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The factors affecting the efficacy of a closely packed bed of mixed cotton and a supporting 
fiber (Teflon, glass, Dynel) were evaluated for oil-in-water dispersions. Several other water- 
organic systems were also tested. Superficial velocities ranged from 0.2 to 3.5 ft./min. Succei- 
ful coalescence was attained a t  interfacial tensions as low as 3.5 dynes/cm. Dispersed phase 
viscosity was varied from 1.4 to 137 centipoise. For a mixed-fiber bed with a specific ratio 
of fiber species, there is  an optimum bed depth for best performance; High-speed cinephoto- 
micrographic observations a t  1 0 0 ~  and up to 4,000 frames/sec. indicated that fiber wettability 
is not the most important factor for successful operation. 

Organic chemicals must be purified during their manu- 
facture by contacting them with immiscible solutions in a 
washin or extraction operation. The immiscible solution 

the field of petroleum products such as gasoline and kero- 
sene. Fuel for modem jet-powered airplanes is a articu- 
larly important product in which the presence of water 
is a very critical problem (7). The reverse situation, in 
which very fine droplets of an oil phase are dispersed in 
a large amount of water, is of considerable interest in the 
prevention of contamination of rivers, harbors, and 
beaches. 

If a water phase is dispersed in an organic liquid by 
any of the efficient turbulence creating mixers presently 
in use, an emulsion will be f o n e d .  If both liquids are 
pure (no surfactants present), the emulsion will be of a 
temporary nature and both phases may be recovered by a 
simple settling operation. If a strong surfactant is present, 
the emulsion may be a permanent one requiring special 
methods to break it. 

Two types of temporary emulsions are recognized (1 2 ) .  
The first (primary) is characterized by a drop size of the 
order of 100 p and will separate readily in a few seconds 
or minutes by simple settling. If one or both of the two 
liquids involved contains polar compounds, one or both 
of the two layers which result from the settling operation 
will be clouded with a fine mist or fog of extremely fine 
droplets of the opposite phase (1). Such fogged layers 
are called secondary emulsions and consist of untold bil- 
lions of droplets of submicron size suspended in a fieId of 
the opposite phase. These secondary emulsions cannot be 
settled clear for many minutes or hours. Coalescence of 
these tiny droplets into large ones is necessary if the emul- 
sion is to be broken and separation attained. 

Passage of an emulsion through a fibrous bed will often 
cause coalescence and facilitate separation (1 2) ; some- 
times such beds are dependable and sometimes not. The 
mechanism of their operation is shrouded in vagueness 
and conjecture. No accepted theory exists on how they 
accomplish the coalescence of the submicron droplets into 
large ones of manageable size. Were one available, it 
would facilitate design and aid selection of materials of 
construction of such devices. The present work is con- 
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cerned with checkin the mass of seemingly conflicting 

and, by establishing the role of the primary variables in- 
volved, to formulate a set of workable relationships. 

We are not concerned herein with those fibrous beds or 
screens which act as a hydrophobic barrier, or filter, upon 
the front face of which the drops may be held to coalesce 

testimony regarding t 1 e performance of such fibrous beds 

( 8 ) .  

PREVIOUS WORK 

Based upon gross performance observations on both 
small test cells and full size industrial equipment, the gen- 
eralizations listed below may be tentatively accepted. Ex- 
periments can be devised and carried out in such a man- 
ner as to either confinn or deny nearly all of them. 

1. The fibrous bed must be closely packed and possess 
a high ratio of surface area to volume (12, 15). 

2. The size of the capiIlary openings must be relatively 
large. Note that 1 and 2 are consistent if very fine fibers 
are used ( 1 2 ) .  

3. The fibers must be preferentially wetted by the dis- 
persed phase (9, 12, 15) .  Several authors (3, 4, 8, 10, 
11 ) have indicated that this is not universally true. 
4. The flow rate must be above a certain minimum but 

below a certain maximum. Superficial velocities between 
0.25 and 1.0 ft./min. seem satisfactory (2 ,  12, 15).  

5. Higher temperatures promote the operation (2 ,  12). 
6. Thin beds will separate coarse emulsions ( 5 0 - ~  drop- 

lets) but a bed thickness of several inches is required to 
coalesce secondary emulsions of submicron drops (2). 

