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Packing Materials for Fractionating Columns 
M. R. FENSKE, C. 0. TONGBERG, AND D. QUIGGLE, Pennsylvania State College, State College, Pa. 

The many mriables in distillation and in the 
determination of H. E. T.  P. render the drawing 
of definife conclusions hazardous unless a large 
number of experiments hare been made. Based 
only on the results presented here, the following 
conclusions have been drawn: (1)  New type pack- 
ing materials give double or triple the eficiency of 

former packings. (2)  The best packings are one- 
turn and two-turn wire helices, one-turn and two- 
turn glass helices, carding teeth, and No. 19 jack 
chain. (3) An increase in height reduces the efi- 
ciency of a packing, the effect being much more 

?; DESIGKING columns for the fractionation of Penn- 
sylvania gasoline it was found necessary to develop a I new type of packing material of a much higher efficiency 

than any previously used in either laboratory or commercial 
work. A large number of packing materials have been in 
use or have been tried (3,  5, 8, 11, 14, 15, 21). Data on the 
efficiency of the packings are incomplete, are not always com- 
parable, and fail to take into consideration the effect of the 
height and diameter of the column in which the test was made. 
Accordingly, a study was made of various types of packing 
material. 

The purpose of the packing in a fractionating column is to 
bring about as intimate contact as possible between the as- 
cending vapor and the descending liquid without too great 
a reduction in the throughput or capacity of the column. 
The vapor-liquid contact or the scrubbing efficiency may be 
expresqed in terms of H. E. T. P. (height equivalent to a 
theoretical plate) (10) and is the most important feature of a 
packing. It has been repeatedly shown (1-5, 17, 18) that  to 
separate close-boiling substances a large number of theoreti- 
cal plates is necessary. Regardless of any other advantages 
a packing may have, unless i t  has a low H. E. T. P. it will 
not make a good separation. Two other important points 
are throughput and holdup. A packing, unless i t  will allow 
a wperficial vapor velocity under operating conditions of a t  
least 0.6 foot per second, is of little practical use except in 
special cases where the time factor is unimportant. The 
question of holdup has been very well discussed by Podbiel- 
niak (11). For a sharp qeparation between two substances 
the operating holdup should be low. Packed ccilumns occupy 
an intermediate position between the low holdup of indented 
and spiral packed columns and the high holdup of bubble 
cap columns. The operating holdup of various packings is 
not greatly different. Since very efficient packings have been 
developed having a large number of plates in a given height, 
it is possible in making a given separation to reduce consid- 
erably the height of packed section necessary and therefore 

pronounced with 3/4-in~h (small) diameter columns 
than wilh 2-inch (large) diameter columns. (4)  
An increase in the diameter of a column reduces 
the eBciency of a packing. (5) Different hy- 
drocarbon mixtures give approximately the same 
H. E. T. P. value. The effect of the rate of 
distillation varies with different packings and with 
the diameter of the column. (7)  Laboratory columns 
made and operated by different persons have given 
similar results, showing that ejicient ones can 
be made easily and so that they give reproducible 
results. 

(6) 

the holdup. If, in addition, proper consideration is given to 
the volume of the charge in relation to the size of the column, 
the problem of holdup will have been overcome. 

The study of packing materials was based, therefore, 
mainly on their H. E. T. P. value under total reflux and their 
throughput. It is realized that the H. E. T. P. under oper- C 

ating conditions may be different from that under total reflux. 
However H.  E. T. P. values under total reflux can be ob- 
tained easily, and, although they do not show the complete 
picture of fractionation, they are an important guide in study- 
ing and designing fractionating columns. 

It is appreciated that in the final analysis the test of a 
fractionating column is the actual separation i t  will make in 
a reasonable amount of time. The packings found in this 
work to have low H. E. T. P. values have been in considerable 
actual use in the chemical laboratories of the Pennsylvania 
State College and have given sharp as well as complete sepa- 
ration. Figure l is a photograph of the control room for 
fractionating equipment charging 40 gallons and packed 
with jack chain. 

COMMERCIAL APPLICATIONS 
The packings studied are of commercial as well as labora- 

tory importance. Several of the packings are already in 
industrial use. In addition to its plant use, jack chain is used 
in many semiworks installations. The results obtained here 
should furnish useful information to the operators of plant 
and semiworks packed columns and should emphasize the 
importance of periodic tests of the efficiency of the columns 
by means of two liquids whose vapor-liquid equilibria are 
known. 

Many of the packings used in this work were relatively 
inexpenqive. The iron carding teeth cost approximately 
$40 per cubic foot. The cost of the nickel wire necessary to 
make up one cubic foot of this type packing is about $80. 
The metal helices were readily made by  machine in this labo- 
ratory. 
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Boiling points were obtained by a modi- 
fied Cottrell boiling point apparatus which could be main- 
tained a t  any desired pressure. The teniperature was read 
by a Bureau of Standards calibrated copper-copel thermo- 
couple and is accurate to within *f3.2" F. 

2-Y DIARRAM. This is the experimentally determined 

DEFINITION OF TERMS BOILING POINT. 
Tile terms used are defined below in 

vELoCITY is expressed as 

to avoid 
tion in the text. 

linear vapor velocity 
in feet per second at the top of the column and as cubic inclies 
Der hour of liquid condensed at the top of the column, under 
bperating conditions. At= 
tention is called to the fact 
that with different liquids, 
while the linear velocity in 
feet per second may be the 
same, the cubic inches per 
hour of condensa te  may 
vary considerably. In each 
instalice it is indicated in 
t h e  t ab le s  whe the r  t h e  
original reflux was obtained 
as a volume of liquid at its 
boiling point (sharpedged 
orifice measurements) or de- 
termined from the amount 
of heat picked up in the 
condenser water. In the 
fo rmer  case  t h e  letter o 
follows the heading "vapor 
velocity," in the latter, h. 
In either case, to change  
from one to tlie other i t  is 
necessary  t o  know t h e  
densi t ies  of the boi l ing  
liquids. These dens i t i e s  
have been calculated from 
data and equations given 
in the International Critical 
T a b l e s  (7) since it was 
necessary  i n  several  
eases to use extrapolated 
values. T h e  dens i ty  of 

FIGURE 1. CONTROL ROOM Eon FRACTIONATING EQUIPMENT 
CHAROING 40 GALLONS 

methylcyclohexane at its boiling point was obtained by in- 
terpolation between values obtained using equations given 
in the International Critical Tables for thermal expansion of 
petroleum products (7) and the expansion data given in tho 
Tag Manual (for oils) (16). The approximate densities thus 
obtained for the liquids at their normal boiling point are as 
follows: 

n-Heptane 0.614 Carbon tetrscbloride 1.489 
Methyloyloohsnane 0.704 Acetone 0.149 
Hensene 0.814 Methsnol 0.749 
Toluene 0.777 

TOTAL REFLUX. This indicates all condensate returned 
to the column as reflux; i. e., no product is withdrawn. 

REFLUX RATIO. This is the ratio of volume of condensate 
returned to the column to that withdrawn a4 product. 

FREE SPACE. The volume per cent of packed section not 
occupied by packing is the free space. 

HOLDUP. The operating holdup is the amount of liquid 
and vapor in the column while the column IS operating. The 
static holdup is the amount of liquid required to wet tbe walls 
and packing of a column. 

T I .  E. T. P. This stands for height equivalent to a theo- 
retical plate; i t  was determined under total reflux. 

DIAMETER OF C O L ~ N S .  Unless otherwise stated, the 
diameter given is almrays the inside diameter of the column. 

HEIGHT OF COLIJMNS. Unless otherwise stated, tlie height 
given is the height of packed section. 

REFRAFIIYD INDEX. This property is ineaqured by an 
Abbe refractometer maintained at G8" F * 0 2" (20' C ) 

d iag ram expressing the 
vapor-liquid equilibria of 
t h e  l i q u i d s  b e i n g  ex -  
amined. 

TEST LIQUIDS 
Several seta of l i q u i d s  

were used since H. E. T. P. 
is known to vary with differ- 
ent l iquids .  These  a r e  
given below. 

