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REVIEW OF THE LITERATURE ON THE CONSTRUCTION, 
TESTING~ AND OPERATION OF LABORATORY FRACTIONAT
ING COLUMNS 1 

BY C. C. WARD 2 

INTRODUCTION 

Fractional distillation is one of the most important laboratory 
tools in the field of petroleum research. Two methods of distillation 
are used. "Continuous" distillation employs a continuous feed of 
constant composition and permits the simultaneous removal of 
several fractions from different sections of the column. Each fraction 
is different from the others but in itself has a fairly constant composi
t.ion. "Batch" distillation uses only -an initial charge and provides a 
progressive series of fractions, each having a different composition. 
The latter method usually is more satisfactory for analytical frac
tionation, and the considerations in the present paper apply princi
pally to batch distillation. 

The many articles that record the more recent developments in 
laboratory fractionating equipment are widely scattered, and a con
venient compilation of the dttta has not been published. The Bureau 
of Mines has published several reports dealing with the fractionation 
of petroleum (1, 16, 11, 18, 23, 33, 67, 71, 81),8 but these reports apply 
lar~ely to commercial applications and to continuous distillation. 
It 1s the purpose of the present paper to cover the construction, test
ing, and operation of laboratory fractionating columns as recorded 
in the literature. A study of this literature has shown that special 
distillation problems require many types of fractionating· equipment. 
However, for most laboratory studies of petroleum, equipment in 
which the following requirements are fulfilled will provide satisfactory 
fractionation: 

1. A corrosion-resistant, evenly heated stillpot of proper size for the charge 
being distilled. . 

2. An adiabatic column so equipped that efficient contacting between vapor 
and reflux is attained. 

3. A total condenser with a very small· hold-up and a varia.ble reflux propor
tioning device. 

4. Adequate control of the operating variables to attain- maximum efficiency. 
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: ··One phase of petroleum research being carried on · by the Bureau 
of Mines in cooperation with the State of Oklahoma at the Bartles.: 
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. SCOPE bF REPORT 

This report, which presents and discusses the material cited in 86 
refer~nces1 is diyided .into four pf!,l't~-(1) .general ~nsideration of 
fract1onatmg urut design and operation; (2) evaluation of columns, 
giving examples showing how the number of theoretical plates can be 
determined by either graphical or analytical methods ·and giving 
vapor-liquid equilibria data for some common binary test mixtures; 
(3) .discussion and tabulation of details of the construction, operation, 
and evaluation of various fractionating units; (4) conclusions as to 
the :principal factors to be· considered when desigriing an efficient 
fractionating unit. · · , . 

. GENERAI, CONSIDERATIONS 

The principles underlying the design and operation of batch frac
tionating U7l!ts are presented in thi~ :report' witho~t detailed reforenee 

. to the phySlcal and thermodYJ1am1c· laws on which they ate· based. 
The _original references, esp.ecJally Badger·and McCabe (S) or· W:t!,lker; 
LeW1S, McAdams, and Gilliland (83); should be consulted if the 
reader wishes to.study this underlying theory. 

DEFINITION'S 

The following terms are· used in this paper: 
· Binary teat mil&ture.-A two~component liCiJ.uid mixture that may be: used to 

detei,nine the separating efficiency of a column. 
Bubble cap.~An inverted ·cup wi"th a.. i:U>tbhe(l .or slotted periphery to disperse 

the vapor in sma.11 bubbles beneath the surface of the liquid on the bubble plate. 
Bubble P,late.,:,.,.A horizon~l pl.ate.equipped with pn,a-qr more bubble caps and 

with passages for ascending vapor and descendi,ng liquid, . .· 
· Dephlegmiltw:~t'pa.rtia:1 condenser> . . . · · · ' . .' · . ' 
· Diameter 'of tke 'Column.-The inSI"tle diamet&r, unles1r otherwise stated.· 
"Fractionation."-The term commonly applied to rectification. ·- . · · 
Fractionating °'aembly.-The fra.ctionating column aild_.all its ac_ cessorieli. · 
Free apace.-The v0id spaee in the paokea.jre(ltion of :the column. . 
Height' of rectifying aection.'----Height of the packed or bubble-pl.81te section, 

unless othenvise stated. · 
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OPERATING PRINCIPLES s 

H. E. T. P.-The height equivalent to a theoretical plate. 
Hold-up.-The operating hold-up is the volume of vapor and liquid in ·the 

column under operating conditions. The static hold-up is the volume of liquid 
normally retained in the column after operation has ceased .. 

Packing.-Particles of inert material placed in the rectifying section of the 
column: to increase the vapor and liquid contacting surfaces. 

Partial condenser.--:-An apparatus in which a portion of the vapor is condensed 
and returned to the column as reflux while the uncondensed portion is separately 
liquefied and recovered as product. 

Partial reftux.-A process in which a portion of the condensate is returned to the 
column as reflux and the rest is withdrawn as product. · . 

Perfect plate.-A plate that effects complete equilibrium between vapor and 
liquid. 

Plate efficiency.-The degree with which an actual plate approaches the equi-
librium effected by a perfect plate. · 

Pressure drop.-The decrease in pressure between any two points in the frac
tionating assembly (unless otherwise stated, between the pot and the head). 

Rectification.-A distillation carried out in such a way that condensate is brought 
into contact with the rising vapors, thus causing an exchange of heat and ma
terials, whereby the vapors are enriched in the more volatile component. 

Rectifying section.-That height of the distillation column occupied by packing, 
bubble plates, or other rectifying devices. 

Reftux.-Condensate that is returned to the column and flows countercurrent 
to the vapor stream. • . 

Reflux ratio.-Ratio of condensate returned to the column to that withdrawn 
asproduct. . · 

Stillhead.-The portion of the fractionating unit above. the rectifying section, 
usually consisting of one or more condensers and a reflux proportionating device. 

Stillpot.-The container in which th~ charge is vaporized. 
Theoretical plate.-A column section that will effect equilibrium between vapor 

and liquid. 
Total cdndenser.-A device in which all the :vapors are liquefied. 
Total reftux.-The process in which all the condensate is.returned to the column 

and no product is withdrawn. . · 
· Vaporization rate.-The amoui;i.t of vapor evolv.ed in the stillpot per unit time. 

Vapor velocity.-The forward rate of fl.ow of material.in the c9lumn. 

OPERATING PRINCIPLES 

SIMPLE DISTILLATION 

·' When a,Ihixtu.r~ of t'!o miscible liqui~~- is heated,_ the vapors evolved 
usually will be neher m the lower-boiling component than was the 
6•al mi.pure ... :µ these vaP,Ors are re~oved and ce>ndens~z the con
d.~sa.te will cont4i.tl. a, la.r~er _propo_rtion of ~~ lowm:-~oiling ~m
p~nent s.nd the_i'em~·liquid more of th~ higher,.boiling matenal. 
This opera.ti9!11; simple. ~tillati::m,. is suita~l~ e>nly_f o:t the crude separa-
tit>n of matei'la.IS mth Widely divergent boiling pomts. · 

PARTIAL CONDENSATION 

· When the vapor evolved from a two:.component mixture is cooled 
slightly' it is · pe,rtly condensed, and the . resulting _ conde11.sate. is 
~il:lii~y. rfoh in. tlie higher-boiling . oo1iN~it. The remaining 
vapt>r, thlis relatively richer in the lower-bo . · · material, can then be 
condensed and removed as product. Mimy simple. unlagged labora.
tory. columns ope~ate throttgh a com!>ination of ~le ~tillatioil and 
pa/t1iial ·eonde:h!:iation, the vapors bemg pll.l'tly ·condensed. on the eool 
w-s.lls of t)le column. · · · 
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RECTIFICATION 

Rectification, the most efficient fractionation principle, is used 
where a high degree of separation is required. In this process all the 
vapor is condensed after it leaves the column, and a portion of the 
condensate is returned to the top of the column as "reflux." Reflux 
fl.owing down the column is brought into contact with the ascending 
vapors and exchanges of heat and material take place. Part of the 
less volatile component in the vapor is condensed through abstraction 
of heat by the reflux. The heat absorbed by the reflux causes vapori
zation of its more volatile component, thereby enriching the vapor. 
The efficiency with which these thermal reactions occur depends 
largely upon the degree with which the column approaches adiabatic 
operation. 

FRACTIONATING UNIT 

STILL POT 

The stillpot contains the charge that it may acquire the heat 
necessary for vaporization, provides space for separating the vapor 
from the liquid, and holds the liquid that remains after distillation. 
It should be of corrosion-resistant material and of suitable size and 
shape for the charge being distilled. · 

COLUMN 

Usually, a fractionating col"QJllil is a cylindrical shell containing a 
device, or devices, to cause (1) intimate contact between the rising 
vapors and descending reflux and (2) separation of entrained liquid 
droplets (fog) from the rising vapor. These devices usually are (1) 
perforated plates, (2) bubble-cap plates, or (3) rings, chain, helices, 
or similar "packing." Several centrifugal columns (37, 41, 65) also 
have been developed, but few data as to their application to petroleum 
research are available. 

Perforated plate column.-The simplest plate column consists. of a 
vertical· series of horizont!'l,l plates, usually equally spaced, in an 
upright cylinder. Reflux_ liquid collects on each, plate, and vapors 
rising through the perforations prevent it from returning to 'the plate 
below. ·e:xeept through an overflow tube. on each plate provided t·o 
maintain a const~nt depth of liquid .. When the pressure created by 
the vapor velocity is too low to overcome the. static head of the 
liquid on the plate, the liquid will drop through the perforations, 
whereas too high a velocity will lift the _ liquid off the plate and 
decrease the intimacy of contact. Since the vapor velocity must 
conform to these relatively n1;1,rrow limits, the operating range of per
fo;rated. plate· col,UipD.s _is s()mewhat · resttj,cted •.. In, large-,diameter 
cohur1~1S, .espedally;, the.,pla,tes .must. be level or the vap~>r w,ill ;p~13s 
throµ~r: the perio~~tfon~. m. . the .. 1?,igher .side· a.nd ;the liquid . thrqµgh 
thqse m t;Iie.fow.eqade- '\Vlthoµt smtable c.ontact. , . , ., . , . . . , .. 

Bub,Qk-cap plaie. cdl1ct11ni:.~ 'i'h.e b:up.b~e.,cfl,p _plate. ~o~uinn, contains, ,SJ, 
verpicai. s~.cie~ ,Qf. M~qn~~;piates,. JlSlJ.~Y. eqµ~y ~paced throughout 
the lenglili of the cohimn:. Eacn plate is equipped :\.Yith .an ov:erfl.qw 
tube to maintain a constant liquid level and provide passage for reflux 
liquid down the column. The lower end of each of these tubes is 
closed by a liquid seal on the plate below. One or more vapor tubes 



FRACTIONATING UNIT 

•0.jj each plate provide a passage for vapot up the colun:in. Over ea:ch 
of'these tubes is a bubble cap of larger diameter to deflect the vapor 
beneath the surface of the liquid before passing to the plate above . 
. )i:ibble caps are of various designs. A comm.on type clears the plate 
by a small distance, and the periphery is either notched or slotted 'to 
increase the area of contact and to deliver· the vapor from the plate 
below in the form of small bubbles beneath the surface of the liquid. 

Packed column.-A packed column is a cylindrical shell filled at 
random with small pieces of inert solid· material. Vapor and liquid 
are contacted largely on the surfaces of the packing material. Packed 
columns are simple and economical to construct and with suitable 
packing they have. a ~mall liquid hold-up and -low _Pressure, drop, and 
compare favorably with other types of columns lil effectiveness of 
separation per unit of length. Packed columns are especially adapted 
to vacuum distillation because of the low pressure drop: Channeling 
bf the vapors and incomplete wetting of the packing are disadvantages 
of this type of column. However, if the ratio of column diameter to 
diameter of. the individual packing units is ~reater t~an 8 to 1 (3) 
and the ratio of column height to column diameter 1s greater than 
15 to 1 (58, p. 1195), the tendency to channel will be slight. 

Insulation.-A rectifying column is most efficient when it is adia
batic throughout its length. _That is, there should be no lateral heat 
flow in or from the column, and the quantity of heat extracted by 
.the condenser, or condensers, at the top of the column in liquefying 
the hpors should equal the latent heat of the vapors entering the 
bii:se of the column. This can be attained most nearly'by combining 
efficient insulation with an auxiliary source of heat to counterbalance 
that lost to the surrounding atmosphere. 
• 'Packing.~The ideal packing offers uniformly distributed inter'.' 
stices, a large surf ace for contact, and enough free sp,ace f <:>r a desir:
a;ble throughput. Too large packing has a small area for contact. 
On the other hand, too small packing allows insufficient throughput. 
Many refractory materials and metals· have been used to fabricate 
pa~g of a large number of shapes and .sizes. . .. . : . 

'Ho'/,1£-uy.-The volume of the hold-up m a packed column. depends 
pfm.cip~Ily upon the packing. S1;Uall liquid an!1 vapor hold'..up fa a 
factor that too often 1s neglected m column. design. When the hold
li~ ~~ ~all,. mo~e efficie?-t fractionatiol}- results,. as the. effective frac'
iiohaturg surfaces ate bemg used to rectify matenal haVIng a relatively 
ll8.!1'0W' composition gradient. . . ·.. . . • 

'~ ' • l • STILLHEAD 

The vapors from the column pass to the stillhead, which includes 
that portion of the fractionating device above the column. It usually 
consi9!s of a condenser and a refl~ proportio~g device. Generally 
'flJae· st111head perfor1nS two operat1ons-:---condensmg the· product IJJild 
pr~vidmg refiux for the column; If, however, the stillhead includes: a 
pa~o~nd~ser, it may P.erform athird ~peration-a!dingthecol~ 
m,fractibnation. .A:s. po~ted out 'l?revrously, partial condensati<m 
enriches the vapors with hght material; but the usual condenser-is ·a 
very poor device for this purpose, adds to the difficulty of control, 

132638°~39~2 
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and necessitates a second condenser for the distillate. Therefore, the 
general tendency is to use a total condenser that liquefies all the vapors, 
returns a part to the column as reflux, and delivers the rest to the 
product line. The amount of liquid hold-up should be given careful 
consideration in the design of a total condenser. A large hold-up in 
the condenser results in partial reblending of the separated compo
nents and consequently some loss in fractionation. 

OPERATING VARIABLES 

REFLUX RATIO 

The ideal fractionation process requires a column of infinite height, 
in which the ascending. vapors and desce11ding reflux are contacted 
so intimately that equilibrium between the two phases is rea.ched · at 
every point. That is, there will be an jnfinite number of differential 
changes in compoiri.tion. This ideal process is impossible, of course, 
a:p.d the practical column has only a limited number of sections, each 
of which must effect a large change :iri. composition. To effect these 
large changes, it is necessary to use a greater amount of reflux than 
that theoretically required in an ideal c.olumn. · 
. The term "reflux ratiQ," which expresses the quantity of r,e:flµx used, 

has unfortunately acqul.red several different meij,p.in,gs, all of which itre 
used in the literat~~. · It has.been used to express the :ratio of q1,11µ1tjty 
6f reflux to quant1~y of .:prodv.ct, quf!.11ti,ty of vapor .t<? quantity of 
product, and quantity of retl;u~ to quantity of vapor W1-th the qua,n".' 
t1.t1es expressed in units pf .weight, volume, or heat. In ten;ns of the 
first definition, reflux ratio may rfl,n~e from zero to :iri.:finity; in. the 
second de:fipition from u,n,ity to infinity, and in the third from zero 
to qi:µty .. l'he mof;lt comiµoJJ. definition of reflux ratio is q'Q.antity of 
refl:tp( to ,quantity of product, and it is used througho1,1t this pap~r. 

