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8 &J I'YL/)’(’ ‘D@{'ﬂo’{é Wim, 32 611-2¢ [?Yé - Equation (2) gives four values ol ¢, which, in ascending order of magni-
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o - : ; fade, are denoted by ¢, boy Py, by These values of ¢ give four equations
wn Ol RACTIONAL DISTILLATION OIF MULTI-COMPOXN- when substituted in cquation (1). Applying these to n successive plates
m = INT MIXTURES—CALCUL ATION OF MINIMUM i dividing any one equation by any one of the others, there are obtained
:  set of equations such as
oI = REFLUX RATIO.
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= SUMMARY. y—¢s B—¢ L — ¢
‘_' “ By extending a method which has been applied to ternary mixtures, " 2
T Sw p By
y - cquations are derived by which the minimum reflux ratio for multi-compenent R 4 . 2_ 4 .
mixtures can bo readily caleulated when the fractionation between the key <f)1>n S — ¢y Y — ¢y p— <]51 1—¢,
Tl components is a sharp one, relative volatilities and molal reflux being = 9[ T Sw v B ~ (3)
~ assumed constant.  Numerical examples are given to illustrate the method 2 On Y _Pln - -
S—dg ¥y —ds P — o L — ¢

of calculation.
Any two of the four values of ¢ will give an equation of this type, so that

Tunr calculation of minimum reflux ratio is an important problem: . : , .
Several methods of caleulation have been put forward such as those of ‘siv equations are obtained in all. ~ Denoting, for convenience, the expression
Brown and Martin,® Brown and Holcomb,? Gilliand,* Hogan,* and Colfz
burn.’? Some of those methads involve a considerable amount of calenla=

tion and, as has been pointed out by Colburn,® arc open to criticism in regand
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to the basic assumptions made. The most convenient method for mest “ibe six equations, of which equation (3) is the first, are
purposes is that of Colburn,® but it admittedly rests on an empirical bass? ; (e 7
By extending to multi-component mixtures the methods previonsiy Elxg, ¢1) _ (9_6}> . By, ‘/’._1); giﬂ’_‘ifl) — <¢_1>n Iz (s 1) )
E(Io, ¢2) 452 L Tp, ‘]S I (x }) (!)’3 ]9(.1',,, (r;’.':) :
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o( 2) (

g E(Io: é,) _ (9_5_1\" L(ay, ‘151) . E(-'Uo’ 2) _ <§‘;~z>" Bz, by
E(xy, ¢4) ¢y/ T B(t, $y)° E(xy, ¢ by/ E(r, ¢
E(rg, &) <¢2 m B (@, ‘/’2_) . B(xy, by _ <?5_ >n By, Sé:z
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described by the author &7 in connection with ternary mixtures, the:
caleulation of minimum reflux ratio can be made fairly simply for cases of:
ideal mixtures with constant relative volatilities and sharp separatiog
hotween the key components. Where the relative volatilities vary &
the column the same method of calculation can he used to give the minimu=
reflux ratio approximately.

By way of example a mixture of four components (w, @, ¥, 2) will be con-
sidered, the relative volatilities, referred to compon: nt z, being 8, y, 2
respeetively. It has been shown previously 6 that an cquation can bz
derived connecting the composition on any plate (wg, %o, Yo, ) with the
composition (uy, ¥y, 74, #1) on the next plate below it, namely

S i By z
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3
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These six cquations represent only three independent relations. The
Iast three can obviously be derived from the first three. The three inde-
pendent relations, combined with the equation
w4 Ay 4z =
szffice to solve for the four variables, w, @, ¥, =.
Tneer certain conditions the composition on a plate may be exactly
equal to the composition on the plate above or below it, and a plate-to-

310, Vg B/ §-—</; v—d E B—¢ .
S0 e 0 T e (m : B O e oo s NG, & I
S—¢ ' y—¢ B-¢  L—¢ m(Swy -l g |- By - By) plate calculation leads to an n inite number of plates.  Tor such conditions
. . of * constant composition ” or * limiting composition,” denoting such a
where ¢ is given by the cquation eomposition by (g, &, &, 1), equation (1) gives
L by d L b=mBg +yh LBEA-D . . L L (B
e A A E N ‘ e
shown previously ©
et w x
As previously, for a rectifying column, m = P =3 _{j_) pb=3z +D 7 ” ap b b . I — ch I dé (©)
. S+ RP 4+ qF — W T m —¢) m(y — ¢) m(p — )’ m(l —¢)
cte., and for a stripping column, m = -——, where § = ———F—— . L
S ¥ Trere are four values of ¢, and consequently four limiting compositions
and @ s o gy W e whi~h may be denoted by the suffix attached to the corresponding value
AL = = —gpy U o O £ 4. Thus gy, by, ky, [ ave obtained by using ¢, in equations (6).
Gt Pt 1 1