CARBON TETRACHLORIDE 
AND BENZENE. The z y  
diagram was constructed by 
Varteressian (19) from the 
data of Rosanoff and Easley 
(f3'). Thismixtureischeap 
and readily obtained in the 
pure state, and analysis is 
easy  a n d  a c c u r a t e  (5).  
Both liquids were Baker's 
ana lyzed  a n d  were used 
without further purification 
since the results thus ob- 
tained and r e su l t s  us ing  
redistilled materials were 
identical. Analysis was by 
refract ive index. T h e  
properties of the two sub- 
stances are as follows: 

C & n e o ~  TETRACHLORIDB BBN~~PNB 
Boiling at I etm.. F. ( 0  c.) 168.8 (76.0) 176.2 (8n.i) 

The "3/ diagram was calculated 
from the data of Rosanoff, Bacon, and Schulze (18) using 
230.7" F. (110.4' C.) as the normal boiling point of toluene 
at which temperature the vapor pressure of benzene is 2.323 
atmospheres, and 176.5' F. (80.3" C.) as the normal boiling 
point of benzene a t  whicli temperature the vapor pressure of 
toluene is 0.387 atmosphere. This mixture follows Raonlt's 
law; on this basis, boiling point-composition curves were 
calculated for pressures near 1 atmosphere. Analysis of this 
mixture waa by measurement of boiling point in a modified 
Cottrell apparatus, followed by reference to these curves. 
The benzene was the same as that used above. The toluene 

either Baker's analyzed or some fractionated in a 27-foot 
packed column which bad the equivalent of at least thirty 
theoretical plates when tested in the usual way with a mix- 
ture of n-heptane and toluene. The fractionated toluene 
had the following properties: 

Refractive index. m"2 1.459J-1.4600 1.4'395-1.4998 

BENZENE AND TOLUENE. 

Boiling yoint st 1 atm. F. (' C.)  231.1 (110.8) 
Density. d :: , 0.8657 
Frcening Doint. " F. (" b.) - YJ9. 0 ( -95.0) 

Refractive rid&. "9 1.4964 

 HEPTANE AND TOLUENE. Tlie x-y diagram was deter- 
nlined by Bromiley and Quigple ($). The toluene was the 
same as that used above. The d i ep tane  was that used for 
knock rating purposes. It was obtained from the California 
Chemical Company and Bad the followiiig properties: 
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Boiling point at 1 atm. O F. (" C.) 209 1 (98 4) 
Freezing point, O F. (' IC.) - 1 3 1 . 4  ( -90  8) 
Density, d::, 0,6839 
Refractive index, ny 1 3878 

WHEPTANE AND METHYLCYCLOHEXANE. The equation, 

where X'd - = molal ratio of A to B on any plate 
X1, 
xnA = molal ratio of A to  B on any plate n plate removed x,, from the first 

n = numbzr of perfect plates required for separation 
CY = relative volatility (4) 

1.07 = the value for a given by Beatty and Calingnert ( 1 )  

was used for the determination of the number of perfect 
plates required for t,he observed separation. Analysis was 
by means of refractive index using the data of Rromiley and 
Quiggle (2 ) .  The %-heptane was the same as that used above. 
The methylcyclohexane was Eastman's technical grade puri- 
fied by stirring with concentrated sulfuric acid, by washing 
with water and sodium carbonate solution, and by drying 
over calcium chloride and fractionating. The fractionation 
was carried out in a column having the equivalent of ten 
theoretical plates when tested in the usual way with a mix- 
ture of carbon tetrachloride and benzene. The purified 
methylcyclohexane had the following properties : 

Boiling point a t  1 atm., O F. (" C.) 2 1 3 . 4  (100.8) 
Refractive index, ne: 1.4231-1.4232 

ACETONE AND METHANOL. The x-y diagram was con- 
structed from equilibrium data given by Hausbrand (6). 
Analysis was by refractive index. The acetone and methanol 
were redistilled and had the following properties: 

ACE TON^ METEANOL 
Boiling point a t  1 atrn., a F. (" C.) 
Refractive index, ny 1.3594 1 . 3 2 8 9  

1 3 3 . 7  (56.5) 150.8 (66.0) 

COLUMNS 

The influence of the height and the diameter of a column 
on the efficiency of a packing is an  important consideration 
in designing a column. Accordingly, the packings were 
tested in columns of varying height and diameter, and are 
described below. 

COLUMN 1. This column consisted of a glass tube 0.76 
inch in diameter and 48 inches tall. The height of packed 
section was approximately 27 inches, the packing being held 
in place by a roll of monel screen. A straight copper con- 
denser was used. On the lower end of the condenser a 0.12- 
cubic-inch (2-cc.) glass cup was attached; during the test the 
condensate ran into the cup and overflowed onto the packing 
so that  when equilibrium had been reached a sample of the 
distillate was present in the cup. In  some cases a reflux gage 
was attached to  the condenser and then the 0.12-cubic-inch 
cup was attached to  the gage. The reflux gage consisted of 
a glass tube about 8 inches tall and 0.16 inch in diameter with 
a platinum sharp-edged orifice sealed in one end. The height 
of liquid in the tube was a measure of the rate of distillation, 
the gage having been previously calibrated. The column 
was jacketed with a glass tube but was not wound with re- 
sistance wire. A 61-cubic-inch (1-liter) short-neck flask 
was used as the still, and was heated by a Bunsen burner. 

This was similar to column 1 except that  the 
diameter was 0.70 inch. 

This was similar to column 1 except that  the 
diameter was 0.66 inch. 

COLUMN 2. 

COLUMN 3. 

COLUMN 4. This column consisted of Shelby steel tubing 
0.67 inch in diameter and 32 inches tall. It was connected 
to a glass head by ti litharge and glycerol joint. In  all other 
respects it was similar to column 1. 

This column was made of glass and was 0.80 
inch in diameter. The height of packed section was 55 
inches. The packing was held in place by indentations in 
the wall of the tube. Product could be withdrawn by means 
of a side arm which extended into the column and received 
the condensate as i t  ran off the condenser. The amount of 
condensate withdrawn as distillate was regulated by a stop- 
cock. The column was jacketed with a glass tube wound 
with chromel resistance wire, which in turn was jacketed 
with a plain glass tube, A 61-cubic-inch (1-liter) flask was 
used as the still and was heated by a Bunsen burner. 

This was similar in all respects to column 5 
except that  the height of packed section was 68 inches. The 
still was heated by an electric heater. 

This was a regular fractionating column used 
in the organic research laboratory. A similar type column 
has been described by Whitmore and Lux (20). This column 
was 0.55 inch in diameter and had a packed section of 17.7 
inches. 

This column was made of Shelby steel tubing 
0.67 inch in diameter and had a packed section of approxi- 
mately 113 inches. The packing was held in place by a roll 
of monel screen. The head of the column was a glass tube 
21/a inches in diameter and 24 inches tall and was connected 
to the Shelby tube by an inverted stopper and litharge and 
glycerol joint. The condenser was a copper spiral, a sample 
of the distillate being obtained as above by means of the 
0.12-cubic-inch (2-cc.) cup. The rate of distillation was 
measured by the reflux gage. The column was jacketed with 
1-inch pipe which was covered with asbestos paper, wound 
with chromel resistance wire, and lagged with 85 per cent 
magnesia pipe covering. The still was a 122-cubic-inch (2- 
liter) short-neck flask and was heated by a Bunsen burner. 
A mercury U-tube was connected to the top of the flask so as 
to measure the pressure drop in the column. 

COLUMN 9. This column consisted of a glass tube 2.12 
inches in diameter and 48 inches tall. The packing was held 
in place by indentations in the wall of the column on which 
a piece of monel screen rested, The height of packed section 
was 26 inches. A sample of the distillate was obtained by 
a 0.30-cubic-inch (5-cc.) cup as previously described. The 
column was jacketed with a glass tube wound with chromel 
resistance wire. A 183-cubic-inch (&liter) flask was used as 
the still and heated by a Bunsen burner. 

COLUMN 10. This column was made of standard %inch 
iron pipe, and had a diameter of 2.07 and a height of 102 
inches. Product could be withdrawn from different sections 
of the column by side arms placed 12, 42, and 72 inches from 
the bottom of the column. These side arms were attached 
to small copper cups which extended into the packing and 
caught some of the descending liquid. By means of valves 
the rate of take-off could be regulated. This method of take- 
off has the disadvantage that the cups may not catch a repre- 
sentative sample of the liquid in that particular cross section 
of the column, but only one small stream which may have a 
different composition. 

The reflux condenser was a coil of l/&ch copper tubing. 
By measuring the rate of water through the condenser and 
the temperature of the inlet and outlet water, the B. t. u. to  
the condenser, and therefore the rate of distillation, could 
be determined. When the height of packed section was only 
30 to 42 inches, the condenser was lowered down into the 
column until it was just above the packing. The column 
was wound with chromel resistance wire and lagged. The 

COLUMN 5 .  