VAPQI!, VELOCITY: .: 

A: ~h. vap9.r yelo~it;);. is. desirti,b,l~ 'fr£;tn ,tl{e ~~~dp~t <>f pr.o1~ct 
re90V(ID7l1 . but w .exces$1V~l .v;~por. v.eloc1ty)<>wel'f:! .tp.e de,gre8: of:.fi'a~.,. 
tipnfl.t~QP,., , . :Wnpta.ip.m~µt,. 9f, t:b,e ~e~h.,~c.a\. c~g <if, s~a,1:1 ~QF~ 
le.ts, ,of Ug,md.. by ;th_e V:l!>PP~, JS. tJw ];i,:w1tm~ .ffl,QW,r for. XflilW.r :r~9~1,ty m 

~!~\iufl~~l1fiJ~ '£i~ff'etov~I~i!~ ·~:~~~~it~~~~~~~~::.:·~~~~~{!J 
columns the limiting vapor velocity is that at' whlcli Hoodmg occurs. 
In either type of column a greateF vti,por velocity results in greater 
back pressure, which is important in some instances. 

' . : ' ' \ 

}):i'STII,B!A:TIO~ RATE. 

' ~i~. ·tiu.·:ati. op ;irf!!t~. is .. ~ ·~et!.o~ :?f the r~;a:p~r vel? .. ci~y ~Ii the, re:flm: 
rat1,~,. · Ai Jiigh>v~po:r velo.c1ty mcreas..es the, distillatron -.11aite but 
decre11,ij~; t\.e period, of eonbaet. between ,va,:Jj>OV, ,and .. re:f:l:ux· li<iJ.uid. · · · A 

· high refl,1µ\ ri,tfo. decre1µ1es th:e dis:tili1a,tidn rate but· incneases ,th.a degree 
offractipn!l!t~Jl.,; : ·.". · ; .. '' 1 • •• , • , ·, • ,;.,:.,.,, 
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EVALUATION OF FRAOTiO.NATiNG COLUMNS. 

A number of methods have been used to evaluate the many frac
tionating columns that have been described in the literature. A com-

. mon procedure is to distill a known mixture and determine the tem
perature-volume curve. However, the distillation temperature, as 
give!!- ~y a thermoill;et.er or thermocouple, is not reliable unde~ ordinary 
condit10ns because 1t 1s affected by such factors as superheatmg of the 
vapors, drafts in the room, variations in distillation rate, and changes 
i.l!- !l,tmospheric pressure. Further, according to Bruun and Schicktanz 
(11, p. 872), .tests J:>ased on .t~e temperature-volume curve are of little 
. yalue, especially if the boiling pomts of the components are close 
together, because comparatively small differences in boiling points may 
correspond to large differences in composition. 

NUMBER OF THEORETICAL PLATES AND H. E. T. P. 

A more s!l,tisfactory test for evaluating a fractionating column is to 
.determine the equivalent number of theoretical plates or the number 
oi theoretically perfect plates necessary to make the same separation 
as the column, assuming identical operating conditions. To make this 
determination, a binary mixture is distilled until the column operation 
i11 stabilized and samples of the distillate and of the liquid in the stillpot 
.a.re withdrawn and analyzed by suitable means. From data, thus 
.ci\>.tained,1. the equi.valent number of theoretical p~ates neces~ary ~o 
tnJi,~e this separation can be calculated, as explamed later m this 
se~tion. . . . 
·, The number 'of theoretical plates in a specific column indicates .. the 

· separation that can be made with that column but is not satisfactory 
£9r 1:lOillparing columns of. differ~nt, lengths. Thus, tests . of two 
co~umns of unequal length may mdicate that the long.er has more 
theoretical plates and will give better over-all separation but that it 
d,Qes. ;not provi~e as efficient separation per unit length ... For this 
:ij~l\!i!O,D., compansons o~ columns USJ1.ally are based on the heigh~ o~ a 
imi~ ;sectwn ~hat. will effect e9.uilibnum between val?or and, :Jiq_w.d. 
'r...Ws· b.~ht~, wbioh 1s. t4at reqmred to make a sepaJ1ation equtvalent 
ij1tAA ~rpa,r&~on q:i.~de l>y one perf ~ct plate, or height of·~ eq,w.valent 
-~1ieAftMmi.,1 pla. t.e, 1S commonly des~~ated. as the .H .. ;E .. T .. P:.J ··~. s:1;1.g-
1~t.e.R)->Y. Peters- (pB).. Mathematically, the H. E. T.; P. ~;·the 
9.rrofaeht of the length of. the packe~ or bubble:-plate section <ilivtded 
. ·· ~.~h~ o:£. :theor~tical plates Ill that section. ·. . · , · '· 
!1. -~' ' .~ ••. :r. l\ is a uae~ul eriterion for r,ating c~lumns accorcling m,,, ,e,.~ ciene,.y of sep~a~on ;hut; unfortunately~ i..t qoes not ta.ke 
~w.~co.µn.t th.e rate of.distillation and the thel'Illill eflieieney. How.
ij.i7i~r,,,tJi.:~.~ci~ncy pf sepa,,µon, as measured by EL E.T. P., is the 
mA~S js~~n.µ8) .req,wrement U1- lllost laborat()ry_ col~-. Vohune Qf 
miP .··. ~~ per, w.,:iit ~~' as me~med by- rate of distillation, IllfliY.· or. m.:.ay 
no e ·of maJor importance, depending upon the type of work being 
carried out. In most laboratory columns, especially those used in 
research wo.uk,, the thermal efficiency or am01mlt of heat required per 
gram of product is of minor importance. · . . 
h'Wlien ~g plate columns, the efficiency of separation is often 
@.Pt'~~:ed·byt 11pbt1le effieiency"rather than by the H. E. T. P: Plate 
•ft'\·,', 
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efficiency is the number of theoretical plates. divided>by the number 
of actual plates, times 100. . . 

. Columns can be teste.d with either total or partial reflux: Many 
· columns . are rated according to determinations made under total 
· reflux, as all results thus obtained· are comparable and intercompari
sons between columns are possible. Although a cohunn tested with 

· total reflux will indicate a larger nm:µber of theoretical plates than 
the same column tested with partial reflux, the determination of the 
number of theoretical plates is less difficult with· total reflux and the 

. calculations are simpler. Furthermore, a column that is equivalent 
to a large n?IDber of ~eoretical plates ~th tote.! ~eflux probably will 
make effective separation under operating conditions. However, to 
determine more closely the separation that may be expected under 
operating conditions, the column should be tested with the saine 
reflux ratio and boiling .rate that will be us,ed in_ac.tual operation. 

METHODS AND THEIR APPLICATION 

In 1925 McCabe and Thiele (48) and Murphree (53) published 
graphic methods for determining the number of plates in a column in 
which continuous distillation was used. The same methods may be 
~sed1: however, for batch ~istillatio:nt if the column is opera.tin&' with 
infinite reflux, or for partial reflux, if the volume· of matenal m · the 
stillpot is large compared to that in the column. · In this latter case 
·the results represent conditions only at the particular instant when 
the still liquid is sampled. Graphic methods · are satisfactory for a 
column having about 30 or less theoretical plates, but with a greater 
·number of plates these methods become less: accurate and more 
tedious to use. · · · ·· · · · · · 

· When the number of plates in a ·column of more than about 30 
plates· ·is .dete~ed, an algebraic· method is in.ore . satisfactory. 
Several a.lgebra10 methods (13, ~O; 26, 44, 54, 75, 80) have been 
published,.· but· in the writer's opinion · the equations proposed by 
Fenske (26) and by Dodge and Ruffin.an· (SO) seem the most ·practical. 
.They have been used without alteraoionin'thehyp~theticalexampl~s 
given (below. 'It. rnust be· re~emb~i'~d, howevet, ~h!tt the. eqhafions 
·can be used only if the test nuxture 1s ideal,. that 1s, if 1t obeys Raoult~s 
law, which states ·that the partial pressure· of any edmponeri.t''is 
equaJ t,o the product of 'the vapor ;pressure of the ,pure co'inpb'li~rit 
and its mol fraction in sohi.tidn. ' . . . . . -. . ' . ; ' . . . . . . .. 

The method of taking· and analy2mig samples· ai:J.p.' the su'ba~q:ue:rit 
-calculations necessary · for determiiµng the :i:nri:nl:>er ; of:' theoretical 
plates are ~lained in the followirrg ilh1~tr,a.tive e:J!:mj>ies'." .. , To f~eili!. 
ta;te ~Di.parISon'B; the same nomendatUi'e IS used· ln' all the axa:i:nples; 
tlie same compositions for• the still liqiitd and distillate .samples are. 
used: in· the problem with total reflux and· the problem with partiii.l 
refiu.x;' a!i.d' each problem is solved: by both grapnfo and itlge'braio 
methods·.·· , · ·• · ·. • · · ·· · · · ·· •· ;, ,' .·.· .. · ·· '"·. ···· 

:NUMiBER OF THEORETICAL PLATE$ •WITH• TOTAi/REFLUX '. : '. ' . : 

,,· l)<1ita.~~~tµre of n-,]leptam.e ~d me1;~ylcy~le~~~~~:;~ ~~;ed 
Jn .. aolumn A for· sev:eral hours, t.o assure equilibrium: ,condltions. 
Approximately·1-inl. sa:nipies of th·e reflux liquid and still liquid were 
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withdrawn as nearly simultaneously as possible. The sample of 
reflux liq_uid was obtained by drawing liquid very slowly from: the 
product line, so that approximately equilibrium conditions were 
maintained. The sample of still liquid was withdrawn from a tube 
extending into the boiling liquid in the still. Both sampling lines had 
been cleaned previously to avoid stagnant liquid being withdrawn with 
the sample. Analysis of the samples by refractive index showed the 
refractive index of the distillate to be 1.3989 and that of the still liquid 
1.4077. A refractive index-composition curve plotted from the data 
in table 2 (p. 14) shows these values to correspond to 0.65 and 0.40 
mol fraction of n-heptane in the distillate and still liquid, respectively. 
The following nomenclature is used: · 

:i:,1=0.40, mol fraction of n-heptane in the still; 
:i:;2 =0.60, mol fraction of methylcyclohexane in the still; 
:i:q1=0.65, mol fraction of n-heptane in the distillate; 
:i:.2=0.35, mol fraction of methylcyclohexane in the distillate; 
.R=refiux ratio (ratio of reflux to product); 
a=l.07, relative volatility of n-heptane and methyleyclohexane (ratio of their 

vapor pressures), value determined by Beatty and Calingaert (5); 
n+ 1 =total number of theoretical plates, including the still; · 

n=number of theoretical plates in the column. 

Problem.-Using the graphic methqd of McCabe-Thiele (48), deter
mine the number of theoretical plates in column A when operating 
under total reflux. · .. 
. Sf>lution.-1. "Q'sing the data in table 2, plot the vap?r-liquid eq_ui

libnum curve (lm fig. 1) and draw the equal compos1t1on or 45° line 
(II). E . l lin . . d' h . . f 2. rect vertica es at pomts correspon mg to t e compos1t1ons o 
the still liquid (x,1=0.40) and the reflux (x.1=0.65). 

3. Starting at x=x.1 on the diagonal, draw a series of rectangular 
steps between the equilibrium curve and the 45° line until the point 
x=x,1 is passed. . . 

The total number of steps (15.15) is n+ 1, the total number of plates: 
in the column and still. Therefore, n=14.15, the number of plates in, 
the column only. . . 

. Data.-n-Hept;an.e and methylcyclohexane form an ideal mixture; 
therefore, the same problem cap. be solved by algebraic methods. 

Problem.-Using Dodge and Huffman's (20) equation, determine 
the number of theoretical plates in column A when operating with total 
reflux. 

Solution: 
2 303( . Zc1 l-Z/1) n+ 1 =-·-1 log-+a log-1 - (Dodge-Huffman), 
a- :C11 -:i;.1 

2.303 (1 0.65+1 071 1-0.40) 
=1.07-1 og 0.40 · og 1-0.65 ' 

=15.17, 

n=l4.17 pla.tea . 

. )·.; 
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Problem.-Using the. equa~on J.>roposed by :Fenske (26), <:alcul~te 
the :number ·Of theoret1owl. plates · m column l1, · wh'en ·operating· with 
total reflux. · . · ·.· · . · . · ·. · · ·. . · · 

. Solution: · 
:t., ti, (. F·. k ) 
-=(a)P+1~ .en.s. -e, 
~ • !r,/2 : 

~:::==-{t07) a+I~::,. 
(1.07) n+I = 2,786, 

. n+ 1 = 15.15, 

n= 14.15 plates. 

. . .· . . • . ' . - . . !r,.,J:r,,,, 
(NoTE.-Thisequationcan also betisedin the form .. n +1=34.0log-1-, where 

1 ) . 34.0 represents -1 - • . og a 

· .· : · ZJ1Zf2 

.a.· E.T. P, WITH TOTAL REFLUX 

_Dat~'.-The packed section of ~lumn A is 45 cm. lo~. Deter
mlD.ation of the number of theoretical plates by the graphic method, 
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by Dodge and Huffman's equation, and by Fenske's equation re
sulted in 14.15, 14.17, and 14.15 plates, respectively. 

Problem.-What is the H. E. T. P. when the number of plates 
determined by each of the above methods is used? 

Solution: 
H E T p Length of packed section 

· · · · Number of theoretical plates' 

= 4;/~·=3.18 cm. (McCabe-Thiele), 

= 4;4~;·=3.18 cm. (Dodge-Huffman), 

45 cm. = 14_15 =3.18·cm. (Fenske). 

PLATE EFFICIENCY WITH TOTAL REFLUX 

Data.-Column A is a plate column with 20 plates. Determination 
of the number of theoret1cal/lates by the graphic method, by Dodge 
and Huffman's equation, an by Fenske's equation resulted m 14.15, 
14.17, and 14.15 plates, respectively. 

Problem.-What is the plate efficiency when the number of plates 
determined by each of the above methods is used? · · 

Sohaion: · 
Pl t ffi . Number of theoretical platesX 100 

a e e ciency Number of actual plates ' 

= 1t~5x 100=70.8 percent (McCabe-Thiele), 

14.17 . · =-w X 100=:=70.9 percent (Dodge-Huffman), 

14.15 =-w X100=70.8 percent Wenske). 

NUMBER OF THEORETICAL PLATES WITH PARTIAL REFLUX 

Data.-A mixture of n-heptane and methylcyclohexane was dis
tilled in a second column Br which was· operating with a reflux ratio 
of 20 to 1. A sample of the still liquid analyzed 0.40 mol fraction 
n-heptane and a sample of distillate 0.65 mol fraction n-heptane. 
(Note: These samples a.re of the same composition as those taken 
from column A when it was operating'with total reflux.) 

Problem.-Using. the graphic method of McCabe and Thiele (48), 
determine the number of theoretical platea necessary to make -this 
separation with a 20· to 1 reflux ratio. · 
· Solution: 

1.· Using the idata in table 2, plot the vapor-liquid equilibrium 
curve (I in fig. 2) and draw the equal-composition or 45° line (II). 

2. Erect vertical lines at points corresponding to the compositi~ns 
of the still liquid (:.i:11=0.40) and the distillate (:i,ci....:..0.65). 
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• . Xc1 065 · · · . · · 

3. Plo.t the y-mtercept R+ 1 = 20+ 1 0.0310 a1;1.d draw: the operat-

ing line between this point and the point on the diagonal x==x<i. 
(~ote: The operating line coincides with the 45° line when operating 
with total reflux.) · · 

4. Starting at x=x.1 on the diagonal, draw a series of rectangular 
steps between the equilibrium curve and the operating line until the 
point x=x11 is passed. 

The total number of steps (25.8) is n+ I, the total number of plates 
in the column and still. Therefore, n=24.8, the number of theoreti
cal plates in the column only. 

Proble~.-Oalculate the equivalent number of theoretical plates by 
the use of Dodge and Huffman's equation. 