7. A high interfacial tension system is more easily co- 
alesced than is one of low interfacial tension (6, 1 3 ) .  

8. Surfactants, dirt, and high viscosity all tend to pre- 
vent coalescence (13 ) .  

9. A potentiaI energy barrier, which may be electrical 
or mechanical or differential wetting, can prevent the 
operation (1 ) . 

10. Large drops form and grcw on the leading surface. 
11. Large drops wander through the bed in an irregu- 

lar path to the down stream surface. 
12. Large drops appear at, grow, and leave the down- 

stream surface. Small drops are often formed at this point 
by breaking of the usual connecting thread of drop liquid. 

13. It has been observed that while the fibers must be 
hydrophilic to the droplets, they must not be too hydro- 
philic. An inteimediate value appears best (15). 
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MECHANISMS 

Several mechanisms of operation have been devised to 
explain the manner of operation by which such beds pro- 
mote coalescence of micron and submicron size drops 
within the fibrous structure. 

Inertial Impaction 
If the particies have the same relative mass as the field 

phase, they will usually follow the fluid streamlines around 
any obstruction in the stream. If the flow is turbulent and 
if vortices occur, the drops can be brought to a Auid in- 
terface even though the density difference be low. Red- 
mon ( 8 )  has offered the most authoritative opinion, that 
low density difference systems are extremely difficult to 
coalesce. If the drop density is less than that of the field 
liquid, the inertial impaction mechanism should act to 
prevent drops approaching the fiber or other drop surface. 
Such a phenomenon is not universal. 

Direct Interception 
If a particle has a finite diameter, it will fend to touch 

the cylindrical fiber when the distance D,/2 from the 
collector surface is reached. Rose (10) and Vinson ( 1 4 )  
have treated this phenomenon for cylindrical fibers or 
wires. I t  has not been fully treated for spheres, but the 
same relationships should hold. 

Brownian Movement 
Particles in the submicron size range can reach each 

other as well as other wetted surfaces due to Brownian 
motion (14, 15) .  Droplets above a very few micron diam- 
eter are not susceptible to this action. 

Electrostatic Movement 
Particles which carry an electrostatic charge can be at- 

tracted to those of opposite charge. The alternating volt- 
age field used in some commercial settlers promotes such 
action. Like Brownian movement, it is very effective on 
the very smallest particles. 

Rupture in Capillaries 
It has been postulated that when the emulsion is passed 

through a fibrous bed, there is a tendency for the micron 
size droplets of the dispersed phase to be forced together 
as they move through the passages. Film thinning would 
then occur and the dro s would coalesce together while 

or no coalescences occur between two freely movin 
lets which contact each other as they are carried t rough 
the bed (4,  11). One of the drops must be held in the 
bed so that other drops may come to it for film thinning 
and rupture to occur. It must be borne in mind that 
closely packed fibrous beds are about 90% free space and 
that the size of the smallest moving drops is far less than 
the diameter of the fibers or of drops held stationary in 
the bed. 

EXPERIMENT 
Conflicting published information, much of which was 

qualitative and speculative in nature, indicated the necessity 
of carrying out a series of experiments designed to select a 
fibrous bed which could be used to coalesce a secondary emul- 
sion of oil dispersed in water. While the primary objective 
was concerned with O/W emulsions, experiments on W/O 
dispersions were also conducted to check the validity of a 
number of unsupported ideas. The effects of surfactants, bed 
properties, fluid properties, and operating variables were de- 
termined. 

Equipment 
The apparatus used is shown diagrammatically in Figure 

1. After selecting the fibers to be used, a bed was prepared 

moving. Photomicrograp 1 ic studies have shown that little 

a drop- 

and supported in a hollow brass cylinder 2.75 in. long with 
an I.D. of 1.50 in. The cylinder had a stainless steel screen 
soldered to one end and was attached to a %-in. brass mount- 
ing plate. This screen was made of 0.11-in. wire and had Ys- 
in. openings. The bed was secured by a circular stainless steel 
screen, which was inserted through the open end of the cylinder 
and held in place by an aluminum bolt that passed through 
both screens and the fibrous bed. The movable screen was 
made of 0.0758-in. wire and had 1/16-in. openings. 

The fibrous bed support was mounted horizontally between 
two 2-in. Pyrex glass pipe tees. The outlets of the tees were 
sealed by Y4-in. brass plates with Ys-in. neoprene gasketing. 
The plates over the horizontal outlets contained openings 
through which the liquid could enter or leave. Also, there were 
openings in the upper outlet plates to allow pressure measure- 
ments to be made and to aid in the drawing off of the coalesced 
dispersed phase. 