COLUMN 6. 

COLUMN 7 .  

COLUMN 8. 
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I. 
2. 
8. 
4 .  
5. 

8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

a r. 

still cmsisted OS a 
12-ineli piecc of 
s t a n d a r d  ii-ii,cli 
pipc with '/4-iiicl> 
boiler plate weldcd 
on to form the t<rp 
aiid. bo t tom.  A 
'/,,-inch pipc i n  the 
bottom of the still 
allowed h r  drnin- 
age and tlie with- 
drawal of sa~iiples. 
The try OS the still 
was connected t o  a 
rrierciirp U-tube so 
as to measure the 
pressure d rop .  
The st,ill was con- 
nec ted  to t h e  
eoliirnn priipcr hy 
a 2-inch flarige, the 
packing being licld 
up by a piece of 
moue1 screen in- 
sert,ed between the 
flanges. T h o  still 
was heated  clcc- 
tric.ally hy a wind- 
ing consisting of 
80 feet of No. 16 
asbestos-covered 
m m d  wire. 

C O L ~ I  M N 1 1 , 
This ciilumm was 
made of standard 
2-inch pipe and  
had a packed sec- 
tion of 156 inches. 
Product could be 
withdrawn only a t  
t h e  t o p  of t h e  
co lumn;  i t  was 
wi thd rawn  as 
vapor  a n d  con- 
densed in a water- 
jacketed product 
line. The s t i l l  
c o i i s i s t e d  o f  a 
standard 10-inch 

pipe coupling with '/,-inch boiler plate welded on to form the 
t op  and bottom and had a capacity of 427 cubic inches (7 
liters), The still was welded to the column proper and was 
heated electrically by strip heaters in series with chrome1 
resistaim wire. In all other respects the column was similar 
to column 10. 

MmcEr,I,nmoub COLUMNS. Various colmnns in the organic 
research laboratory were also tested. These columns were 
similar to c~~liiiriii 7 HII~ differed mainly in height and diameter. 

PACKING MATERIAL 
Many different kinds of packing material have been tried 

and they are described below. Average dimeunions are given. 
A photograph of some of the packings is given in Figure 2. 

No. 24 n k s 
Lueero wire was wound on a '/*-inch rod and cut. into the dc- 

ONB-, Two-, AUD SIX-TnnN Hsr,rcr;s. 

sired helix. 
These wcre similar to the metill helices. 

They were made by w<iiding molten glass on a L/&ich rod 
as described by Wilson, Parker, and Laughlin (81). 

Gwss IiaLtcm 

Ciirxpan W ~ E .  No. 24 B h Y gage c~ppcr  wirc was fa& 
iirired to giw ieii cririips per inch, each t / , 6  inch high. Tbe 
criurlied wire was tlien e i i t  into pieces alioui 

S T ~ ~ A I G ~ I T  C A I ~ N G  T 11. A carding tootli is esseii- 
tially a staple with a square top. Tliose used liere were 
inel: wide and liad cither a C J ~  a 7/22-indl lcg. Tire size 
of the wire was NO, 28 R h S gage. 

CAmmG TEETH. These were the same as the 
stmight carding teeth except that tlie legs were '/* iiscli long 
tmif bent l/s iucls in from the open end. 

mixture of various sizes of carding teeth, oS approximately 
the di~iieiisioris indicated for the straiglit md bent. t,eetll. 

I)OUU~.E-CSOSS Wms Eloiim. These were made hy cut- 
ting '/a-incli galvanized screen in tlic form of double crosses. 
I10 lh i~  xqiiare wire forins were L/a-inch galvanized screen cut 
into single squares. 

No. 1 C I ~ O ~ . ~ : T - ~ ' ~ N I ~ ~ I ~ H ~ ~ F  121~os. These rings were 
doulrle eirils OS Eo. 20 B k S gage wire. The inner ring was 
0.19 inch vide arid 0.46 irich long, and the outer ring 0.40 
inch wide arid 0.46 inch lung. 

L w m m  RINGS. These rings were OS brass, 0.25 inch wide 
and 0.28 inch long. 

CLASS TunEs. These tubes were 0.27 inch long and had 
an out.side diarrieter nf 0.23 and an inside diameter of 0.17 
inch. 

Tliese were ordiuary cut tacks having 
a total length of 0.261 inch. The diameter OS the head waa 
0.139 inch. 

These wcre ordinary cut tacks havirlg 
a total lengt,li of 0.380 inch. The head dinrueter was 0.164 
inch, 

R. 13. SIIOT. These were air rifle shot So. 5 having an 
average diameter o f  0.176 incli. 

BInn SHOT. These were No. 7 shot obtained from Win- 
diester Leader 12-gage loaded shells and had an average 
diameter of 0.098 inch. 

These rivets had a total length of 
0.183 and a prong length of 0.125 inch. The diameter of the 
head was 0.154 inch. 

TUBUIAE RIvErs. These rivets had a total length of 0.172 
and a prong length of 0.141 inch. The diameter of the head 
was 0.222 inch. 

These rivets had a total leugth 
of 0.431 and a prong length of 0.130 inch. The diameter of 
the Iread was 0.171 inch. 

JACK CHAIN. Various sizes and kinds of jack chain were 
used. No. 16 single-link iron jack chain was made of KO. 15 
B & S gage wire and had links 0.51 inch long. KO. 18 
singlelink iron jack cbain was made of No. 17 B k S gage 
wire and had links 0.43 inch long. No. 19 single-link alurni- 
iium jack chain was made of No. 17 B & S gage wire and had 
links 0.40 inch long. No. 20 single-link iron jack chain was 
made of No. 19 B k S gage wire and had links 0.33 iiieli long. 

iiich long. 

hflsCeLLAANEOUS BENT C.4RDlh.G TB::ETH. These were a 

No. 2 CUT T-~CKS. 

KO. 3 CUT 'PACKS. 

BIFURCATED ILIYETS. 

OUTSIDE PRONG RIVETS. 

TEST PROCEDURE 

There are ~nnny sources of error and variables in the de- 
termination of 13. E. T. 1'. values. Some of these are ns 
foilows: analysis (if samples, purity of test liquids, method 
of obtaining samples, jacket tcrnperature, measurement of 
rate of distillation, uniformity of rate of distillation, uni- 
formity of packing columns, possible corrosion of the packing, 
distribution of liquid from the condenser or overflow cup, 
distribution of descending liquid in tlie column, accuracy of 
z-g diagram, effect, if any, of concentration on K. E. T. P., 
and establishment of equilibrium conditions in the columns. 

It was possible, by following a definite procedure. to ob- 
tain values for 13. E. T. P. which could be cheeked consist- 
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TABLE I .  FREE SPACE AND HOLDUP 
PACKING 

Miscellaneous carding teeth 
6-turn No. 24 Lucero wire helix 
No. 1 Cholet-Vanderhoef rings 
2- and 3-turn No. 24 Lucero wire 
Straight 5/win. carding teeth 
Lessing rings 
Bent I/ein. carding teeth 
1-turn No. 24 Lucero wire helix 
Straight :/win. carding teeth 
Hollow square wire form 
No. 16 single-link iron jack chain 
Doub!e-cross wire form 
Glass tubes 
No. 20 single-link iron jack chain 
NO. 18 sing!e-link iron jack chain 
No. 3 cut tacks 
Outside prong rivets 
No. 2 cut tacks 
Crimped wire 
Tubular rivets 
Bifurcated rivets 
B .  B .  shot 
Bird shot 

helices 

FREE SP.4CD 

m /C 

9 2 . 1  
9 1 . 2  
9 0 . 0  
8 6 . 5  
8 4 . 9  
8 4 . 7  
8 4 . 0  
8 2 . 0  
8 1 . 6  
7 9 . 6  
7 2 . 3  
7 1 . 9  
6 9 . 8  
6 9 . 5  
6 9 . 4  
6 8 . 0  
6 6 . 2  
6 4 . 5  
6 4 . 0  
6 0 . 0  
5 4 . 5  
4 2 . 0  
3 9 . 4  

 HOLDUP^ 
Cu. in. 
Cu. in. 
0 . 0 2 3  
0 . 0 5 4  
0 . 0 1 4  
0 , 0 4 6  

0 : 044 
0 .047  
0 . 0 4 6  
0.012 
0 . 0 5 1  
0 . 0 3 3  
0 . 0 5 6  
0 .037  
0 . 0 4 4  
0 . 0 3 5  
0 . 0 4 7  
0 . 0 5 4  
0 . 0 5 8  

0 :  053 
0 . 0 4 6  
0 . 0 4 1  
0 .036  

- 

a Ratio of volume of liquid to volume of packing. 

ently, although occasionally a value was obtained which for 
no apparent reason deviated considerably from the usual 
value. In the followina tables every run represents a de- - 
t e r m i n a t i o n  m a d e  a f t e r  
ample time was allowed for 
e qui1 i b r  ium t o  b e  estab- 
lished. T h e  v a r i o u s  runs  
represent either considerable 
time intervals between runs, 
or else the starting of the ex- 
periment anew. This was 
found necessa ry  t o  insure 
that the data obtained were 
correct, that the results were 
reproducible, and that the 
experimental conditions in- 
d i c a t e d  were the principal 
conditions leading to the re- 
sults obtained. 

