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ABSTRACT OF THESIS 
 

The apparent viscosity of stable emulsions has been 

measured and evaluated. The systems studied consisted of 

various oil in water emulsions, utilizing a series of six 

n-paraffins from heptane to octadecane.  The system wan 

stabilized with a conventional emulsifying agent. The ap-

parent viscosity of these emulsions was studied in relation 

to (a) the concentration of the disperse phase and, (b) the 

viscosity of the hydrocarbon used as the continuous phase. 

It was established that the volume concentration of the 

disperse phase had considerable effect on the apparent vise 

cosity of the emulsion. An increase in the concentration 

of the disperse phase resulted in. an increase of the appar-

ent viscosity. 

It was also shown that the viscosity of the hydrocarbon 

comprising the contiguous phase had considerable effect upon 

the apparent viscosity of the emulsion. The increase in ap-

parent vlscosity was still greater than the increase in the 

viscosity of the external phase.  This shows that an inter-

action of effects exists between the concentration of the 

disperse phase and viscosity of the external phase. 

An equation was developed which related apparent emul-

sion viscosity and concentration of the disperse phase with 

type and concentration of emulsifier as the correlating parameter. 
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TERMINOLOGY 

Because of the wide variation of definitions, it is 

advisable to define a few terms which are employed in 

general usage in the remainder of this thesis. 

Internal Phase: The medium which is present in the form 

of small dispersed droplets (also referred 

to as the dispersed phase). 

O/W: Type of emulsion: oil in water; oil being the dis-

persed phase and the water being the continuous phase. 

W/O: Type of emulsion: oil in water; oil being the dis-

persed phase and water being the continuous phase. 

Emulsifiers Surfactants or surface active materials, or 

other agents which are added to an emulsion 

in order to increase its stability by inter-

facial action, 

Continuous Phase: Medium in which the internal phase is 

dispersed (also referred to as the ex-

ternal phase). 



INTRODUCTION 

The theory of emulsions*  a classification of colloids, 

has grown in a rather haphazard fashion. At present the 

theory is a mixture of theories of physical properties of 

matter and structure of matter. Colloid chemistry has been 

largely an experimental science, The emulsion is partly an 

outgrowth of classical colloidal chemistry*  and partly a 

development of the ancient arts involved in the production 

of emulsions. The formulation of exact theories has been 

hindered by the large number of variables, and the diffi-

culty and complexity of accurate measurements of emulsions. 

As more knowledge of emulsions and more efficient methods 

of preparing them have become available, emulsions have 

found their way into almost every industry, e.g., paint, 

food, drugs, cosmetic, road, lubricants, and cements. 

The earliest emulsion observed was probably milk. An 

example of a natural application of an emulsion is the ab- 

sorption of fats in the intestine and the subsequent trans-

port to the living cells in the blood and lymph, Most 

emulsions today are formulated by man and are tailored for 

a specific use in the home or industry. 

While an emulsion may readily be recognized, there is 

no universal definition of an emulsion, A wide variety of 

definitions or comments as to what is an emulsion has been 

set forth below: 



DEFINITIONS  

1. Emulsions are mechanical mixtures of liquids that are 

immiscible under ordinary conditions and which, in 

turn, may be separated into layers on standing, heating*  

freezing, by agitation or the addition of other 

chemicals. (1) 

2. An emulsion is a system containing two liquid phases*  

one of which is dispersed as globules in the other. (2) 

3, An emulsion is a vary fine dispersion of one liquid in 

another with which it is immiscible, (3) 

4.. Emulsions are intimate mixtures of two immiscible liq-

uids*  one of them being dispersed in the other in the 

form of fins drc-,Aets. (4) 
5. Emulsions are microscopically visible droplets of one 

liquid suspended in another. (5) 

6. An emulsion is a two-phase liquid system consisting of 

fairly coarse dispersions of one liquid in another with 

which it is not miscible. (,9 

7. An emulsion consists of a stable dispersion of one liq.. 

uid in another liquid. (7) 

Resistance to flow is perhaps one of the more important 

properties of an emulsion. Sherman (8a) has listed six of 

the more important factors which affect the viscosity of an 

emulsion. 

1. Viscosity of the external phase 



2. Volume concentration of the disperse phase. 

3. Viscosity of the Internal phase. 

4. The nature of the emulsifying agent and the film 

precipitated nt the interface. 

5. The electroviseous effect, 

6. The particle size and size distribution, 

The theory of emulsions has fascinated many sac -7. 

tists...including Einstein. 

Indeed, the usual :starting point for such studies is 

the anstein equation: 

t / -t Z  .0) 

wherein ,4F: apparent viscosity of the emulsion; 

3 viscosity o the continuous phase, & 

the fracii;.m of the total volume 

which is the disperse phase, 

The apparent viacosity as referred to in this work is 

the viscosity of an emulsion as measured with a "Lantz. 

Zeitfucha" type reverse flow viscometer (described later). 

In nany equlsions, the emulsifying agent is dispersed 

or dissolved in the external oil phase and, therefore. ye, 

is the viscosity of this oil-emulsifier solution rather 

than of the pure oil. 



CONCENTRATION OF INTERNAL PHASE 

Yeny werkers in the fiold of emulsion viscosity have 

invest:tented thin aspect: Guth, Gold, and Shimha (16); 

Oliver and Ifard(17); Eilord (18), Sherman (39); Richardson 

(20); Sinpson (21); Taylor (10). One of the first equations 

'-"ating viscosities and the volume of the dispersed mate-

rial of a two-phase nixturo was the anstein equation: 

= N(/ * 2.0) (') 

This equation is only applicable to emulsions having 

values of loss than 0,05, Emulsions of this typo exhibit 

Nowtonian behavior, emulsions containing larger amounts of 

disperse phase normally exhibit non...Newtonian flow proper-

ties, Another limitatioa is that it applies mainly to 

mixtures of a liquid with rigid spheres*  The Einstein equa- 

tion, therefore, is limited utLA.ty, It can be seen 

from the equation (a:1d Pig, 1) that Einstein postulated 

that the viscosity is a linear function of the concentration 

of the disperse phase, independent of the size of the dis- 

persed particles and the distance between them*  

Generally speaking, emulsions containing more than 50 

percent volume disperse phase show considerable non.Newton-

tan behavior. For such systems, Hatscheck (9) has derived 

the wellioknown relationship: 

- 1- (4.. N (2) 

wherein e constant 1.23 

, apparent viscosity of the emulsion 



Figure 1 — Viscosity Ratio vs. Concentration of 
Disperse Phase 
( 1 ) Einstein Equation 

( 2 ) Hatscheck Equation 



-yo 7 viscosity of the continuous phase 

415 7 volume concentration of the dis-

perse phase 

Hatsclieck pointed ,:gut that this equation only apiaies to 

the linear portion of the shear-flow cures, i.e., at low 

concentrations of dispersed phase. 

