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ABSTRACT

The problems of thermal energy storage are of major importance 

in the development of intermittent energy sources and the efficient 

usage of conventional energy supplies; Utilization of latent heat 
materials for thermal energy storage has been plagued by the buildup 

of solids on cooling surfaces and the resulting low heat transfer 

rates. A novel system has been investigated in. order to alleviate 

these difficulties. Small droplets of latent heat material were 

suspended in an immiscible heat transfer fluid to form.an emulsion.

The generation of stable emulsions is an empirical art, for which 

the selection of surface-active agents and the method of mixing play 

the key roles.
A total of 42 latent heat storage emulsion samples, were success

fully prepared using a diphenyl compound as the organic phase. Most 

of the samples were prepared using a high speed mixing apparatus.

Several emulsified blends exhibited favorable prolonged storage and 

cycling behavior. Estimates .based on apparent viscosity measurements 

indicated that high rates of heat transfer could be obtained with this 

system. Assuming turbulent flow conditions and 60% salt loading, a

Value for the mean film coefficient of heat transfer was calculated
2to be about 184 btu/hr ft °F. The fundamental concept of using an 

emulsion/dispersion system for latent heat storage has been demonstrated.



CHAPTER 1

INTRODUCTION AND BACKGROUND ON THERMAL ENERGY STORAGE

Recent events have focused attention upon the availability and 

usage of energy. The world's consumption of energy for industrial pur

poses doubles approximately once per decade (Hubbert 1971). This enor

mous increase has been coupled with a realization that there is a finite 

limit to the availability of fossil fuel resources. Presently, coal, 

petroleum, natural gas, and uranium are the basic resources for the 

energy economy of the world. Increased, efficiency of energy consumption 

and development: of alternate, renewable energy sources can minimize the 

inevitable economic and social disruption caused by the approaching end 

of the oil era. . It is in these two areas that energy storage acquires 

importance.

1.1 The, Need For Energy Storage 

Energy storage systems have a great potential for more effective 

use of energy conversion equipment and for facilitating large-scale fuel 

substitutions in the economy (National Research Council 1976). Power 

demands are generally not steady. Intermittent energy sources, such as 

solar energy, are not steady in supply. Reliable power systems must 

supply the peak-demand requirements. Systems designed to meet peak

load requirements operate at less than capacity much of the time, re

sulting in inefficient capital investments. In the electric power



industry for example, there is a great disparity between the average and 
peak loads. The use of energy storage systems for load-rleveling is de

sirable.
One of the major obstacles to the increased use of solar energy 

is the lack of economical, efficient thermal energy storage systems. 

Sunshine is intermittent. The amounts and availability of solar re

sources fluctuate with season, location and weather. Additionally, a 

fraction of the incident solar radiation is converted to the kinetic 
energy of moving air currents in the atmosphere. Wind energy has been 

used by mankind since ancient times. Efforts to harness wind power 

have increased greatly in recent years. The blowing wind is a paradigm 

of intermittent phenomena.

Energy storage is important where/supply and demand are 

not coincident. Efficient utilization of thermal energy from solar 

collectors, off-peak energy of power plants, and industrial process or 

waste heat require suitable storage systems. They provide a buffer, 

matching time-varying thermal energy inputs with corresponding output 

loads.

1.2 Me tho ds of Energy S to ra ge

The photochemical conversion ability of green plants is na

ture’s method of capture and storage of solar energy. Only about one- 

tenth of a percent of the energy received from the sun is fixed in 

photosynthesis (Woodwell 1970). Although a small percentage, worldwide 

annual production amounts to 150 to 200 billion tons of organic matter.



This vital store includes both food for man and the energy that runs 
the life support systems of the biosphere. Biologically stored energy 

is released by oxidation at a rate slightly less than the rate of 
storage. Over millions of years a small fraction of organic matter 

has been buried under conditions of incomplete oxidation and decay. 
Nature's stores of fossil fuels are being rapidly depleted. The era 

of this depletion is quite brief in span relative to the eons of time 

required to accumulate these chemical stores.

Various methods for storage of mechanical and electrical 

energy have been investigated. They include.pumped water, flywheels, 

compressed air, electro-chemical batteries, and fuel cells. Three 

general methods of direct thermal energy storage are sensible heat, 

latent heat, and chemical reactions. Chemical methods, including hy

drogen generation, chemical heat pipes, and paired ammonium salts, 

have been reviewed recently by Offenhartz (1976). These systems offer 

the technical possibilities of long term storage without insulation 

and thermal loss at high storage densities. Sensible heat storage 

utilizes the specific heat capacity of a material over a temperature 

gradient. Water tanks and rock.beds are the most common examples. The 
heat capacity of metals is used for heat storage in certain high tem

perature applications.
The.general requirements of high heat storage capacity at low 

cost are difficult to meet. Heat storage systems are evaluated in 

terms of cost, space, total effective storage capacity, the fraction of 

heat available for use at a later time, operating temperature range,



and the rate at which energy can be transferred to and from the media 
during charging and discharging. Efficiency of energy storage may be 

considered in terms of. energy density (J/m^), storage capacity (J/°G),. 

or economics ($/J). Components of . a thermal energy storage system in
clude the storage medium, energy transfer equipment, and containment 

system with insulation. Design of a thermal storage system involves 

the storage concept, storage material selection and characterization, 

and methods of heat transfer (Green et all 1976).

1.3 Heat, of Fusion Storage 

Energy storage capacity can be increased by using a material 

which undergoes a. phase change in the temperature range of interest. 

Among the types of phase changes occurring at constant temperature 

with absorption or release of latent heat,, the solid^-liquid transitions 

are the most suitable for thermal energy storage. Although latent 

heats of fusion are generally much smaller than the latent heats of 

vaporization, the volume changes in. melting are usually 10 percent or 
less (Belton and Ajami 1973). The major advantages of phase change 
storage are due to volume savings and constant temperature heat trans

fer. The criteria used.for selecting phase change materials include 

melting point temperature, heat of fusion, stability in cycling, cost, 

corrosiveness, and toxicity. Conventional heat of fusion materials 

in the temperature range for solar heating and cooling applications ex

hibit, problems with heat transfer, corrosiveness, nucleation, and 

stratification. Most conventional systems employ passive heat transfer 

methods. Passive phase change heat exchange is characterized by



increasing thermal resistance as the solids build up on the surface.
The rate of crystallization for a typical salt hydrate fusion material 

has been measured as 1,25 cm/hour, setting a practical limit on the 

rate of heat transfer (Daniels 1964). A mathematical treatment of a 
solid-liquid phase change in circular tubes has been given by Shams- 

’Undar and Sparrow (1974) . Low rates of heat transfer prevail and large 
capital investments are required. Supercooling during freezing has 

been a problem, particularly with salt hydrate materials. The addi

tion of two percent borax as a nucleating agent has solved this 

problem (Telkes 1952). Studies done with sodium sulfate decahydrate 

have also shown settling and stratification problems, after repeated 

cycling (Kauffman and Pan 1972), Anhydrous material settles out after 

melting and is not recombined after cooling, resulting in degradation 

of the latent heat capacity.