The columns mere carefully 
cleaned and, if wound with 
resistance wire, were heated 
approximately to the boiling 
point of the test liquids. Tests 
on some of the short 27-inch 
columns with and without, ex- 
t e r n a l  j acke t  heat gave the 
same H. E. T. P. value. The 
still was then charged xith 12 
to 21 cubic inches (200 to 400 
cc.) of sample for the small 
columns, 30 to 50 cubic inches 
(500 to 800 cc.) of sample for 
the medium size columns, and 
120 to 180 cubic inches (2000 
to 3000 cc.) of sample for the 
large ones.  The concentra- 
tions of the two liquids were 
chosen so as to operate in the 
middle portion of the x-y dia- 
gram. T h e  mater ia l  was 
allowed to reflux for 15 minutes 
and then 0.6 to 0.9 cubic inch 
(10 to 15 cc.) of distillate was 
withdrawn to remove any trace 
of moisture or low-boiling ma- 
terial. This was possible only 
when the column was equipped 
with a side arm. In the other 
columns t h e  glass cup was 
emptied and then rep laced .  
Refluxing was then continued 
for 1 to  1.5 hours or in the 
case of those  ta l le r  than 60 
inches for 1.5 to 2.5 hours to 
es tab l i sh  equilibrium. Dur- 

TABLE 11. 
P.4CKING 

Crimped wire 
Straight 5/3z-in. carding teeth 
Straight 7/3~-in. carding teeth 
Bent L/a-in. carding teeth 
Double-cross wire form 
Outside prong rivets 
1-turn No. 24 Lucero wire helix 
hfiacellaneous bent carding teeth 
No. 2 cut tacks 
Bird shot 
No. 20 single-link iron jack chain 
2- and 3-turn No. 24 Lucero wire helix 
Hollow square wire form 
Bifurcated rivets 
Tubular rivets 
No. 18 single-link iron jack chain 
No. 3 cut tacks 
6-turn No. 24 Lucero wire helix 

AREA 

Lessing rings 
Glass tubes 
No. 16 single-link iron jack chain 
B. B. shot 
No. 1 Cholet-Vanderhoef rings 

ing this time the rate of distillation was kept as constant as pos- 
sible. 

When equilibrium had been established and with the column 
operating, samples of the still material and distillate were taken 
These were withdrawn simultaneously or within as short an 
interval of time as possible. The still samples were obtained 

TABLE 111. EFFICIENCY TESTS USING BENZENE AND TOLCENE 
TOTAL 

VELOCITY AT T O P ,  h PRESSURE BENZENE THEORETICAL 
PACKING Vapor Liquid at  B. P. DROP Distillate Still PLATES H. E. T. P. 

Ft . / sec .  Cu. in./hr.  ( l . /hr.)  In .  HQ Mole % Mole % Inches 
I N  COLCMN 10, DIAMETER 2.07 I N C H E S ,  HEIGHT O F  PACKED SECTION 42 I N C H E S  

No. 16 single-link 0 . 2  88 ( 1 . 4 )  0 . 0 2  9 9 . 6  1 7 . 1  7 . 0  7 . 0  

1 . 2  573 ( 9 . 4 )  0 . 2 0  9 8 . 0  6 . 0  6 5 7 . 6  
1 . 5  723 (11 .9)  0 . 3 5  9 9 . 4  1 0 . 1  8 . 0  6 . 0  

iron jack chain 0 . 7  333 ( 5 . 5 )  0 .08  1 0 0 . 9  1 0 . 5  9 . 0  5 . 2  
1 . 1  525 ( 8 . 6 )  0 . 1 6  1 0 0 . 0  8 . 2  9 0  5 . 2  

I N  COLUMN 2,  DIAMETER 2.12 INCHES,  H E I G H T  O F  PACKED SECTION 26 I N C H E S  
No. 16 ,single-link Fast  . . . . . .  . .  9 4 . 0  2 2 . 0  4 . 5  7 . 4  

iron jack chain 

TABLE Iv. EFFICIENCY TESTS r s I N G  CARBON TETR.4CHLORIDE AND BENZENE 
TOTAL 
THEO- 

-VELOCITY AT TOP- C A R B O N  T E T R l C H L O R I D E  RETICAL 
PACKINO Vapor Liquid a t  B. P. Distillate Still PLATES H. E. T .  P. 

F t . / s e c .  Cu. in./hr. ( l . /hr . )  Mole % Mole % Inches 
A .  I N  COLUMN 1, DIAMETER 0.76 INCH,  HEIGHT OB PACKED SECTION 27 I N C H E S  

No packing Fasta , 
No. 16 single-link iron jack chain Fast . 
Double-cross wire form Fast . 
Miscellaneous carding teeth Fast . 
Bent ' /An. carding teeth Slow . 

Fast . 
B .  S A M E  A S  A .  H E I G H T  OF PACKED SECTION 28.6 I N C H E S  

Bent l/a-in. carding teeth Fast . . . . .  6 5 . 0  1 4 . 0  2 0 . 0  1 . 5  
Slow , . . . .  5 4 . 0  1 4 . 0  1 5 . 0  2 . 0  

Straight 7 / ~ i n .  carding teeth Fast . , . . .  6 7 . 0  1 4 . 0  2 1 . 0  1 . 4  

Fast . . . . .  6 0 . 5  1 4 . 0  18 .0  1 . 7  
Straight &/win. carding teeth Slow . . . . .  5 9 . 0  1 5 . 0  1 7 . 0  1 . 8  

Bent '/a-in. carding teeth Fast . . . . .  5 0 . 0  1 6 . 5  1 2 . 0  2 . 5  
Fast . . . . .  5 5 . 5  1 5 . 0  1 5 . 0  2 . 0  

Straight 5/az-in, carding teeth Fast . . . . .  5 1 . 5  1 4 . 5  1 3 . 0  2 . 2  

Bent l/a-in. carding teeth Fast  . . . . .  5 5 . 3  1 4 . 5  1 5 . 0  2 . 0  

C. I N  COLUMN 2, DIAMETER 0.70 I N C H ,  HEIGHT OF PACKED SECTION 28 I N C H E S  

D. I N  C O L U Y N  3, D I I M E T E R  0.66 I N C H ,  H E I G H T  O F  PACKED SECTION 27 I N C H E S  

E .  aarn AS D ,  HEIGHT O F  P.ACKED SECTION 23 INCHES 

Fast , . . . .  4 8 . 0  1 3 . 0  1 2 . 5  2 . 4  

Double-cross wire form Fast . . . . .  6 1 . 5  1 3 . 0  1 8 . 0  1 . 7  
Fast . . . . .  5 5 . 0  1 2 . 0  1 6 . 0  1 . 9  

F. SAME A S  D ,  H E I Q H T  OF P A C K E D  SECTION 29 I N C H E S  

G. I N  COLUMN 4, DIAJIETER 0.67 I N C H ,  HEIGHT O F  PACKED SECTION 29 I N C H E S ,  VAPOR VELOCITY 0 

Straight 7/a~-in carding teeth 

Bent 1/4-in. carding teeth 
Double-cross wire form 
Straight S/win, carding teeth 

1 . 4  
1 . 7  
1 . 6  
1 . 5  
Fast 
Fast 
Fast 
Slow 
Fast 

76 
92 
87 
79 
. .  
I .  

. .  