Carter, (22) maintained that the viscosity of an emul-

sion is dependent on tlle viscosity of the internal phase 

and, to a lesser extent, on the particle size of the die-

porsed particles. ;;rya also stated that as viscosity of 

both the internal phase and its concentration increases, 

the resulting emulsion viscosity increases. 

yore recent approaches to the caleulatione of emul.. 

Mon apparent viscosities %ale been reduced to the follow-

ing powor series: 

Guth, Gold, Shimha (16) calculated the value of "a" 

to be 34.1, but this only applies to 4 values of less 
elan 0.06. For high concentrations of disperse pulse al-

lowances were made to correct for tv influence of "crowd-

ing" or close packing of the dispersed {;lobules 

creasing concentration. A croadi:Ag effect is evident in 

Monson's (23) work with California erode oils. in this 

work the viscosity ratio N4
o
variod froia 1.3 for emulsions 

with 10 percent volume disperse phase to 4.1 ratio for emu/. 



sons having disperse phases of 40 percent volume, 

Mooney's (24) equation takes into account the "crowd. 

ing" factor: 

wherein S. is the crowdIng factor whIch depends on the size 

distribution of sphlres. Pm spheres of a uniform size, 

the estimated range of S given by Moone:f is: 

Another analysis that 10 applicable to high semen:wa. 

tions of disperse phase was proposed by Vend (25), Vend 

takes into account both the mutual hydrodynamic :tnterection 

between particles and their collisions. This equation for 

the apparent viscosity of a suspension is: 

where, for sphericcl partiales, the values of the constants 

have been theoretically determined by Vend: 

Einstein shape factor of 
single spheres 17  2•5 -1 • 

shape factor of collision 
doublets Ic.2 t 30.75 

Collision time cons tacit 

Hydrodynamic interaction 
constant B = 3V64 7 0.609 

If 0 is small*  then this equat:I.on can be x*edueed to 
the Einstein equation (via series expansion of the exponon. 

tial term). 



-Figure 2 - Viscosity Ratio Vs. Concentration of 

Disperse Phase ( volume percent ) 

(1) The Einstein Equation 
(2) The Eatscheck Equation 
(3) The Vend. Equation ck 0 
(4) The Vand Equation ck 4 
(5) The Mooney Equation 



The Einstein, Hatscheck, Vend, and Mooney equations 

are plotted in In 2, In order to illustrate the ef. 

feet of colt sions„ two ourvos predicted by Vaud aro shown: 

ono tat!es collisions into account (N:1 ), and the other neg. 

loots this effort (A.7-0). 

VISCOSI77' OF THT IrTITTTAT, PHASE 

heeffoct of the viscosity of the interaa/ phas,k.i was 

not Included In early studies, neitaor thy Zinstela equation 

nor ttho Hatscheck ovation bake this factor into account, 

However, many inveatIgators have included this in their re-

sults. Taylor (10) modified the Einstein equation to include 

this a3: 

wheroin -eiscosit: of the internal phase* 

Loviton and Leighton. (11) studied emulsions of milk 

fat sac skim milk snd f!_trthor modified this ovation to: 

Oldroyd (M) arrived at a mcre couple:: °auction. He 

calculated the elastic properties of a dilute emulsion of 

one incompressible viscous liquid in soother liquid, arts- 

ing from the interfacial tension ezisting between the two 

phases, The effect of slip at the interface wiqsh might 

be associated with the presence of an Interfacial film of 

- the third component (introduced as a stabilizer) was also 



calculated. 

Bond and Newton (13) proposed that spherical drops be. 

have as rigid spheres provided that the radius of the drop-

let was less than a certain (undefined) critical value. 

Toms (14) studied emulsions and calculated that while 

the viscosity of the internal phase ma of no importance, 

the c:. emicel nature of the intrnal phase was quite s;_ani-

ficant. 

The aforementioned investigations used an oil in water 

(0/W) type emulsions. Sherman (15) was one of the few in.. 

vestiEators who used water in oil (W/O) Emulsions. He con-

cluded that the viscosity of the internal phase was of 

little importance but that the cherical nature of the dts.. 

pores phase eorad be of considerable eignificance. 

rnIrsip=  AGENT OD THE MP  

MECIPITATED  AT THE INTEPPUE 

Emulsifiers are a broad c/ase of conpourd. .abich alter 

the olLeface tension of ire vi in which the: are present. 

They alao alter the interfacial tension between two immis-

cible liquids erhioh is of importance in emulators manufacture. 

As the interfeeial tension approaches 'zeros  emueficetion 

is readily affected. 