The emulsion was continuously forced through the system 
by a 1,725 rev./min. stainless steel gear pump. The piping to 
and from the tees was Y4-in. O.D., 0.03-in. wall, copper re- 
frigeration tubing. A by-pass line of Y4-in. brass pipe was in- 
stalled between the pump and the tees to aid in controlling 
the liquid flow rate to the tees. All the valves and fittings were 
brass. The flow rate was determined with a Fisher and Porter 
rotameter (model 6012A2786Bl). 

The survey tests were made in a similar apparatus but the 
direction of flow was vertical; downward if the dispersed phase 
was heavier and upward if it was lighter than the continuous 
phase. 

Operating Procedure 
After the fibrous bed was installed in the system, the pump 

was turned on and the emulsion was allowed to flow through 
the by-pass line until steady operation was reached. The valve 
which controlled the flow rate to the tees was then opened 
and the emulsion passed through the coalescing system, An 
experimental run, at one flow rate reading on the rotameter, 
lasted 15 min. The flow rate, pressure gauge reading, tempera- 
ture, coalescence, and redispersion effects were observed for 
each run. The flow rate was then increased to another value. 
Data were taken for a velocity range from 0.1292 to 3.52 
ft./min. superficial velocity. 

Preparation of the Emulsion 
The emulsion was prepared by mixing the petroleum frac- 

tion and distilled water in a stainless steel tank. The concen- 
tration of the dispersed phase in the emulsion was in the 2 
to 5% by volume range. A 1-5/16-in. stainless steel turbine 
impeller was used to agitate the emulsion. The emulsion was 
pumped from the reservoir through the system and then re- 
turned to the reservoir. 

Fibers 
The fibers used were medical cotton, Dynel, glass, polyethyl- 

ene, polypropylene, and Teflon; the size and density of each 
are listed in Table 1. Mixed fibrous beds of cotton-glass, cot- 
ton-Teflon, and cotton-Dyne1 were tested. The Teflon fibers 
used in the mixed beds were very coarse and were somewhat 

'i' i i i  
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Fig. 1. Equipment diagram. 
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rigid cylinders of about loop in diameter. A fibrous bed of 
medical cotton can be made to coalesce almost any kind of 
phase from any other phase. Exceptions are the very low 
normal interfacial tension systems as well as O/W emulsions 
in which the interfacial tension has been lowered to less than 
3 dynes/cm. by the addition of certain surfactants. But cot- 
ton fibers have little rigidity and will collapse ( 8 )  at rela- 
tively low pressure drops. Therefore mixed-fiber beds of 
cotton-glass, cotton-Dynel, and cotton-Teflon were used to 
take advantage of the good qualities of cotton and the support- 
ing properties of other materials. 

Preporotion of Mixed-Fiber Beds 
The mixed-fiber beds were prepared by two methods. 
Cotton-Glass Fiber Bed: The fibers were precut into %- 

in. lengths to aid in their handling. The appropriate amount 
of each fiber was then weighed out. The correct weight of 
each fiber was specified by the particular weight ratio Rf = 
S/ (S  + C )  desired. For our purposes, S refers to the weight 
of the supporting fiber and C refers to the weight of the cotton 
fiber used. The fibers were then dispersed in separate beakers 
of distilled water. A suction apparatus was attached to the 
bed support and the fibers were poured into the support in 
alternating layers, which were approximately %-in thick. 

The suction was then turned on to dry the fibers, after 
which the circular stainless screen was inserted and the bed 
was compressed to the desired thickness. The bed and support 
were then allowed to soak in the pure dispersed phase for 
approximately 12 hr. before an experimental run was begun. 

Cotton-Dyne1 Fiber Bed: A weighed amount of cotton and 
Dynel was layed out in the form of layers of cotton and 
Dynel and then cut into %-in. strips. All the cut fibers were 
dispersed in distilled water and thoroughly mixed. The dis- 
persed fibers were taken out and squeezed to remove most 
of the moisture contained in them. They were then packed 
into the hollow brass cylinder and allowed to dry. This method 
of making a bed was termed as a random-packed bed. The 
dried fibers were then compressed to the desired thickness 
and allowed to soak in the pure dispersed phase for approxi- 
mately 12 hr. It should be noted that the bed density was 
maintained constant by varying the total weight of fibers used 
as the bed depth was changed. 