£



616 UNDERWOOD : FRACTIONAL DISY _ATION OF MULII-COMPONENT MIXTURES 617

The expression E(x,, ;) can be shown to become zero if gy, kg, ks, I, are

h':e(gl b 1) and (g, ks, ks, I5) as common solutions. Here again the
substituted for w,, x,, 7., 2,- The condition for this is that

s=ffives attached to g, I, k, | are those which do not appear in the values
é.

s + Vha - By -+ B 0 The significance of the four limiting compositions can be shown as follows,
S—¢y y—d1 B—dr 1—¢r 3xect1fvm«r column being cons1dered by way of example. It is readily
s 6 skown, as in the case of tomary mixtures, that putting w, = wp, vy = xp, /
o ﬁ?m RS 1 ‘ete., makes any of the expressions on the left-hand side of equations (4)
as by cB egaal to (1). We then have, bV selecting the three appropriate equations,
e i ;}_ z s iy el e = _I_ e
(B =) =) (y =y ~ds) (B —d)B — )

d

E(%y, $2) )
-+ — =0 . (7 P4
(I — (1 — &)

x r2/ __ <ﬁ> . Ty d)'} <¢1> . "_’_i’[iL - (917
E(xy, ¢1) T \gy J“m ¢1 by s y)
Now &, <dy<dpy<¢y and therefore, when 2 becomes infinite,

E(xm 4)2) ]7(11“ 793 - ]( s (/’ = 0.

From equation (2)

as by cp 7

in addition. does not

R e R
d by

BEET AR

“These equations are satisfied by (g5, fy, ey, 1 . .
make the denominator B(x,, ¢;) zero. {Thus a calculation proceeding down
A tke co umn from the top finally reaches the limiting composition

Ry kb))
e we p11,1 7 — — N, where NV is positive, the comyposition can be obtained

for an imaginary plate located N plates above the top of the column.  From
eguations (4) we have

_y, P1 AN o) _ (P2, oL %3 !
% - <$4> X 24 <i4> Ay, Zj) <¢3>
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which is the same as equation (7).

Similarly it can be shown that Z(x,, ¢,) also becomes zero for the values
95, hg, kg, Iy and gy, Ay, Ky, 1., 1t does not become zero for the valmes
g1, by, ki, 1;, as may be scen by putting ¢, = ¢, in equation (7). All the
terms on the left-hand side are positive for a rectifying column and negative
for a stripping column, and the sum of them can in neither case be zero.

Similar relations can be obtained for the other expressions similar to
E(xy, ¢1).  The various equations are satisfied as follows. (The suffix a i
here dropped for the sake of generality.)

When n becomes infinite
B(x_y, ¢1) = E(v_x, $y) = Blr_y, ¢3) =0

and the solution is (g, hy, kg, 1), which is the limiting composition reached
" shen a calculation is carried upwards from the top of the column.

The other two limiting compositions (gs, ey, ks, l5) and (g, kg, ks, 13) have
partzcular practical s1gmﬁcance when certain componeuts ave only present
% small amount in the top product.

There are three cases to be considered :—

B, 1) = 0 by (g, Dy, Ky, 1), (g3, kg, 1y) and (gy, g, Ky, 1) Case I. =z is the heavy key component and is present in the top
[ = s oz MG g ; fuct in small amount.
B, 6a) = 0 by (02, fy By, 1), Gy Py, Koy L) and (g o, Ky, ) pl‘(é(me II. yistheheavy key component and both y and z are present
I(x, ¢by) =0 by (91 by K1, 1)), (9o D, ko, 1) and (gy, Ry, kg 1) in the top pxoduct in small amounts.

L, pg) = 0Dy (g1, Ry, kys b)y (920 Fos Koy L) and (gg, g, & 3 1)

: Case III. = is the heavy key component and &, y and z are present
. j i i 4+ in small amounts.
If any three of these ecquations are simultancously satisfied, they have onz in the top product in :

common solution.

For case I, since d in equation (2) is approvimqtoly zero, ¢ is approxi-
Thus B, ¢y) = B, dy) = B(x, ¢,) = 0

tely equalto 1. Substituting this value in equatious (6) gives gy, by, by, g
:"’i last of these by difference. These are the values of tho limiting com-
B
pasition reached by calculating downwards from the top of the column with
21} four components in the (dlCllL’Lth]l . .
For case 1], since both d and ¢ in equation (2) are approximately zero,

=1 and ¢, = B approximately. Using the value ¢, = 1, thes values

;:—f gy ke, Ky, 1y can be caleulated when the values of d and e, nlthomrh very
small) 'er‘ spcuhcd The method of caleulation is similar to that given for

have (g,, 5y, ko, 15) as the common solution.  The suffix attached to g, &, &, 1
is the one which does not appear in the values of ¢ involved in the three
cquations.