Commercially available enulsifying agents can be olasai- 



fied into five major groups with subdivisions, The 

fication given below is based on one developed by Schwartz 

and Perry (27), The agents €rr© classified occordinc to 'the 

h7drohilic group In the rolecule, 

T.A.7:Tionc 

A. Carbox7lic Acids 

1. larboxyl joined directly to the hydrophobic croup* 

2, Carboxyl joinel throwh an intt?rmod!.ete linkage* 

B, Sulfuric Estes (Sulfates) 

1* Sulfate join ad directly to Ilydrop%obic oup, 

2. Sulfate group joined throu7, intermediate 13. *age. 

C, Al kane Sulfonic R cids 

1, Sulfonic Frorp directly linked to hydropllobie group, 

2. SIllfonin rrroup joined through intormodiabe 

D. Alkyl. Aromatic Sulfonic Acids 

1, Hydrophobic 5roup joined directly to sulfonatiA 

aromatic nucleusl, 

Trdrophobic groin, joined to sulfonatod aronstlo 

nucleus throurgl intermediate links e, 

E, Miscellaneous Anionic R7krophy14 o Iromno 

1, Phosphates and phosphonio ;midge 

2. Persulfates, thionulfstas. ate. 

3. SqlfontvIlds. 

L. Sr lfamic acids. etc, 



II. CATIONIC  

A. Amine Salts (Primary,  Secondary, and Tertiary) 

1. Amino group joined directly to hydrophobic group. 

2. Amino group joined through intermediate link. 

B. Quarternary Ammonium Compounds 

1. Nitrogen joined through an intermediate group, 

2, Nitrogen joined to hydrophilic group. 

C. Other Nitrogenous Bases 

1. Nonquarternary bases (e.g., guanidine, thiuronium 

salts, etc.) 

2. Quarternary bases. 

D. Nonnitrogenous Bases 

Phosphonium compounds. 

• 2. Sulfonium compounds*  etc. 

III. NONIONIC 

A, Ether Linkage to Solubilizing Groups 

B. Ester Linkage 

C. Amide Linkage 

D, Miscellaneous Linkages 

E. Multiple Linkages 

ATTHOLY.TIC 

A. Amino and Carboxy 

1. Nonquaternary 

2, Quaternary 



B. Amino and Sulfuric Eater 

1. Nonquaternary 

2. Quaternary 

C. Amino and Aiken° Sulfonic Acid 

D. Amino and Aromatic Sulfonic Acid 

E. Miscellaneous Combination of Basic and Acidic Groups 

V. WATER-INSOLUBLE EMULSIMING AGENTS 

A. Ionic Hydrophilic Group 

B. Nonionic Hydrophilic Group 

The effect of emulsifiers on the surface tension may 

better be seen in Table I set forth below. As may be seen 

in this table, pure water has a surface tension of 72.3 

dynesicm.2 and an interfacial tension with "mineral oil" 

of 31.0 dynesicm.2. Addition of various emulsifiers at 

1 percent by weight concentration alters the surface ten-

sion and interfacial tension significantly. The decrease 

in the interfacial tension enhances emulsification sub-

stantially►. When two immiscible liquids are agitated so 

as to disperse one liquid in the other to form fine globules, 

the surface of each liquid becomes greatly extended, and a 

corresponding large quantity of free energy is produced at 

the interface. This potential energy is measured by the 

surface produced and the intensity of the interfacial ten-

sion acting against it. The potential energy of the surface 



tends to reduce the surface area to a minimum*  This con-

tractile force draws the liquid into a number of spherical 

droplets and, at the same time, divides an intimate mix-

ture of two immiscible liquids into two phases, separated 

by a minimum interface. Therefore*  if an emulsifying agent 

reduces the interfacial tension between two immiscible lig-

nide, it decreases the free surface emery of the emulsion 

and tends to produce a permanent or stable emulsion. 

TABLE 1, (Reference 22) 

SURFACE AND INTMFACIAL TENSION  

COMPOUND 
(1% wt,_ aqueous solution)  

SURFACE 
TENSION 
- 

INTERFACIAL 
TENSION* 

( mineral oil)  

Sorbitan monolaurate (Span 20) 28 3.5 

Sorbitan monostearate (Span 60) 46 11.0 

Sorbitan monooleate (Span 80) 30 2.5 

Sorbitan monolaurate (Tween 20) 36 6.0 

Sorbitan monostearate (Tween 60) 1.3 9.0 

Sorbitan monooleate (Tween 80) 41 10.0 

Sodium oleate 27 

Water 72.3 31** 

* dynes/m.2 

** Measured by author for comparison purposes. This 

is typical for many hydraulic and turbine "j:1Aeral 

oils". 



ELECTROVISCOUS EFFECT 

The electroviscous effect is an outgrowth of the Helm« 

holtz (28) double layer theory. Helmholtz assumed that the 

chari:,e on the particles of a lyophobic colloid was due to 

an unequal distribution of ions at the particle-water inter-

face, He further pointed out that ions- of one charge were 

closely bound to the particle, ions of the opposite charge 

would line up parallel to them thereby forming a double 

layer of charges. Thin situation is presented in Figure 3 

asL an idealized form for a spherical particle, 

The Zeta Potential which is an outgrowth of the double 

layer theory is usually defined in the following way: 

"Most colloidal particles have a negative charge 
and are surrounded by stationary positive charges, 
which in turn, are surrounded by a diffuse layer 
of negative charges. The Zeta Potential is the 
difference in the charge between the movable layer 
and that of the bulk suspending liquid," (29) 

A recent presentation of this phenomenon is in an 

article by Schmit (29), However, in regard to emulsions 

stabilized with nonionic emulsifiers or water in oil emul-

sions, it is difficult to picture a surface charge arising 

by this mechanism. Alexander (30) proposes that it is pos-

sible to absorb ions from the aqueous phase. Equally possi-

ble is the existence of a charge arising from frictional 

contact between the droplets and the suspension medium, 

analogous to the frictional electricity generated when an 



Figure 3 - Double Layer Theory Presentation 



amber rod is rubbed with a silk cloth. However, Schulman 

and Cockbain (31) reject the hypothesis that droplets in 

orator in oil emulsions possess a charge. 

PARTICLE SIZE DISTRIBUTION 

Particle size is generally expressed as the diameter 

of the globules in the internal phase, If the size is not 

uniform, the particle size occurring most frequently is 

adopted as a designation of particle size of the emulsion. 

The values of the smallest and the largest particles are 

indicative of the range of particle size. 

The particle size of an emulsion is largely dependent 

on the type and quantity of emulsifier, the amount of work 

applied in preparation of emulsion, and the addition order 

of ingredients. Most commercially available emulsions 

have a particle size of 0.5 to 2.5 microns. Fine uniform 

particle size in an emulsion generally indicates god sta-

bility. A change in particle size from small to large 

diameter during s t orage indicates a breakdown of the emul-

sion stability. quantitatively, the particle size of an 

emulsion can be estimated from a colorimetric observation. 