Telkes (1974) has presented a familiar comparison of thermal 
storage materials (see Table 1,1) * Heat of fusion systems generally require 

more costly material; however, caution should be exercised when making 

direct cost comparisons. The capability of a constant temperature 

driving force may result in overall system cost reductions which are 

not reflected in the storage subsystem considered. Total system opti
mization and analysis is desirable. A storage system should be matched 

to the thermal characteristics of the supply and conversion such that 

the availability loss from passing the energy through storage is mini

mized. Models of this type, have been developed by Morrison and Abdel- 

Khalik (1978) at the University of Wisconsin. Simulation techniques
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TABLE 1.1 TYPICAL STORAGE OF 106 BTU 
WITH 20°F TEMPERATURE LIMIT

Heat of Fusion 
Rocks Water Material

Specific Heat, BTU/lb-F 0.2 1.0 0.5 (avg.)
Heat of Fusion, BTU/lb — — — 100 (avg.)

Density, Ib/ft^ 140 62 100

Storage of 10^ BTU:
Weight, lb 250,000 50,000 10,000

Weight, Relative 25 5 1
Volume (25% Voids), ft^ 2,150 1,000 125
Volume, Relative 17 8 1



have been used to describe the performance of solar heating systems 
using phase change energy storage. The effects of varying storage 
capacity, storage unit heat transfer characteristics, collector area 

and location were, investigated for both air-based and liquid-based 

systems.
Before discussing the emulsion/dispersion storage concept, 

some current developments in latent heat storage technology are out
lined briefly. A thixtropic mixture has been patented by Telkes 

which maintains salt hydrate in suspension for a reported 1,000 plus 

heating and: cooling cycles (Institute of Energy Conversion 1977). 

Formation of the thixtropic gel occurs with the addition of five to 

eight percent hydrous magnesium aluminum silicate (attapulgas clay) 

as a thickening agent. Extensions of. this-work have involved a cool

ness storage eutectic mixture (about 55°F) and the design of thermal 

wall panels. General Electric Company is developing a 200 gallon 
system for sodium sulfate decahydrate (glauber's salt) which places 

the salt on a rolling cylinder rotating: at about three rpm (Chemical 
Engineering, 1978).

Two suspension type storage systems are.being investigated. 1 

Mehalick.and Tweedie (.1975) have developed a storage medium consisting 

of an encapsulated paraffin/water slurry. The concept was demonstrated 

with thermal cycling of the slurry. Compatibility with heat exchanger.', 

valves, and pumps was evaluated under conditions of flow agitation.

The microencapsulated phase change material in water combines sensible 

and latent heat storage while providing high, rates of heat transfer to
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the latent heat storage material. A 40 percent solid slurry increased
the storage capability by a factor of two and provided heat transfer

rates within 70 to 80 percent of the transfer rates to water under

similar test conditions. A system being studied at Clemson University
uses direct contact heat transfer.between an aqueous crystallizing

solution and an immiscible heat transfer fluid (Edie and Melsheimer
1976). A heat transfer fluid is circulated through the phase change

solution, eliminating the need for permanent heat exchange surfaces

and avoiding stratification problems. Targeted energy density was 
8 33.5 x. 10 joules per m . Hydrates of sodium sulphate were originally 

used and plans were made to change to disodium phosphate. Preliminary 

tests yielded conversion efficiencies of about 30 percent. This was 

thought to be a result of inadequate fluidization with the diffuser 

design and heat transfer fluid used. Earlier work on a similar im

miscible fluid direct contact heat transfer type of storage system 

was reported by Etherington (1957) over twenty years ago.

1.4 Emulsion/Dispersion Heat, of Fusion Storage 
This investigation concerns a novel system in which small drop

lets of a phase change material are suspended in a conventional heat 

transfer carrier oil to form an emulsion. All conventional phase 

change materials share the problem of poor thermal conductivity in the 

solid phase. The heat transfer rate falls off rapidly as solids build 

up on the container walls and eventually becomes too slow for practical 

applications. Large heat exchange surfaces are required to deliver 

heat from storage at the demand rate, which typically adds substantially
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to the system volume and cost and reduces the advantage over water and 

rocks. In the emulsion system efficient heat transfer is obtained by 
the high surface to volume ratio of the particles, and by use of a heat 

transfer carrier oil as the continuous medium. Suspension of phase 

change material also reduces corrosion, and alleviates nucleating and 

stratifying problems. Heat is stored with an emulsion of latent heat 

material in an organic carrier. When heat is desired from the storage 

system, the emulsion droplets freeze into a fine dispersion of sus
pended solid particles. When the storage is being heated, the 

solids dispersion is converted to a liquid/liquid emulsion. The 
system maintains operability for fast heat removal when needed.

High heat transfer rates could be enhanced by pumping the 
emulsion through the tube side of an outside heat exchanger, which re

ceives heat for storage. Whenever heat from storage is desired, the . 
emulsion/dispersion pump and heat exchanger are employed. During this 

operation the liquid/liquid emulsion is converted, all or part, to 

finely dispersed solids in liquid dispersion. As in the step of stor-. 

ing heat, the corresponding heat exchanging unit for removing heat from 

storage is an outside heat exchanger with the emulsion/dispersion flow

ing inside the tubes. The storage system maintains numerous advantages 

in terms of operability. The system operates at or near atmospheric 

pressure. Maintenance problems should be minimal. The chemical 

process industry has much experience handling emulsions, dispersions, 

and thickener/clarifier types of equipment. The operability of such 

systems is good, on-stream performance high, and such systems can
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be adapted to large flow systems. Much of the storage space' savings 
obtained by heat of fusion salts is incorporated into this system. In

organic emulsions in organic continuous phases can usually be maintain

ed from 50 to 74 volume percent loading without phase inversion.