If any two of the cquations are simultancously satisfied, they have t=e
common solutions.

Thus B, §y) == Ji(x, by) =
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Txample 3 of the previous paper.”  Using the value ¢, = B in equations {8}
gives gy, ho, kg, Io. Iy has a very small negative value which, as explained in
connection with ternary mixtures,” may be neglected for practical purposes.
k, is indeterminate in equation (6) when ¢ = 0 and ¢ = B, but can be found
by difference, or by the method of approximation described in connecticz
with ternary mixtures. This limiting composition thus contains the three
components w, ¥, 7, and 1s the one reached by calculating down from the
top of the column using these three components. It can also be calculated
by the usual method based on the small amount of the heavy key component.

Tor Case 11T, since d, ¢, and b are all small in equation (2), ¢; =1,
by = B, and ¢, =1y approximately. Using ¢y =y in cquation (6) gives
kg =l == 0. After finding g5, then hy is found by difference.  The limiting
composition contains only the two components w and x, and is the ope
obtained by caleulating down the column from the top using these t=o
components. It represents the Jimiting composition that would be reached
with a binary mixturc.

Thus, when making a calculation downwards from the top (g1, Ay, k- I
is roached if z is the heavy key. 1f y is the heavy key, (g, ho, ks, 1) 38
reachod. 1f @ is the leavy key, (gs, R, by, 1) is reached.

Tor a rectifying column, superimposed on a stripping column, minimum
reflux couditions prevail (in the rectifying column) when a calculation maé
downwards from the top and a calculation made upwards from the feed-
plate both meet at the appropriate limiting composition which, as shewm
above, depends on which are the key components. It is possible to speciiy
what composition or range of compositions can exist at th. feed-plate if ti=
downward and upward caleulations are to meet in this way.

If z is the heavy key, the composition at the feed-plate will be
(g1, hys g, 1y), and the downward and upward calculations actually meet 22
the feed-plate.  The composition ab the feed-plate is thus defined by the

three equations
L, ¢y) = 05 (>, dy) = 05 L(x, d)=0 . . . (8

If y is the heavy key, the limiting composition (gs, Ay, ks, L) is reached by
the downward caleulation. I the upward caleulation is to reach this
point, J(x,, $g) must not he equal to zero.  (Here wy, X, Yo, Zn is taken o

be the feed plate composition.) Trom cquation (1) it will be scen that, i

B(x, ¢5) is zero [or any given plate, it will also be zero for all successive
plates.  Trom equations (4) we have, for a plate 0 which is n plates above

the feed plate,
]’/"(.)7'07}/)1) . <r/)1>” -
1(xg, P2) bs

When 7 becomes infinite, F(x,, ¢;) becomes zero. At (goy Dg. ko s}, I
addition to E(xy, ¢,) = 0wemust also have J5(,, ¢y) = 0and B(x,, ;) =2
If these two equations are satisfied by the feed-plate composition, they will
also be satisfied by the compositions on all plates above it, as will be
front equation (1).  Thus, wherey is the heavy key, there is a possible rar

of compositions at the feed-plate, and this range is defined by the equations

B o) = 05 (o, ) =0 - . . . . @
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From these cquations it is also clear that the upward i -

sact throngh (e Jer o 1y or (. o o 1), pward calculation will not
If is- the heavy key, the limiting composition reached by the downward

calculation is (g, Ay, kg, I;).  This composition must also be reached by ‘tvl ;

apward calculation. Then Z(v,, ¢;) must not be zero. oo
From cquations (4),

E(-Toy ¢1} - éz & E(xm 9!’1) E(TO‘ ‘792) I(ﬁ" " E(.‘?’, 4
E(ry, ¢3) <</’3> C (v, ) and 7’7(“'0' ‘f’x_) - <<f>~> ’ 7']‘(715’:;

When n becomes infinite, £(x,, ¢1) = 0and E(vy, ¢,) = 0. At (g,, Iy, ks, 1)
we must z'xlso have Ii(x,, ¢,) = 0. If the feed-plate conmosit’i.o’n th;h?o:
:h_ls equation, the upward calculation will reach (gy, by, ks, 1) Thus. \th-r.(‘
r is the heavy key, the possible range of compositions at the foed ,ﬂ-u(, T
defined by the equation e ‘

E(x, ;) = 0 . (10)
. From equations (8)., ,(9)’ and (10) it will be scen that the composition at
the feed-plate, for minimum reflux conditions, is defined by three, two or
ene equations according as z, y, or  is the heavy key. . 7 o