(22) 

PARTICLE  &Ca APPEARANC  

1 micron Milky white emulsion 

0.1 to 1 micron Blue white emulsion 



0,05 to 0.1 micron Grey semi-transparent 
emulsion 

0.05 micron and smaller Transparent emulsions 



SCOPE 

This present work is a study of the theory of emul-

sions and, in particular, the factors affecting the appar-

ent viscosity (-,) of emulsions. this facet has not been 

investigated thoroughly by previous workers. The work that 

was carried out involved oiiulsions of oils or asphalts with 

water. In the present work, the hydrocarbons employed were 

pure n-paraffins•  

The type oyster selected was water in oil (W/O) emul-

sion, sometimes referred to as an "invert" emulsion. Those 

emulsions consisted of water, emulsi2icr (at two concentra-

tions), and a pure hydrocarbon. The ratio o2 water to oil 

was varied and the resulting aoparent viscosities of the 

emulsions were measured. The effect of hydrocarbon chain 

length of the external phase on the apparent viscosity of 

the emulsion was also determined* 



EXPERIMENTAL EQUIPMENT AND MATERIALS 

Emulsions were prepared with a Fiseher Scientific 

hand operated homogenizer (11-504-200) and a single sur-

factant. Each blend had the same amount of shear and in 

this manner uniform particle size was obtained. It was pre-

determined by experiment how much work was needed to produce 

stable emulsions with disperse particles 1-2 microns in di. 

ameter. 

PARTICLE  SIZE MEASUREMENTS  

The particle size was measured with a Bausch & Lomb 

microscope equipped with a 10 7 ocillar nad 98 X oil im-

mersion lens. Ir. order to stop 73nn•raian novAment a drop 

of the emulsion VS0 dispersed in 100 mis. of a low vis-

cosity mineral oil. The viscosities were measured with a 

Lantz-Zeitfuchs type reverse flow vi.lcometer. The emml-

alone were non-transparent, and a straight flow typc vis-

cometer could not be utilized, 

rATEAIALS  

Normal paraffins: 

Heptane 

Decane 

Dodecane 

Tetradecane 



Hexadecane 
Octadecane 

All paraffins were of 99 percent weight purity and were 

obtained from Philips Petroleum Company, The water compris-

ing the disperse phase was distilled, 

Glycerol mcno-oleato VAS obtained from Emery Industries, 

It had the following properties: 

GLYCEROL MONOOLEATE PROPERTIES  

Saponification Number, mg.KOH/g 15242 

Iodine Number 734,4 

sfmclie7tc, GInvitiy, 60/600' 0,9516 

Total Aeid Tui hor*  mg.t011/g 

VISCOSITY MEASURFBENT  

The apparent viscosity of the avulsions were deter-

mined with a Lantz-Zoitfuchs type rovurse flow visce.:-)eter 

conforming to the following characteristics: 

VISCOMETER PROPERTIES 

Capillary Diameter*  mm 2.37 

Capillary Length, mm 300 

Siphon Diameter*  mm 3,00 

Bulb Volume*  Ml 5.0 

Constant of Calibration 1.0 



EXPERIMENTAL PROCEDURE 

The present investigation is centered on pure hydro-

carbons. The series of n-paraffins used contain only very 

small amounts of branched end are devoid of olefiric and 

aromatic components. Only one emulsifier was employed al-

though emulsifiers are normally used in psirs to facilitate 

ease of emulsibility*  The coupling action of a single emul-

sifier would be in one direction, i.e., the heads and tails 

of the compound are all aligned identically*  After an exami-

nation of a number of emulsifiers and using the "Atlas H L B 

System", 61ycorol monooloate was selected, The usual rein-

V1rWATI between H L snd end uso of !nirractatt4 iz es 

follows: 

TABLE 2 

SIMPAVANT APPLICATIO7 

H L B APPLICATION 

4-6 W/0 emulsions 

7..09 'Wetting agents 

8-13 0/11 emulsions 

13-15 Dotoro,.,ents 

15-18 Solubilizors 

In this work, the emulsifiers examined had H L 23 num-

bers from 4-6 because the resultant emulsions were to be 



Figure 4 - Lantz-Zeitfuchs Type Reverse-Flow Viscometer 
( all Dimensions are in Millimeters ) 



water in oil type. The 11 L 1 number (22) can be calculated 

(if Atlas compounds are not used) by the following simple 

formula: 

HLB = 20 (1 - S/ A) ( 8) 

S 1:: saponification no, of the ester. . 

A 72 acid no, of the acid. 

For the emulaifier chosen (glycerol monooleate) the calm'. 

lated L B is: 

HLB( GMO) 7.: 20( 1 1 ) ""z 4'8 

It might he well to mention that n-paraffine do cot 

emulsify as readily as oromatic hydrocarbons or mixtures 

of petroleum oils. The H L B system serves as a 8uide*  

but in no way guarantees stable emulsions. Of several 

possibilities*  glycerol -eLono-olosto appeared to be beat. 