Determinotion of Coalescence 
The degree of coalescence was determined visually as a 

function of the cloudiness in the downstream tee and classified 
as complete, partial, or incomplete. For the situation where 
normal visual determination of coalescence was doubtful, a 
light beam was passed through the downstream tee. If coales- 
cence was complete, the light beam passed through the tee 
with no reflection. If the coalescence was incomplete, however, 
the light beam was reflected by the micron sized particles of 
the dispersed phase and a haze was visible in the tee. The 
changes from complete to partial and from partial to inconi- 
plete coalescence were gradual, as would be expected, since 
the increments in velocity were small. 

It was observed that small individual droplets emerged from 
the fibrous bed and were carried through to the downstream 
tee by the continuous phase before they could settle out. These 
droplets underwent some degree of coalescence in the bed, 
but were not large enough to attain complete separation. This 
phenomenon was referred to as redispersion and was classified 
as none, slight, or heavy. The velocity at which redispersion 
occurs is called the critical separation oelocity. 

TABLE 1. FIBER PROPERTIES 

Fiber Material density, 
Material diameter, p g./cc. 

Cotton 14.05 1.58 
Dynel 43.5 1.31 
Glass 8.85 2.50 
Polyethylene 46.5 0.92 

Tell on 20.0 2.3 
Polypropylene 45.0 0.90 

TABLE 2. PHYSICAL PROPERTIES OF LIQUIDS 

Vis- Inter- 
cosity, facial 

Density, centi- tension, 
Liquid g./cc. poise dynes/cm. 

Benzene 
n-Buiyl benzoate 
Carbon tetrachloride 
Chloroform 
Cyclohexanol 
Isobutanol 
Kerosene 
Nitrobenzene 
No. 10 Base oil 
LF-1584 Oil 
LF-1584 Oil-10% 
No. 10 Base oil-90% 

0.879 
1.005 
1.574 
1.485 
0.962 
0.802 
0.8006 
1.2007 
0.80879 
0.8996 

0.81746 

0.652 35.0 
2.79 31.0 
0.883 33.2 
0.542 32.8 

68.0 3.92 
4.70 2,1 
1.483 47.0 
1.915 23.7 
1.3774 45.0 

137.5375 52.2 
1.7321 45.3 

0.82759 2.3803 46.4 LF-1584 Oil-20% 
No. 10 Base oil--80% 

LF-1584 O i I 4 0 %  
No. 10 Base o i l 4 0 %  0.84868 3'925 48'3 
LF-1584 O i l C O %  
No. 10 Base o i l 4 0 %  0'869 11.169 48.9 
LF-1584 O i l P o %  
No. 10 Base oil-20% 0.88863 28.61 49.8 

Temper- 
ature, 

C. 

20.0 
25.0 
26.5 
25.0 
20.0 
20.0 
25.0 
22.5 
28.0 
28.0 

28.0 

28.0 

28.0 

28.0 

28.0 

28.0 

Moteriols 
The materials used were No. 10 base oil and LF-1584 oil 

supplied by the American Oil Company. The other organic 
liquids and their physical properties are listed in Table 2. 

The surfactants used were Tergitol TMN ( trimethylnonyl 
ether of polypropylene glycol, 90% plus, u = 25.9 dynes/cm.) 
and Sarkosyl-0 (oleyl sarcosine, molecular weight 345 to 360, 
94% plus, specific gravity 0.948). 

All the fibers used are commercially available and have 
uniform properties (Table 1 ) . Medical cotton was purchased 
at the local pharmacy. 

Physical Properties 
The density and viscosity of the kerosene, No, 10 base oil, 

LF-1584 and the various mixtures of the latter two were 
measured with a specific gravity bottle and Ostwald-Cannon- 
Fenske viscometers, respectively. The surface tension and in- 
terfacial tension of all the liquids were measured with a 
Cenco DuNouy ring tensiometer. The density and viscosity 
of the other organic liquids were obtained from handbooks, 
because they were certi-fied pure. All physical properties are 
listed in Table 2. 