Conditions for minimum reflux in the stripping colimn can be defined i
2 similar manner. When calculating upwards from the rohnilorr t»horlimitin:
composition (gé, R Ea» ;) is reached when w is the light km‘.i When o 1:
the light key, (g3, Ay, &y, [3) isTeached.  When yis the light kex (G9. Tos T “7 ‘)
is reached. By calculating downwards below the reboiler i_gg._;g._ ok 5
is reached. ' 9o By i do)
For the stripping column it is convenient to write ¢ instead of $. Also
5y <Dy <y <y, Let (wy, 79, Yo 2o) Tefer to the feed-plate and (r - 7‘7 z )
to a plate n plates below the feed-plate.  When y is tlnelyij;rill‘tf/’ii -
(s s Ko Ip) Is veached by calculating upwards from the bottom, "Tnd n;](\:t
zlso be reached by calculating downwards from the food-h]'{‘r(o o
E(xq. ¥,) is not zero. o
From equations (4)
E(f”’ %) = <¢2>" 72(1_0’-%) anc ]_E(,i” LIJ‘) — <4’2>” E(;nv dy)
E(Tm 4’2) ]')(-an @3) ]g(.’tf,,, ‘l’_]) ’ E(TO. d,);)
Wken n becomes infinite, 2 (xy, 4y) = 0and F(x,, &) = 0. TFor (g ~7 Tog. 7o)
to be reached it is also necéssary that L(z,, ¥;) = 0, and this g“zmlzi(:ﬂz
case if the feed-plate composition satisfies the relation e
B, ) =0 . . . . . . . . an

~ If x is the light key, (g5, %5, L5, I3) has to be veached by ecaleulating down
from the feed-plate. ) -
Elry. ;) isnot zero.  Irom equations (4)

’ B (@, ) _ <'“‘/:’,>77 B(y, by)

Then

!

€
Ya

e

](J(.’l-f,,, 4)'1) o ’ 7’/;(_’;{0 4};)
When 2 hecomes infinite, E(xy, $,) = 0. naddition, for (g,, &y, Ty, 1) it is

BeCesSATY that ]’J(E.n,. $y) = 0 and E(x,, by) == 0. This will he th case if the
fzed-plate composition satisfies the relations )

Ble, ¢) =0and B, 4) =0 . . . . . (12)

Vs

Yy
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1f w is the light key, the limiting composition (g4, & Teu, 1,) is Teached at T .
ltwrn > ght Re g DO Gas Ny K> Lg) 1 é and Y, it is obvious that the . shility 4
; g s that the only poss g e : .
A Iblht-\ 18 ¢2 == 4‘1- Both these lie

the feed-plate and the relations to be satisfied are

B(x, ¥) = 03 B, by) = 03 B, ) =0 . . - (13)

- between 1 and B—that is, between the relative volatilities of the k
co?‘POHE’Il.tS yand z. The limiting composition in the rcctifvi.l ; 1-10 1\(}"
thxs. case is (91> P> Ky, 1y) which satisfies Z(x, o) = 0 The lilxc (;0 o com.
position for the stripping columunis (g, 7o, kg, Iy) which satisfics ]'}21; H.llg i,
Since ¢, = ¢y, both limiting compositions satisfy the same 0; ul‘lii;n‘{l) o
Where :crlflnd Y a'ro th(:\ l_ight :'md heavy k(‘ys,‘ UM RN muslt ‘bo odnnl to
4 or by h?,'oyﬂy possibility is ¢, = by, as both lie between g and v, t :
relative volatilities of the key components.  Here again it can "}1“\‘ '1)/. o
as before, that the limiting compositions for the re'(?.tvifvin’v '1 11 trinming
columns both satisfy the same cquation F(x, ¢g) = 0 or F(hz ( 1'“ i
) Where w ;a»nd x arc the light and heavy k(‘,vs? ¢, must l;o (’~ (12) 1:: 0'1
T OT Ug. 'l.h}m ¢, must be equal to ¢, as hoth ]i('llhctwccn / ;}]1111 xlo o
?h("_ condition for minimum reflux in both the rectifyving ! l .
stripping column is thercfore AR T el e

elations have now been derived which specify the composition or range
of compositions at the feed-plate if minimum reflux conditions prevail ir
the rectifying column or in the stripping column. If minimum reflux
conditions prevail throughout the whole column, the conditions for feed-
plate composition derived from the rectifying column and those derived
from the stripping column must ho satisfied simultancously. Collecting
together the results which have heen obtained, the conditions to be satisfied

for the various separations are shown in Table T.

Tanre 1.