Emulsification was effected by first preparing a 

coarse emulsion, This coarse emulsion was prepared by 

mixing the paraffin and emulsifier in a 100 ml. glass 

stoppered Fraduate cylinder. Water was added ia incre-

ments of 3-5 mis, with shaking of the emulsion after each 

addition. This procedure was repeated until all tao water 

had boon added. The addition of water produces an unstable 

emulsion which may tend to revert to an O/W, oil in water 

type, 

Once the coarse emulsion had boon prepared, it was 



necessary to convert it to e  stable emulsion by use of a 

homogenizer. After each pass through the homogenizer, the 

particle size was checked with a microscope. It was deter.. 

m4ned that 4.5 passes gave reproducible emulsions, having 

the desired particle diameter. The final particle diameter 

was 1-2 microns, Equally as important as particle diameter 

was the fact that the apparent viscosity of these emulsions 

could be reproduced, 

Preliminary work using a Waring Blender produced emui» 

st:ms having 'arc() particles which evidenced instebi/ity 

end proceeded to '''areek" before the viscosity vallaes could 

be det. rmined, An undesirable tempereture rise was ob. 

served when tbe Waring Plendor was used. For a one minute 

mix, tem.!)arnture rises of 5.../0 do:7roos mere observed de-

pendin7 upon the viscostt7 of he onelsion, Mrns of 3, 50  

and 10 minutes duration were prepored; these also exhibited 

poor stability and had droplet sizes which wore large and 

nonuniform. Some of the materials investigated wore quite 

volatile, and temperature raises enhanced evaporation dur. 

ing emuleificationa. Because of these factors, a hand 

homogenizer ':r7s tested, In the hand operated homogenizer, 

no temperature rise was observed, atability of emulsions 

was obtained, and particle sizes were in the range of 1-2 

microns in diameter. This homogenizer was used throurfnout 

,,i;.,acst of the work. 



HomegonizatIon and vlsosity doterminations uoro por-

formed at 250  0 (770  F) with ono exception, octadocane. 

This material is solid at nis temperatures  and therefore, 

wns studied at 32.20  0 (90°  1"). 



WORKING PROCEDURE 
 

•Emulsions were prepared by pipottinci 60 Vac. of h7dro... 

eerbon into a r",.lasn stopperod 100 ml. ve).nmetric cylinder. 

.rrulsifiers  glycerol monooloatos  way added ( either 5 

r.11. or 10 ml.) to the hydrocarbon. Milt?. raixturo is coll. 

siderod tt co;.:tinuous phase and the rlsoosit: of this 

rtatoriels s  In the e;T::ations, 

Distil: toe water was added from a burette in 3.5 ttle• 

portl.ens; after eael adeitiens  the mixture wns v-ir7:1rously 

aciteted., rlixtures  which wan a coarse erzul- 

sions  wan added to the heed Ttonogenizer and "worked". Af-

ter oach pass, the partialo size was chocked with tlxe 

3euse!..1 Lomb microscope. It was found that four or five 

passes wero required to obtain emulsions with droplet 

SiZOS of qao to two n:7. Irona in dianeter, 

'111.40 opparent of talc ooripleteti water in oil 

er -tulsion was determined with a LantzwZoitf.uche reverse 

flow viscometer ( see Figure 1.). The emulsion samples  after 

acl.ng for one minutes  Tries poured into the tube (1) 

until the sample overflowed into the trap. The tertperature 

of the Continuous phase and tho water were adjus•L;ed to the 

proper vittoosit,s,  tii44.era1ere ( 770  or 90° F). 

ho simple 

'low 
Imo appliinz a olit;14 

vaeulm at the vent ( 3). The vaeu- A was ri4al..n!Iained until 



the sample flowed over the siphon to a point opposite the 

timing mark (A) and thereafter allowed to flow under its 

own head around the bend in 1th cap-I: OYT,eas,:a,LL. in 

econds, the time required for the miniscus to pass from 

the first timing marlt to the second.) 

CALCULATION 

FAn () enatic 'vi scosity, es 1  

C = The calibration constant of the riscometer 

ctl:Instokee per second. 

T =4 The efflux time in seconds. 



PRELIMINARY WORK  

An examination of previous wort chowcd thnt r 

relationship existecl between tho viscosity of the continu. 

ors phase and the ar.parent VISCO3ity of Cio ormlsion. It 

further appeared that as the viscosity of the continuous 

phase increased so also dlc.I the apparent -,,7_scosity of the 

emulator.. Now experiments were made to check these °beer. 

vat:7_3ns. The results nay be seen in Table 3 and 4. set forth 

below. These tables show the viscosity of the continuous 

phase and the apparent viscosity of an evattlaion prepared 

with these oils. The data in Table 3 wore obtalacd from a 

fanilr of potreltyan oilo, all havitv.! a low viaocalt7 indeza  

and which trore erulsiftel with a por table hand opera ;31d hem. 

;Ionizer. These orraLsions contained 60 parts of continuous 

ri..,nstl, 40 parts of water, and 3 parte oroalsificr (parts by 

volurrio). 1 71oblo !±. {_s a roxrnary of re..:ulta obtained with. one 

base oil and shows the coccentration of the di.:4;3rse 

phase affects the app.arent visoosity of ho emulsion. 

The 8TrAlision type E 0/14 or 14/0} 'cies detorraiaed by the 

,51.1ution tho de  This method depelic:i6 on the fact that an 

emulsion is readily dilutablo by the which consti. 

• tutes the continuous phase. The emulsions prepared in 

this invootti:;ation were readily extended wtth the --14-%,:.:•04. 

carbon phasel, inclioatin3 that nese emlnion.s were .f.rater 

1r; oll t:rpo CVO). 



TABLE 3 

THE EFFECT OF OIL VISCOSITY ON EMULSIONS 

VISCOSITY OF TM', OIL 
t GenVisloVararfori) 

VISCOSITY OP '.17II-7 anuzioN 
1 C,-enti a ton-aTIT 1000F) 

sf.. -  ..,  1').5 

23.3 9 2.8 

93.7 541 

1F'11 1820 

237 3170 

343 7030 

...._131h 1'. . TY ft   

WWWWWWINOW, MAO 

T:17, :r.771.'::'r Ot4  7"77  1)7. snrrtrv) pitivr•7' 

07 r271.' 
WM.; .--I 

APPirMIT rt.T.r"e-' *7-.- Qcrs riv „to. V.,. .,!..: : . ... ,.. tf "' 

TI2/011. Pstio 'fol. 71,1v,f, 
inscosxrz Viscosi ty 

rIztio  rtaQn 0.1:  77tros!_on, 

1/10 9,1 23.3 29,2 1/1.2 

2/10 16.7 23.3 37.5 1/1.6 

3/10 23.1 23.3 50.0 1/2.1 

10/15 14.0 23.3 1 2,8 i.., ...) ./-) •8 •,  

These data show that there is a very definite relation- 

which -oafnear, It should be remembered, hcl.,,!ever #  

that these petroleum oils contain both aromatic and rarat-

finio type hydrocarbons, 7-naraffinn„ branched chair . ole-

fins end aromatic typo hrdrocarbons have eiffsrent a..ruisi-

fication capabilities and different apparent viscositi-as of 



the emulsion. N-paraffinic typo hydrocarbons wars chosen 

for t4is work to avoid ofrects of :laterials ulth different 

onulsiftcation propertles. 