The emulsion/dispersion system is applicable for large instal

lations, i.e., industrial processing, agricultural drying, and large 

residential sectors, shopping centers, or schools. Large quantities 
of fossil fuels are used, in the temperature range of 100 to 600°F.

One important example is solar cooling by absorption refrigeration.

Large operating storage units in the range of 230 to 260°F would be 

highly beneficial. A national program plan (United States Energy Re

search and Development Administration 1976) has given a high priority 

rating.to storage research and development in conjunction with solar 

cooling. Storage for both solar, and conventional air conditioning 

systems could drastically reduce peak electrical load experienced by 

utilities on late summer afternoons. Many other, applications are avail

able in this temperature range where there are incentives to "back out" 

fossil fuel usage. Generally, however, this heat storage system would 

not be competitive below 200°F except for specialized applications.

. - - 1.5 Ob j ectives of Research

The main objectives of this project are to study formulation 

of latent heat storage emulsions and to demonstrate the fundamental 

feasibility of the concept. Pertinent literature on formation, sta

bility, and properties of emulsion systems is reviewed as it applies 

to the thermal energy storage application. Exploratory research on the
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proposed emulsion/dispersion concept concentrated on- a few systems 
using various heat of fusion materials as the.disperse phase and.a 

single, representative heat transfer oil as the continuous phase. Con

ventional and other suitable latent heat materials were selected for 

experimental testing. Selection and use of surface active emulsifying 
agents plays a key role in preparing and stabilizing dispersed systems. 

An exhaustive study of all possible surfactant combinations was not . 

planned. Rather, a few samples representing each of three chemical, 

classes of nonionic agents were to be tested. Theoretical considera

tions are applied to the blending of surfactant formulations. Labora
tory preparations were restricted to coarse particle size emulsion 

samples. Experiments were performed to prove that the necessary emul

sions and dispersions can be made.

Stability and apparent viscosity are the most important char

acteristics of successfully emulsified samples if they are to be used 

in energy storage systems. Other important characteristics include 

internal phase loading capacity and emulsion/dispersion compatibility. 

Stability must be assessed with respect to prolonged storage and freeze- 

thaw cycling, conditions. Viscosity data are needed to indicate both 

pumping and heat transfer behavior of the systems. The delivered rate 

in removing heat energy from, storage is a critical aspect addressed by 

the proposed system concept and design. The potential advantages of 

this system over that of other conventional latent heat storage sys

tems will depend primarily upon the heat transfer rates obtained.
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Exploratory investigation can indicate whether the emulsion/dispersion 
system concept merits further interest. The overall objective of this 

research was to provide such data.



CHAPTER 2

THEORETICAL BACKGROUND ON EMULSION SYSTEMS

The background for this project includes a state of the art 

perspective. There exists no single coherent theory of emulsion forma

tion and stability. Theoretical treatments have been limited to 

specialized systems. Findings about certain systems under certain con

ditions are not necessarily applicable to others. Theoretical inter

pretation of emulsion behavior has been well developed; however, theo
retical prediction is largely a matter of art. The theory under dis

cussion has been organized to consider formation, stability, and general 
properties. The interactive nature of the factors which contribute to 

the colloidal behavior of emulsion systems prevents a strict breakdown 

analysis. The design and modeling of a system deals with the relative 
importance of interactive factors. An extensive review of solid-liquid 

colloidal systems is beyond the scope of this work. The comparability 

.of the dispersion system as derived from the corresponding, emulsion is 

emphasized.

2.1 .Emulsions
Emulsions of various types have been known for thousands of

years. The Greek physician Galen (131-C.201) was the first to report
the emulsifying power of beeswax (Becher 1965). Emulsions are currently

used in a wide range of applications. Some of the more common uses for
• 13
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emulsions include, food, cosmetics, pharmaceuticals, agricultural sprays, 
textiles, paper making, printing, asphalts, paints, plastics, and hy

draulic fluids. Emulsions are formulated to suit a diverse range of 

physical, chemical, and biological requirements.

The theory of emulsions is an outgrowth of classical colloid 

chemistry and evolved ̂ empirical techniques. A great deal of literature 
is available concerning the art and science of emulsion technology. The 

texts of Becher (1965), Sherman (1968a) , and Rosen (1978) are particular

ly good general: references on the subject. This discussion will empha
size relevant general background and the factors which are pertinent to 
the specific application, e.g., thermal energy storage.

An emulsion is a two phase system consisting of two incompletely 

miseible liquids, one being intimately dispersed as finite droplets in 

the other. The size range of the microscopic droplets is usually be

tween 0.1 and lOOp. The phase which is finely divided into droplets 
is called the disperse or internal phase; the phase which forms the 

surrounding matrix in which these droplets are suspended is called the 

continuous or extended phase. Emulsions often exhibit physical proper

ties which are quite different from either of their constituent phases. 

They possess minimal stability which may be accentuated by additives 

such as surface-active agents.

The most common constituents of emulsification are oil and water. 

The two distinct types: of .emulsions are therefore oil in water, 0/W, 

and water in oil, W/0 (see Figure 2,1). Since O/W types of emulsions are 

'the most prevalent, W/0 emulsions are sometimes referred to as ''invert''
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OIL IN WATER O/w

WATER IN OIL w/O

Figure 2.1 Emulsions. (Martens 1964)



emulsions in industry. The terminology is often applied to systems in 
which the phases are not strictly oil and/or water (Becheir 1965) . 

Emulsions of heat of fusion materials in organic heat transfer oils are 

thus characterized as being water in oil, W/0 "type" emulsions. Such a 
vast majority of commercial emulsions employ water as one of the con

stituent phases that little has been done and little is known concerning 

nonaqueous emulsions. In general, nonaqueous emulsions are more diffi

cult to form and stabilize than their aqueous counterparts (Griffin 

1965) .

The generation of stable emulsions is an empirical art for 
which surfactant: addition and method of preparation are the major tools 
(American Institute of Physics 1974). Theoretical knowledge is obtained 

from idealized situations and simple systems. In practice, however, 

the emulsion technologist must work with a complicated compromise among 

several requirements in formulating a recipe. The more complex emulsions 

are better suited, in general, to use requirements. The production 

of a satisfactory emulsion requires scientific knowledge, practical 

skill, and intuition. An end product emulsion involves two competing 

processes, namely the disruption of the bulk liquids to produce fine 

droplets, and the recombination of droplets to give back the bulk 

liquids (Gopal 1968). Only the balance between these two processes is 
seen in an experimental study of emulsification. It is more convenient 

to treat the formation and destruction of the droplets as separate in a 

theoretical study. Emu1sification can therefore be considered as two
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problems: the formation of new droplets, and the stabilization of the
new droplets once they are produced.