1

T]‘;f]_l_t' H]':‘:t\ Ifrom rectifying column. Trom stripping column. B
-,__;L e -_);,,, [ NS _ divr=¥n = + + . . o - . (14)
y s ([ R T gl =T Wi, i) =0 where n and (% + 1) reprosent the numbers to be attached o the values
< ) 1’7((17- $a) == 0 VB, ) = 0 | Bl dy) =05 Lz, thy) = 0 of & ?nd."‘p when counting up from the lowest values, and also 1‘(‘-]31‘(‘9(‘1](; ltl}(S
. " 1, B = 0 {E(m, ) = 0; FEx, &) = o} zumbers to be attached to the heavy and light keys compone t o e
and Ji(a, i) = 0 counting up from the least volatile component. Also 5 -?nd ‘T,l s} when
1 P n: A, Nave a

S -avl\;x’iwhlch 11(‘.3 between the relative volatilities of the key component
2 . . . N . - S'
bo.llen egltlmtmn (14)' Is « tisfied, a stepwise caleulation starting from 1{he
re 1.ter wi }1(‘:1(‘.? a limiting composition in the stripping Cohn?m and
' e number of plates will be required t ss thr thi vy
infini I > required to pass through this composition.

The calculation will then pass up through the feed plate and will reacl
anc ach a

In cach case there are four equations to he satisfied. Bach of these
equations is of the type :

\_8,',",_ s 7/".:__ - A_BL - __z__ — Emiti 2 . o
Sy y—¢1 B— by L — ¢y o T m_Ilg:‘comp(.n,lmon m _Lhc. rectifying column and an infinite number
plates w ill again be required to pass through this comypositi e 5
w composition at the top of the column. P BOIORIIST to zeach Hhe

and involves only three independent variables such as

)

X y

Z 2 and . (Iz jon (2) for rectifyi

plios ~ . E‘(%uatltop (7) for the rectifying. column and the corresponding cquation

for 01 m;}r}ppmg column thus have a common root, which will ]bw (-11( l(l()t( 1

..‘- - 77 X ' )

o7 0. is root has a value Iying between the relative volatilities :

eomponents. Substituting {or «, b, ¢, d in cquation (‘))( ’11] i
- el g » 0, € ‘ 2), the appropriate

falufs for avlc(.:tlfymg.cohmm and for a stripping column, there 'U 1 N

the two equations which define 0 ‘ , rreobtamed

addition, there is, of course, the equation w - + ¥ -+ 2= 1 for finding
the actual values of the components from their ratios.) There musi,
therefore, be a relation between the four equations which reduces them to
three independent equations. A relation which obviously meets this
requirement is that any two of the values of ¢ or ¢ involved in the equaticns

should be equal.

Trom equation (2) it is rea dily shown that, for a rectifying column where Dy + YU 1 By “n ,
, b, ¢, o are ])n.\'it.i\'u 5 -0 y- 0 {; 0 ~ T 5 Rv1 . .. (13)
and
<l L <ho<Bs L pa YL ~3. N
O<prli L<hp<Bs B<by<ys ¥ <o Bew yre B s
Similarly for a stripping column where «, b, ¢, d are negative §—0"y—~0"g=0 + T Eaa O 161
Ty =B B9y <y LBy 3Ty }‘:0"" Pwp A Waoy = Fuwp; Pay -+ Wy = By oete

where wp, «p, cte., denote th

Alzo ST == RP - qI" — T}
Tzen multiplying equation (I
we obtain

Thus none of the values of ¢ can be equal and none of the values of < caz
he equal. To satisfy the conditions for minimum reflux it is therefore

necessary that one of the values of ¢ involved should be cqual to one of ibe

¢ composition of the feed.

7o >

g b (R )"L NP — (1 —q)F since W = F -- P
5) by P and equation (16) by T, and adding

values of 4 involved.
Tor the case where i and z are the light and heavy keys respectivelr,

.
’57’_’F e VYT | Cyr Zp
3, must then he ecqual to gy 0F dy O g Irom the ranges of the values < e ;

=0 "y -0 " Bl S S AN )



(622 UNDERWOOD :
When the feed is liquid at boiling-point, g = 1. When the feed is vapour

at dew point, ¢ = 0.

TFrom equation (17) is found the appropriate value of 0 which is the one
lying between the relative volatilities of the key components. On sub-
stituting this value of 0 in equation (15), the minimum reflux ratio is
obtained.  Similarly the minimum reboil ratio can be obtained from
cquation (16).

When R and S have thus been found, cquations (19) and (20) can be
used to find the other values ¢ and ¢ required in the equations for the feed-
plate composition listed in Table I.  These equations can then he used to
solve for the feed-plate composition.