EXPERIMENTAL RESULTS 

Based on the results of preliminary experiments re-

ported in Tables 3 and 4., it was decided to study: 

(1) The effect of concentration of the internal phase 

on the apparent emulsion viscosity. 

(2) The effect of the viscosity of the external phase 

on the apparent emulsion viscosity. 

Results of the first part can be summarized in Figures 

5 and 6. The effect of viscosity of the continuous phase 

can be seen in Figures 7 and 8, 

The data obtained from these experiments are tabulated 

in the appendix, Tables 8 to 15. It can be seen from these 

data and Figures 5 to 8 that there is a definite relation-

ship between: 

(1) The concentration of the internal phase, and 

the apparent viscosity of the emulsion, .7 g  . 
(2) The viscosity of the continuous phases '''.  , and 

,E- 



Figure 5 - Apparent Viscosity of the Emulsion vs. Disperse Phase Concentration 

( The hydrocarbon phase contains 60 mls. hydrocarbon and 5 mls. emulsifier ) 



Figure 6 - Apparent Viscosity of the Emulsion vs. Disperse Phase Concentration 

( The hydrocarbon phase contains 60 mls. hydrocarbon and 10 mls. emulsifier ) 



Figure 7 - e Viscosity of the Continuous •'.se vs. the Apparent Viscosity of the Emulsion 
( These emulsions contained 60 mls. hydrocarbon, 5 mls. emulsifier, and water) 



'figure 8 - The Viscosity of the Contindous Phase vs. the Apparent Viscosity of the 7mu1sion 

(These emulsions coniained.60M1s. hydrocarbon, 10 as. emulsifier. and water.) 



DISCUSSION 

The preliminary work (data presented in Tables 3 and 

4) shows that a definite relationship exists between the 

concentration of the disperse phase and the apparent vis-

cosity of the emulsion. Similar results have been reported 

before, but these new data more clearly define the magni-

tude of the effects. However, the oils used in the prelim'. 

nary work and those previously reported consisted of mix-

tures of compounds. The physico-chemical properties of 

such mixtures depend upon their composition. This compli- 

eating factor was avoided by using pure n-paraffins as the 

continuous phase. Pure compounds have consistent properties. 

The results using a series of n-paraffins are summarized in 

Tables 8-15 and in Figures 7 and 6 of the appendix. The 

trends are the same as for oil mixtures, that is: 

(a) As the concentration of the disperse phase in.. 

creases, the apparent viscosity of the emulsion 

increases*  

(b) As the viscosity of the hydrocarbon comprising 

the external phase increases, the apparent vis-

cosity of the emulsion increases*  

The Einstein and Hatscheck curves agree well with ex. 

perimental data up to a $ of 0.2. Beyond this value of 

the discrepancies become increasingly great. The Vand 

equation is applicable up to a 4) of 0.3. The Mooney equa.. 



tion using crowding factors of 1.6 and 1.8 bracket the ex. 

perimental data up to a 12 of 0,4. Beyond this point large 

variations are evident. Therefore, it oan be said that these 

equations apply only to a limited range of 15 

These equations have certain factors in common which 

have been examined in detail. The principle ones are the 

viscosity of the external phase and the concentration of 

the internal phase. 

Considering first the viscosity of the external phase*  

it can be seen in Figure 10 how the viscosity of the pure 

paraffin increases with molecular weight. A study of Fig. 

urea 7, 8, 9, and 10*  shows that all these curves have a 

similar shape. The increase in the apparent viscosity for 

a given 15 was approximately 5 times the change of the 

pure hydrocarbon viscosity. The similarity in the shape 

of the curves suggest that the viscosity of the external 

phase is part of the answer. The difference in the shapes 

of the curves show that the external phase viscosity is not 

the only cause of the apparent viscosity of the emulsion. 

Figures 7 and 8 show the increase of the apparent viscosity 

of the emulsion as the viscosity of the continuous phase in-

creases. 

In the Einstein Equation the relationship between 716-

and 415 has a linear form. The resulting curve does not 

agree with experimental data at high concentrations. In 



the Hatscheck Equations Op is in a power form. The shape 

of this curve approaches the ono obtained from experimental 

data, but the similarity is only in the shape. The Vend 

Equation which takes into account the shape factor, the 

collision factor (or time between collisions), and the hy-

drudynamic interaction constant is much better than either 

the Einstein or the Hatscheck Equations. However, this 

equation still shows rather poor correlation with experi-

mental data. With the Mooney Equation, an exponental re-

lationship with two constants is used. The curve of the 

Mooney Equation matches the experimental data better than 

the other equations. However, the factor for S is chosen 

as a constant depending on the particle size of the disperse 

phase. This is apparently so for solids dispersed in a 

liqnid (10), but as can be seen in Tables 18 and 18A of the 

appendix, S varies with 0 . This is shown on Figure 11 

of the next page. The points in Figure 11 were obtained 

with different hydrocarbons as the external phase. 