2.2 Formation
Two liquids, virtually insoluble in each other, may be formed 

into a stable mixture by proper dispersion. Emulsions possess a great 

deal more than, the minimum surface energy between the two constituent 

bulk phases. The total free energy of emulsion formation is given 

as (Aveyard and. Vincent 1977),

A G form = Y"*<->"A,-A - T‘4 Saisp (2.1)

where A A is the change in the total area of the interface eg resulting 

from the formation of the emulsion, and A is the entropy gain in

the system resulting from the dispersion of the droplets. In concen

trated emulsions, where the average separation, h, between the droplets 

is small and interparticle interactions become nonmegligible y^^(h) 

is the relevant interfaclal tension. The A H^isp tersi? corresponding 
to the energy required to overcome the external forces on the system 

opposing dispersion, has been omitted. For large droplets, where there 

is a large density difference between the two phases, it may be signif

icant „

Generally, the first term on the right hand side of (2.1) com

pletely dominates the second term. It is of the order of 10 Jmol~^-, in 

the absence of surfactants, and about 1 mJ mol“  ̂for a typical emulsion.
A G form is usually large and positive, requiring external mechanical



work to form the emulsion. Under certain conditions, some systems will 

emulsify spontaneously. This implies that A G form is negative and that

occur in connection with these thermodynamic factors.

Normal emulsions, or so-called, macroemulsions, require mechanical 

work for formation. Dispersion processes are fast, occuring in time in

tervals on the order of seconds or less. In such rapid processes, dy

namical properties play a greater role than the equilibrium properties 

(Gopal 1968). Consider the calculation of the power requirement for 

emulsification as an example. An oil with an interfacial tension of 1 

dyne cm--*- is emulsified at a rate of 100 gal hr-^ with a droplet size 

of about 2p- in radius. The work, W, required to create the new inter

face is given by.

where W is in.units of energy, i.e.,dyne cm. The original surface area 

is neglible, therefore.

droplet diameter in cm. The required work .is directly proportional to 

the dispersed phase concentration and the interfacial tension, while in

versely proportional to the magnitude of droplet size.

T A S^£Sp must exceed A A. Therefore, y”  ̂must be very small, about 
10’-3 ibN Spontaneous formation of the so-called "microemulsions"

W = y A A (2.2)

(2.3)

where V is the total volume of the disperse phase in cm3, and d0 is the



Calculating the required work for the given example yields about. 1.1 x 
lO"*-® dyne cm or 840 ft Tb^. Converting to units of power, 100 gal hr~l 

gives about 4 x 10""̂  hp. In actual practice, however, the power re

quirement would be oh the order of 1 hp. This discrepancy is due to the 

neglecting the work done in setting the liquid into motion during 

emulsification. The values, are on the order of 0.1 to 10 hp and sub

sequently in line with practical requirements. The process of inter- 

facial disruption should be considered in terms of dynamical quantities 
like inertial, viscous, or surface forces, rather than in terms of 
thermodynamical parameters like interfacial energy.

2.2.1 Methods of Preparation
The most common technique of emulsion preparation is known as 

the dispersion method. Brute force is applied to break up the bulk 

liquid into small droplets. The numerous variations of this method 

fall into three general categories, viz. mixing, colloid milling, and 

homogenizing. Commercial equipment of this type covers a wide range 

of capacities for both batch and continuous processes. An emulsifying 

device is selected on the basis of cost, maintenance, energy require

ments, and control over emulsion characteristics. It is the principal 
component which contributes to the control of droplet size distribution. 

A good review of emulsifying equipment is given by Bennet, Bishop, 

and.-Wulfinghoff (1968). It includes a section on scale-up operations 

for production. The fundamentals of mixing are discussed in another
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excellent text (Sterbacek and Tausk 1965). While optimal minimization 
of energy requirements and costs of equipment is desirable in all 

emulsion operations, it is essential in this application. Figure 2.2 
shows the trend of power requirements for emulsifying machinery. 

Voluminous data is available from manufacturers and has been compiled 

(Griffin 1965) ... The energy requirement for emulsification is related 

to several factors, like drop size and size uniformity, type and con

centration of surfactant, concentration of the dispersed phase, and 

viscosity (see Table 2...1) .
In mechanical mixing operations the components to be emulsified 

are introduced into a chamber (usually baffled) provided with a stirrer 

which induces a high level of turbulence. Emulsification is brought 

about by the intense shear rate. The stirrer itself may be of various 

designs, such as paddle, blade, turbine impeller, disk, or propeller. 

Particle diameters, produced, are roughly oh the order of 5y and the size 
distributions are coarse. Depending on the application, simple mixing 
devices are used solely or as premixers for emulsion processing.

Homogenizing dr colloid milling equipment is generally used to 

process a crude emulsion by diminishing the particle size to a uniform, 

small diameter. A colloid mill is a centrifugal device which develops 

a strong shearing flow in a narrow gap between a high speed rotor and a 

stator surface, A homogenizer achieves dispersion by forcing flow 

through a small orifice under high pressures developed by a piston.

Bine emulsions are usually obtained on the order of 2y and Ip, respec

tively. A device called Emulsifier Type ET works according to the gear
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Figure 2.2 Power Requirement of Emulsifying Machinery. 
(Gopal 1968)



TABLE 2.1 PARTICLE

Type of Agitation 

Propeller 

Turbine 

Colloid Mill 

Homogenizer

SIZE AS A FUNCTION OF AGITATION. (BECHER 1965) 

______Particle Size Range (Microns)______
1% 5% 10%

Emulsifier Emulsifier Emulsifier

No emulsion 3-8 2-5

2-9 2-4 . 2-4

6-9 • 4-7 3-5

1-3 1-3 1-3
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pump principle (Sterbacek and Tausk 1965)• After passing over the 

double level-cut gear wheels, the mixture is then forced through an 

adjustable needle valve. It results in a product with extremely uni

form particle dimensions»

Other methods of preparing emulsions include condensation, ul

trasonic cavitation, electric dispersion, and spontaneous. Condensation 
and electric dispersion techniques have been used in the preparation of 

aerosols. Although interesting for laboratory studies, particularly in 

regard to monodisperse systems, these techniques are not useful for 

practical emulsification. Methods of ultrasonic irradiation have be

come economically useful in recent years as supplementary techniques. 