In cquations (15), (16), (17) the relative volatilitics are all referred to the
least volatile component. The relative volatilities can, however, be referred
to any component. 'Thus, if 4 is the heavy key, and it is desired to refer
{he relative volatilities to it, equation (17) takes the form

‘ by Low LY
T B

1 B N )

5 0+7h°‘[_9%1_° g (15}
kB B P B B B

Fquations (15) and (16) can ho written iu the same form.  The variable =
? S
g

0 . . : .

now -, which may be writfen o', Tts value lies between 1 and g,
[ +

between the relative volatilities of the key components. The value obtained

for the minimum reflux ratio is obviously the same whichever form of the

cquations is uscd.
The general cquations corresponding to cquations (15) and (16) for

conditions other than minimum reflux are

. Bdwp L YD Byn_ 4+ 2 =R+1 . . 19}
st e TE—6 T—9 :

an
Sww L y¥w o PBYw o BV 9. L (20

g iy Rl U T

By differentiating these cquations it will be scen that ¢ increases as B

increascs, while ¢ decreases as S increases. R and §must obviously increase
together.  When R and S become infinite, the roots of both equations {18}
and (20) arc obviously 1,8y, 8 Ask docreases from infinity to a finite
alue, the values of ¢ decrcase and the values of ¢ increase. As R =
gracdually decreased there will come a point when a value of ¢ and a valze
of 4 (lying between the relative volatilities of the key components) wi&
hecome equal, and this will correspond to minimun reflux conditions.

The analysis has been given in dotail for a four-component mixture. Ii
can he made in exactly the same way for a mixture of any number of com-
ponents, and equations exactly similar to equations (15), (16), (17) are thea
obtained. Tor instance, for a cix-component mixture there will be =iz
equations to be satisfied at the feed-plate for minimum reflux conditions.
The ratios of the components constitute five independent variables. Two
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e

of the cquations must be the same, and this condition is found to be
equation (14)
#’n 1= by

where n and (n - 1) refer to the heavy and light key components and the
common valuce of ¢ and ¢ lies between the relative volatilities of those
components. The relation is quite a general one, and also holds good for
binary mixtures. °

The root of equation (17) which is normally required is the one lying
between the relative volatilitics of the key components.  In some cases it 1:
useful to obtain the other roots. For instance, if a mixture of four com-
ponents is to be separated into the four pure substances, three fractionating
columns are required. There are five diffevent ways of using these tlu‘ez
columns to produce the four purc substances, as illustmtood diagram-
matically by Thormann.® In such a casc it is usclul to caleulate m;? heat
requirements for ‘the different ways of effecting the total sopmatio(n
Equation (17) is then used to find the three values of 0 corresponding to t-h(;
cases where one, two, or three components are taken as the top prooduo.t of
th_e first column. Equation (15) is then used to obtain the correspondin(r
minimum reflux ratios, it being noted that equation (15) varies with th?\
composition of the top product, while equation (17) docs not. The mini-l
mumt reflux ratios for the other two columns, which may be separating
eith'er ternary mixtures or binary mixtures, are calculated .‘Similm"h' for th;
various cases. ~

The relative casc with which the caleulation of minimum reflux ratio for
multi-component mixtures can be made is illustrated by the following
numerical examples. ’ v

Exzample 1 (from Colburn )
v and x are the key components

wp = ap = Yp = zp = 0:25; wp =1
3=8; y=4; =2 ¢=1
Equation (17) gives »
2 L 1 05 1
g I iy - e R iy e R

The value of 0 required lies hetween 4 and 8. Tt is found by trial solution
to be 5-58. )

From equation (15), 4

8
8—_-_7’)’_3—8 = R + ], o o R = 231
,

Ezample 2 (from Colburn %)
Asin Example 1, but with 2 and y as key components
Wy == X = 0-5.

Equation (21) is used again, the value of 0 now required being that
Letween 2 and 4. Tt is found to he 2-556
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Trom cquation (15), the residuc (0-0524), though small, arc not negligible.  This may affect the

4 o accuracy of the method used in this paper, which is based on negligible
e e e = R 4] L R=1-12 amounts of the heavy and light keys in thedistillate and residue respectively.
S — 2-556 4 — 2-556 .

On the other hand, plate-to-plate calculations are not easy to carry out
with a high degree of accwracy, owing to the possibility of small errors ‘hoing
cumulative.

This example may be used to illustrate the effect on the minimum reflux
ratio of a comparatively small change in the relative volatilities of the key
components when these are fairly close to cach other. Assume that the
relative volatility of phenol to o-cresol is 1-28 instead of 1-26, all other data
remaining unchanged. Equation (22) then gives 0" = 1-0856 instead of
1-0798, and R is found to be 4-67 instead of 5:02. Thus a difference of

Eaample 3 (From Colburn 3).
As in Example 1, but with 7 and z as key components

wy = x, = yp = 0:3333.