4 7 . 2  
4 9 . 0  
5 0 . 0  
4 0 . 0  
5 1 . 5  
4 6 . 5  
5 5 . 0  
4 9 . 0  
4 6 . 5  

1 2 . 0  
1 2 . 0  
1 1 . 0  
8 . 5  

1 5 . 0  
9 . 5  

1 4 . 5  
1 5 . 0  
1 5 . 0  

1 3 . 0  
1 3 . 5  
1 4 . 5  
1 2 . 0  
1 3 . 0  
1 3 . 5  
1 4 . 5  
1 2 . 0  
1 1 . 0  

2 . 4  
2 . 3  
2 . 1  
2 . 6  
2 . 4  
2 . 3  
2 . 1  
2 . 6  
2 . 9  

H .  S A N E  A S  0, HEIQHT OF PACKED SECTION 28 I N C H E S  

Bent '/a-in. carding teeth Fast . . . . .  4 6 . 5  1 4 . 0  1 1 . 5  2 . 7  
Double-cross wire form Fast . . . . .  4 9 . 0  1 6 . 5  1 1 . 5  2 . 7  

Fast . . . . .  4 6 . 5  9 . 5  1 3 . 5  2 . 2  
a Same rate as when packed. 
1, Calculated on basis of 37 inches of column height. 
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and removing the cup. If the column had a side arm, which was 
as short as possible, two or three 0.06-cubic-inch (1-cc.) samples 

-H. E. T. P. IN INCHES- were withdrawn rapidly, a previous sample having cleaned out 
Column 1 Colump 2 Column 3 Column 4 the product line. In some cases the distillate was obtained by 

(0.76 In. (0.70 in. (0:66 in. (0.67 in. withdrawing product very slowly so that essentially total reflux 
dlamJ dlam.) diam.) was maintained. These results agreed with those obtained when 

Double-cross wire form 
Bent I/cin. carding teeth 
Straight 7/a-in. carding teeth 1.4-1.6 . . . . . , . , . . 2 .0 -2 .3  The samples were analyzed by refractive index and occasionally 
Straight '/win. carding teeth 1.7-1.8 . . . . . 2.2-2.3 2.2-2.6 checked by density. In the case of benzene and toluene, analysis 

was by boiling point, making it necessary to obtain larger samples. 
This did not introduce a serious 
error since this mixture  was 
used only in the column 2 inches 
in d iameter .  Knowing the 

PRES- CARBON TOTAL composi t ion of the still and 
-VELOCITY AT TOP- SURE TETRACHLORIDE THEORETICAL 

PACKING Vapor Liquid a t  B. P. DROP Distillate Still PLATES H. E. T. P. the Of 
Fl./sec. Cu. in . /hr .  (l./hr.) I n .  H g  Mole % Mole % Inches theoretical plates was obtained 

from the x-y diagram using the 
graphical stepwise method of 
McCabe and Thiele (9). The Hollow-square wire form ... ... . . .  . .  43.6 12.5 11.5 5.2 

No 2 cut tacks 0 . 7  52 (0.9) .. 72.5 15.0 25.0 2 . 3  number  of inches of packed 
section divided by the total 
number  of p la tes  minus one helices 1.0 79 (1.3) . .  60.0 14.0 17 .0  3 .4  

gave  t h e  H. E. T. P. One 
plate was subtracted because 
of the enrichment  in going 

C. SAME AS B ,  H E I G H T  OF PACKED SECTION 68 I N C H E S  from the still to the column. 
No. 16 single-link iron jack chain . . . ... . . .  .: 36.0 6 . 0  12 .0  6 . 2  T h e  enrichment  in  t h e  un- 

... ... . . .  . .  47.0 15.0 11.0 6 . 8  packed sections of the column 

TABLE V. SUMMARY OF CARBOX TETRACHLoRIDE-BE~zENE 
RESULTS ON COLUMNS 1 TO 45 

PACKINQ 

1.9-2.2 1.7-2.0 
1.5-2.0 2 ,  O-2: 1 2.0-2.4 2.4-i : ; product was withdrawn rapidly. 

Columns 1 t o  3 are glass, column 4 is metal. 

TABLE VI. EFFICIENCY TESTS USING CARBOX TETRBCHLORIDE AND BEXZENE 

A. I N  COLUMN 5 ,  DIAMETER 0.80 INCH,  H E I G H T  OF PACKED SECTION 56 INCHES,  VAPOR VELOCITY 0 

Double-cross wire form 1.1 85 (1.4) . .  66.0 14.4 20 .5  2 .8  

2-&n and 3-turn No. 24 wire 

B. I N  COLUMN 6 ,  DIAMETER 0.80 I N C H ,  H E I G H T  OF PACKED SECTION 68 INCHBS,  VAPOR VELOCITY 0 

Straight 7/32-in. carding teeth 1 . 2  92 (1.5) . .  67.0 12.0 23.0 3 . 0  
1 . 2  92 (1.5) . .  69.0 8 . 5  26 .5  2.6 
1.5 116 (1.9) . .  65.5 6 . 0  25 .5  2.7 

D. IN COLUMN 8, DIAMETER 0.67 INCH,  H E I G H T  O F  PACKED SECTION 116 INCHES,  VAPOB VELOCITY 0 

No packing 1.8 92 (1.5) 0.04 23 .0  9.5 6 . 0  23.0" 
1.8 92 (1.5) 0.04 20.0 8 . 5  5 . 5  28.05 

Bent '/An. carding teeth 1.8 98 (1.6) . .  64 .0  5 . 5  25.0 4.8 
1 . 6  79 (1.3) . .  67.0 5.5 27.0 4.5 

B. SAME AS D, H B I G H T  OB PACKED SBCTION 118 I N C H E S  

Straight T/az-in. carding teeth 1 .6  84 (1.4) 1.77 73.5 6 . 0  30.5 3 . 8  . . .  . . .  2.01b 72.0 3 . 5  31.5 3 . 7  

NO. 16 double brass jack chain 1 . 2  64 (1.1) 0 .55  66.0 12 .0  21.0 5.6 
No. 18 double brass lack chain 1.5 79 (1.3) 0 .51  68.0 10.5 23.0 5 . 1  

1 .4  76 ci.'i) 1.18 67.0 6 .0  26.5 4.4 

F. SAME AS D, H E I Q E T  OF PACKED SECTION 111 I N C H E S  

No. 18 single-link brass jack 1 . 6  85 (1.4) 0.47 73.0 17.5 24.5 4.7 
chain 1 . 6  79 (1.3) 0.39 70 .5  17 .4  22.5 5 . 2  

No. lasingle-linkironjackchain 1.1 61 (1.0) 0.55 72.0 15 .2  25.0 4.6 
1 .4  76 1.05 72.5 12.5 26.5 4.4 

1.1) 0.67 78.5 23.3 27.0 4 .3  
80.0 22.0 29.5 3 .9  

Glass tubes 0 .9  49 0.8) 0:43 64.0 11 .0  21.0 5 .6  

No. 19 single-link iron jack chain 1 .2  
1.1 

1 . 3  72 (1.2) 0 .75 63.0 9.0 21.5 5 .4  

No. 16 single-link iron jack chain Faut . . . ... . .  28 .0  15.5 4 . 5  7.4 

Double-cross wire forms Fast  . . . ... . .  22 .0  7 . 2  7 . 0  4 .5  

Straight 7/8z-in. and bent '/*in. Fast . . , ... . . 34.0 14 .0  7 . 5  4 . 5  
carding teeth Slow * . . ... . .  31.5 14 .0  6 . 5  5.3 

E 1:::: 
G. I N  COLUMN 9, DIAMBTEB 2.12 INCHBS, E E I G H T  O F  PACKED SECTION 26 INCHES 

Faat ... ... . . 30.0 1 8 . 5  4 . 0  8.7 
H. SAME AS Q, HEIQHT OF PACKED SECTION a7 INCHES 

I. SAME AS 0, H E I G H T  OF PACKEID SECTION 29 I N C H E S  

J. IN COLUMN 10, DIAMETER 2.01 INCHES,  H E I G H T  OF PACKED SECTION SO INCHES,  VAPOR VELOCITY h 
Double-cross wire form 0 . 3  170 (2.8) 0 .08 48.6 1 9 . 8  10.0 3 .3  

0.8 384 (6.3)  0 .59  16.8 5 . 0  6 . 5  5 . 5  

0 . 6  272 (4.5) 0 .20  18.5 5 . 0  7 .0  5.0 
0 . 7  340 (5.6) 0.39 44.0 20.8 8 . 5  4 .0  

0.8 388 (6.4) 0 .63 3 6 . 5  16.2 7 . 5  4 . 6  
K. SAME AS J. H E I G H T  OF PACKED SECTION 56 I N C H E S  

~~ ~~ 

Double-cross wire form 0.2 123 (2.0) 0 .32  60 .5  12.8 18 .5  3 . 2  

0 . 6  0.79 19 .8  1 .0  14.5 4 . 1  
0.6 %: 0 .95  55.0 15.6 15.0 4 . 0  

No, 16single-linkironjackchain 0 .4  178 (2.9) 0 .12 38.4 1 7 . 1  7 . 5  6 . 2  
0.8 383 (6.3) 0.24 35 .9  15.2 7 .5  6 . 2  
1.1 527 (8.7) 0 .31 32 .1  13.9 7 . 0  6.7 
1.3 655 (10.7) 0.47 24.8 11.7 5.5 8 . 9  

0 .4  183 (3.0) 0 .47  51 .0  8 . 8  16 .0  3 .7  

L. S A M E  AS J, H E I G H T  OF PACKBD SECTION 40 I N C H E S  

was neglected since these sec- 
tions were small and since, as 
will be shown later, the enrich- 
ment itself was negligible. 