Spontaneously emulsifying systems have become useful in an increasing 

number of applications (Prince 1977), As previously discussed, formu

lation of these systems requires strict control of thermo dynamic vari

ables,

2,2,2 Physio-Chemical Factors
The general properties of emulsion are affected by the mode of 

emulsification. The important properties to control are concentration, 

stability, particle size, and viscosity. These properties are consid

ered in relation to the process of emulsion.formation. Preparatory 

variables such as emulsifying agent selection, mode of addition, agi
tation, and temperature strongly affect the properties of the emulsion 

which is formed.
The lowering of interfacial tension is linked with adsorption 

of the emulsifying agent at the interface. This, in turn, affects the



disruption of the bulk interfaces and the ease of extending the liquids 
into threads. The work input required to create new interfacial area 

is thus reduced. As discussed previously, however, the work done in 
creating new interfaces is only a small part of the energy spent in 

emulsification equipment. The interfacial tension decreases as the 

concentration of emulsifying agent is increased, and tends to attain a 

limiting low value (Gopal 1968).

The initial location of the emulsifying agent and the additive 

order of the bulk phases are important variables of emulsion formulation. 

The two basic techniques of interest are the agent-in-water method arid 

the agent-in-oil method. Adding, the aqueous phase to the oil generally 

yields W /0 emulsions, while adding oil to water is conducive to form

ing 0/W emulsions. As expected,, the agent-in-oil method is generally 

as efficient for W/0 emulsions as the agent-in-water method for 0/W 

emulsions. The combination method is often employed when different 

types of emulsifying agents are present. The oil-soluble components 
are dissolved in the oil phase, and the water soluble components are 

dissolved in the aqueous phase. (Fox 1974). The phase inversion tech
nique consists in continued addition of. internal phase to the originally 

formed emulsion. Viscosity builds as the internal phase volume in

creases. At a certain point the emulsion will appear to curdle and 

thin out, with a sudden decrease in viscosity. At this point the emul

sion has inverted, and in general, a smoother, more stable emulsion 

results (Fox 1974). This is widely used in emulsion preparation.
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although it is obviously not useful for the preparation of high inter
nal phase emulsions.

The time5 intensity, and type of agitation are important para
meters which can be varied to give different emulsion properties. 

Attention is given to the efficiency of agitation. Investigations have 

shown that prolonging the time of agitation beyond an optimum time in

terval does little to improve the quality of the emulsions (Gopal 1968). 

Under normal conditions of emulsification, the mean size of particles 
decreases rapidly in a few seconds and then gradually attains the limit

ing value in one to five minutes. The stability and the viscosity 

characteristics show corresponding variations with the time of agitation. 

Therefore, the expenditure of power in continuing the agitation produces 

only diminished returns after the optimum time interval. This effect is 

understandable because emulsification is a balance between disruption 
and recombination. Initially, with only a small number of particles 

present, coalescence is absent and disruptive processes dominate. Once 

a large number of particles are formed, collisions among them become 

more frequent,. Within a few minutes coalescence removes as many parti

cles from the emulsion as the dispersion mechanism generates. The growth 

of the number of particles during emulsification can be expressed as,

- B'Nt -A'Nt (2.5)

where the simplest hypothesis is to assume that the decrease in the 

number of particles, N, by coalescence is proportional to (binary 
collision approximation) and that the increase is proportional to N.



The initial number of particles, N0 , is small.

B%  = |T (2.6)

k ’ *  + ( 2 - 7)

It is convenient to express this in terms of the mean volume of the 

particle, «•,

v = —— (2.8)N

vt' = vo " <vo " C1 " e'B';ti) (2.9)

where V\ is the total volume of the dispersed phase. This equation 

predicts an exponential ...type of increase to the limiting value. Gopal" 
(1968) reports that the available experimental data follow this general 

trend, but the agreement with this simple model is only moderate.

Studies of emulsion formation in simple mixers have correlated 

the agitation parameters of the system ...with the particle sizes. In 

general, the particle size decreases with the increase of rotational 

speed and diameter of the stirrer, and with the decrease of the contain 

er tank diameter. This corresponds to conditions of greater agitation 

intensity. An indirect effect of vigorous mixing is a rise of tempera

ture. The ease of emulsification is usually improved, since both vis

cosity and interfacial tension decrease with temperature rise.



2.2.3 Model Studies

In the preparation of emulsions the dispersed phase liquid is 

first divided by the action of the mixer into small cylinders5 which 

are then extended into strips* These give off globules which are sub

ject to further disintegration*

The various stages of emulsification can be considered in terms 
of hydrodynamic instability of flow* The initial disruption of the 

plane interface occurs if it is accelerated from the lighter into the 

heavier liquid* This is known as the Rayleigh-Taylor type of instability 

(Gopal 1968)• Lamellae or threads of one liquid penetrate into the 

other across the interface9 and break up into drops * The breakup of 

liquid jets into droplets is a phenomena which occurs in homogenization 

and in the later stages of interfacial and droplet disintegration» In 
the final stages of. emulsification large drops are fragmented into small 

droplets*.

Globules, are broken up in a number of different ways* Deforma

tion of a liquid sphere is caused by non-uniform stress. ■ Emulsion mixing 

operations usually produce turbulent flow. Irregular deformation of 

the globule surface is caused by external forces in the turbulent flow. 

Droplets are then separated from the protuberances created. Liquids 

which differ in density are accelerated on passage through the impeller 

and during impingement upon the wall of the vessel. This' produces 

velocity gradients in the dispersed phase and surrounding liquid. Re

sultant shear stresses deform the droplets. Shear deformation is 

counteracted by interfacial tension forcing the droplets to assume the
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most compact shape, i„e"„» a sphere. Splitting, of drops is more effective, 
the greater- the density difference of the dispersed and external 

phases. The most intense droplet splitting in the mixing vessel takes

place in the impeller and at the wall.
The Weber number expresses the relation between the dynamic 

pressure of the moving liquid and the interfacial stress. It is given 

by the dimensionless ratio:

p,V'?d0
We = — — 2- (2.10)T

where fi is the density, v is the relative velocity of the moving drop
let, and d0 is the diameter of the droplet (Sterbacek and Tausk 1965).

In the case of droplet splitting, the ratio may be expressed between 

the shear and interfacial tension,

■6d-nWe = ' (2.11)Y
where 6 is the shear stress. The shear stress between the droplets 

and the surrounding liquid is proportional to the mixing intensity.
Thus, the Weber number may be modified to represent the mixing effect*

d;3h2p •We = ; (2.12)
Y

where d is the diameter of the impeller, n is the rotational speed, 

and Pc is the density of the continuous phase. An increase in the 

Weber number indicates a preponderance of shear stress over interfacial
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tension forces and consequently greater deformation. On attainment of 
the critical value for We , droplet splitting sets in.