Equation (21) is used again, the value of 0 now required being that
between 1 and 2. It is found to be 1-196.
From equation (15)

2667  1-333 0833 p 1 .. R— 0608 about 11 per cent in the relative volatility makes a differcnee of about 7 per
. STT06 T A TTT96 + 571106 + . = VR cent in the minimum reflux ratio. This is approximately the same differ-
. 3 1
Baample 4 (from Gilliland 3). ence as for a binary mixture where R = p— and the effect on R is
oL ~— ‘.F
e o S e s o e . proportional to (¢ — 1). It appears that a high degree of accuracy in the
o ) Relative method of determining minimum reflux ratio is unwarranted unless the
Feed. Distillate. Residue. volatility N

relative volatilities, particularly of the key components, are known to a

to o-cresol. . .
2 correspondingly high degree of accuracy. Ispecially is this the case when

Phenol . . i § 0-35 0-95 0-0524

1-26 the relative volatilitics of the key components are not greatly different
o-Cresol . . . 0-15 0-05 0-199 1-0 : ey t t greatly different.
m-Cresol . . . : 0-30 o 0-449 0-663
Nylenols . . . 0-15 = . 0-224 0-394 5
Rosidue ) . ) 0-05 = 0-075 0-087 Example 5 (From Jenuy *).

5 . iy 7 Relative volatilities at-—
Here there are five components. Relative volatilitics are referred to ) RIS

. : ; . Feed. Distillate. | Bottoms.
o-cresol.  Instead of recaleulating them relative to the heaviest component, ’

. . P . 337 17 TI5° 1 g °w
an equation of the type of equation (18) can be used with the variable _%b‘ ,__I_ . JfLE‘_, _(_;QO_IA_
changed to 0. An appropriate term for the fifth component is brought into Q0 0-26 0-434 — 5145 100 30-25
t antion. [ = 1 ¢ 0-09 0-150 — 100-3 246 12:05
he equation. (¢ = 1) c 0-25 0411 0-010 34-1 10 551
98 v .35 5 ey & (L Bl s B nC 0-17 2005 0-417 10-69 185 2.06
1.:6 x 0 3’3 + 0-15 - 0-66- o P g 0;)3(_\_0,2 nC: 0-11 — 0-274 3-35 2-08 1-67
1-26 — 0 L —0 0-663 — 0 0-394 — 0’ nCyg 0-12 — 0-299 1 1 1

0-087 x 0-05
s = =0 - 3 » : .
The feed is 66 per cent vapour and 34 per cent liquid, so that g = 0-34. The
temperatures at the top and bottom gf the column are 637 J. and 300° T.
respectively. The temperature of the feed is 175° T,

Jenny gives relative volatility data for all components at the feed tem-
perature, but only for some components at the top and bottom tempera-
tures. - 'The additional data used have been taken from those published
by Kirkbride.?® The relative volatilities vary considerably through the
column. TFor the key components the variation is from 1:86 at the bottom
to 3-19 at the top.

The method of caleulation deseribed in this paper is based on coustant
relative volatilitics. To apply it to this ecxample it appeared a reasonable
approximation to take relative volatilities at a temperature midway be-
tween the top and bottom temperatures.  Actually the feed temperature
(175° 1) has been taken instead of the true mean (181-5" 1), owing to the
data being readily available for the former temperatnre.”

The value of 0’ required lies hetween 1 and 1-26. By trial solution it is
found to be 1-0708.  Successive approximations and interpolations are not
laborious, as, when an approximate solution has been obtained, only the
first two terms in the equation change appreciably with small variations in
the assumed value of 07
The equation corresponding to cquation (15) for the modified variable
0" 1s
1-26 % 0-95
126 — 1-0798

~

% 0-05 o
;f]iv B B 1and B =502

— 10798
Gilliland 3 states that © detailed stepwise calenlations indicate that the
trie minimum reflux ratio is approximately 5-2.”  The difference betwes:
this and the figure caleulated above is thus 3-4 per cent. Tn this exampiz
the amounts of the heavy key in the distillate (0-05) and of the light keyv
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Using these data in equation (17) with two additional terms, since there
are six components, we have

100 % 0-26 246 x 0-09 n 10 x 0-25  4-85 x 0-17
100 — 0 24-6 — 0 10 — 0 485 — 0
2-08 x 0-11 0-12
X 508 — 5 + R 0-66 (23)

The value of 0 required lies between 4-85 and 10. It is found by trial
solution to be 6:73.  Substituting in the equation corresponding to equation
(15) gives
100 x 0-434
100 — 6-73 '

24-6 x 0-150
24-6 — 6-73

10 x 0-411
10 — 673 = A1

from which 2 == 0-93.