The tests were made at dif- 
ferent rates of distillation. In 
cases where the rate was not 
measu red ,  the column was 
operated first as close to flood- 
ing as possible, and second a t  
50 to 70 per cent of the first 
rate. These will be designated 
as fast and slow, respectively. 
Check runs were made in all 
cases. In  some cases, when 
testing any one packing, de- 
terminations were ma'de on  
different days, the test sblution 
was changed, and the columns 
were repacked with new pack- 
ing. Every effort was made t o  
insure the reliability of the re- 
sults. 

Unfortunately the results are 
not complete, and correlation 
between the different columns 
is frequently lacking. This is 
because the paper represents 
the data obtained in the course 
of various distillation projects 
in this laboratory rather than 
one particular study. 

PHYSICAL MEASUREMENTS 
OF PACKINGS 

It would be expected that a 
packing with a large area would 
be more efficient than one with 

M. SAME AS J, H E I G H T  OF PACKED SECTION 72 I N C H g S  a small area and that a Dackine 
No. 16single-linkironjackchain 0.2 120 (2.0) 0.12 49.0 

0 .7  350 0.20 51.2 
1 .0  492 {::;{ 0.31 46.2 
1.0 515 (8.4) 0.35 33.8 
1.2 601 (9.9) 0.55 48.2 
1.4 698 (11.5) 0.55 29.4 

Same rate aa when packed. 
b Column probably flooded. 

by a tube extending into the boiling liquid in the flask; the por- 
tion of the tube outside the +sk was bent down so that a siphon 
could be started either by the pressure drop in the column or by a 
slight suction. The line was closed by a stopcock or pinch clamp 
when not in use. The first sample obtained was discarded since 
it served to clean out the line; two samples, each of 0.12 cubic 
inch ( 2  to 3 cc.), were then tsken. The sample of distillate, if 
the cup was used, was obtained by simply raising the condenser 

15.3 12.5 6 . 3  with considerable f r e e  space  
5 . 8  would allow a high throughput 13.7 13.5 

in a column. ilccordingly, 11.8 14.0 5 . 5  
10.6 10.5 7 . 6  13.0 13 .5  5.8 measurements  of area, free 
9 . 7  10.0 8.0 space, and holdup were made 

on a number of packings. The 
free space and ho ldup  were 
measured by filling a 6.1-cubic- 
inch (100-cc.) g r i d u a t e  with 

the packing and noting the volume of kerosene at ordinary tem- 
peratures required to fill the graduate to the 6.1-cubic-inch mark. 
From the volume the percen'tage free space was obtained. The 
kerosene was then poured off the packing which was allowed to 
drain for 15 minutes. The volume of kerosene added minus that 
recovered was equal to the holdup of the packing. Since packing 
materials settle differently in columns of various diameters, the 
values for holdup and free space thus obtained are only relative. 
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, 

The area of 6.1 cubic inches of 
the packing was determined by 
measuring many i n d i v i d u a 1 
pieces by means of a microme- 
ter to  obtain the average area 
of one piece and then ascer- 
t a i n i n g  t h e  n u m b e r  of 
pieces in this volume either by 
counting or by weighing. It 
should be remembered that the 
area thus measured may not be 
the effective area of the packing 
when it is in use in a column, 
s i n c e  t h e r e  is a certain un- 
known common area of con- 
tact between adjacent pieces of 
packing. The results obtained 
are given in Tables I and 11. 

H. E. T. P. TESTS USING 
BENZENE AND TOLUENE 
Benzene and toluene can 

be practically completely 
separated in columns having 
t h e  equivalent of twelve 
theoretical plates when tested 
with a mixture of benzene 
and toluene. This mixture 
could only be used, there- 
fore,  in  short or inefficient 
columns. In addition, the 
analysis by boiling point re- 
quired samples considerably 
larger t h a n  0.06 to 0.12 
cubic inch (1 to  2 cc.). The 
mix tu re  was used only in 
the short 2-inch diameter 
columns whose capacity is 
seven times that of the a/4- 

inch  diameter columns. 
The  results are  given in 
Table 111. 

TABLE k-11. EFFICIENCY TESTS USING %-HEPTANE AND TOLUENE 
TOTAL 

--VELOCITY AT T O P -  PRESBURE n - H D P T A N D  THEORETICAL 
PACKING Vapor Liquid at  B. P .  DROP Distillate Still PLATES H. E. T. P. 

Ft./sec. CY. ;n./hr. (Z. /hr.)  In. Hg Mole '% Mole % Inches 
A.  I N  COLUMN 7, DIAMETER 0.55 INCH, H E I G H T  O F  PACKDD SECTION 17.7 I N C H E S  

1-turn glass helix Fast . . . ... .. 84.5 25.0 10.5 1.9 
E. IN COLUMN IO, DIAMETER 2.07 INCHES, HEIQHT OF PACKED SECTION e INCHES, VAPOR VELOCITY h 

No. 16single-linkironjackchain 0.3 183 (3.0) 0.08 65.6 2.7 8.5 5.3 
0.6 405 (6.6) 0.12 68.8 2.0 8.0 5.7 
1 .0  680 (11.2) 0.20 55.1 2.6 6 .5  7 .3  
1.3 868 (14.2) 0.39 38.3 2.0 5.5 8.9 

C. SAME A S  B. HEIQHT OF PACKED SECTION 4 I N C H E S  

No. 19single-linkaluminurn jack 0.6  452 (7.4) 0.20 73.3 2.3 9 .5  4.9 
chain 0.8 567 (9.3) 0.24 73.0 2.1 9 . 5  4.9 

1.1 732 (12.0) 0.31 70.3 2.8 9 . 0  5.2 
1.3 876 (14.4) 0.51 64.9 2.5 18.0 6.0 

Straight '/win. carding teeth 0.3 233 (3.8) 0.16 83.5 3.8 12.5 3.7 
0.8 587 (9 .6)  0.47 82.1 1.8 3 .0  3.5 
0.9 537 (8.8) 1.18 41.4 1.7 6 . 5  7.6 
0.9 553 (9.1) 1.18 33.4 1.3 6.0 10.5 

D. SAME A 8  B .  H E I Q H T  OF PACKED SECTION 70 I N C H E S  

No. 16single-linkironjackchain 0.4 268 (4.4) 0.08 77.5 2.5 12.0 6.4 
0 .9  620 (10.2) 0.31 72.5 0.9 12.0 6.4 
1.2 813 (13.3) 0.47 69.0 0 .9  10.5 7.4 

E. SAME A S  B. HEIGHT OF PACKED SECTION 72 I N C H E S  

No. 19single-linkaluminurnjack 0 . 5  372 (6.1) 0.24 83.2 1.8 
chain 0 . 7  477 (7.8) 0.31 86.7 1.5 

1.0 716 (11.7) 0.51 88.3 2 . 4  
1.1 767 (12.6) 0.98 77.0 1.5 

Straight '/win. carding teeth 0 . 4  287 (4 .7)  0.31 94.5 6.0 
0 .6  471 (7.7) 0.59 93.8 2.3 
0.7 551 (9.0) 1.34 93.0 1.2 

14.5 
15.5 
16.0 
10.0 
20.0 
20.0 
20.5 

5.3 
5.0 
4.8 
8.0 
3.8 
3.8 
3.7 

F. IN COLUMN 11, DIAMDTER 2.07 INCHES, HEIGHT OF PACKED SECTION 166 INCHES, VAPOR VELOCITY h 
6-turnNo.24Lucerowirehelixa 0.7 506 (8.3) 0.12 84.2 24.3 10.5 16.4 