Mixing of two immiscible liquids by means of a disk agitator 

was investigated by Misek (Sterbacek and Tausk 1965). He gives the 

following relationship:

d0n.̂ d2Pc /H 0 -46
y Exp (0.087D) D (2.13)

where d is the diameter of the impeller9 D is the difference between 

vessel and mixer radius, and d0' is the diameter of the drop under 

acollisive conditions, and H is the liquid depth.
Based on the theory of turbulent coalescence, the following 

expression was obtained for other than acollisive conditions,

5= e(z.X) (2.14)
do

where da is the drop diameter under actual conditions, X is the frac
tional liquid holdup, and z is the coalescence coefficient given - by

, B 1 0 -5 0-5Z 1.59 x 10-2 { - (  p ^ )  } (2.15)

The Laity and Treybal equation was used to estimate emulsion viscosity 

for mixtures containing more than 40% water,

%  „ . 6 Xo no ,
"■ 1 + ^ r T y - ;> (2.16)

where n’> h , and n are the viscosity of the mixture, water and oil,w ■ o
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respectivelys and x , the mole fractions of the water and oil phase, 
respectively.

The Reynold’s number for flow in emuls ifi cat ion equipment is 

generally characteristic of highly developed turbulence. Accordingly, 
statistical theories of turbulence can be applied, Kolmogoroff. developed 

a theory of characteristic lengths in turbulent flows, The kinetic ener
gy of large eddies is.dissipated through intermediate sized eddies to the 

smallest, where energy is spent in overcoming viscous forces. Motions on 

the length scale of the smallest eddies are independent of the main flow. 
They are statistically independent of each other. The rate of energy 

dissipation is independent of eddy size. The Kolmogoroff length scale, 

p, determines the smallest eddy size, at which energy is further dissi

pated by viscosity (Gopal 1968):

3 1/4
3 = ( V  > (2.17)

P's

where e is the local energy dissipated per unit mass. The local sur

roundings at this length scale are assumed to be isotropic. It follows 
that the velocity fluctuations over distances r ,, much smaller than L, 
the length scale of the largest kinetic energy bearing eddies, are 

functions of e, n>- P> and r only. If u^(r) is the mean square value of 

the turbulent velocity fluctuations, then

u2(r) = C1 (er)2/3^ L»  r»  g, 
Cjl = constant (2.18)
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where the dynamical forces play a greater role than viscosity; or 

  C^per2
u (r> = —    <-Tnaŷl > L » 6»r, = constant (2.19)

The probable diameter; of the largest drop that can re

main without being broken up in turbulent flow, is calculated using 

the Weber number criterion.

pu (d )d C pd 3/3e5/3
We = ---- -— - =   > W 77, - (2.20)

Y ■ Y Crit
or

dt(max)(Y)3/5 " CdnStant’ L>>dt(maX)>>5^̂  ̂ . (2.21)
In the case of. d^»5. where the viscosity of the system is large, or the 

drops are small,.

pu2 (d )d c ped- 3 
Me =  -------------------------------------------------------(2.22)

Y nY crlt

2„ 1/3
or

L>>6>>dt(max) (2'23)

Consider now the effect of turbulence on coalescence. Recombination
will not occur if the kinetic energy of relative motion between the two

3 2drops, Pdt u d fc, is larger than the energy of adhesion between two

drops, A^d^. Thus, according to Shinnar (1961),

n^e
dt(™in)(l f ) ■ constant, (2.24)

since is a constant for a given pair of fluids. This relation can be 
applied to relatively concentrated emulsions in which recombination and 

dispersion are in dynamic equilibrium.



2.3 Stability
Stability of an emulsion system once it is formed is tantamount 

to successful application. The fundamental characteristic of an emul

sion is its overall thermodynamic instability. A dispersion of droplets 
of a liquid in another has a high free energy associated with its large 

interfacial area and will tend to reduce it'through, droplet"re^ 

combination or coalescence. This approach to thermodynamic equilibrium 

occurs more or less slowly. "Stable" is a relative term which is fre
quently used to describe emulsions in a strictly kinetic sense (Carroll 
1976). The general characteristics which influence emulsion stability 

are particle size, density difference, viscosity, electrical charge, the 

nature, effectiveness, and amount of emulsifier used, and the storage 

conditions, such as high or low temperatureagitation or vibration, 

dilutions or evaporation (Martens 1964).
The process of breakdown consists of these steps: flocculation,

creaming, and coalescence as shown in Figure 2.3. Although it is con

venient to consider these three processes separately, they may, and 

often do, occur simultaneously. Stability towards breakdown is general

ly conferred by the accumulation at the interface of certain types of 

emulsifying agents that create a large energy barrier. A -sufficiently 

high interaction energy barrier may exist for stabilization against any 

of these stages of breakdown. According to B. J. Carroll (1976), the 
nature of these energy barriers is not properly understood, even after 

a century of research into the problem.
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Formofion

Figure 2.3 Schematic Representation of the Various Stages in 
Emulsion Breakdown and Formation. (Aveyard and 
Vincent 1977)
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2.3.1 Flocculation, Creaming, and Coalescence

Flocculation is an agglomeration or sticking together of a loose 

and irregular cluster in which the individual droplets maintain their 
identity. The distinction with coalescence is that flocculated droplets 

can "touch" without their liquid interiors uniting. Agglomerated clus

ters can usually be redispersed by mild, shaking. Both irreversible and 

reversible flocculation have been observed, with the latter type being 
more common. In concentrated emulsions reversible flocculation is evi

denced by thickening (Osipow 1962). Slight agitation restores the ori

ginal viscosity. The aggregation of emulsions has an analogous counter
part. in the case of particulate dispersions. Experimental study of 

flocculation of emulsified droplets is considerably more difficult than 
that of inorganic sols due to the reversibility of flocculation, range 

of droplet size, and the factor of coalescence.

Conglomerates may form'in the bulk liquid by collision of drop

lets brought about through Brownian motion. According to the classical 
theory of coagulation of colloids, the Smoluchowski equation expresses 

the rate of disappearance of particles due to collision following dif

fusion (Davies and Rideal 1963).