DISCUSSION 

Preliminary Survey Tests 
Nine water-organic systems were used with density dif- 

ferences ranging from 0.2 to 0.57 g./cc. and  interfacial 
tension from 2.1 to 47 dynes/cm. Six fibers were used 
with mean diameter varying from 8.85 to 46.5 p. The sys- 
tems used and their physical properties are  presented in 
Table  2. Fiber properties are presented in Table 1, and a 
summary of runs is presented in Table 3. 

Secondary emulsions of organics in water and water in 
organics were prepared and pumped through the appa- 
ratus shown in Figure 1. The emulsion was forced through 
the fibrous bed, prewet by the  dispersed phase, to  deter- 
mine if any coalescence took place, and the coalescence 
effect was noted visually. 

The results of these preliminary tests are in Table 3. 
Complete coalescence ( C )  was deemed to occur if the 
effluent continuous phase was clear and free from haze as 
seen by side lighting with a narrow light beam. Large 
drops of the dispersed phase grew and left the down- 
stream surface of the bed. If the exit field fluid was 
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TABLE 3. PRELIMINARY TESTS OF FIBERS AND SYSTEMS 

S y s tein Cotton Dynel Glass P-E PP Teflon 

Benzene-water 
Butyl benzoate-water 
Water-carbon tetrachloride 
Chloroform-water 
Clyclohexanol-wa ter 
Isobutanol-water 
Water-isobutanol 
Water-kerosene 
Nitrobenzene-water 

C N C N  
C P P P  
C P C P  
P N N N  
N -  N N  
N N N N  
C P C P  
c P C P  
N -  N N  

C = Complete coalescence at all flow rates. N = Very slight or no 
coalescence. P = Partial coalescence leaving some haze in suspensions. 
In some cases there was redispersion. 

slightly fogged or if redispersion of the coalesced material 
into tiny droplets of less than 1 mm. occurred, the coales- 
cence was termed partial (P) .  If the effluent continuous 
phase was quite fogged, it was deemed that no real 
coalescence was effected ( N )  by the fibrous bed system. 
The effluent stream was not analyzed for dispersed phase 
content because this concentration is dependent on the 
settling characteristics of the downstream chamber. 

It will be noted that medical cotton is the best fiber of 
all, closely followed by glass fibrous beds. Dynel, poly- 
ethylene, and polypropylene fibers were about 45 p in 
diameter and could not be packed closely enough to make 
an effective bed. Teflon fibers of 20 p diameter were ef- 
fective coalescers when water was the dispersed phase 
and the interfacial tension was high. Teflon beds can also 
act as a dispersion device at the flow rates used. Drops of 
large size cannot be held with sufficient tenacity to resist 
the hydrodynamic pressure on them. Chloroform and ni- 
trobenzene were poorly coalesced by any of the fibrous 
beds. These are systems of high interfacial tension but 
also of a high degree of polarity. It is believed that their 
highly polar nature causes a resistance to coalescence. 
They are easily dispersed and will cause a secondary emul- 
sion to form readily. Emulsions of cyclohexanol in water 
and isobutanol in water could not be broken by any of the 
beds. Both systems exhibit a very low interfacial tension. 
Both cotton and glass fibrous beds coalesced water from 
an isobutanol field. It would seem that preferential w t -  
ting is an all compelling factor for this low (2.1 dynes/ 
cm.) interfacial tension case. It must be noted here that 
these are natural low interfacial tensions systems as con- 
trasted with systems in which a low static interfacial ten- 
sion is attained through the use of a surface-active agent. 

The difference in density of the two mutually saturated 
liquid phases was brought to a low value in the n-butyl 
benzoate vs. water system. It should be almost impossible 
to coalesce such a system. Inertial impaction and direct 
interception should be inoperative, since the micron size 
droplets can cross streamlines with great difficulty. But 
cotton beds were very effective and the other fibers were 
partly so. A superficial velocity of 3 ft./min. of water in 
a %in. tube will result in a pipe Reynolds number of about 
700. The same velocity past a 7-p diameter drop will 
result in a drop Reynolds number of about 0.10. If the 
fibers be about 15 p in diameter, the Reynolds number in 
the packed bed (90% free space) will be about 0.2. This 
would indicate that any turbulence should be of a very 
low order and an absence of vortices behind drops or 
fibers. However microscopic observations showed that this 
was not the case. Turbulence in the bed is quite high and 
vortex shedding may be seen to be plentiful at such flow 
rates in such beds. It is believed that this is the main 
reason why the beds were effective on the n-butyl benzo- 
ate-water system. 