1.0 705 (11.6) 0.12 83.2 27.8 9.5 18.3 
1.3 949 (15.6) 0.20 83.1 26.2 10.0 17.3 
1.7 1240 (20.3) 0.28 93.6 23.5 10.0 17.3 

0 Lucero wire is a nickel-copper alloy made by Driver-Harris Company, Harrison, N. J. 

TABLE VIII. EFFICIENCY TESTS USING WHEPTANE .4ND METHYLCYCLOHEXANE 
TOTAL 

-VELOCITY AT T O P ,  h- P R E S S U R E  n - H E P T A N B  THEORETICAL 
P A C K I N Q  Vapor Liquid a t  B. P. DROP Distillate Still PLATES H. E. T. P 

F t . / s e c .  CY. i n . / h r .  (Z./hr~) In. Hg Mole 70 Mole % Incher 
A. I N  COLUMN 11, DIAMETDR 2.01 I N C H E S ,  HEIQHT OF P A C K l D  BECTION 154 I N C H E S  

6-turn No. 24 Lucero wire helix 0.7 478 (7.8) 0.10 41.8 28.8 9 .5 18.4 
1.4 956 (15.7) 0.20 41 .7  28 .6  9 .5  18.4 

1-turn glass helix ... ... . . . .  .. 4 2 . 6  31.5 8.0 2.6 
8.  I N  COLUMN 7, DIAMETER 0.65 INCH, HEIQHT O F  PACKED BECTION 17.7 I N C H E S  

EFFICIENCY TESTS USING CARBON TETRACHLORIDE AND 
BENZENE 

the rather high price of n-heptane. The results of using this 
mixture are given in Table VIII. 

This mixture could be used in a large variety of columns; 
it could be analyzed easily and was, therefore, the one most 
frequently used, It was not employed with the aluminum 
jack chain because of the reaction of aluminum with carbon 
tetrachloride. If it is used for any length of time in metal 
columns, there may be some corrosion. The results are 
given in Tables IV to VI. 

EFFICIENCY TESTS USING WHEPTANE AND TOLUENE 
The use of n-heptane and toluene, since they are both 

hydrocarbons, is well adapted to columns employed in frac- 
tionating gasoline. This mixture offers no corrosion difficul- 
ties, can be analyzed accurately by refractive index, and ex- 
cept for the high cost of the n-heptane is in all respects one 
of the best possible mixtures. The results obtained are given 
in Table VII. 

EFFICIENCY TESTS USINQ  HEPTANE AND METHYLCYCLO- 

Mixtures of n-heptane and methylcyclohexane are very 
suitable for testing fractionating columns, particularly if the 
columns are to be used in petroleum work. Since these two 
substances boil only 4.3' F. (2.4' C.) apart, they are particu- 
larly suited to the testing of very efficient fractionating 
columns. Analysis by density or refractive index measure- 
ments is easy and accurate. The only serious objection is 

HEXANE 

EFFICIENCY TESTS USING ACETONE AND METHANOL 
This mixture was used in only one case where no packing 

was employed. The results are given in Table IX. 

TABLE Ix. EFFICIENCY TESTS USINQ ACETONE AND METHANOL 

( In  column 8, diameter 0.67 inch, height 118 inches, no packing) 

VELOCITY A T  TOP o ACETONE THEORETICAL 
TOTAL 

Vapor Liquid a t  h. P. Distillate Still PLATES H. E. T. P. 
F t . / s e c .  C u .  i n . / h r .  (Z./hr.) Mole '% Mole % Inches 

1.9 55 (0.9) 26.5 6 .5  2 .5  79.0 
2 .5  70 (1.1) 21.0 2 .4  3.0 59.0 
2 . 6  82 (1.3) 41.0 7.9 3.0 59.0 
2 .9  89 (1.5) 36.5 3.2 4 . 5  34.0 

EFFECT OF HEIGHT ON EFFICIENCY OF PACK~NGS 
As would be expected, it has been found that an increase 

in the height of packed section lowers the efficiency of a col- 
umn-i. e., increases the H. E. T. P. The effect is very pro- 
nounced in the columns 0.75 inch in diameter while in the 
columns 2 inches in diameter the evidence is inconclusive. 
This may be due to the fact that in short small-diameter col- 
umns there is but little channeling, whereas in short large- 
diameter columns there is channeling. Hence an increase 
in height in the small-diameter columns causes channeling 
and increases the H. E. T. P. value, whereas in the large- 
diameter column, since channeling is already present, the 
effect is not as great. 



1176 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  Vol. 26, No. 11 

methylcyclohexane gave a value of 18 inches. In  testing an  
open tube 116 inches long, an H. E. T. P. of 26 inches was 
obtained with carbon tetrachloride and benzene and 58 inches 
with acetone and methanol, 

The decrease in efficiency with added height is apparently 
due only in part to the effect of channeling. In tests using 
the same concentration of carbon tetrachloride-benzene on 
columns with and without distributors, H. E. T. P. values 
were obtained which, while lower for the column with dis- 
tributors than for the column without distributors, were 
higher than those obtained in short columns. It is possible 
that some fundamental relationship in the vapor-liquid equi- 
libria may be responsible. The results are given in Tables 
X and XI. 

TABLE X. EFFECT OF HEIGHT ON EFFICIEXCY OF PACKISGS n-Heptane-toluene 84 ,  

TABLE XIII. EFFECT OF DIFFERENT MIXTURES o s  
EFFICIENCY OF PACKING 

(Using column 7 packed with one-turn glass helices) 

MORE VOLATILE COMPONENT THEORETICAL 
TOTAL 

PLATES H. E. T. P. MIXTURE Distillate Still 
Mole r0 M o l e  yo Inches 

25.0 1 0 . 5  1 . 9  
( In  oolumns 0.66 t o  0.80 inch in diameter: test liquids, carbon tetrachloride Water-acetic acid 93.8 26 .0  8 .0  2 . 5  

cyclohexane 42.6 31 .5  8 . 0  2 . 5  
n-Heptane-methyl- and benzene) 

--H. E. T. P. AT COLUMN HEIGHT OF:- 
PACKING 27-29 in. 55 in. 66-68 in. 111-116 in. 

Inches Inches Inches Inches 
No. 16 single-link iron jack chain 4 . 2  . . . 6 . 5  . .  CORRELATION OF PACKING MEASUREMENTS AND H. E. T. P. 
Double-cross wire form 2 . 1  2 . 8  . . .  
Bent l/p-in. carding teeth 1.5-2.5 . . .  . . .  4:6 As stated above, packings should have a large surface area 
Straight 7 / ~ i n ,  carding teeth 1.5-2.1 , . , 2 , s  3 . 8  
No parking 33.7 . .  . , . .  26.0 and a high percentage of free space. It has been found that  

the product of the number 
of square inches of su r f ace  

TOTAL area per cubic inch of pack- 
C A R B O N  T E T R h C H L O R I D E  THEORETICAL ing and the p e r c e n t a g e  of 

PLATES H,  E. T. f r ee  space ,  divided by 100, 
g ives  a numer i ca l  va lue  

double-cross wire f,orm 65.0 8 . 5  23 3 . 0  which parallels the efficiency 
a n d  over-al l  utility of the 
packings. Table XIV com- 
pa res  t h i s  numerical value 
with the observed H. E. T. P. 

3 . 4  and the flooding veloci ty .  
T h e  H. E .  T. P. was  de- 
t e rmined  in the usual way 

TABLE XI. EFFECT OF DISTRIBUTORS ON EFFICIENCY OF PACKINGS 

Distillate Still 
Mole % Mole yo Inches 

Column 6, diam. 0.80in., packed for 67 in. with 

column 6 ,  same height of packing, 1 distributor 

column 1, diam. 0.76 in., packed for 27 in. with 

co lumn 8, diam. 0.67 in. ,  packed for 113 in. with 

column 8 ,  diam. 0.67 in., with same packing for 

column 4, diam. 0.67 in., with same packing for 21 in. 

in middle of column 73.0 8 . 5  28 2 . 5  

56 .5  17.5 14 2 . 1  double-cross wire form 

straight 7/win. carding teeth 72.0 7 . 2  29 4 . 0  

103 in., 4 equally spaced distributors 73 .5  5 . 0  31 .5  
50.0 11 .0  14 .5  2 . 1  

EFFECT OF DIAMETER OF COLUMN ON EFFICIENCY OF with a mixture of carbon tetrachloride and benzene. 