Solution: 

[ 2R+B {· 2Ax.1+B-.J,BL4AC- 2Ax11+B+v'B2-4AC}. 
n+l= 2·303 2../B2-4AC log2.Ax1i+B-../B2-4AC. 2Ax.1+B+.JB2-4AC. 

Ax,12+Bx11+~ 
+~ log Ax.t9+&.1+C J (Dodge-Huffman), 

· .A.=R(l-a)=20(1-l.07)= -1.4, 
B=R(a-1) -x01 (a-1) + a= 20(1.07-1)-0.65(1.07 -1) + 1.07 = 2.4245, 
C= -x,1 = -0.65, 

[ 2(20)+2.4245 {1 2(-1.4)(0.65)+2.4245 
~+1= 2·303 2-./(2.4245)2'-4(-l.4) (-0.65) og 2(-1.4) (0;40) +2.4245 

-../ (2.4245)'-4( -1.4) ( -0.65) 
--v'.(2.4245)2-4(-1.4) (-0.65) 

• 2(-1.4) (0.40) +2.4245+V-(2-.4-2-45-)2---4-(--l.-4)-(-~· ,-o.-'--65-)} 

2(-1.4) (0.65) +2.4245+v'(2.4245)2-4(-1.4) (-0;65) 
(-1.4) (0.40)'+2.4245(0.40) =t- (-0.65)] 

+~ log (-1.4)(0.65)'+2.4245(0.65)+(--:0.65) ' 
n+1=2.303[14.179{log 4.653· 1.3331 +* log 0.2865], 
n+1=25.26, 

n=24.26 plates. 

LENGTH OF RECTIFYING SECTION 

Data.-Assume column B has the same H. E.T. P. as column A. 
Determination of the number of theoretical plates in column B by 
the graphic method and by Dodge and Huffman's equation resulted 
in 24.8 and 24.26 plates, respectively. 

Problem.-Oa1culate the length of the rectifying section of column 
B, using the number of plates as determined by each of the above 
methods. 

Solution. 
Length of the packed section of column B=H. E. T. P.Xm.i.mber of theoretical 

plates, 
= 3.18 cm. X 24.8= 78.86 cm. (McCabe-

Thiele), . 
=3.18 cm.X24.26=77.15 en;,.. (Dodg-e-

Huffman). . · 

Table l shows that virtually the same results can be oh~ained by 
using graphic or analytic solutions. It also shows that to make. 

132638°-39--8 
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the same separation, it is necessary to use a longer column when 
operatin~ with partial reflux than when total reflux was used. Con
versely, ma given column, less separation c'an be effected with partial. 
reflux than with total reflux. Howeve.r, the next section will show 
that experimental evidence is not always in agreement with these 
theoretical conclusions. 

TABLE 1.-Comparison of results obtained by graphic and analytical methods 

Column.A. ColumnB 

Method of solving Reflux ratio Number H E T Column Plate Number Column 
of theo- . . . length, efficiency, of theo - H. E. T. length 
reties! P'.,,cm. cm. percent reties! P., cm. cm ' 
plates plates · 

------1----1-----------------------
Graphic ___________ Infinite___ 14.15 3.18 145 70. 8 ---------- ---------- ------~---

Do ____________ 20:1. ______ -----•---- ---------- ---------- ---------- 24.8 13.18 78.86 
Dodge-Huffman ___ Inflnlte___ 14.17 3.18 1 45 70. 9 ---------- ---------- -----,----

Do ____________ 20:1. ______ ---------- ---------- ---------- ---------- 24. 26 '3.18 77.15 
Fenske____________ Infinite___ 14. 15 3. 18 1 45 70. 8 ---------- ---------- ----------

1 Values assumed in the statement of the problem; other values are calculated. 

BINARY TEST LIQUIDS 

n-HEP'l'.A.NE .A.ND METHYLCYCLOHEXANE 

n-Heptane (b. p. 98.4° 0.) and methylcyclohexane (b. p: 100.8° 0.) 
are an excellent mixture for testing columns used for fractionating 
petroleum, because both the components are hydrocarbons, their 
normal boiling points are only 2.4° C. apart, and analysis of the 
composition by refractive index is easy and accurate. 

TABLE 2.--n-Heptane and methylcyclohexane 

Equilibria data,' mol 
fraction n-heptane Analytical data • 

Molfrac- Refractive Liquid Vapor tion index, 20° C. n-heptane 

0.00 0.0000 0.00 1.4232 
.10 .1063 .10 1. 4192 
.20 .2110 .20 1. 4152 
.30 .3144 .30 1. 4114 
.40 .4163 .40 1.4077 
.50 . 5169 .50 1. 4041 
.60 .6161 .60 1. 4006 
. 70 . 7140 . 70 1. 3972 
.80 .8106 .80 1.3940 
.90 .9059 .90 1.3908 

1.00 1.0000 1.00 1. 3877 

' Calculated from vapor-pressure relationship given by Beatty and Ca!ingaert (4, o), 
• Values taken from best curve through. Bromiley and Qulggle's data (6). 

METHYLCYCLOHEXANE AND TOLUENE 

Methylcyclohexane (b. p. 100.8° 0.) and toluene (b. p. 110.7° 0.) 
form a suitable hydrocarbon mixture for testing columns used in petro
leum work because the components are relatively cheap, they can be 
obtained readily in the pure state, the liquid-vapor phase diagram is 
known, and the composition can be determined easily by · means of 
refractive index or density. This mixture cannot be used for testing 
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columns equivalent to more than about 30 theoretical plates and, 
because it deviates somewhat from an ideal mixture, the number of 
plates must be determined graphically rather than algebraically. 

TAliLE 3.-Methy'lcyclohexane and toluene 

Equillbriadata,'molfrac-
tlon methylcyclohexane . Analytical data 1 

Mo! frac-
Liquid. Vapor tlonmeth- Refractive 

y)cy~IO· Index, 20° C. 
hexane 

0.00 0.000 0.00 1. 4965 
.10 .143 .10 1. 4871 
.20 .270 .20 1.4782 
.30 .378 .30 1. 4699 
.40 .470 .40 1. 4620 
• 60 .560 ,50 1. 4544 
.60 .650 .60 1.4474 
.70 .737 .70 1. 4408 
.80 .818 .80 1. 4345 
.90 .906 .90 1. 4286 

1.00 1.000 1.00 1.4235 

1 Data from Quiggle and Fen.'lko (66). 

CARBON TETRACHLORIDE AND BENZENE 

A carbon tetrachloride (b. p. 76.7° 0.) and benzene (b. p. 80.1 ° 0.) 
mixture is often used to test fractionating columns because it is cheap, 
the components are readily obtainable in the pure state, and analysis 
by refractive index or specific gravity is easy and accurate. The dis
advantages of the mixture are (a) the composition 91.8 mol percent 
carbon tetrachloride must be avoided, since a constant boiling mix
ture is formed; (b) the carbon tetrachloride will react with aluminum 
pac}ring ~d will c~rro~e certain other );!ackings if used over a long 
penod of time; (c) 1t grves somewhat different results than a hydro
carbon mixture (78). However, it is fairly satisfactory for compar
ing columns or for determining the effect of changing the operating 
variables. · 

TABLE. 4.-Carbon tetrachloride and benzene 

Equilibria data,1 mol 
.fraction carbon tetra-
chloride 

Analytical datat 

Mol frac-
Liquid Vapor. tlon car- Refractive 

bon tetra- Index, 25° C • 
. chloride 

0.00 0.000 0.00 1.49794 
.10 .122 .10 1.49392 
.20 .233 .20 1.48997 
.30 .337 ,30 1.48589 
.40 .437 .40 1.48178 
.50 .S34 .50 1.47772 
.60 ,628 •. 60 t~= . 70 • 720 :~ .so .812 1.461566 
;90 .907 ,90 1.46142 

1.00 1.000 1.00 1.45732 

'· 1·va1ues from carve plotted from Rosanoff and Easley's data (69). 
'Values from carve plotted from International Critical Tables (SB). Values checked by Rosanoff and. 

Easley's dllta (69). . 
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BENZENE AND ETHYLENE CHLORIDE 

A mixture of benzene (b. p. 80.1 ° C.) and· ethylene chloride (b. p. 
83.7° C.) has been used frequently to test columns because it forms an 
ideal or nearly ideal mixture, the difference in boiling point of the 
two constituents is small, and the composition can be determined 
easily by means of a refractive index. Unfortunately, there is some 
disagreement as to the· proper liquid-vapor equilibrium data to use. 
The author recommends those of Rosanoff and Easley (69) because 
they check those of Zawidski (86); and, since the mixture is an ideal 
one (4, 38), these data can be checked by Raoult's law. A modifica
tion of Pahlavouni's (56, 77) data also has been used (32). This 
gives a larger number of plates than do Rosanoff and Easley's data. 
Of this modification, Glasgow and Schicktanz (32) say: "While the 
absolute magnitude of the number of plates may be in error by an 
appreciable amount, the authors believe that relative to one another, 
the values are quite reliable." While this mixture is satisfactory for 
determining the effect of changing the operating variables, it should 
be used for comparisons of columns only when identical phase diagrams 
are used. Furthermore, there are likely to be corrosion difficulties if 
this mixture is used with metal equipment; or, if water is present, 
there may be hydrolysis of the ethylene chloride, which might affect 
the results of efficiency tests. 

TABLE 5.-Benzene and ethylene chloride 

Equilibria data,1 inol 
fraction benzene I Analytical date • 

Mol frac-. Refractive· in-Liquid- Vapor tion dex, 25.2° C. · benzene 

0.00 0.000 o .. OO· . 1.44218 
.10 .. 113 .10 1..44750 
.20 :.222 .20 1. 45287 
. 30 . 327, 

' ~ ! : 
.30 . :-.:}.tfflg, .40 .429 . .40 

.50 . 527 .50 1. 46914 

.60 .624 .60 1. 47462, 
• 70. . 722 • 70 · l .. 48020 
.80 .818 .80 1.48596 
.90 .912 .90 r. 49187 

1.00 1.000 1.00 1.49779 

1 Values from curve plotted from Rosanoff and Easley's.data (69). 
'Values from curve plotted from Rosanoff and Easley's data (69). Curve chec!ked by data from Inter· 

national Critical Tables (89, p. 80). -

DETAILED CONSIDERATIONS OF MATERIAL TABULATED IN 
TABLE s· 

The headings in the following discussion conform with those in 
table 6 at the end of this section. Under each heading, the data as 
given in the table, augmented by untabulated information, are con
sidered, and similarities and differences in construction and operation 
of the several parts of the column are pointed out. The discussion 
of each major heading is concluded with a brief statement in which 
the writer mentions those fea.tures that in his opinion seem most 
advantageous. 
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STILLPOll'· 

MATERIAL 

Small· stillpots usually ·are spherical glass flasks, whereas large still
pots generally are ver~ical .or horizontal niet'al 'tanks. · 

CAP.A.CITY 

The size of the charge, its behavior· during distillatio~, and the 
flooding capacity of the column. govern the. capacity . of the stillpot. 
It should be large enough to. care for thermal expansion and foaming 
and be of such shape that th~ evaporating surface of the charge ~ill 
not be large enough to cau.se floo<µ,n.g of· the column before brisk 
boiling begins. 

SOURCE O:W HEAT 

Gas, electricity, or a he_ated bath i~ used for 1:1,eating stillpots of 
laboratory columns ... Gas is.,usually.more econoID1cal, but, although 
often used for heating large stillpots, it does not permit close heat 
regulation and its. use sho.uld be. avoided becauae of the fire hazard. 
Electrical heating, w~ch i~ preferable, lll:ay be either. external or in
ternal. External units offer a larger, more evenly heated surface, are 
more simple to c~nstruct and. use, and are ~enerally preferre~. Al
though control of mternal.heaters operates with less lag, there 1s some 
dan~er ~f local ove~heating: 8'.Jild th~y off er . certain me?hanicf!,l diffi:
cult1es m construction. In some mstallations the stillpot 1s sub
merged in a heated bath of noninfiammable liquid or of lead or nickel 
shot. This method of heating r.educes the fite hazard, but there is a 
large lag in the response to change in heat input. · . 

The area of heating surface required is .a function.of the rate of 
evaporation desired, . the temperature. ~erence :between the charge 
and its source of heat, and the physical characteristics of the material 
of which the kettle is co11structed. . A l~:rgei evenl~ heate~ surface is 
preferable to preven~ local overheatmg a~d to avoid possible decom-
position. of the charge. . .' '. . .: . . . . 

. ':l:NStrLATION . . . . 

To avoid local overheating; the temperature-difference b~tween the 
heater and stil1pot should:be as sniall··as possible·ahd still provide 
enough heat for vliporization. · This temperature diff erenc~ can be 
reduced materially by properly insulating the stillpot.. · 

CONCLUSIONS REGARDING STILLPOT 

The still pot should. be iu~de c>f' a material that will not corrode under 
operating conditions and :of sufficient cap1unty to take care of thermal, 
expansion and foaming of the charge.· 'It should be well insulated and 
preferably heated over,a rel.atively large surface by external electric 
heating units that can ·be cont,rolled closely ... The sti.llpot. should.be 
provided with connections thrcmgh which-· the charge. can be intro;. 
duced· and the residue ;r~ov~d, and .with. a, passage through which 
vapors ca.n enter the. col1:llllD. and the reflux return to the still. In 
small colll1;Iills one c011nection m!3iy M a.deqij,ate .. If tests for efficiency 
of separatlon are to be. m,ade, some wea.ns. should .be provided for 

. removing .a san1ple of liquid witho11t int~1:fUpting th;~ di~tillation. . 
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COLUMN 

.TYPE 

Plate columns.-P~ate columns are o~ two ~ener~ types, perforated 
and bubble-cap, which for the followmg d1ScusS1on can be classed 
together. A plate column is essentially a series of stills, one above the 
other. The hot vapors from the plate below supply the heat and the 
reflux acts as a condensing medium. The efficiency of each plate is 
determined by comparing the separation effected by it with that 
made by a theoretical plate. A theoretical plate (2) "fulfills the 
requirement that the vapor rising from the plate and passing to the 
plate above is in equilibrium with the liquid leaving the plate and 
passing to the plate below." Some of the factors that determine the 
degree in which an actual plate will approach such an ideal plate are: 

1. Nature of the mixture being fractionated. Peters (59) found the 
efficiency lower when high-molecular-weight mixtures are fractionated, 
and when materials of equal molecular weight are fractionated. the 
efficiency is higher if there is more attraction between similar than 
between dissimilar molecules. 

2. Intimacy of contact between liquid and vapor. This is one of 
the major factors affecting effectiveness of separation and depends 
largely on plate and bubble-cap design. It has been determined by a 
cinematograph (22, p. 109) that the vapor leaves the slot in the bubble 
cap as a series of bubbles and not, as it appears to the eye, in a con
tinuous stream. Experiments cited by Robinson (68) show that when 
the bubble emerges from the slot the vapor near the surface of the 
bubble almost instantaneously reaches equilibrium with the liquid sur
rounding it, but the vapor in the center of the bubble reaches equilib
rium by diffusion only. 

3. Len~th of period of contact between li~uid and vapor. When this 
period is mcreased, there is greater possibility of effecting equilibrium 
between the phases. The period of contact can be increased by lower
ing the vapor velocity (which reduces the throughput) or by increasing 
the depth of liquid on the plate. The latter practice increases the 
back pressure and, beyond a certain depth, adds little to the efficiency 
of the plate, owing to the slow rate of diffusion in the bubble. Experi
ments performed at the Massachusetts Institute of Technolo~ (68) 
show that when the spherical bubble rises through the liquid Vll'tually 
no further reaction will occur during the greater length of its travel 
than occurred when it emerged from the slot, unless the bubble is dis
torted, which brings a new portion of the vapor to the surface of the 
bubble. 

4. Plate spacing. Entrainment, which decreases the efficiency of 
fractionation, is. largely affected by the distance between plates. This 
distance should be such that entrainment is small under practical 
operating conditions. 