The survey data indicate that several phenomena may 
be operating simultaneously to promote coalescence of 
micron and submicron size drops to a drop size of at least 
1 mm. Billions of the former are required to make one of 
the latter. Microscopic observations have shown that small 
(about 5 p )  drops do not coalesce while moving together 
in a moving stream. They are not easiIy pushed together, 
so the sequence of events (approach, contact, film thin- 
ning, rupture, hole expansion) of coalescence can occur. 
All observed coalescences occurred only if one or more 
drops were held at a position in the bed so that other 
drops could come to them to combine. The mechanism of 
operation of such beds therefore must be explained by 
considering how drops may be held in the bed and how 
they can leave. 

Effect of Fibers 
The degree of coalescence effected by a given fibrous 

bed is related to the number of drops which adhere to the 
fibers and to the length of time the drops remain on the 
fibers. A droplet that is held on a fiber for a long period 
of time will undergo a greater number of collisions with 
free dispersed phase droplets and, as a result, the degree 
of coalescence should increase. The superior coalescing 
ability of the cotton indicated that the petroleum fraction 
droplets were held more securely by the cotton fibers than 
by the Teflon or glass wool fibers. The best coalescence 
achieved, among all the fibers tried, was by cotton and 
this is shown in the systems: nitrobenzene-water, butyl 
benzoate-water, benzene-water, water-carbon tetrachloride, 
water-isobutanol, and water-kerosene. 

The photomicrographic investigation showed that in 
most cases, the droplets which adhered to the cotton fibers 
did not actually wet the fibers. There was a zero contact 
angle between the droplet and the fiber. The droplet fillet, 
characteristic of wetted adherence, was not observed. 
Thus, it appears that preferential wetting was not the con- 
trolling factor which made cotton a more efficient coalescer 
than the other fibers. 

These experimental findings may be justified if the rela- 
tive roughness of the fibers is considered. The natural, 
ribbonlike cotton fibers do not have smooth surfaces, but 
possess many depressions and obstructions, which increase 
the fibers ability to capture and to hold the droplets of 
the dispersed phase. This is not true for the other 
smoother synthetic fibers. As a result, the cotton is able to 
provide more complete coalescence for a longer period of 
time and, theoretically, it should continue to effect coa- 
lescence indefinitely. 

However, cotton used by itself has a disadvantage in 
that it tends to pack very tightly, thus increasing the 
pressure drop across the bed. In order to minimize this 
factor mixed-fiber beds, cotton-glass wool and cotton- 
Dynel, were used. The glass wool and Dynel were used as 
supporting fibers. Dynel, in particular, is a crinkled, resili- 
ent fiber and, therefore forms an excellent supporting me- 
dium. 

Effect of Bed Depth 
Bed depths varying from 0.25 to 1.25 in., increasing in 

increments of 0.25 in., were investigated while keeping 
the Rf ratio constant. The results indicated that as the 
bed depth increased the degree of coalescence also in- 
creased. This agrees well with the findings of other work- 
ers. 

However, there is a limitation as to just how deep the 
bed can be. It is true that because of a longer residence 
time in the deeper bed the coalescence is better, but there 
is also a high-pressure drop across it and this results in 
the redispersion of the coalesced drops. It was observed 
that redispersion always took place before the onset of 
partial coalescence. When redispersion occurs some of the 
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RATIO 

0.26 0.60 0.76 110 
BED DEPTH, INCHES 

Fig. 2. Critical separation velocity vs. bed 
depth and Rf ratio; cotton and glass fibers; 

No. 10 base oil. 

drops emerging from the bed are too small to settle out 
before they pass through the downstream tee. This phe- 
nomenon will occur if a drop does not remain on a fiber 
long enough to undergo a sufficient degree of coalescence 
or if the large drops formed in the bed are broken up as 
they move through the narrow channels formed by the 
fibers in the bed. 

After a small droplet has adhered to a fiber in the 
packed bed, it can increase in size if it contacts and coa- 
lesces with othei. droplets being carried through the bed 
by the continuous phase. Photomicrographic studies have 
shown that a drop will break away from the fiber after it 
has attained a certain size. This breakaway is caused by 
the hydrodynamic pressure on the drop. If the superficial 
velocity of the emulsion is high enough, a held drop may 
be carried away before it has reached the size necessary 
to enable it to settle out after leaving the packed fibrous 
bed. 