. _ 
Figure 9 — Theoretical Emulsion Curves vs. Experimental 

(.60 mls. Decane— 5 nas. G N 0) Einstein 0 Mooney (S 1.8) X 
Hatscheck A Mooney (S 1.6) 
Vand El Experimental 

. , • • • 



Figure 10 •- Viscosity of Pure Hydrocarbons vs. the Number of Carbon Atoms 

per Molecule 



Figure 11 — Crowding Factor (s) vs. ;asperse Phase Concentration (0) 

0 Prrilsions with 5 ras. G M 0 
A • Enfaltions trith710 •G 



Figure 12 — Crowding Factor (s) vs. the Reciprocal of the Disperse Phase Concentration (1/4) 

Emulsions with 5 mls G T.T 0 
Emulsions with 10 mls. G M 0 



This graph shows that S is a function of Vis with 

the emulsifier concentration as a parameter. Evidently, 

and as should be expected, the amount of emulsifier is an 

important factor, The curves can be represented in the 

slope-intercept form: 

Where m is the slope and b Is the intarcopt. The slopes 

and intercepts are found tabulated below in Table 16. 

r.e.ABLE 

CONSTANTS FOR NEW ETATION 

m b Continuous Phase Composition 

0.685 0.016 60 mis. hydrocarbon - 5 mls•G M 0 
0.795 0.010 60 mla. hydrocarbon - 10 mIs. G M 0 

The slope-intercept form is substituted into the Mooney 

Equation starting with: 

We get: 

and in final form: 

Table 16 shows m is a function of the emulsifier con-

contration but data are insufficient to determine the form 

of the function. It can b© seen in Figure 12 that the curves 



almost go through the or In Table 16, b can be seen 

to be very small and b therefore is much smaller. For 

all general purposes b (p,  may be taken as a constant because 

of its numerical size in comparison to the term (1 - m), 

From Figures 13 and 114 it is seen that the suggested 

equation correlation is superior to the Mooney form and 

hence to the other sup gusted equations. The equation data 

agree in the overall sense. There is considerable scatter 

which perhaps could be reduced by further determinations. 

The agreement is best for materials comprising the continu.+ 

ous phase which are liquids at 77eF. The data obtained 

with octadecane vary considerably from the derived equation, 

and tend to .follow a Mooney form, This can also be seen 

in Figures 13 and 14.• 

The now equation may be used in two forms, 

or if b is considered insignificant 

Figure 13 and 14 are in effect plots of equation (13) at 

two different emulsifier concentrations. This form seems 

most applicable since b is a small number for the emulsions 

studied, If b 10 is not considered a constant (or negligible) 

then a log - log plot is necessary and the slope of the line 

will have the form: 



This equation suggests that the constant 2,5 may not always 

apply. 

The emulsifier composition was not varied in this 

work. Experience suggests that the composition is very im- 

portant, At least, the magnitudes of in, X, and b can bo 

expected to change. The effects of othor emulsifier types 

and the effeets of mixed emulsifiers requires further study. 



Figure 13 - lny,tivs.(/)Compared with the Dew Equation (1) and the rooney Equation (2) S Z1.7 
. 7°( Emulsions contained 10 miss. G lf 0 ) 



T 
1h .Figure i1 — 1n r  .), vs. (I) Compared with the New Equation (1) and the Mooney Equation (2) S =1.7 

70 Heptane 0 Tetradecane X 

( Emulsions contained 5 nas. G '''.4. 0 ) . Decane A Hexadecane 0 . 
Dodecane Q Octadecane plk 



CONCLUSION 

It was found that the apparent viscosity of the emul-

sion was dependent upon a number of factors: 

(1) The concentration of the disperse phase, 

(2) The viscosity of the continuous phase. 

(3) The crowding teeter' which is dependent upon 

the emul3Ifier content. 

It was established that the crowding factor was de-

pendent upon the concentration of the disperse phasein 

equation for S in terms of the disperse phase oonoentration 

was determined, This expression for S when substituted izeee 

the Mooney Equation resulte€ . in a new equation Without a 

crowding factor term. This new equation takes into a000unt 

07 0  epi and one or two. constants, The constants may 

be evaluated from a suitable plot of the data or via the 

crowding factor and the Mooney Equation*  The equations for 

the apparent viscosity of a water in oil emulsion are: 

or since b. is small 

M is a function of emulsifier concentration and very likely 

also a function of emulsifier composition, 



NOMENCLATURE  

B Hydrodynamic interaction constant, Vend Equation 

C Calibration constant for viscometer 

Constant in the Hatscheck Equation 

hl Einstein shape factor, Vand Equation 

fit Shape factor of collision doubleta, 'Vaud :equation 

Mooney/ a crowding _factor 

Efflux time for viscometer 

Collision time constant, Vand Equation 

42  Volume fraction of disperse phase 

N Apparent viscosity of the emulsion, centiatokee 

3 Viscosity of the external phase, Centistokes 

Viscosity of the internal phase, cent/stokes 
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TABLE 6 

HEPTANE  

Effect of Disperse Phase Concentration on 

( 60 rils. heptane. 5 rr-ls. 0 0) 

vol  

0 0.91 

7.17 1.7 

13.35 1..8 

23.60 2.8 

31.60 10.1 

36.10 27.2 

11-3.5 55.3 

11.8.0 t3)*5 

( 60 1s, heptatte, 10 vas. 0 11 0 

101 

«4 
141-11,...1

1 .3.0 

22,2 :).1 

30.0 42,0 

36.4 103 

14,1.7 220 

46.2 318 



TABLE 7 

DECANE 

Effect or Disperse Phase Concentration on yJG 

('0 mls. docane. 5 mls, G M 0) (60 mls. detain®, 10 m1s. G M 0) 

Water, % Vol., ...fi ...... water, % Vol, ":: 
0 1.77 0 2.3 

23.4 6.1 34.3 6.1 

23.6 7.5 18.3 12.0 

316 16.0 22.2 30.1 

38,1 33.8 300 89.7 

43.5 70.5 36.4 206.0 

48.0 130.0 41.7 344 

TAME 8 

Doa7aktai  

Effect GI' 'Asperse Mass Conceutration on 

(60 m1s. dodecano, ::, rati. G r 0) (60 m1s. dodecane. 10 mla, 
G 11 0 ) 

.... 
o 2.34 0 3,1 

23.6 .c._ 4,) ^.0., 22.2 38,o 

31,6 2...3 ': -.-;„o 130.2 

38,1 55.5 3(,#4 296.6 

43.5 10,1 71/.7 674 

4e0 r6,5 



ABLE 9 

TETRADECANE  

Effect of Disperse Phase Concentration on 

(60 mIs. tetradeosne, 
5 mis. GIGO ) 