5. Reflux ratio and vapor velocity. Plate efficiency is also influ
enced by the reflux ratio- and the vapor velocity. These factors are 
discussed on pages 25 and 26, respectively. 

Few types of plate columns have been designed for fractionation of 
small volumes. Young and Thomas (85), Dupont (21), and Palkin 
(57) describe columns having a series of glass trap tubes hung in wire
gauze plates. These plates effect intimate contact between the vapor 
and liquid, and the trap tubes serve as a passage for reflux down the · 
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column. These columns are easily constructed, can handle a large 
volume of vapor, and can be operated under vacuum. A perforated 
plate column using fritted glass disks is described by Schicktanz (72). 

1 The plate efficiency approaches 100 percent, but the back pressure is 
high, due to the resistance of the small holes to passage of vapors. A 
"bubbler"-type column designed by Clark and Rahrs (15) consists of 
a number of staggered glass traps, in each of which the ascending 
vapors are washed by bubbling through the refluxed liquid. The 
column is satisfactory for simple separations, but it has a large hold-up, 
the vapor bubbles emit from one large opening rather than several 
small ones, and, due to its irregular shape, the column is rather difficult 
to insulate. Bruun (9, 10) has developed an all-glass bubble-cap col
umn, which has a very low H. E. T. P. As a 100-plate (70 to 72 
theoretical plates) column is only 2 meters long, it can be set up in a 
laboratory of less than average height. There will be no corrosion in 
the column, due to its all-glass construction; consequently it will retain 
its efficiency indefinitely. The column plates are nonsiphoning, and 
if the still is shut down the fractionated portions of the liquid will 
remain on their respective plates, thus saving several hours necessary 
to bring the column to equilibrium after a shut-down. 

Packed columns.-Some of the advantages and disadvantages of 
packed columns have been mentioned already. The major variable 
is the packing, which will be discussed under that heading. 

MATERIAL 

Glass is normally used for smaller columns because it does not cor
rode and under certain conditions affords a view of the action in the 
column. In addition, many types of columns can be constructed or 
modified by the laboratory worker. Larger columns ·usually are metal 
because they are easier to fabricate and are less fragile. 

DIAMETER 

The obvious advantage of increasing the diameter of fractionating 
columns is the increased capacity. The capacities of columns are 
proportional to the squares of their diameters. The hold-up, however, 
increases in approximately the same ratio, and there is some loss in 
fractionation. 

LENGTH OF THE FRACTIONATING SECTION 

Increasing the length of the fractionating section follows the law 
of diminishing returns; that is, each added increment of length is less 
effective than the preceding one. Fenske, Tongberg, and Quiggle (29) 
found this was true, especially in columns of small diameter, which 
led them to believe it was due partly to channeling in packed columns 
and partly to some fundamental vapor-liquid equilibrium relationship. 
However, this should not be construed to indicate that a short column 
is preferable, as the increase in H. E. T. P. is much smaller than the 
gain in separation effectiveness due to each added increment of length. 
Fenske stated (30) and showed graphically (27, p. 1631) that at total 
reflux the degree of separation increased logarithmically, not lin
early, with the number of perfect plates. Since the number of perfect 
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plates in a given column is a function of its length, for .best results 
the length should be a maximum compatible with operational and · 
constructional requirements. 

INSULATION 

The relative efficiency of lagged and unlagged. columns was deter
mined by Marshall and Sutherland (47),who found, .with a properly 
lagged Hempel column 99 cm. long and provided with maximum 
reflux, that the effectiveness obtained was 2.4 to 41.5 times as great 
as that obtained with the same column unlagged and operating at the 
same distillation rate. Th.e most common methods of insulating· a 
column are with asbestos, magnesia, air jacket, or vacuum. jacket. 
Magnesia and asbestos are easy to apply, are not fragile, do not 
develop strains, and can be applied to either glass or metal columns. 
Air jackets· allow visibility, protect the column from drafts,. and give 
some insulation owing to the dead aiJ; space. .Although vacuum 
jackets provide very efficient insulation, especially if silv:ered, their 
use involves meehanical difficulties at high temperatures owing to the 
difference in temperature of the inner and outer tubes. Podbielniak 
(62, p. 132) has made vacuum jackets using quartz for the inner tube 
and pyrex for the outer. tube, thus preventinK breakage due to thermal 
expansion. However, the high cost of the tubes has .limited their- use 
somewhat. Furthermore, at high temperatures there is an appreciable 
loss of heat, which cannot be compensated without using an extra 
heating jacket, thereby losing the· advantage of the vacuum jacket. 

SOURCE·OF HEAT 

To compensate for the loss of heat due to radiation, some investi
gators supply heat to the column. Peters and Baker (60) wrapped 
resistance wire around the jacket and, in addition; circulated hot air 
through the jacket. Tongberg, Quiggle, and Fenske (78) used the 
vapors from the still to jacket a small column and in a longer column 
wrapped resistance wire in sections, each of which was independently 
controlled; in · the insulation ... The heat wa:s 'so regulated' that· a 
therm:oeouple on . the. exterior' column surf ace· registered the same 
temperature· as did'· another between ·the· heating· element and the 
colunin. · · · · · · · 

CONCLUSIONS REGARDING COLUMN 

When selecting a laboratory column for. a definite typ~ of fractiona
tion, one should consider the initial cost, the ease of construction, the 
simplicity of operatiol'l1 and, most important\ thei e:ffi.cienrey· of the 
column. The. most efficient column is the one thait p11-0dtt:ces,·the 
largest vol'ilme of· the desiTed product' per unit time· with the least 
expenditure, of heat ... Consideration, ,of these .. and· other factors , gen
erally favors a ,packed column, but only if it-is· :filled; with efficient 
packing and operated under. adiabatic conditions: . Sueh a-column has. 
a lower hold:..up aID.d pressure drop ·bnt has the disadvantage thatrwhen 
distillation is interrupted the fr.actions.tad material in the· column; 
drains back to the still. An: ex:temhl s0urce· of: hewt is necessary, 
except in short eolunins, to :maintam. aidiabatio eonditions, An 
effective means of· doing this is to wrap resistance wil'e into the 
asbestos or magnesia lagging in several· independently controlled 
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sections, the number of sections depending upon. the length of: the 
column. A thermocouple (or other thermometer) should be placed 
in the lagging of each section and one should be placed on the external · 
column wall opposite. The heating can then be regulated so that 
there will be no lateral heat flow. 

CONDENSER 

TYPE 

Partial condenser.-A partial condenser, or·dephlegmator, condenses 
only a portion of the vapors, whichis returned to the column as reflux, 
and the rest of the vapor is delivered to a final condenser. When a 
mixed vapor is partly condensed, the uncondensed part is enriched in 
the more volatile component, which assists the column in fractionating 
the vapors. Peters and Baker (60) found that better separation was 
obtained with~ partial condenser, because with a total condenser-
There is· in the partitioning device an appreciable hold-up of distillate, which can 
hardly be made less than 1 cc. Moreover, by such an arrangement the fractionat
ing effects of the dephlegmator are lost, whereas with the present design the enrich
ment due to the dephlegmator becomes surprisingly great at the critical points 
when reaching the point wher.e the last of a. certain component is being distilled off. 

Furthermore, according to Podbielniak (62, p. 127), the use of a total 
condenser results in some loss in fractionation, as any separation 
accomplished in the column is lost by reblending of the separated 
components before collection. Podbielniak (62, p. 127) states that 
this reblending results-
When excess holdup occurs within the condensing column section because of 
unnecessarily large condensing-tube diameter or length, liquid occluding seals or 
crevices, devices for portioning reflux, etc. While the fractionating column itself 
may have considerable hold-up of material per unit length, this is usually more than 
compensated for by the fractionating action of the pa.eking. In ·the condensing 
section the fractionating effect drops out, and any appreciable hold-up of material 
limits and in extreme cases practically destroys the fine separation of compone11-ts 
existing at the top of the column pa.eking. · 

Othmer (55) favors the partial condenser and Young (85, p. 403) states 
that no plant can be thoroughly efficient without some form of 
deI>__hlegmator. · . . . 

T~tal condenser.-A total condenser liqu~fies all the vap(?'l'S, returns a 
portion to the column as reflux, and delivers the remainder to the 
product line. Thus, when a total condenser is used, all the fractiona
tion occurs in the column and none occurs in the condenser. This· 
practice is approved by Robinson (68, p. 91), who states: 

The function of the usual type of condenser as a fractionating device is a. 
function which should not be allowed to occur, but which, unfortunately, does 
often occur in many designs of stills. 

The contact between liquid and vapor in a condenser is very poor.. Most are 
of tubular design where the cooling medium and the vapor are· inside and outside 
of the tubes, :respectively, or the reverse. Under these circumstances, the vapor 
condensing on the cold surface of the tubes runs down the surface of the tubes 
while the remaining vapor passes on between the surfaces, keeping out of contact 
with the condensed vapor as much as possible. This means that one necessary 
feature of an efficient fractionating device is not complied with in the conr!enser 
used fur this purpose. · 

In the second place, condensers must condense differentially and the reflux 
from· the top of the condenser is constantly augmented by additional condensed 
vapor as it passes down through the .condenser until the reflux 11,t the bottom is a 
maximum. This violates the seco~d rule for efficient fractionating devices. 
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It is true, therefore, theoretically, and it has been found practically, that by 
far most efficient results are obtained when as much as possible of the fractionation 

.is required to take place in the fractionating column and as little as possible 
allowed to occur in the condenser. 

Leslie (42) proves mathematically that fractional distillation is more 
efficient than fractional condensation. Perry (58), Walker, Lewis, 
and McAdams (82); and Elliott (22) seem to favor the total con
denser. Bruun (8), Hill and Ferris (36), Fenske (28), Docksey and 
May (19) and many others have used total condensers, while Leslie 
and Geniesse (42, p. 555; 43) have used both types. McIntyre (49) 
believes the total condenser superior to the partial condenser and 
should supersede it entirely. 

CONCLUSIONS REGARDING CONDENSER 

A total conden$er is more suitable for most columns, as it requires 
less attention and the reflux ratio can be held practically constant 
by a liquid partitioning device with a very small hold-up. A large 
enough charge should be used so that any reblending of fractionated 
constituents will not, as a rule, obscure a constituent present in small 
amount. A partial condenser is suitable when one or more of the 
components is small and the charge cannot be large. . 

PACKING 

TYPE 

Solid packing.-Solid-type packing includes glass beads, balls, and 
particles of stone, glass, metal, or other inert material. Solid packing 
was the earliest type used and still finds extensive use in simple 
laboratory fractionating columns. This packing floods at a low rate 
of distillation and offers a relatively small surface area per unit 
volume. · 

Raschig rings.-Raschig rings are small, thin-walled cylindrical tubes 
of earthen.ware, glass, or metal of equal height and diameter. Owing 
to their dimensions and shape, they make a fairly uniform packing, 
present a reasonably large surface area.and free·volume, and form no 
pockets to hold up liquid. 

Chain packing.-Ohain packing is used extensively owing to its 
availability, large surface area, and the ease with which it may be 
removed from the column. It can be allowed to pack loosely in the 
column or separate strands can be suspended at the top of the column; 
The latter method. has a greater free volume and .allows a greater 
throughput but has less surface area per unit volume. Schicktanz (73) 
found that efficiency is increased in going from a single jack chain to a 
double jack chain to a.jeweler's brass locket chain, in accordance with 
the increase of effective surface exposed in the column. McMillan (50) 
states that jeweler's-chain packing is less effective than spiral packing 
and, because of channeling and flooding, adds to the difficulty of control. 

Spiral packing.-A spiral poil of wire, which fits· the column closely, 
makes an efficient packing. Podbielniak (61) describes a 3.8-mm .. 
column packed with a spiral of No. 20 wire with six or seven turns to 
the inch. · The coil is ground on the outside to decrease the hold~up 
of liquid in the interstices between the column and the packing. He 
describes its operation as follows: 
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The refluxed liquid is distributed into very thin capillary films supported only 
at their boundaries by the turns of the wire coil and by the glass walls, instead of 
simply wetting the very small surface of the packing. This results in maximum 
contacting between liquid and vapor with least hold-up of liquid on the packing. 

Mair; Schicktanz, and Rose (46) used a spiral of No. 8 copper wire 
in a 2-cm.-diameter column for the vacuum fractionation of lubricat
ing oil. The spiral offered little resistance to the passage of vapors 
but retarded the fl.ow of reflux and spread it more evenly over the 
column .. McMillan (50), using a 3.8-mm.-diameter column with an 
8-turn-per-inch spiral of No. 22-gage wire, was unable to get satisfac
tory fractionation. He introduced liquid at the top of the column 
and gas containing suspended fog particles.at the bottom. He noted 
two· c;mrrents of ascending vapors-one spiraling slowly up between 
the turns of the spiral, while the second and by far the larger stream 
was fl.owing linearly through the center of the spiral and into the con,
denser. This central stream contacted the reflux only at its outer 
edges and was being fractionated only in the partial condenser, which 
indicates why a longer condenser improves this type fractionating 
column. As further proof of the inefficiency of spiral-type packing, 
it was removed from the column and almost identical fractionation 
was obtained. McMillan found that efficient separation was ob
tained only after the center space was eliminated. This was done by 
using either a straight central wire insert or a longitudinal fl.at spiral 
of No;. 29-gage ribbon X& inch wide in the free space. Rose (70) found 
spiral packing gave poorer separation than single-turn wire helices. 

· Single-turn helices.-A packing consisting of single-turn wire helices 
was developed by Fenske and his c_oworkers (79). This packing under 
certain conditions l:J.as a high efficiency and throughput. The effi
ciency increases and the throu~hput decreases as the inside diameter 
of the helix is decreased. Helices made _from No. 30 gage.wire with 
an inside diameter of 2.4 mm. were found to be most efficient and have 
a good throughput. Single-turn helices also have been made of glass 
(84) to avoid corrosion. Columns of the order of 100 theoretical 
plates can be built in a laboratory of average height by using this 
type packing. . 

Wire-gauze packing.-Stedman (76) got efficiencies as high as 18 
plates per foot by using a column packing of rather fine-mesh wire 
gauze perforated and shaped to give maximum contacting of liquid 
and vapor. These results, however, were calculated from data 
obtained with columns only a few inches long. 

Oarborundurn packing.-Midgley (52) used glass beads coated with 
carborundum and spiral packing coated with the same material. The 
efficiency of the columns was increased materially by using coated 
rather. than unc.oated packing. Farnham (25) confirmed and ex
tended Midgley's observations by using lumps of carborundum and 
various other porous substances. Hall and Bachman ·(34), using a 
column packed with 6-mesh silicon carbide, got height e9.uivalents 
comparable with those obtained with wire helices, but the distillation 
rate was lower. 

MATERIAL 

F,arnham (25) surmised that the chemical nature as well as the 
physical structure of the packing affected the fractional distillation 
curve. She also suggested that the efficiency of the packing is infl.u-
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enced by its selective adsorption and it is probable, though not 
proved, that the ideal adsorption curve for a column filling would coin
cide with the liquidus curve in the boiling-point composition diagram
for that pair of liquids. Glasgow and Schicktanz (32), using lead, 
copper, and glass balls as packing, found the efficiency of separation, 
the vapor velocity, and hold-up are substantially independent of the 
heat conductivity or the material of the packing; The condition of, 
the packing, however, is important. Fenske, Tongberg, and Quiggle 
(29) found that a packing that has corroded slightly behaves very 
differently from the original packing. Usually, with a corroded pack
ing the H. E. T: P. is ~eater and the throughput is less than when a 
noncorroded packing 1s used. Tongberg, Lawrowski, and Fenske 
(79) found the dryness of the packing before distillation has a marked 
effect on its efficiency and if the column is deliberately flooded before 
distillation is begun, the efficiency is greater. 

