 may
be used where o' is sufficiently constant for conditions below
the feed, or a complex mixture may be calculated as a simple
binary mixture of the key components using the same ratios
for the binary mixture as occur with the key components in the
case of the complex mixture.

Packed fractionating columns which are in agreement with
the design indicated by these equations have hben found to be
particularly effective in separating straight-run Pennsylvania
gasoline. This work is being reported at the present time in a
series of papers. In addition, further development and
application of these equations to a variety of distillation
problems will be reported in the near future.
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