- —  = 4 if d Rn^ - (2.25)
dt

n denotes the total number of particles in the system, D. * the diffusion 

coefficient, and R, the collision radius. This integrates to

—  — = 4 m D Rt
% no ■ C

(2.26)
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where no is the initial number of particles when t = o. The diffusion 

coefficient is given by the Einstein formula

D= itss- <2-27)

where k is the Boltzman constant, n is the viscosity of the medium, and 

a is the particle radius. The model assumes adhesion when the particles 
just contact or touch. The collision radius, R, is therefore equal to 
2a. Combining these relations, the half life may be expressed

"l/r - & r ' #- (2-2S)o o
3For. a continuous phase viscosity of ImN. sec/m^, K is 2 x 10^7 sec/m 

(Carroll 1976). riy is of order 10^/m^ in dilute emulsions and 10 /m^

in concentrated ones, therefore no aggregation stability is predicted 

for more than one hour.

A further complication of the Smoluchowski theory is the influ

ence of orthokinetic aggregation. The collision rate is enhanced over 

and above that due to Brownian motion (i.e., ordinary perkinetic aggrega
tion) in. sheared flow. Velocity gradients in the presence of mechanical 

stirring or thermal-convection can cause the rate of aggregation to 

occur as much as 10^ times the perkinetic rate (Carroll 1976). The 
polydispersity of typical emulsions will also contribute to the ortho

kinetic effect through differential sedimentation.
Colloidal dispersions are in practice stable for much longer 

than predicted due to certain interaction energy barriers, One
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treatment is to introduce a factor which accounts for the elasticity of 
many collisions (Davies and Rideal 1963).

(2.29)

This relation is only valid as a first approximation because the con
centration of particles which overcome E , the height of the potential 

energy barrier, is also a function of the flux of particles up to the

configurations of diffusuion through a long potential energy gradient

where V is the mutual potential energy of approaching spherical parti

cles, a function of the distance, r, between their centers (Kitchener 
and Musselwhite 1968). The fact that emulsions exhibiting stability

for dilute and concentrated .suspensions, respectively (Carroll 1976).

Fundamental work on the theory of emulsion stability has con

cerned the question of how far the classical D.L.V.O. (Derjaquin and 

Landau, Verway and Overbeck) theory of colloid stability goes towards 

explaining the properties of emulsions. Although it was primarily de

veloped to deal with inorganic sols, the D.L.V.O. theory may be reason
ably applied to describe the electrostatic contribution to stabilization

central particle. The theory of Fuchs accounts for the intermediate

The rate of coagulation should be reduced by a factor W, the stability

ratio, given by:

(f-m)k P  dV 
2W = 2a e (2.30)

J2a r

for years can be prepared, indicates that W should be of order 10** to 1.0~^



of emulsions against flocculation. Surface charges on particles are 
generated by ionization, adsorption, and frictional contact» According 

to the theory,. dispersed particles are subject to two kinds of long 

range forces: (1) the London-Van der Waals force of attraction, and
(2) the electrostatic repulsion between electrical double layers of 

like sign (Kitchener and Mussel white 1968)., These forces originate 
independently and can be evaluated separately. The net interaction 

energy curves.are obtained from summation of these forces at each sepa

ration distance*. 1 .
The London-Van der Waals dispersion interaction between equal 

spherical particles is calculated by integrating the London expression 

over the entire volume elements. The approximate relation,

Va " r i 1 - (2-3l)

is valid for separations.that are small compared with the radius of the 

spheres, i.e,, H « a  (Kitchener. and Musseltthite 1968).. The separation 

distance, H = R - 2a, and A is the Hamaker-London constant

A = 8 (2.32)

where g is the interaction energy for a pair of molecules at 1 cm apart 

in a vacuum, and q is the number of molecules per cm^. The interaction 

energy is weaker for particles of material, 1, in a continuous medium, 2 

modifying A,



A range of net A values is possible with different combinations of 

liquids, from virtually 0 to about 2 x 10~ erg. Major refinements 

include the effect of adsorbed layers at the interface and the general 

size heterogenity of emulsions.

The double layer electrostatic repulsion interaction is given 
by Derjaquin's approximation for equal ^spheres

Vr; = 27r,. ?... .1Q- 2 s. e0 a ipQ 2 t.n { 1 + e(~KH) } (2.34)

where e and e : are the respective dielectric constants for the medium 

and droplets, ipg is the surface ̂ potential, and k is the Debye parameter 

giving the ionic strength of the medium, (Carroll 1976)• Significant 

modifications include the distortion of droplets as they interact and 

again the polydisperse particle size.

It is impossible to consider the total interaction analytically9 

however graphical treatments of V = Va +■ are used. Amendments to 

the basic theory have largely diminished the elegant simplicity of the 

original model.

Oil continuous emulsions are positively charged with low, but 

definite, dielectric constants. The Debye lenth,.I/k * generally ex^ 
tends for several- microns and*appreciable surface potentials are ob

served. The energy barrier in the approach of two water droplets with 

a radius of ly and a surface potential of 25 mv is on the order of 15 

kT (Albers and Overbeek 1959).' This should considerably retard floccu

lation; however, W/0 are observed to flocculate rapidly. Two important 

considerations explain this behavior. The thickness of the diffuse



double layer is of the same order as the separation distance. Droplets 
therefore possess a certain potential even at large separation distances, 
and the energy barrier is consequently lowered. It is also necessary to 

consider the superimposed interaction effects between many droplets in 

close proximity. A further reduction occurs as shown qualitatively in 

Figure 2.4 (Albers and Overbeek 1959). The authors have derived an ex

pression for this influence with an assumed model for the arrangement of 

the surrounding droplets:

where Rs is the radius of the hypothetical sphere on which the twelve 

droplets nearest the central reference droplet are situated, and q is 

the mean distance from the center of the sphere at which any of the 

twelve droplets may be found. Albers and Overbeek have shown graphi

cally the percentage, lowering of the potential energy barrier as a 
function of double layer thickness, (1/k), for various phase volume 

concentrations. For a W/0 emulsion with <f> = 0.5, the percent lowering 

ranges from 77 to 90% for Ip particles. Gravitational sedimentation 

also promotes this effect. The conclusion to be emphasized is that 
flocculation proceeds rapidly in oil continuous systems unless the con

centration of the dispersed droplets is extremely low.