(60 mis, tetradecane, 
10 mls. (}MO ) 

Water. % vol, 7, Water, % vol. "de 

0 3.9 0 4.2 
13.4 8.7 14.3 10.8 
23.6 16.7 22.2 60.1 

31.6 42,1 30,0 210.0 

38.1 87.2 264,14. 474.2 
41.5 180.0 41.7 Too viscous 

48.0 r31.3 

TABLE 10 

HEXADECANE  

Effect of Disperse Phase Concentration on 

(60 mlse  hexadecane„ 
5 mis. G M 0 ) 

(60 mis, hexadecane, 
10 mis. G M 0 ) 

Water, % vol, ,4. Water, % vol. 'a 

0 5.1 0 5.9 
13.4 12,1 34.3 20.0 

23.6 45.1 22,2 94.1 
31.6 137.5 26.1 160.0 

38.1 35Z).5 30.0 298.0 

33.2 520 



TABLE 11 

OCTADECANE 

Effect of Disperse Phase Concentration on JPAg 

(60 vile. ootadeoane, 
5 mla. GM 0 ) 

(60 mle. octadecane. 
10 m1a. 0 M 0) 

Water, % vole  76 Water, 54 vol, ,E 

0 5.8 0 7.25 

13.4 18. 14,3 35.0 

18.5 41,0 18.3 90.5 

23.6 76,0 22,2 148.0 

31.6 202.0 26.1 250 

38.1 1130 30.0 460 



TABLE 12 

HYDRCARBON  AND EMULSION DATA 

VISCOSITY 

ilk _ ,1101 Wt 
www•mm••••••••••••••=nommr 

Density Hydrocarbon* 1H.r 3Q C,-* 

A B A B 

Heptane 1.00,20 0.6828 0,56 27,2 103 0,91 1.10 

Decane 342.28 0.7301 1.18 33.8 206 1.77 2.30 

Dodecane 170.33 0,7470 1.81 55.5 297 2.34 3.10 

Tetradecane 198.38 0.7650 2,64 87.2 4-74 3.90 4.20 

Hexadecane 226.141. C.7751 305 356 5.10 5.90 

Octadocane 254.49 0.7768 5.40 1130 5.80 7.25 

(ei.) A 60 ml, hydrocarbon, 40 ml. water, 5 ml. G N 0 

) B 60 ml. hydrocarbon, 40 ml. water, 10 ml. 0 14 0 

Density at 2040  C 

* .Centistokes at 800  P 

Centiatokes at 770  F except octadecane viscosity,  

which was at 9 00 F 



TABLE 13 

EMULSIFIER, VISCOSITY  DATA 

HYMROCARBON 
CC 

0 M 0 
CC 

WATER 
CC 

VISCOSITY 
oentiatokes 

Heptane 

60 5.0 14.0 27.2 

60 7.5 40 50.0 

60 10 40 103.1 

Decane 

60 1.0 40 20.0 

bo 3.3 14.0 214.0 

60 5.0 40 33.8 
60 10 40 206.0 

Dodecane 

60 3.0 14.0 26.1 

60 5.0 14.0 55.5 

bo 10 14.0 296.6 

Tetradecane 

60 3.0 40 30.0 

60 5.0 40 87.2 

60 10 40 474.2 
Hexadecane 

60 0.7 40 28.0 

60 2.0 40 100.0 

60 5.0 40 355.5 



Octadecane 

60 0.5 40 4.0.0 

60 2.0 14.0 208.0 

60 2.5 Lo 553.0 

60 5.0 4.0 1130 



TABLE 14 

HYDROCARBON VISCOSITY DATA 

—0441R 
WATER, CC. 10 Jo - 40 

HEPTANE 1.98/1  308/1  11.1/1 29.9/1 

DWANE 2.45/1  4.23/1 9.6/1 19.8/1  

DODECANZ 3.16/1  5.12/1 10.4/1 23.7/1 

TETRADECANE 2.23/1 4.28/1  10.8/1  26.4/1 

HEADECANE 2.37/1 8.90/1 21.2/1 70.2/1 

OCTADECANE 3.12/1 13.1/1 34.8/1  195/1 

These emulsions contained 60 ml. hydrocarbon, 5 ml. emulsi-

fier, and water. 

TABLE 15 

HYDROCARBON VISCOSITY DATA 

t 
HEPTANE 2.73/1 7.35/1 38 2/1 93.7/1 

DE CANE 2.67/1 13.1/1 38.9/1 09.6/1 

DODECANE 2.74/1 12.2/1 42.1/1 9 5.7/1 
T2TRADECANE 2.57/1 34.3/1 50.0/1 113/1 

HEXADECAVE 3.31/1 15.5/1  49.3/1 

OCTADECANE 4.83/1 20.4/1 63.4/1 ..... 

These emulsions contained 60 ml. hydrocarbon, 10 ml. emul-

sifier, and water. 



TABLE 16 
S-VALUES 

4 C7 010 012 C14 C16 C18 

.U715 10 .. " ... 

.1335 3.8 14..7 5.L. 4.4 4.6 

.188 

.236 2.0 2.5 2.7 2.5 3.1 3.3 

.316 2.1 2.0 2.2 2.1 2.3 2,6 

.339 - 2,3 

.381 1.9 1•8 l,8 1.8 2.0 2.1 

.435 1.7 1.6 1,7 1.6 

.480 1.5 1.5 1.6 1.6 

.141,1372-, 17 

.125 5.5 5.4 5.5 5.4 6.3 6.4 
.178 ., 44,6 
•222 3.6 3.6 3.7 
•263 3.1 

.300 2.6 2.6 2«7 2,7 2.6 .2,7 

.333 - 2.4 

.364 2.2 2.2 2.2 2.2 .. 

•417 •-, 1.9 1.9 1.9 
.461 1.7 1.7 

- Table 1Ci B1.erzda conttd. 60 ml hydrocarbon*  40 ml 
et 5 ml. G 11 0 



Table 17 Blends contained 60 ml. hydrocarbon, 4.0 ml. water, 

& 10 ml, G M O 
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