For a mixed-fiber bed with a specified Rf ratio, there 
is a superficial velocity (critical separation velocity) be- 
low which a packed bed of a given depth must be oper- 
ated so that complete separation (complete coalescence 
and no redispersion) is achieved. The optimum bed depth 
for an Rf ratio of 0.5 was determined to be 0.75 in. This 
is shown in Figures 2 and 3. 

Effect of Viscosity 
The LF-1584 oil and the No. 10 base oil were mixed 

in various proportions to ive a viscosity range of 1.3774 

velocity versus viscosity, at a constant Rf of 0.5 and bed 
depth of 0.75 in. (Figure 4), it is observed that at veloc- 
ities greater than 2.5 ft./min. and less than 0.13 ft./min. 
there is no effect of the viscosity on the critical separation 
velocity, that is, it is asymptotic at these two values. 

Effect of Surfoctontt 
Experiments were also conducted to study the effects 

of surface-active agents on coalescence. Tergitol TMN 
was dissolved in distilled water in various concentrations 
to give interfacial tension values of 30.3, 17.4, and 11.4 
dynes/cm. For the higher interfacial tension value (30.3 
dynes/cm.) partial coalescence was observed at all veloc- 
ities, while for the interfacial tension values of 17.4 and 
11.4 dynes/cm. incomplete coalescence was observed at 
all velocities. 

On the other hand, when Sarkosyl-0 was dissolved in 
the No. 10 base oil in various concentrations to give in- 
terfacial tension values of 31.05, 12.18, 3.52, and 2.33 

to 137 centipoise. From t i? e plot of the critical separation 

0 - N O . 1 0  BASE O I L  

@-LF-1804 OIL I O U  
S o-LF-1584 OIL P o x  

A - LF- 1584 OIL sox 
A-LF-1514  OIL 40% 

0 4  0.7 8 1.0 1-28 

B E D  D C P T U  - INCUES 

Fig. 3. Critical separation velocity vs. bed 
depth for cotton and Dyne1 fibers. 

dynes/cm., a different effect was observed. For the values 
31.05, 12.18, and 3.52 dynes/cm. complete coalescence 
was observed at all velocities, whereas for the 2.33 dynes/ 
cm. value, incomplete coalescence was noticed at all ve- 
locities. The lowest interfacial tension value that could 
be obtained was about 2.33 dynes/cm. The interfacial 
tension tests were carried out with a Cenco DuNouy Ten- 
siometer No. 70545. 

It was also found that some of the Sarkosyl-0 was solu- 
ble in the continuous phase and that some of the Tergitol 
TMN was soluble in the oil phase. 

The model used to explain this phenomenon of incom- 
plete coalescence for a water-soluble surfactant and the 
complete coalescence for the oil-soluble surfactant, is as 
follows: 

Consider a drop about to coalesce with another drop. 
In order that they may coalesce there must be rupture of 
the separating film of water present. With the water-solu- 
ble surfactant, which lowers the interfacial tension to be- 
low 20 dynes/cm., the interfacial film toughens and thus 
makes coalescence almost impossible. 

On the other hand, for the oil-soluble surfactant, most 
of the surfactant is present inside the oil droplets and 
there is, therefore, little toughening of the separating film 
of water, thereby permitting easy coalescence of the drops. 
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No noticeable effect of the surfactants, Tergitol TMN 
and Sarkosyl-0 on the efficiency of the bed to coalescence 
was observed. Tergitol TMN dissolved in water was run 
first and then Sarkosyl-0 dissolved in No. 10 base oil was 
run next. The bed was not cleaned with distilled water 
between the water-soluble surfactant runs. The bed used 
for the runs with the surfactants was used for a month 
and runs were made almost every day for periods of about 
4 hr. 

In order to determine the durability of the mixed-fiber 
bed (cotton-glass wool), the bed operation was carried 
out in 8-hr. intervals for a total time in excess of 70 hr. 
and the degree of coalescence achieved did not decrease. 

CONCLUSIONS 

1. Preliminary experiments indicated that more than 
one mechanism takes place during coalescence. 

2. Coalescence of two systems, in which the dispersed 
phase was lighter than the field phase, ‘was achieved with 
cotton, glass wool, and Teflon fibrous beds. Dynel and 
polyethylene did not yield complete coalescence. 