Jenny ¢ obtained a value of 0-95 and Colburn a value of 0-96. The
agreement with these values is quite good. The general validity of the
Dasis assumed in the above calculation—namely, taking relative volatilities
at the mean temperature in the column—requires, however, to be checked
by a larger number of examples.

The limits between which the true minimum reflux must lie can be found
by making two calculations, one based on the. relative volatilities at the
top of the column and the other based on the relative volatilities at the
bottom. The first calculation assumes that the relative volatilities through-
out the column are equal to the high values at the top and obviously gives
00 low a value for the minimum reflux ratio. Similarly, the other calcula-
tion obviously gives too high a value.

The value of 2 found by the first calculation is 0-53 anc that found by the
second calculation is 1-15. The mean of these is 0-84, compared with the
true value of 0-05 or 0-96.  As this mean value is obtained by averaging two
substantially different values, the approximation can only be regarded as
a rough one.

Tor many practical purposcs the higher limit for the minimum reflux ratio,
obtained by taking the low relative volatilities at the bottom of the column,
provides a useful figure for guidance and, as shown, it can be quite readily
calculated.
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THE TENDENCY TO SMOKE OF ORGANIC
SUBSTANCES ON BURNING. PART I

By A. E. CLARKE, Ph.D., T. G. HuNTER, D.Sc., A R.T.C., M.T.Chem.T.

(Fellow), and T. H. Garxer, 0.B.E., Ph.D., F.R.I.C. (Fellow).

SUMMARY.

The British incendiary bomb, used in very large quantitics by the R.A.1%.
for the bombing of German towns and cities, was essentially a 30-1b. bomb
filled with a special benzol gel together with white phosphorus. The benzol
gel filling produced, on burning, a large amount of black carbon smoke which
obscured the target, and resulted also in an appreciable portion of the filling
being wasted as unburned carbon. In addition, copious white smolke pro-
duced by the burning phosphorus increased tho obscuring effect over the
target. The possibility of replacing this benzol gel-phosphorus combination
with a smokeless filling of a satisfactory naturo was thercforo investigated.

Towards this end the smoking tendency of a large number of organic
compounds was assessed by flame-height measurements in a special lamp
based on the I.P. smoke lamp.

A burning organic substance has a flame-height at, and above which,
smoking occurs, and this height is a measure of the tendency to smoke. A
new form of lamp was devised to measure flame-heights, from about 9 to
450 mm, of liquid compounds burning freely in air.

A wide range of hydrocarbons, alcohols, ketones, esters, and nitro-com-
pounds was examined—115 compounds in all. In gencral. a compact
molecule was found to give a smoky flame. The order for increasing
tendency to smoke for hydrocarbons is: n-paraffins (in which increased
chain length or chain branching gave increased smoke), naphthenes. olefines,

. and aromatics (in®which appreciable aliphatic side.chains on the benzene
ring appeared to give no marked reduction in smoke).

In general, increased oxygen content of an organic compound resulted in
decreased smoking tendency and compounds, such as methyl acetate,
containing high percentages of oxygen only smoked at very large tlame-
heights. Some compounds, such as allyl alcohol, although having appreei-
able oxygen contents, had relatively high smoking tendencies, due to tho
nature of the carbon-hydrogen portion of the compound.

Of the aliphatic alcohols, tse tertiary compounds were more smoky than
the primary compounds. This also applied to nitro-paraflins. Tor cach
set of isomeric aliphatic ecsters, tho flame-height at which smoking began
inereased with tho chain length attached dircetly to tho carhoxylic earhon
atom.

At equal oxygen content, tho general order for inereasing tendeney to
smoke was: n-primary alcohols, n-primary nitrn-[‘-nmﬂinst propinnhtos.
ecetates, lactates, and formates, although the order varied slightly for
different oxygen contents. \

WHEN an organic substance burns under fixed conditions there is a
particular critical flame-height at and above which smoking occurs. 1t
would appear that the tendency to smoke is determined by the amount
of oxygen (required by the flame on the one hand and by the amount of
oxygen) available lo the flame on the other. At the critical flame-height
the two quantities arc equal. o

It has been observed by Bancroft ' that a Juminous flame can be regarded
2s a colloidal suspension of carbon in a gascous medium. Further,
Minchin 2 suggests that through coagulation the charged carbon particles
vary in size through the flame, being smallest towards the basc and largest
at the tip. Thus, in certain instances this coagulation may proceed to
such an extent that the particles at the tip of the flame are too large to be