Apparently ·when the packing is first wet, the subsequent condensate spreads· 
uniformly over the entire wet surface; on a dry packing, the flow of condensate 
tends to be somewhat agglomerated or coalesced. 

FREE SPACE 

The volume of the packed section in a fractionating column not 
occupied by packing is known as the free space. Generally, tlie 
greater the free space, the greater the allowable throughput. Fen,ske, 
Tong berg, and Quiggle (29) measured the free. space by filling a. 
100-cc. graduate with packing and noting the volume of kerosene 
necessary to fill the graduate to the 100-cc. mark. They also found-

The product of the number of square inches of surface area per cubic inch and 
the percentage of free space, divided by 100, gives a numerical value which parij.].~ 
leis the efficiency and over-all utility of the packing. 

HOLD-UP 

The amount of liquid and.vapor in the column while it is operating 
is termed the hold-up under operating conditions. The importanc~. 
of a low liold-up was emphasized ·by Peters and Baker (60), who stated 
that- · 

No matter how tall a column is, it cannot give sharp cuts if the amount of liquid . 
held upin the column is too.great compared to the size of the cut desired. . . 

According to Podbielniak (62, p. 126)-
Even an infinite increase in column height cannot cha.nge the ratio of change of 

composition accomplished per unit length column to the hold-up of material per 
the same unit length .column. · · 

To:ngberg, Quiggle, and Fenske (78) describe the following procedure 
as a satisfactory means of determining the hold-up under op'erating 
con~tions. 4 de~te ~ount of a nonvolatile ]!quid is -added to a 
defimte amount of liqmd charged to the dry still and column. A 
known volume of liquid taken from the still while the column is · 
operating at total reflux is evaporated and the nonvolatile materiitl 
is accurately weighed. The difference in the amount of volatile 
liquid associated with the nonvolatile liquid before and after the 
distillation represents the amount held up in the column. Stearic 
acid (78) and dibutyl phthalate (32) are satisfactory nonvolatile 
materials for this test; 
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· , . dONOL lJSIO-NS, :REGA$DING PACKING · 

A go<>.d 'packing° is c()rtosibn~i®stfut, has ~ i,Jge surface ar~a per 
upit voliµ:ne, has. a.: smajJ h<>ld-l.i.p, arid will acconµntjdate a large vol
um,e <;if v~por per. ri:tiit · tu:rie; Oo~deration of. these 'factors favors 
si!1,gle-:tu:tji.·gl~E!:~i' wire; p'.elicef,1. ~fore data are desirable concerning 
Wire-gauze and carborundum paclqng. . , . 

OPERAT!l'G 09NDITIONS· 

VA;PORIZA~ON ;;RATE 

The amount of vapor evaporated in the· still pet unit tinie is known 
as vaporization ra.te ·and represents the forward flow of vapor in the 
<fohuini.' · · · · · · 

PRODUCT RATE 

'. The product -rate is often call~d· the· di~tillation rate. With a par
ticular. apparB1tus, there is an optimum value for this factor, above 
.which there will be insufficient separatio;n · and. below · which the in-. 
crease in separation does not warrant the extra time req_uired. 

The usual distillation practice. is to· keep the distillation rate con
stant. . Glasgow and Schicktanz (32) 1.1sed a 'mechanical device for 
this purpose. Some operators, however, increase the rate when col
lecting a pure componentand·decrease the rate between components. 
According to Podbielniak (64), this procedure decreases the time 
necessary for a; distillation with no loss in accuracy. 

REFLUX RATIO 

Most investigators use the term "reflux ratio" to designate the 
quantity of reflux per unit weight of ·preduct. A study of the prin
ciples of fractionation (2, p. 366; 36; 83) shows the greater the reflux 
ratio, the fewer plates are required for a given separation; conversely, 
the greater the number of _plates, the smaller the reflux ratio required. 
However, Marshall and Sutherland (47), Leslie and Geniesse (43), 
and Peters (69) concluded that a variation in the reflux ratio had no 
marked .effect on the H. E. T. P. McMillan's (60) results show 
higher efficiency with medium rather than high or low reflux. · Calin
gaert and Huggins (12), with a coke-packed column,found the efficiency 
was proportional to the reflux ratio at constant vapor velocity.· 
Meyer (61) concluded the more plates in a column the greater the 
reflux ratio necessary to make full use of the plates. The usual prac
tice is to maintain a constant reflux ratio; however, some investi
gators decrease the reflux while collecting pure compounds and 
increase it at the critical points between compounds. Podbielniak · 
(62) stated that this practice decreases the distillation· time with no 
loss in rectification. Judging from their results, · Hill and Ferris (36) 
concluded the peak efficiency of a packed column was at a rate just 
below :flooding. Tongberg, Quiggle, and Fenske (78) operated 
columns . ~t maximum reflux by maintaining them just . below .the 
:flooding point. . Podbielniak (63) found maximum efficiency when 
tb,e p8!Cking is barely wet. This is. verm,ed by BTI1un and Sehicktanz 
(11), . whose results . show efficiency decreas~d niaterially . 1a.ear the 
:fl<;>9ding pqint .. It is apparent that the hold-up. is increased under 
these conditions. The reflux ratio· should be kept as low as possible 
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and still make the required separation:, beeause · any increase in reflux 
ratio increases the distillation tlllle and the heat consumption . 

. Rejl,'lltt ratio control._;Re:fl.ux usually is controlled in partial con
densers by varying the rate of flow of the_cooling water bl' air (,42, 
p. 565) or by cha,nging the height of water in the condenser (,42, 
p. 5~5). In total con4en~era, ~e; repux ra~io usuallt is contr?lled 
by either a vapor- or liqmd-part1t1onmg device; Calibrated orifices 

. (36), stopcocks (49), and ground~lass -valy~s (74) are used to pro
portio~ the vapors. Liquid-partitioning devices use stopcocks (45), 
needle valves (28), capillary tubes (8), pinch cocks (47), reflux pockets 
(24), and ground-glass plugs (74). . 
· Rejl:u::e ratio determination.-Several methods are used- to determine 

the reflux ratio. .Among the more common methods are determining 
temperature rise in the condenser. water (28), using a calibrated 
reflux siphoning cup (78), counting drops from the base of the column 
and from the product line ((/3), a.nd.using a reflux flow.meter (4,$). 
The calibrated-orifice and capillary-tube type proportioning devices 
have a constant reflux ratio. 

VAPOR VEIJOC!TY . 

Vapor velocity is ~ressed in a number of ways .by various investi
gators. Glasgow and . Schicktanz (32). determine. values of vapor 
velocity from -throughput and free space. Fenske (29} uses both 
superficial linear vapor velocity at the top of the column and cubic 
inches per hour of liquid condensed at the top of the column. Dock
sey and May (19) express vapor velocity in terms of linear velocity 
for a plain tube without packing. Calingaert and Huggins (12) 
prefer calories of heat in the vapor passing up the column per second. 
Rose (70) uses cubic centimeters of liquid per minute at the base. of 
the column, and Gadw~ (31) uses mass velocity in pounds of vapor 
per square foot of packing. ·. · 

Th.er~ is some disagreement as to the effect. ;of v,-apor velocity. 
Marshall an:d 'Sutherland (47) and Leslire and Geniesse (43) report 
vapor velocitv:= b.M little effect on the>e':ffeetiveness· of· the column. 
Oali:hgaert and Huggill.s', {12) found the effectiveness inversely pro
p~:rtional to ,1fu.:e vapo! -vi~o'city ~t. comt~teflu? and e~~ents by 
Hill· and Femlr :(36) mdicate an mcrease;m :efficiency. with mcreased 
·vapoi:·. velom~.;: D:o-oksey an~ May {t9}, ot, R~se . (70). found the 
effectiveness mv0llSely prop0:ittionaLto the Vlllp.01,iv:~lo'clty at low rates; 
bec1>ming mO'M ne8/l'~Y conistmt · at· higheF ;ra~,cc,'.~ehbaum· and 
An:drews' (40} ~xper,imen~ showed. tl?-at with l1;lOPe~· v1tpor ve
locity 'the e:ffectiveEie8$ .. reaclied; · a: mimmum, decliriM ·t•dJt, .at first 

· s.hd ·thien-,more slowly. ,, Experiments cited by Robinsofi, (68, p. 90) 
show ·that efficiency fa plate columns is moreased if the va))or velocity' 
where ;1Jh1diquid and v;apor· a11e, !contacted, is increased. · · · 

• . :·:· .. : ,; :,.·. ·.!: .• . . ' . ' 

..... \ . . ; .P.~ESS.u:EtE J::>RO:P .. . . 

co~::!e~~~e~=nd,C~8!;··~t.~e~i:!t~::t:~:~~- dra@u~~ 
having · a low· pr.ess@e. <hop at~ prefetred. in hiii:h ... vioou:ufu · distillation 
because the mer:eai\!!e iri pt~sutb through ~he oofontn raises the boiling 
point of the malterial in the :silll materially~ 'Pressure dro;p in plate 
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columns is due to the head of liquid on the plates and resistance to 
fl.ow of vapor through the vapor slots and through the liquid. In 
packed columns,. pressure drop is a function of the :(lacking, vapor 
-velocity, and reflux. Chilton and Colburn (14) estimate only 10 
percent of the resistance in a packed column is due to frictional re
sistance and the rest is due to contraction and expansion losses in the 
vapor flow through the irregular orifices formed by the packing 
particles. They found contraction, expansion, and friction losses 
are approximately proportional to the square of the vapor velocity. 
Since the reflux flows through the same interstices as the vapor, an 
increase in reflux necessarily increases the p_ressure drop. Schicktanz 
(73) used the pressure drop from the stillpot to the stillhead as a 
measure of the throughput. In a later publication, Glasgow and 
Schicktanz (32) showed how the pressure drop from pot to head was 
used to control the energy input to the stillpot and thence the 
throughput. 

CONCLUSIONS REGARDING OPERATING CONDITIONS 

A column should be operated to make the best possible separation 
without too great expenditure of heat and time, which Cf!.n be accom
plished only by having the operating variables under control. The 
rate of· vaporization and the reflux ratio are especially important, 
since the vapor velocity, product rate, and pressure drop depend 
upon them. Rate of vaporization can be controlled by heat input 
and the reflux ratio by a liquid-partitioning device with a very low 
hold-up. The column should be operated at several vaporization 
rates and reflux ratios to determine the maximum throughput without 
sacrificing too much loss in fractionation. 

TEST CONDITIONS 

VAPORIZATION RATE 

The column under this heading in table 6 records the rate of vapori
zation per unit time in the still under test conditions. When the 
data are available, the maximum rate of vaporization under total 
reflux is given, as it is a measure of the capacity of the column. To. 
other words, the higher the rate of vaporization under total reflux 
without flooding, the greater the capacity of the column; 

H, E.T. P. 

The H. E.T. P. (height of equivalent theoretics.I plate)° is the length 
of column necessary to make the same separation as would be made 
by a perfect plate. It is the reciprocal of the effectiveness of the 
oolumn; that is, the lower the H. E. T. P., the more effective the 
oolumn. 

NUMBER OF THEORETICAL PLATES 

The number of theoretical plates is a measure of the separation 
possible with the column under the test conditions. It means that 
under test conditions the column will make the same separation as 
a theoretical column with that number of perfect plates; · · 



TABLE 6.-Tabular summary o.f laboratory .fractionating columns 

Still pot 

I 

d Ei z 
8 Mate- t I Heating I Insulation ' <I rial · ., .. .... 
,l!l p. .. ., 

0 ~ 

..:-., 
I Mate- I ~i ·Type · rial 1:1 .. 

A 

Column 

I I ~ 
i Heating Insulation 
bl) 
<I ., 
,.:i 

I Cori-denser 
type Type 

Packing 

Material 
1i 

Free J p; 
v9lume ,S 

! 
- 1--1--1 I I 1-·--1 I I I I I I I I 

.fSI Glass.-! 2;0001 Internal 1----·---------··1 Packed------1 GJass ___ l (22. 9) 

___ do.--1 2,000 ___ :~e-~~~1~~ --------------·- ___ do ____________ do____ (22. 9) 

p1pe, and Bir rings. 
(122) I Hot air ______ j Asbestos, irop. I TotaLal 5.6-mm. Lessing I Sheet metaL1--------i-----

(122) 1---do _________ j ___ J_~i~~~~---·-··-- ___ do .... 6.5-mm. Lessing j ___ do.--------+-·-----,-----
rin!.!S. 

-1---1--1 I 1------1---1---1---: I I I I 1---
471--sdO---I 1; 000,. _.do ______ , Asbestos ______ , ___ do _________ , ___ dO----

150 111---d0---1--- ·--1 Electric-- I----------_ -----1 Bubble cap __ , ___ do. ___ , ______ _ 

21 991 None ________ , Air jacket--------j--·do ____ , 5.4-mm. beads ___ , Glass. ________ 1=:.:.:..:.:•-·---
2601 Electric _____ , Asbestos ________ .1_._do ___ _ ------ ----1----- -------- --1-- --- ---

--,---1--1 I I 1----
SBl--------1 5, OOOl---d0------1---,-----·--·---1 Packed. _____ , Brass __ (19) I (15,850) 1---d0---------1-----do. ___________ , ___ do ____ j Rings and helices.I G lf!SS and 1-~------,-·---

w.ire. 
--,---1--1 I I 1----1---1---1 1-------- ------1------,----1--· 

781 Glsss--1 1001---do _______ ------·---------J-----do-··----1 Glass·--1 10 
Steel.._ 11,000 ___ do ______ Asbestos and ·----dO------· N1ckeL 33 

pipe lagging. 

__ ·:do ___ 11,000 -~~do ___________ do ______________ do __________ do____ 33 

:::~~::: B: ~ :::~~:::::: ::.:::~~::::::::: :::::~~::::::: :::~~:::: :: .. ~do .• _ 11,000 ___ do ___________ do ______________ do _______ : __ do_.__ 33 
___ do ___ 11, O!)() ___ i:lo. __________ do ______________ do _____ , ____ do____ 33 
___ do ___ 11,000 ___ do ___________ do ______________ do __________ do.___ 33 

___ do ___ 11,.000 ___ do. __________ do ______________ do. ________ .do.___ 33 
__ .do ___ 11,000 ___ do ___________ do ______________ do. ______ .• -do.___ 33 
___ ao .• -11, 000 ___ do ___________ do ______________ do ___________ do.___ 33 

--,---1--I I 1------
191 Glass.. .400 __ ,do______ Asbestos------1-----do .• _. ___ Glass: .. 

__ :do.__ 400 ___ do ___________ do _________ -·---do_. _____ .•. do_._ 
___ do.__ 5,000 ___ do _____ c _____ do _________ . --•• do ___ ----- ___ do ___ _ 
___ do ___ 5,000 ___ do ___________ do. _____________ do __________ do ___ _ 
___ do ... 5,000 ___ do ___________ do--··-----1-----do __________ do ___ _ 

= Iru·-- :--~-- ---u------l ---·-1r------.- -----1r----- = Irir--

8 
8 

(50.8) 
(50.8) 
(50.8) 
(47.6) 
(47. 6) 
(47. 6) 
(47.6) 

41 
274 

274 
274 
274 
274 
274 
274 

274 
274 
274 

Hot Vf!pors •. I Air jacket ___________ do____ I-turn helices ____ I G)ass---------1--------1 8-9 
Electric. ____ Asbestos paper ___ do ____ 4-mm. helices___ ;N1ckel wire__ 86% ----· 

and pipe lag-
ging. . _____ do ____________ do _______________ do ___ - _____ do ________________ dO--------

_____ do ___________ do _______________ do.-•• ____ .do ____________ . ___ do _______ _ 
_____ do ____________ do _______________ do _____ ._ •. do. _______________ do ··-----
-----dO---·--- _____ do------------ •.. do. ___ ·--- .do. ______ -- •• _____ do _______ _ 
_____ do ____________ do ____________ •• -do •• _ •••.•. do·-··-···--- _ -- .• do _______ _ 
_____ do ____________ do _______________ do____ Carding staples. 0.5-mm. iron 

wire. 
---· .do ____________ do·-··----··- _____ do ..• - -----dO---·---· --· _____ do. ______ _ 
_____ do ____________ do _______________ do.· _____ •. dO----·--·-·- _____ do ______ _ 
_____ do ____________ do ... ·--·----- ___ do _________ do _________ • _____ do _______ _ 

86% -----86% : ___ _ 
86i% ____ _ 
86 0 ····-
86 0 -----

72 0 °-·--

72%1·----
72% ·---
72% ---·· 

mg ·---=~~--·-:·: ----•-------------- ---~~---- _ Spirg~---------·- _ Copper _______ .------· -----

(91.4) _____ do _______ Asbestos _____ --·· ___ do ____ Lessing rings __ c_ --------------- --·----- -···· 
(91. 4) _____ do ____________ do _______________ do _________ do ___ ------- ------- · ------- --.-·-·-- --·--
(91. 4) _____ do ________ · . __ do __ ·--------- ___ do ________ do _________ ·· --------------- -------- ·--·· 
(58. 4) _____ do ____________ do _____ ------- ___ do·--· ___ . _do--------··- ____ _. -------·· ···-·. 