An increase in the diameter of a column decreases the 
efficiency of the packing considerably. This is the main 
reason why packed columns have not found a more extensive 
use commercially. The results obtained are given in Table 
XII. 

TABLE XII. 

PACKINGS 
CORROSION 

The problem of corrosion in packed columns is serious. 
A packing which has corroded even to a small extent behaves 
quite differently from the original packing. Usually the 
H. E. T. P. is greater and the throughput is less. Some of 
the packings used were made of alloys so that no difficulty 
was experienced with atmospheric corrosion or with the liq- 
uids used. For general use in laboratory columns the one- 
turn glass helices are best in regard to corrosion, although 
in most cases an alloy wire would be satisfactory. The card- 
ing teeth used in the above tests were made of steel wire and 
because of their large surface area corroded readily when 
exposed to the atmosphere. An attempt is being made to  

EFFECT OF DIAMETER OF C o L U ~ ~  oix EFFICIENCY 
OF PACKINGS 

HEIGHT 
pACKED 
SECTION 0.67 in. 0.76 in. 2.07 in.  2.12 in .  

(Test liquids, carbon tetrachloride and benzene) 

H. E. T. P. A T  COLUMN D ~ ~ ~ .  
PACKING 

Inches Inches Inches Inches Inches 
Double-cross wire form 27-30 2 . 3  2 .1  4 . 2  4 . 3  

55-56 . . . 2.8  3 . 7  , . . 
No. 16 single-link iron Jack 68-72 27-40 , . . , , 
Straight carding teeth 27-29 . . . 1 . 5  . . .  5 . 0  

, , , , , , 6 . 5  4 ,  
5 .9  , 4  '. have them formed from an alloy wire. 

chain 

LABORATORY COLUMNS 
EFFECT OF DIFFEREKT MIXTURES ON EFFICIENCY OF 

PACKINGS 

Using column 7 (diameter 0.55 inch, height of packed sec- 
tion 17.7 inches), efficiency tests were made with three differ- 
ent mixtures. The columns were all operated a t  maximum 
t h r o u g h p u t i .  e., just below flooding. It is interesting to 
point out that  under these conditions superficial linear ve- 
locity, in feet per second, was high for the water-acetic acid 
mixture and low for the n-heptane-toluene mixture. The 
results are given in Table XIII. 

Tests on column 10 packed with KO. 16 single-link iron jack 
chain, using mixtures of benzene and toluene, carbon tetra- 
chloride and benzene, and n-heptane and toluene, gave prac- 
tically the same H. E. T. P. Using n-heptane and toluene 
in  column 11 which was packed with six-turn wire helices, an 
H. E. T. P. of 17 inches was obtained whereas n-heptane and 

Packed columns are used extensively as laboratory columns. 
In most cases the packing has been very inefficient, and 
therefore the number of theoretical plates small. The use 
of some of the packings described above, instead of the older 
types of packings, would double or triple the number of 
theoretical plates in the column. The same would be true 
of some of the open-type columns which do not use a packing. 
Efficient, well-designed, packed laboratory columns are used 
in the organic research laboratory of the Pennsylvania State 
College. The results obtained on a number of these columns 
are given in Table XV. The columns were all made and 
tested by different persons. The tests were all conducted 
a t  maximum operating vapor velocity, and the test mix- 
ture was carbon tetrachloride and benzene. The columns 
were packed with three-fourths-turn to two-turn glass 
helices, and the differences in H. E. T. P. are partly due  
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of t h i s  t y p e  cannot be in- 
creased wit8houtm a considerable 
loss in efficiency. When tested 
with a mixture of carbon tetra- 
c h 1 o r  i d e and benzene in the 
usual way, it had the equiva- 
lent of six theoretical p 1 a t  e s 
corresponding t o  an H. E. T. P. 
of 5.4 inches. 

Kovember, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  

TABLE XIV. CORREL.4TION OF PACKING MEASUREXENTS 

AREA X ’% FREE SPACE F~~~ 
PACKING 100 SPACE H. E. T .  P. 

yo Inches 
Straight ‘/win. carding teeth 47 .0  84.9 1 . 5  
Straight 5/32-in. carding teeth 46.2 81 .6  1 . 7  
Crimped wire 44.5 6 4 . 0  . . .  
Bent l/a-in. carding teeth 40.4 8 4 . 0  1 . 7  
1-turn No. 94 Lucero wire helix 38 .2  8 2 . 0  . . .  
?iZiscellaneous carding teeth 3 5 , l  9 2 . 1  2 . 2  
Double-cross wire form 3 4 . 0  71.9  2 . 1  
Outside prong rivets 3 1 . 3  6 6 . 2  . . .  
2-turn and 3-turn No. 24 Lucero wire helix 30 .3  8 6 . 5  . . .  
Hollow-square wire form 27 .3  79 .6  5 . 4  
No. 20 single-link iron jack chain 25 .0  69 .5  5 . 2  
S o .  2 cut tacks 23 .3  64.5 2 . 4  
6-turn No. 24 Lucero wire helix, 21.1 9 1 . 2  8 .0  
No. 18 single-link iron jack chain 19.9 69 .4  6 . 5  
Lessing rings 1 9 . 0  84 .7  . . I  

Bifurcated rivets 17.7 54 .5  . . .  
No. 3 cut tacks 1 7 . 1  68 .0  . . .  
Glass tubes 15 .3  69 .7  5 . 5  
No. 16 single-link iron jack chain 15.0 72 .3  4 . 2  
Bird shot 14 .2  39.4 . . .  
Cholet-Vanderhoef rings 1 2 . 6  90 .0  . . .  
B. B. shot 8 . 4  41 .5  . . .  

TABLE xv. EFFICIENCY TESTS OF LABORATORY C0LUXN.S 
USING CARBON TETRBCHLORIDE AND BEXZESE 

HEIGHT TOTAL 

DIAM. SZCTIOIV PLATES H. E. T. P 
Inches Inches Inches 

PACKED THEORETIChL 

0.43  
0.51 
0.32 
0.55 
0 .51  
0.55 
0 .36  
0.63 
0 .51  
0.67 
0.59 
0 .55  

10.3 
15.0 
15.8 
17.3 
1 7 . 3  
17.7 
20.9 
23.6 
24.8 
32.2 
34.7 
53.1 

10 .0  
6 . 0  
7 . 7  
9 . 6  

12 .5  
12 .0  
15.0 
10.7 
10.0 
13.5 
19 .5  
22 .3  

1.1 
3 .0  
2 . 4  
2 . 0  
1 . 5  
1 . 6  
1 . 5  
2 . 4  
2 . 7  
2 . 6  
1 . 9  
2 . 5  

t o  this and partly due to the different heights of packed 
section. 

For comparison, data on the following columns are as 
follows : 

COLUMN A. -4 glass column 0.78 inch in diameter and having 
a packed section of 27 inches was packed with I/., X inch glass 
tubes. When tested with a mixture of carbon t,etrachloride and 
benzene in the usual way, it had the equivalent of five and a half 
theoretical plates, corresponding to an H. E. T. P. of 6.0 inches. 

This was an indented glass column 0.43 inch in 
diameter and 27 inches tall. The indentations were not made 
at random but were carefully spaced and shaped so as to give 
maximum vapor-liquid contact. The diameter of a column 

COLUMN B. 

AND H. E. T. 
CON DENS AT^ 
AT FLOODING 

VELocIrY 
Cu. i n . / h r  ( l . /hr . )  

92 (1.5) 
. . .  . . .  . . .  . . .  
122 ( 2 . 0 )  

110 (1.8) 

. . .  . . .  . . .  . . .  

. . .  . . .  . . .  . . .  

. . .  . . .  

. . .  . . .  
53 (0.9) . . .  , . .  
. . .  . . .  
. . .  . . .  
. . .  . . .  

, .  . . .  
73 (1.2) . . .  . . .  

. . .  . . .  . . .  . . .  
. . .  

C H E M  I S 

P. 
DIMEIVSIONS 

C O L U M l V  
OF TE3T 

Inches 
0.76 X 27 
0 .76  X 27 

0 .76  X 27 
. . . . . . . 
. . . . . . , 

0.76  X 27 
0.76  X 27 . . , . . . . . .  . . . .  
0.80 X 55 
2 . 0  x 53 
0 . 8 0  x 55 
0 . 8 0  X 66 
2 . 0  x 53 

. . . . . . . 

. . . . . . .  

. . . . . , . 
0.78 X 27 
0 . 7 3  X 27 . . . . . . .  . . . . . . .  

. . , . . . , 
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