3. Electrostatic phenomena sometimes occur and may 
aid in the coalescence of the dispersed phase by promot- 
ing attraction and adhesion between the droplet and the 
fiber surface. 
4. Foam formation at the exit of a fibrous bed has been 

found to be dependent on bed density. Qualitatively, the 
tendency to form foam varies inversely with the density 
of the packed fibrous bed. 

5. As the fiber diameter is decreased, more complete 
coalescence is obtained. 

6. For each combination of system and fibrous bed a 
minimum bed density is required to achieve complete 
coalescence of the system. 

7. Coalescence of the dispersed phase into large drops 
was found to occur preferentially at certain fixed points in 
a given bed. 

8. Mixed-fiber beds, composed of cotton and glass wool 
and cotton and Dynel, were found to be efficient coales- 
cing mediums for secondary emulsions. 

9. These mixed-fiber beds are very durable and will 
continue to effect complete coalescence over long periods 
of operation. Discontinuous operation does not hamper 
the bed’s efficiency. 

10. It appears that the droplets of the dispersed phase 
did not undergo wetted adherence when they were in 
contact with the bed fibers. There was a zero contact 
angle between the droplets and the fibers. 

11. The superior coalescing quality of cotton fibers is 
probably due to the relative roughness of the fibers. The 
surfaces of the cotton fibers contain many depressions and 
obstructions, which aid in the capture and adherence of 
the dispersed phase droplets. 

12. The degree of separation achieved by the mixed- 
fiber bed device was found to be a function of the coales- 
cence effect and the amount of redispersion. Redispersion 
was the controlling factor in the determination of the crit- 
ical separation velocity for both the bed depth and the 
Rf ratio investigations. 

13. For a mixed-fiber bed with a given Rf ratio, there 
is an optimum bed depth to be used if complete separa- 
tion is desired. A bed depth of 0.75 in. was the optimum 
for the mixed-fiber beds used, with an Rf ratio of 0.5. 

14. The maximum coalescing velocity increased with 
increasing bed depth. For a mixed-fiber bed with an R, 
of 0.5 and for the No. 10 base oil, the coalescing velocity 
increased from 3.2 ft./min. for a bed depth of 0.50 in. to 
over 3.5 ft./min. for a 1.25-in. bed. 

15. The superficial velocity at which redispersion oc- 
curred reached an optimum at a bed depth of 0.75 in. for 
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a mixed-fiber bed with an Rf ratio of 0.50. The critical 
separation velocity was 2.5 ft./min. for this bed depth 
and Rf ratio. 

16. Complete coalescence was observed at velocities as 
low as 0.1292 ft./min. This is because at low veIocities 
Brownian movement is predominant and as a result of 
this the particles tend to migrate from the flow lines, 
thereby increasing the frequency with which they collide 
with one another and the fibers. 

17. Very low and high viscosities of the pure dispersed 
phase do not have any effect on coalescence. The critical 
separation velocity for viscosities less than 1 centipoise, 
is greater than 2.5 ft./min. and for viscosities greater 
than 130 centipoise, is less than 0.13 ft./min. (the lowest 
value that can be read off the rotameter used). 

18. Surfactants Tergitol TMN and Sarkosyl-0 do not 
affect the properties of the bed or of the fibers in it. 

19. Cbmplete coalescence was achieved with the oil- 
soluble surfactant (Sarkosyl-0) for interfacial tension 
values as low as 3.52 dynes/cm. At an interfacial tension 
value of 2.33 dynes/cm., incomplete coalescence was ob- 
served. There is, therefore, a critical value of the inter- 
facial tension between 2.33 and 3.52 dynes/cm., where 
the transition from incomplete to complete coalescence 
takes place, This critical value is difficult to determine 
because, first, it is difficult to make a mixture of the y r -  
factant and the oil to give a series of values between 2:33 
and 3.52 *dynes/cm. (extremely small quantities of the 
surfactant drop the value of the interfacial tension to 
small values); and second, the accuracy of measurement 
of the interfacial tension at such low values is question- 
able. 

20. Incomplete coalescence was observed at interfacial 
tension values of less than 20 dynes/cm. with the water 
soluble surfactant Tergitol TMN. At interfacial tension 
values of 30 dynes/cm. partial coalescence was observed. 
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