~il !~ :::Jt::::: :::Jf ::::::::::: :Jt: ::: Ji::::: ::::. _:: •. :: :: ::: :: :: J : : 

135 

I 
&1 
0 
~ 

5 
0 

~ 
1-3 

~ 
~ 
Q s 
~ 

~ 
~ 
i::;:i 

Q 

~ 
Is: 
~ 



11 _ G~-- ------ ----------- ____ : ____________ Bubi~e cap ___ G~--- : ~ _ Elecj~C----- _ Air ~gket ________ ---------· ---------··------- --------------- -------- ~- g 
___ do ___ ------ ----------- ---------------- _____ do __________ do____ 25 40 _____ do ____________ do ____________ --------- ------------------ _____ . --------- -------- 22. O 

__ do ___ ------ ----------- ---------------- _____ do __________ do____ 25 10 _____ do ____________ do ____________ --------- ------------------ --------------- -------- ·3. 5 
___ do __ ------ ----------- ---------------- _____ do __________ do____ 25 20 _____ do ____________ do ____________ --------- ------------------ --------------- ____ ·--- 7. O 
___ do ___ ------ ----------- ---------------- _____ do __________ do.___ 25 40 ____ do ____________ do ____________ --------- ------------------ ---------- ---- -------- 22 O 

--1---1--1 I I 1----1---1---1 I I 

301--------1------ Liquid ---------------- Packed______ NickeLI 33 11,250 

-------- ------ __ J~~~: ___ ---------------- _____ do_, _____ ---dO---- 33 1,250 
-------- ------ ___ do ______ ---------------- _____ do __________ do____ 33 1,250 
Iron ___ 12,000 Electric __ --------------~- _____ do------- ___ do____ 33 l, 160 

_____ do·------1-------------------1---------13-mm., 1-turn I Nickel wlre--,-------------

_____ do _______ ------------------- ------ _-- ___ heJ~es. _____________ do--------,------------. 
_____ do _______ ------------------- --------- _____ do ________________ do ________ -------------
_____ do _______ ------------------- --------- 4-mm.1-turnhel- SteeJ. ________ -------------

ices. 
-•---•--1 I I 1---1---1---1 I 1---1 I 1----
701 GJass __ ------ Internal ---------------- Empty ______ GJass___ 6 

electric. 
___ do ___ ------ ___ do ______ ---------------- _____ do __________ do____ 6 
___ do ___ ------ ___ do ______ ---------------- Packed _________ do____ 6 
___ do ___ ------ ___ do ______ ---------------- _· ___ do _________ do____ 6 
__ 'do ___ ------ ___ do ______ ---------------- _____ do __________ do____ 6 
___ do ___ ------ ___ do ______ ---------------- -----dO------- ___ do____ 6 
___ do ___ e----- ___ do ______ ---------------- _____ do __________ do____ 6 
__ .do ___ ------ ___ do ______ ---------------- _____ do __________ do ___ 6 

30.3 None-------- Silvered vacuum Total.. None .. _________ _ 
jacket. 

I· 1-----11------- -----11------------ ---1i---- : ::j~----------1= Nic1t------1-----=--~----
30. 3 _____ do ____________ do _______________ do____ Carding teeth __ _ 
30. 3 ___ ·_do ____________ do ____________ -.. do ......... do ..........• 

___ do ___ ------ ___ do ______ ---------------- Empty _________ do____ 3 
___ do ___ ------ ___ do ______ ---------------- _____ do __________ do____ 3 
___ do ___ ------ ___ do ______ ---------------- Packed ________ do.___ 3 
___ do ___ ------ ___ do ______ ---------------- _____ do _________ do____ 3 

30. 3 --·-·do--··--- _____ do ... ·--·----- ... do.... None._~·-·-·-·-
3(13 ..... do ..•.... _____ .do ..• ·--·----- ... do .•.• None-.•.••.....• 

1 
.............. . 

~-: ·····~~·-····- --·-·~~····--··-·-· ···~~···· . Splr~~···-·-·-··- . Nic~~L. .... . 
--1---1--1----1 I I 1---1---1 11-------

101 Glass .. / ______ / Electrlc.-1.-----------·-··I :j3ubble cap_l ... do.-.. 1-· ·-·-1 200 Electric ____ ./ Transite jacket / ___ .do ... 
and asbestos. 

--,---•--1 I I I 1---
38/ ••• do ..• 1,000 ___ do'. _____ ---------------- Packed--·--· ·--dO-.-· 25.8 

---do .. _ 1,000 •.. dO------ ---------------- --·-·do __________ do-·-· 25. 8 

__ .do--. 1,000 ---do ______ ---------------- _____ do __________ do____ 25. 8 
-.-do. __ 1,000 ___ do_. ____ ---------------- _____ do __________ do ... _ 25. 8 
.~-do._. 1,000 ---dO------ ---------------- --... do __________ do.___ 25. 8 
·--do ___ 1,000 ___ dO----·- ---------------- _____ do __________ do____ 25. 8 

--1---1--1 I I 

791 .. -. ·-. -1------1------- ----1----------------1·- ___ do ______ l ___ do. ___ 120 

--·--·--- ------ ----------- ---------------- --·--dO------- ___ do_.__ 20 
----·--- ------ ----------- ---------------- _____ do __________ do-.-- 20 
-------- ----·- ----------- ---------------- _____ dO---·--- ___ do____ 20 

1 Reference numbers refer to bibliography at end of paper. 
• Blank spaces indicate no data were given. 
• Numbers In parentheses are values Qalculated by author. 

120 
120 

120 
120 
120 
120 

60 

. 60 
282 
282 

None.-·----· Vacuum Jacket ___ Partial. 3.8-mm. balls ____ Glass---··--·/ 238 ml: .. __ _ 
___ do-··---·-- _____ do_. ___________ •. do-·-· --·--dO-----·----· ___ do-.. ·---·--

, 4.0-mm. balls---· Copper. ____ . __ --·-·--·-----
__ .do.·---·--- _____ do .. ---------- ___ do ____ ·-·--do-··--··---- _ .. do ... ·-··--· 244 ml.· __ _ 
___ do ______________ do--·-------·- ___ do---- 2.95-mm. balls___ Glass.-·---·-· 233 ml. ____ _ 
-.-dO----·---- _____ do .. -·----·--- ___ do .. -. 2.05-nim. balls ___ Lead.·----·-· . 238 ml... __ _ 
___ do .. _______ --·-·dO--------·-·- ___ do-.-- Locket chain ____ Brass-----··· 413 ml...-.-

·-··-··--------·--- ----·---- 2.4-mm. single- #30 B&S gage 
turn helices. wire. 

:::::::::::::1::::::::::::::::. ::::::::: :::Jg:::::::::.: :::Jt::::: !::::::::::::: 

ij 
~-

~ 
0 
0 
!zj 
00 

9 
t;;I 

~ 
0 
!zj 
00 

0 
lzj 

~ 
~ 

~ 
~ 
5 
@ 

I:,:) 
ec 



TABLE 6.-Tabular summary of laboratory .fractionating column-Continued 

,Opel'Jlt,ing condltioJll! Test conditions 

Refer-1 · I'· · ;I < ' · · · · · Reflux ratio · I Vapor I l Vapori-1 I H E I Tlieo-
enoe Va. p. o.ri- 1'r.oduct . V!)loc- Pressure zatlon Reflux T • p • retical I Reference liquids 
No.I zat!on rate I I . •' · 1ty, drop, rate ratio C1ll ., plates, . 

ra.W1 . ml /min C tr l How de- cm./ mm. Rg. ml /min. · no. ml./mui. I · · Amount oµ o termined sec. · 

Miscellaneous 

--,--. -1---1---1 I I 1---1---1---1---1---1 1-------

"8-1-----0----,---------- 1. 2:1 _____ do ___________ do______ (18. 0) ---------- ---------- 1.2:1.____ (18. 6) (6. 6) _____ do_-----------------1..;:------- _. 1~---- ·----
1. 5:1 I Stopcock____ Flow meter__ (15. 2) 1---------- ----------11.5:L___ (13. 7) (8. 9) Chloroform and toluene_ 

471==1==1== Pinchcock ___ -------------- --------1=== ==:=j Infinite__ 9. 96 9. 9 Ethanol and water------1--------
~ ==~ ~I Stopcock ____ -------------- ________ ==:===:=120:L ____ ---------- 26 Benzene and ethylene--------

chloride. 

,sJ ____ ~_j(o.p-().67)1 30:1 j__ ___________ j ~t. ofcond.1-------~1----------1----------1----------1 App. 15 J App.100 J Benzene ap.d carbon I Manometer ~ed to 
water. . tetrachloride. warn of flOodmg. 

78. . (7. O) -----~-:~- ---------- Stopcock~.-~- S. lphon cups_ -------- ---------- ----i------1 Infinite_ 
(86. 7J.---------- ---------- _____ do ______ .&t. of cond .. -------- 17 (103) ___ do ___ _ 

. water. . · 

(~~g ~ _________ : ---------- _____ i~-----~ ~---j~-----~ -------~ ~~ ---- 4 (95) __ j~----

;~ : :: ::: :::::::: : ::::!::::::: :: ::: L:::: 

331----------1·--do ___ _ 
14 ---------- ___ do ___ _ 

20 ---------- ___ do ___ _ 
7 ' (70 ) ___ do ___ _ 

· (83. 3) j----~--~--1·~---------1-----do __ ----'1-----do ____ --i-----.--
(26. 7) ---------- ---------- _____ do ___________ do ______ -------- ~g · 1---qaa-->Li~==== 

a1 
m5 
~7 

~o 
~o 
~o 
mo 
~4 

3.1 
3.1 

12 
21. 5 

29:5 
17.0 

18.0 
19. 5 

21.0 
38.0 

n-heptane and toluene __ 
n-heptane and methyl

cyclohexane. ---· _do _________________ _ 
Car b o n tetrachloride 

and benzene. 
--· __ do __ ----------------
Methylcyclohexane and 

toluene. 
_____ do __ .---------------
n-heptane and methyl

cyclohexane. 

~,·_· -·-...•. -.. -------. -- ---- do------.. ____ do ___ . --j __ j __ j __ j_do-1--1--· -I I 

19 1-.--------- -----·---.-. -.--.-------.--. ___ do ___ . ___ R.efl.uxm. ete.r·1125 ---------- -----· ____ ---------- _____ do _____ . _____ do______ 24 

10.0 

~u 1-ciirdion--tetriiciiioricie-
. and benzene. 

27. 5 _____ do __ ----------------

4+ 
7-
6.8 

Benzene and toluene ___ _ _____ do ____ . ____________ _ 
0.8 · 14.3.:1. _____ do __ ~---'--.---do ______ 296 ----· -----1----------1------ · -- 15.8 

--------1--------- 38. 6 • I _____ do ______ · -----------. _ 13. s 11.05 8.3 

Nitrobenzene and ani
line _____ do ____ ---- _________ _ 

Maximum vaporiza
tion rate was 78 
ml./mln. when pack
ing was new. 

Do. 

Operated with 8 mm. 
pressure. 
Operated with 253.5 

mm. pressure. 
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26. 5 :1 1-----d0------1-------------·-
17.2 :1 

17.9 :1 
16. 95:I 

33:1 

9. 7 

15.5 

15.4 
15.4 
15.4 

7 I---............... -1- .............. ••••I•••••• ...... •• I•• ................. ••• ---1 • • • ...................... - •I• ............. • I• ................... ... 5. 1 Infinite __ 

4. 5 _ •• do ___ . 
4.8 .. -do_ .• _ 
5.1 .• _do __ •. 
7. 5 ... do __ .. 
7.3 ... do ___ . 

24.7 

12.45 

11.9 
10.45 
22.8 

1.9 

4.5 
7.1 
2.1 
4.3 
8.0 

3. 7 -··--dO--·-··---·-···---· 

5.1 ..... do·--·····--··--··--

6. 2 .•.•. do._·-······-·-·--·-
8. 5 .•... do.-·-·····-··-····· 
3. 9 ...•. do __ ··-·----····-··· 

5.4 

4.4 
5. 7 
4. 7 
4. 7 
5.0 

Carbon tetrachloride 
and benzene. 

_. ___ do __ .. ··-·-···-··-·-
-·· .. do __ ···-·· .. ·-······ 
.~~~siane and toluene .• 

. ...• do._ ............. . 

58.5 percent N, gas as 
diluent. 

Operated with 253.5 
mm. pressure. 

Do. 
Do. 

56.5 percent N, gas as 
diluent. 

--1---1---i---l I l---1---1---1---I---I---I 1--------so 

i;. 1l :::::::::: :::::::::: ·--··-······-· ····-·--·-···_[;:;;; 
79 ·······--· .• _do._.. 11. 7 

39 ·········- •.. dO--·· 13. 5 
80 ····-····· ... do.-·· 10. 4 

108 n-heptane and methyl· 
cyclohexane. 

94 ..... do·-···--··········· 
122 ..... do._ ..•.•.•..• ~····-

(56. 7) ·--·····-- ···--·--·· -··-··--·-···· ······-·-··-··•·····-·· 45 .•91.7 .•. do __ .. (11.5) I {Conical screen dlstrib-
101 ....• do._··-····-···-···· utorsplacedincolumn 

every 10 feet. 
---1----1----1----1 I l---:----1----1----1----:----1----------:----------

70 !·-··-·--·- ···-··--·· ···-······ ··--····-····· ·······-····-· • 8 ··-··-·-·· ····-··-·· 70:1._... (30. 3) 1 Benzene and carbon 
tetrachloride. 

---------- -·-··--··· ------··-- -·-----·-----· •----··--····· 'l -··--··-····-···---·. __ do____ t.9) 8.0 _ ..•. dO--············----

·•::::: ·=== ========== ========== ============· = ============== 1 ! ========== ========== :d~==== &i~ Ji ===JL======== ======= --··-·--·· -········· ···-··-··· --········-··· --············ •3.6 ···-······ •...••...•.•. do.... (9.2) 3.3 .. _ .. do __ ······-·····-··· 

:: ::: ::- :::::::::: :::: ::::: :::::::. ::::: :::::::::::::: • ;:g :::::::::::::::::::::::a~:::: cgJ~ tg :::::a~:::::::::::::::::: 
:::::::::: :::::::::: :::::::::: ::::: :::::::: :::::::::::::: . ~J :::::::::::::::::::::::a~:::: 1u1 ~:Z :: ::a~:::::::::::::::::: 
···-······ ·····-··-· ...•...••• ···-·- .••••.• -····· --·····- •.6 ·········- •••. -·-·· ... do--.- (3.8) 8.0 ...•• do .... ·-···-·······-

10 ,.......... 0.1-0.5 20-100:1 Micrometer l······-···-···J·······-'········-- 30 Infinite.. 2.8 I 70-721 n•heptane and methyl• 
regulator. I cyclohexane. 

-----,---.--- ' ' ,-----------, ,---, . 1--------
1 Reference numbers refer to blbllogr11phy at end or paper. 

. ' Maxh;num with total reftux. 
· • Llqµfd velocity, oc.lmln. 
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TABLE 6.-Tabular summary of laboratory fractionating columns-Continued 

Operating conditions 

Refer·1 Reflux ratio 
Vapor I I Vaporl· 1 I ence Vapor!· _ Product veloc· Pressure zation Reflux No.1 . zat!on . rate, · 

I 
lty, drop, rate, ratio --rate, ml/m!n How de· cm./ mm. Hg. ml./min. ml./mln. · · Amount Control termined sec. 

-1----
a, I 20 

I 
2.0 9:1 Coolingwa· -------------- (53. 3) 

ter. 
21 2.1 9:1 •...• do--···- -------------- --------

10 

I 
20 J_~~::::~j 10 21 

18 I 1. 8 9:1 --·--do ______ -------------- (46. 7) 10 I 18 l .. _do ___ _j 

12 
15.0 1.5 9·1 --·-·do ____ . ____ ·------·--· 15 15. o ._.do ____ 9·1 1--·--do ____ · -,----·------·--

9·1 _____ do __ . ___ -----------·-· 

(42.8) 
(40.8) 
(33. 8) 

15.51 2.1 

wl~.--2_. _1 1---: ______________ 1 ________ . ____ .1--1---1---1--I 
15. 51 .•. do ____ 

10 21. 5 ___ do ___ • 

(4.8)1 (22.5l __ do ____ 

(~t g~ 1 ·-··-···--1 ·-----·--· 1--·-----------1-··-·-·-----·-1--·-·-·-
(14. 3) ----·---·· --·--·---- ------------·- -------·----·- ·-··--·-

(6.8) (22. 5) ... do ____ 
(30. 6) (21. O) ••• do ____ 
(33.9) (21. 0) __ .do ____ 

. Test conditions 

Miscellaneous H.E. 

I 
Theo· 
re ti cal T.P., plates, cm. no. 

Reference liquids 

5.51 
::· 51.~~;l~~t-~--e-t~~~~~~. 6.0 f "'=' ra• =•" 

5.8 I 
tainerl by manometer 

19. 5 l._. __ dO----------·-······I measuring back ~res· 
sure and rontro ling 
beat input. 

4.2 28. o __ . __ do ________________ .• ' 
3.2 36. 5 __ ... do __ ------·--·----·-
3. 5 34.0 _____ do __ ----··----------

3. 7 !6.0 n·heptane and methyl-
cyclohexane. 

2. 7 22.5 .•• __ do ___ ---·-----------•· 
2.8 102 _____ do __ ----·-------·- •• 
2.5 113 _____ do ___ .-··--------·--
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BINARY MIXTURES 

A suitable method of testing· a column is to distill a binary mixture 
· and analyze the distillate and still liquid. Some of the preferred 
characteristics of such a mixture as given by Fenske (27) are: 

(1) The liquids should be obtainable in a high state of purity; (2) they should 
be of the same type as those regularly used in the column; (3) they should be 
stable and noncorrosive in the column; (4) the mixture should be capable of easy 
and accurate analysis; and (5) the vapor-liquid equilibrium djagram for atmos
pheric pressure should be available if a perfect solution is not formed. 

Some of the binary mixtures that have been used are chloroform 
and toluen~ (43), ethanol and water (47), acetic acid and water (69), 
nitrobenzene and aniline (19), ethylene chloride and benzene (32), 
benzene and carbon tetrachloride (78), benzene and toluene (78), 
n-heptane and toluene (7), n-heptane and methylcyclohexane (78), 
.and methylcyclohexane and toluene (78). Some of the more com
monly m~ed mixtures were discussed in the section on evaluation of 
columns. Hydrocarbons are preferred for testing columns used in 
petroleum distillations, because different hydrocarbon mixtures have 
been found to give essentially the same results. This is not true, 
however, of nonhydrocarbons (78). 

GENERAL CONCLUSIONS 

. .A review of the literature on laboratory fractionating columns shows 
there are many necessary details for an efficient fractionating unit 

. that ma:y: b~ ov~rlook~d. The foJ;t.o~g are the principal features 
that reqmre consideration when des1gmng such a umt: · 

1. A corrosion~resistant stillpot of proper size for the characteristics of the 
charge being distilled and of suitable shape to maintain a satisfactory evaporating 
area for the charge in· comparison to· the free cross section of the column. The 
stillpot should be . well-insulated and heated over. a relatively large surface by 
external electrical heating units that can be closely controlled. . · . · 

2. A column with the ratio of height to diameter not less than 15 to 1. It 
11hould be well insulated and, in addition, have a closely regulated external source 
of heat to compensate for that lost to the atmosphere. -

3 •. An effective meli,ns for contacting vapor and reflux. . .· 
a. Corrosion-resistant packing having a large surface area per unit .volume, a 

small hold-up a.µd pressure drop, and capable of handling a large volume of vapor 
per unit time. · . . . . . · ·· 

b. Bubble plat.es that provide maximum contacting of V!Lpor and reflux and also 
combine the qualities of a satisfactory throughput with a small hold-up and pr~ 
sure drop. . , . . : . , . . . . . . · 
· . 4. A · stillhead · provided with• means to· condense the. vapor and to regulate and 
maintain the reflux ratio. A total condenser with a small holdup is usl,Uill.y .more 
s11,tisfactory. · 
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SUPERFRACTIONATION STUDIES 
Composition and Octane Numbers of 0.5% Fractions 

of an Oklahoma City Naphtha 
C~ C. WARD, R. M. GOODING, AND B. H. ECCLESTON 

Petroleum Experiment Station, U. S. Bureau of Mines, Bartlesville, Okla. 

, This paper shows relations between the composition and 
octane .numb.er of narrow-boiling naphtha fractions and 
shows the changes in octane numbers as the distillation 
progresses. One hundred gallons of naphtha representing 
12% of Oklahoma City crude oil were superfractionated in 
a pilot plant unit having the equivalent of eighty to ninety 
theoretical plates. One hundred fifty fractions, each rep
resenting 8.59',' of the naphtha, were collected between 
73° and 258° F. The hydrocarbon composition of each of 
these fractions was determined by use of specific disper
sions and refractivity intercepts, and the·F-3 octane nu:fu.
ber of each fraction with 4.0 m]. of tetraethyllead was ob
tained •. Graphs indicate the relations of composition to 
distillation temperatures, densities, and octane numbers. 

D URING the past· six years the Bure.au of Mines has made 
an extensive study of straight-run naphthas as sources of 

aviation gasoline base stocks, toluene, and other hydrocarbons. 
When the base-stock content was the objective, these naphthas 
were fractionated in pilot plant stills, and wide-boiling cuts in the 
proper boiling ranges were rated in standardized aviation fuel
rating engines to determine the quality of the naphtha as a source 
of aviation gasoline base stock. Ml!,D.y of these naphthas !l,lso 
were fractionated in laboratory distillation units, and fractions 
were collected at each 1 ° F. interval. These· fractions were 
analyzed by specific dispersion (8) and refractivity intercept (S) 
methods to estimate the composition in terms of individual hydro
carbons. The data from these analyses and the best blending 
values avaiJable for the engine ratings of individual hydrocarbons 
were used to calculate the octane numbers of some of the cuts 
from: the pilot plant stills. In this study the composition and 
octane ratings of 0.5% fractions from an Oklahoma City naphtha 
were determined, and the data were used to estimate the octane 
numbers of individual hydrocarbons. 
. The charge stock consisted of 100 gallons of naphtha repre
senting 12% of an Oklahoma City crude oil. Table I presents 
engine ratings and inspection data for this naphtha. This quan
tity of charge provided 0.5% fractions sufficiently large for the 
tests contemplated. ' 

APPARATUS AND PROCEDURE 

·The still pot of the fractionation unit used in this study had a 
,capacity of only 55 gallons; therefore, the original charge was 
divided into two parts by preliminary distillations in two 40-
gallon stills and one 20-gallon still having columns equivalent to 
about thirty theoretical plates. These distillations were con
ducted in such a way that the break between the two parts was on 
the n-heptane plateau. Appropriate cuts from the distillations 
were combined to give one charge of 55 gallons and one of 36 
gallons. 

The fractionation unit is shown in ,Figure 1. The still pot is · 
heated by one or more of ten 220-volt, 1000-watt strip _heaters. 

' Each heater is on a ~pa.rate circuit, and one heater is controlled 
by a variable transformer. This arrangement provides a variable 
heat input range of O to 10,000 watts. The column is a 3-inch 
pipe 25 feet long, packed with 1/rinch stainless steel helices, ~nd 
is surrounded ey a 6-inch pipe ta provide an insulating air jacket. 

Variable transformers controlling five heating sections on the 
jacket can be adjusted to provide adiabatic conditions, as indi
cated by identity of thermocouple temperatures at six different 
levels in the column. and in the jacket. The arrangement of the 
thermocouples and the insulation is shown in section A-A of 
Figure 1. The pressure drop through the column is measured by 
a 100-inch water manometer, and heat to the still pot is adjusted 
during a distillation to keep the pressure drop constant at 60 
inches. A total condenser is used, and ~11 condensate passes 
through a three-way needle valve where a·portion is diverted as 
product. The remaining condensate is heated by a 750-watt im
mersion heater to within 3-4 ° F. of the overhead vapor tempera
ture and returned to the· column as reflux. This heater is con
trolled by a variable transformer. Two three-way valves in the 
condensate return line allow periodic measurement of condensate 
rate through a rota.meter. Normally the rota.meter is by-passed 
to reduce the holdup. between the condenser and the column. 
The vaporization rate is measured in terms of pressure drop· 
through the column,. but the condensate rate is checked with the 
rota.meter every 6 to 8 hours so that vaporization is maintained at 
the desired rate. The fractionating efficiency of the column was 
not determined directly, but comparative distillation data from it 
and a laboratory column equivalent to eighty theoretical plates at 
total reflux indicate comparable performance. 

The first part of the charge (boiling below •heptane) was 
weighed into the still pot and heated until an overhead tempera

. ture of 100° F. was reached; this assured removal of all pentane 
to reduce loss of this material while the column was being flooded. 
The depentailized material was then heated sufficien~ly to flood 
the column thoroughly; then the heat was adjusted to give a 
total condensate rate. of approximately 400 ml. per minute. 
After the column had reached equilibrium at total reflux, as evi.,. 
denced by no change in overhead and column temperatures dur
ing a 2-hour period, the product valve was opened and fractions 
of approximately 0.5% (1750 ml.) were collected at a reflux ratio 
of not less than 40 to 1, until well into the n-heptane plateau. 
The column was shut·down and the still pot allowed to cool. The 
second part of the charge (boiling above n-heptane) was then 
weighed into the stillpot and added to the residuum from the dis
tillation of the first part. The column was' again flooded and 
brought to equilibrium, and 0.5% fractions were collected until a 
temperature of 258° F. was reached. The still was shut down and 
allowed to cool, and the residuum was withdrawn and weighed. 

The specific gravity of each of the 150 fractions was determined 
at 20° /20° C. with a four-place, Chainomatic Westphal balance, 
the density at 20° C. calculated, and the refractive indices for the 
mercury g line and the sodium D line measured at 20° C. with a 
Bausch and Lomb precision oil refracto~eter. These properties· 
were used to calculate the specific dispersion and refractivity 
intercept for each fraction.: · The percentages of individual hydro
carbons in each fraction were calculated from. these properties 
and from the boiling points by a procedure reported in a recent · 
paper (S). Analyses of known mixtures by this method indicate 
that the probabie error of a.rain.a.tics is =0.2% and that of paraf
fins and naphthenes, within 10% of the reported result. The 
percent!l,ges of individual hydrocarbons in the !rac:tions were used 
to estimate the over-all composition of the naphtha boiling be-
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naphthenes, and aromatics to indicate 
relations between octane number and 
composition. The high octane numbers 
coincide with the higher concentra• 
tions of isoparaffins, naphthenes, and 
aromatics, whereas the greatest con• 
tributors to low octane numbers are 
the normal paraffins. The effects of 
some individual hydrocarbons are ap
parent. Examples of those contribut. 
ing to high octane number are: 2,3-
dimethylbutane (fraction 23), methyl-
cyclopentane (fractions 53-59), 1,1-di
methylcyclopentane (fraction 66), tran8· 
1,2-and-1,3-dimethylcyclopentane (fra~ 
tions 75-77), trimethylcyclopentanes 
(fraction 114), toluene (fractions 119-
121), and trans-dimethylcyclohexanes 
(fractions 136-137). Hydrocarbons con• 
tributing to low octane number (in addi· 
tion to n-paraffins) are: cyclohexane 
(fraction 64), methylcyclohexane (frac
tion 107-110), and methylheptanes 
(fractions 124-128). 

Experience in calculating octane 
""'-- JUNCTION · numbers of fractions from composition 

and from reported octane numbers of in
dividual hydrocarbons indicated that 
some of the reported values might be in 
error; consequently, the compositions 
and engine ratings obtained in this study 
were used to calculate the blending octane 
numbers of the individual hydrocarbons. 
Most of the fractions contained only two 
hydrocarbons in addition to benzene, 
toluene, or ethylbenzene, whose F-3 rat
ings with 4.0 ml. of tetraethyllead are 
fairly well established as 97, 100, and 102, 

A 
L SECTION A-A 

MANOMETER 

I TO STILLPOT MANOMETER 

TC LEADS 

STILLPOT 

Figure 1. · Fifty-Gallon 
Fractionation Unit 

respectively. These aromatic values 
were accepted as accurate, and the octane 
numbers of the other two constituents 

tween 97° and 258° F. Table II presents compositions in terms 
of percentages of individual hydrocarbons based on the crude oil 
and on the 97-258° F. naphtha. 

The engine rating for each of the 0.5% fractions with 4.0 ml. 
of tetraethyllead was determined by the CRC-F-3 method. 
This lead concentration brought most of tb,e fractions within the 
range of the F-3 method (above 72 octane number), and coincided 
with the data that were available on ratings of hydrocarbons by 
that method. The percentages of individual hydrocarbons in 
each fraction and the reported values for their ratings were used 
to estimate the octane number of the fraction before it was rated 
with the engine. Fractions that were estimated to rate above 
72 octane number were rated on the engine without blending, 
and those estimated to rate below 72 octane number were blended 
50-50 with a reference fuel blend (38.6% F-6, 61.4%0-13 + 4 ml. 
tetraethyllead) of octane number 100 to bring them within the 
range of the F-3 method. 

COMPOSITION OF FRACTIONS 

Figure 2 shows the overhead temperature and the octane num
bers of individual fractions plotted against volume sum percent. 
age distilled. The octane numbers calculated from blends 
with reference fuels are indicated by broken lines. The bar graph 
gives the composition of each fraction in terms of paraffins, 

were determined graphically, as shown in 
Figure 3 for methylcyclohexane in 
n-heptane. The octane number that 
a blend of the nonaromatic components 

of a fraction would have if blended in the ratio in which they 
occur in the fraction was calculated by the following equation: 

o, - XAOA - ( X1 ) 0 + ( X2 ) 0 
100 - XA - 100 - XA 1 . 100 - XA 2 

aromatic component in fraction, % 
component 1 in fraction, % 
component 2 in fraction, % · 
octane number of aromatic component 
octane number of component 1 
octane number of component 2 
octane number of fraction 

The octane number thus obtained was plotted against the per
centage of methylcyclohexane in n-heptane. A straight line was 
drawn through these points using the method of averages; the 
100% methylcyclohexane intercept was called the blending o~ 
tane number of methylcyclohexane, and the 0% methylcyclohex
ane intercept, the blending octane number of the n-heptane. 
The data points for this mixture defined a fairly good line, but 
with some other mixtures the two nonaromatic hydrocarbon" 
occurred in only a few fractions and in approximately the same 
relative percentages, so that the slope of a line through the data 
points could not be established definitely. However, most of the 
hydrocarbons for which the data are doubtful were present only 
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Figure 2. F-3 Octane Numbers of Fractions with 4.0 Ml. Tetraethyllead 

in small percentages, and the errors are not la_rgc enough to affect 
appreciably octane numbers calculated for the iso cuts or for 
naphthas. Table III lists the blending octane numbers of the 
hydrocarbons in this naphtha calculated from the composition 
and octane numbers of the fractions. Some of these values may 
be in error by several octane numbers because of the difficulty in 
establishing a line through the data points and because of errors 
in analysis of the fractions. 

EVALUATION OF ISO CUTS 

Although this study provided a means of calculating the blend
ing octane numbers of hydrocarbons from the composition and 
octane number of the fractions, its original purpose (4) was to 
determine how much base stock frem the Oklahoma City naphtha 
could be utilized in grade 115/145 aviation fuel. For this reason 
the octane number 84 with 4.0 ml. of tetraethyllead was arbi
trarily selected as the lowest octane number fraction that would 
be included in a superfractionation iso cut. On this basis con
secutive fractions in the appropriate boiling ranges having ratings 
higher than 84 were combined to provide an isohexane cut, an 
isoheptane cut, and an iso-octane cut. Two additional cuts were 
made by combining the isohexane and isoheptane cuts and the 
isohexane, isoheptane, iso-octane cuts in the same proportions as 
they were present in the original naphtha, to determine ratings of 
the base stock after removal of the normal hexane, heptane, and 
octane from the naphtha. To facilitate the evaluation of the 
iso cuts as base stock for 115/145 grade fuel, they were adjusted 
to 7-pound 'Reid vapor pressure with isopentane and leaded to 
4.6 ml; then the CRC-F-3 lean mixture and the CRC-F-4 super
charge ratings were determined: The engine ratings with 4.6 ml. 

of tetraethyllead for each of the five base stocks are given in Table 
IV. A.G.A.C. tables (1) were used to convert F-3 ratings in 
terms of iso-octane plus tetraethyllead to octane numbers, and to 
convert F-4 ratings from per cent S/M or S plus tetraethyl
lead to index numbers. The ratings of each of the 7-pound iso 
cuts were used with those of 7-pound alkylate and 7-pound 

, toluene to estimate the quantity of the iso cut that could be used 
in 115/145 grade fuel. For comparison of the iso cuts with the 
fractions that make up the cuts and with the ratings of the com
ponent hydrocarbons in the iso cuts, it appeared more appliaable 
to use the octane number of the iso cuts with 4.0 ml. of tetra
ethyllead and without isopentane. Large enmigh samples were 
not available for these ratings after the other tests had been made; 
consequently, the ratings with 4.0 ml. of tetraethyllead and with 
no isopentane were calculated from the 7~pound blend with 4.6 
ml. of tetraethyllead. Many base stocks and blends were rated 
in these laboratories with both 4.0 and 4.6 ml. of tetraethyllead, 
and these· values were plotted to give the curves shown in 

' 
TABLE I. SAKPLE !DENTIJ'ICATION BY INSPECTION OF 282° F. 

END-POINT VmGIN NAPHTHA FROM CRUDE OIL 

(Crude oil source. Oklahoma. Cit:!' field, pipe line sa.mJ)le: naphtha. preps.red 
by Deep Rock Refinery, Cushing, Okla..) 

CRC-F-3 Octane No. A.S.T.M.distilla.tion 
Clear 56.34 Initial, b. p., °F. 
4 ml. T.l!l.L, 83.3 10~% eva.pd., ° F. 
4.6 ml. T.E.L. 84.3 liO eva.pd., ° F. 

Reid vapor pressure, lb. 12 . 5 90 0 eva.pd!! ° F, 
Sulfur,% 0.004 End point, 0 Jr. 
Corrosion Negative Residue, % 
Doctor test Sour Loss, % 
Gravity, 0 A.P.I. 69.9 

a Calculated from blend with reference fuel. 

87 
114 
194 
263 
282 
O.li 
5.6 
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TABLE II. COMPOSITION OF NAPHTHA IN BOILING RANGE 
97-258° F. • 

n-Pentane 
Cyoiopentane 
2,2-D1methylbutane 
2,3-Dimethylbutane 
2-Methylpentane 
3-Methylpentane 
n-Hexane 
Metbyloyclopentane 
2,2- and 2,4-Dimethylpentane 
Bensene 
Cyolohexane 
l, 1-Dimethylcyclopentane 
2,3-Dimethylpentane} 
2-Methylhexane 
trana-1,3-Dimethylcyclopentane 
trane-1,2-Dimethylcyclopentane 
3-Methyihexane 
n•Heptane 
Methylcyclohexane 
Ethyloyolopentane 
2,2-Dimethylhexane 
2,5- and 2,4-Dimethylhexane 
Toluene 
Trimethyloyclopentanes (?) 
2,3-Dimethyihexane 
A trimethyloyelopentane (?) 
2,4-Dimethylhexane 
trane-Dimethylcyclohexanes 
3-Methylheptane 
Ethy!benzene 
n-Octane 

Paraffins 
Naphthenes 
Aromatics 

% of 
Crude Oil 

0.050 
0.047 
0.006 
0.047 
0.226 
0.121 
0.708 
0.203 
0.030 
0.048 
0.234 
0.017 
0.236 
0.083 
0.155 
0.216 
0.611 
0.349 
0.108 
0.037 
0.036 
0.167 
0.112 
0.067 
0.006 
0.102 
0.272 
0.203 
0.002 
0.125 

Total 4.624 

% of 97-258° F. 
Naphtha 

0.97 
1.03 
0.13 
1.03 
4.88 
2.61 

15.34 
4.40 
0.65 
1.05 
5.06 
0.38 
,5.10 
1.80 
3.35 
4.67 

13.21 
7.55 
2.34 
0.81 
0.79 
3.62 
2.41 
1.46 
0.13 
2.20 
5.89 
4.40 
0.04 
2.70 

100.00 

61.0 
34.3 

4.7 
100.0 

Figure 4 for converting ratings of aviation gasoline from one tetra
ethyllead concentration to the other. These curves were used to 
calculate the ratings of tp.e iso. cut at 4.0 ml. of tetraethyllead from 
the values at 4.6. The effect of the isopentane was calculated 
from its percentage in the blend and the blending value of 113.0 
octane number and 144.0 index number .with 4.0 ml. of tetra
ethyllead, as determined on the isopentane used in this study. 
The calculated engine ratiIJ.gs of the unblended iso cuts at 4.0 ml. 
of tetraethyllead after adjusting for the extra tetraethyllead and 
the isopentane· are given in Table IV, along with inspection data 
on the unblended iso cuts. 

To determine the reliability of the blending octane numbers of 
the individual hydrocarbons, the approximate composition of 
each of the iso cuts given in Table V was calculated from the com
position of its component fractions. These percentages, when 
multiplied by the blending octane .numbers listed in Table III, 

TABLE III. · CALCULATED F-3 BLENDING OCTANE NUMBERS OF 
PURE HYDROCARBONS WITH 4.0 ML. T.E.L: 

ParaffiilB 
2,3-Dimethylbutane 
2-Methy!pentane 
3-Methylpentane 
n-Heptane 
2,2- and 2,4-Dimethy!}entane 
2,3-Dimethylpentane 
2-Methylhexane 
3-Methylhexane 
n-Heptane 
Dimethy!hexanes 
2- and 4-Methylheptane 
3-Methylheptane 
n-Octane 

Naphthenes 
Methy!cyclopentane 
Cyclohexane 
trana-1,3-Dimethylcyclopentane 
Methylcyclohexane 
Ethy!cyolopentane 

· Trimethy!oyolopentanes 
trana-l,3- and 114-Dimethylcyc!ohexanes 
trana-1,2-Dimetllylcyclohexane 

Aromatics (1) 
Benzene 
Toluene 
Ethylbenzene 

106 
98 
97 
64 
97 
89 
92 
50 
80 
71 

'72 
39 

97 
86 
96 
90 
89 
97. 
91 
91 

gave the calculated octane numbers shown in Table VI, where 
they are compared with the determined values. The greatest 
deviation was only 2 octane numbers. However, the octane 
numbers used were developed in this study, and it was believed 
that hydrocarbon compositions from other studies would be a 
better test of the method for calculating octane numbers. The 
hydrocarbon compositions and the octane numbers of iso cuts 
from an East Texas naphtha and a Hull-Silk-Sikes naphtha were 
available; therefore, the octane numbers of the five iso cuts from 
each of these naphthas were calculated from the octane number 
values listed.in Table III. The comparison of these values with 
the determined values also are listed in Table VI. The maximum 
deviation of these ten iso cuts is 3 octane numbers. 
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Figure 3. Graphical Determination of 
Octane Numbers for Methylcyclohexane 

in n-Heptane 

In previous studies of straight-run base stocks several hundred 
naphthas were fractionated in pilot scale stills to obtain wide
boiling cuts for engine testing to rate their value as base stocks. 
Some of these cuts corresponded to the,97-243° F. boiling range. 
Thirteen of the naphthas on which F-3 engine ratings for this 
boiling range were available also were fractionated in a laboratory 
fractionation unit of eighty theoretical plates; small fractions 
were collected and analyzed by refractivity intercept·and specific 
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TABLE IV. PROPERTIES OF Iso CuTs AND THEIR BLENDS TABLE VII. COMPARISON OF CALCULATED AND DETERMINED F-3 
OCTANE NUMBERS (4.0 ML. T.E.L. PER GALLON) OJ.I' NAPHTHAS 

BOILING ll'ROM 97° TO 243° F. c. C, C. (Ca + C.) (Ca+ C, + C,> 
0.70 1.73 1.08 2.43 3.51 Crude oil,% 

Naphtha,% 5.85 14.42 9.03 20.25 29.28 
'ca1od. 

Octane No. 
Engine ratings of 7-lb. , 

blends 
F-3 octane No., 4.6 

. ml. T.E.L. 

F-4 ratings, 4.6 ml. 
T.E.L. 

8 + T.E.L. 
Index No. 

101.2 96.6 95.9 
(iso-ootane + 0. 09) 

0.39 1.13 1.13 
111 128 128 

98.4 98.1 

1.13 1.25 
128 130 

Engine ratings of unblended iso outs, calcd. from 7-lb. 
blends with 4.6 ml.0 T.E.L. 

F-3 octane No., 4.0 
ml. T.E.L. 100,4 90.8 88.3 94 .. 5 93.2 

F-4index No., 4.0 ml. 
T.E.L. 106 119 117 121 122 

A.S.T.M. D-86 distilla-
tion 

Initial b.p., ° F. 
5% evapd., °F. 
10~ evapd., °F. 
50'.(y evapd., °F. 
9079 evapd.d ° F. 
Ena point, F. 
Residue,% 
Losa,% 
E!P, gr., 60° /60° F. 
Gravity, 0 A.P.I. 
R@id vapor pressure, 

lb. 

124 177 , 210 
135 178 214 
136 178 214 
138 182 216 
140 188 218 
142 192 222 
0.4 0.6 0.7 
1.3 0.4 0.6 
0.6698 0.7555 0.7780 
79.8 71.4 50.4 

7.2 3.1 1.5 

Naphtha Detd. Difference 

Tom O'Conner 88 86 +2 
Coalinga 89 89 0 
Saxet 91 89 +2 
Old Ocean 86 87 -1 
K.M.A. Strawn 84 85' -1 
Golden Meadow 88 88 0 
Chapel Hill 82 83 -1 
Conroe 89 89 0 
Plymouth 89 90 -1 
Segno 88 90 -2 
Jennin~a 88 87 +1 
Wade ity 91 89 +2 
Carthage 84 84 0 

dispersion methods to estimate the composition in terms of in
dividual hydrocarbons. The percentages of individual hydro
carbons and the blending octane numbers listed in Table III were 
used to calculate the octane numbers of the naphtha cuts. The 
calculated octane numbers and the determined values are com
pared in Table VII. The maximum deviation is 2 octane num
bers. 

CONCLUSIONS 

TABLE V. APPROXIMATE COMPOSITION OF Iso CUTS, VOLUME PER CENT A naphtha from an Oklahoma City 
crude oil was superfractionated, and 
0.5% fractions were collected and rated · 
with- 4.0 ml. of tetraethyllead by the 
CRC-F-3 method. A graph of the 
octane number of fractions plotted 
against sum per cent distilled indicates 
boiling points at ·which cuts should be 
made on superfractionators and the 
effect of changing cut points on the 
volume per cent and engine· ratings of 
the superfractionated base stock. Analy
ses of the 0.5% fractions and the engine 
ratings provide a means for calculating 
the blending octane numbers of individual 
hydrocarbons blended with the hydro
carbons with which they normally are 
associated. These blending octane 
numbers , can be used to ,calculate the 
octane numbers of naphthas having a 
boiling range of 97-243 ° F. to within = 3 
octane numbers, from superfractiona
tions made in laboratory distillation 
units and from analyses of the fractions 
by specific disJlersion and refractivity 
intercept methods. 

Iaohexane Cut lsoheptane Cut Iao-octane Cut 

PARAlr!'lNS 

2,2-Dimethylbutane 3.9 n-He,cane i.4 n-Heptane 3.3 
2,8-Dimethylbutane 10.2 2,2-Dimethylpentane l 

2.5 
2,2-Dimethylhexane 5.3 

2-Methylpentane 47.0 2,4-Dimethylpentane 2,5-Dimethylhexane} 
3-Methy!pentane 27.4 2,3-Dimethylpentane 2,4-Dimethylhexane 1.1 
n•Hexane 1.6 2-Methylhexane 21.5 2,3-Dimethylhexane 3.0 

3-Methylhexane 16.1 
Total paraffins "lio."i 4r:i 12.7 

NAPHTHENES 

Cyolopentane 9.8 Methllcyclopentane 18.0 Methylcyclohe,cane 36.4 
Cyclo exane 17.0 Ethylchclopentane , 12.3 
1,1-Dimeth;vlcycloJ:ntane 1.4 Trimet ylcyclopentanes 17.3 
trana-1,3-Dimethy cyolopen-

tane 8.2· 
trana-1,2-Dimethylcyclopen-

tane , 12.2 
Total naphthenes e:s 66.8 66.0 

.ARollCATICS 

Benaene 0.1 Benzene 1.7 Toluene 21.3 
Total aromatics cD --n 21.3 
Grtnd total 100.0' 100.0 100.0 

TABLE VI. COMPARISON OF CALCULATED AND DETERMINED F-3, 
OCTANE NUMBERS (4.0 ML. T.E.L. PER GALLON) OF INDIVIDUAL 

CUTS J.l'ROM THREE NAPHTHAS 
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Fraction 
~Octane Numbe~ 
Calcd. Detd. Difference 

Oklahoma City 

lsohexane out 100 100 0 
Isoheptane out 92 91 +1 
Iso-ootane out 90 88 +2 
Iso-C, + iso-C, blend 94 95 -1 
Iao-C, + iao-C, + iao-C, blend 94 93 +1 

East Tena 

Iso-C, out 99 100 -1 
Iso-C, out 94 91 +3 
Iso-Ci out 87 ,.86 +1 
llo-C. + iso-C, blend 94 95 -1 
lao-C, + iao-C, + iso-Crblend 91 91 0 

Hull-Silk-Sikes 

Iao-C, out 98 100 -2 
110-Cr out 93 93 0 
110-C. out 88 86 +2 
Iao-C. + iso-C, blend 94 97 -3 
110-C. + iao-C, + iao-Ca blend 91 92 -1 
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