vr = e V 2 a2 e2 „ 2 2|ca 1.3icRa + 1

-e .. Rs + q^ - (5/3)Rsq)}
(2.35)
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Figure 2.4 Reduction of the Energy Interaction Barrier.
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From a kinetic point of view the rate of coalescence slowly in

creases with higher internal phase concentration, while the rate of 

flocculation increases very rapidly. In highly concentrated emulsions 
coalescence tends to be the rate determining step. Recalling Smolu- 

chowski's treatment:

n = (1 + kfnot> ' (2*36)

where kf is the flocculation rate constant, n is defined such that no 

distinction is made between single droplets and aggregates. The number 

of aggregates is given by

2kj. n t
n r 0-37)

V  (1 +  k£not)2

while the number of primary particles not yet combined, n - Ay, is

111 ™ (1 + kfnQt.) (2.38)

and the average number of primary particles in an aggregate (n0 - ni)/nv , 

is (Becher 1965)

n = 2'+ k n t- (2.39)f o
Designating the number of separate particles existing in an aggregate 
at time, t, as m, the rate of coalescence is proportional to the number 

of points of contact, m-1, between particles

is. = k-ng - kg(m-1) (2.40)
dt r
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where is the coalescence rate constant. (Note: (m-1) assumes linear

buildup of aggregates and is used as a first approximation, though not 

strictly correct.) m is found by integration of equation (2.40) for 
m=2, at t=0 , and substituted to in the expression for total number of 

particles,
2

i i n° , kf V  ^ r kfno . kfno,
t = nl "tovm + 1 + k j  'i + (1 + k,n t)2 { T -  + (1 " ~ )f o f o c c

-k t 
e c >

. . (2.41)
Van de lemple makes some useful approximations.. In a flocculating con

centrated emulsion, kj_n^/k^»l, and k£not » l  is a further approximation, 

..giving

n
nt * F T  ^  " e ) (2.42)

c -3 -1The rate constant, k^, ranges from 10 see for rather unstable emul-
—7 —1sions to 10 sec for rather stable ones. After a sufficiently long 

time, equation (2.41) reduces to

:It ' 1:1 : + k.l ' (2'43)
C  I

giving a general expression for the combined process of flocculation 

and coalescence.
Creaming is the phenomenon of gravitational settling in emulsions 

which can lead to concentration gradients. The sedimentation rate of a 

spherical particle, is, according to Strokes Law,
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u 2g d2(pl - p2) (2.44)
9t]2

where rig the viscosity of the liquid, and (P1 - P 2) the densigy dif

ference of the sphere and the liquid. Stability with respect to creaming 

is therefore favored by small droplet radius» small density difference 

between the disperse and continuous phases r and high viscosity of the 

continuous medium» The expression for the rate of creaming may be modi

fied to account for distribution of droplet radii in practical emulsions. 

According to Greenwald (Becher, 1965), the mass creaming rate is found to 

be

form of instability since it does break an emulsion. It is important 

in contributing to other forms of instability.

taction, of dispersed droplets against coalescence. Joining of small 

droplets in the emulsion leads ultimately to two separate liquid layers. 

It is generally recognized that the energy barrier which resists coa

lescence is due to,, the interfacial film of absorbed emulsifying agent. 

The interfacial layer acts as a mechanical barrier- capable of with

standing a certain amount of external pressure, whereas long range 

forces determine the. structure of the interface. Dynamic surface, forces 

will oppose localized thinning of the film between droplets, however a 

positive disjoining pressure is required to confer permanent resistance.

(2.45)

where there are n^ droplets of radius a^. Creaming, per se, is a trivial

The chief point of interest in stabilizing emulsions is pro-
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Absorption of emulsifying agents at the interface lowers the 

interfacial tension and thus reduces the rate of coalescence. In order 

to keep the free energy of the system at a minimum, molecules for which 

the interaction energy is lower than average will tend to accumulate at 

the interface. This accumulation is described by the classic Gibbs 

adsorption equation. Becher (1965) and Hiemenz (1977) offer accounts of

the thermodynamic derivation. Applying the Gibbs-Buhem equation for
equilibrium,

£ o-r 9.'p. - 0 (2.46)
i 1

to the appropriate free energy relations yields

£ n , 8 9' U.s + A 3 y = 0 (2.47)i 1 i

where ; is the Surface chemical potential of molecular species i, and 

the system is at constant temperature. Gibbs defined a quantity F, 

called the surface excess, which is the concentration of adsorbed species 

in the surface, expressed in units of concentration per unit area, n^^/A. 

For a two component system consisting of a solvent and a single solute, 

(2.47) becomes

ri ‘US'i + r2 + ̂  " 0 (2.48)

Furthermore the surface chemical potential of any constituent is equal 

to that in the bulk phase. The surface excess is arbitrarily defined 

such that F^ is effectively zero. It should be emphasized that the



mathematical dividing surface is a reference level rather than an actual 
physical boundary.

r 2 * - < % )  (2-49)

The chemical potential for the solute is defined as

U2 = Ur'2 + RT Ln (a2) (2.50)

where -ji0 is a constant reference state and a2 is the activity coefficient. 

Substituting

- a y = i RT 3 Ln (a2) (2.51)

If component 2 is a nonionic surfactant in dilute concentration, a2 - c2, 

the volume concentration. Although sometimes invalid, it is often 

assumed that the adsorption for high surfactant concentrations is the 

same as slightly below the C.M.C. (critical micelle concentration).

According to one school of thought, elasticity of the lamella 

film between droplets is essential for stability. Surface elasticity 

arises from nonuniformity of interfacial tension. In dynamic, systems 

there is a lag in association with adsorption/desorption. This is known 

as the Marangoni-effect. Thus, if the interfacial surface is extended, 

as in droplet compression/distortion, the Supply of surfactant to the 
interface will lag behind the equilibrium yielding a local rise in ten

sion. Secondly, the process of thinning a film will lead to localized 

depletion of surfactant. This is known as the Gibbs effect. The
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elasticity coefficient of the film is expressed as (Kitchener and 

Mussel white 1968).

S - 2A (fj)

9 l +
^ 4RT (— ) — dLnc (2.52)

c h + 2.I X 3c

where h is the thickness of the lamella. Both the Marangoni and Gibbs 

effects confer transient stability. At any point where the lamella are 

tending to thin down.dangerously, a local rise of tension is generated 

which opposes thinning. This.tendency to heal potential points of rup

ture is known as surface transport. The role of interfacial viscosity 

in slowing up the. extrusion of liquid, from between the approaching sur

faces is important3 though less significant than elasticity in promoting 

stability towards coalescence.

In the case of W/0 emulsions, work with lipid membranes has 

shown that oil soluble surfactants bestow elasticity on W/O/W lamella 

which thin down to the bimolecular sandwich structure. These retain 
some solvent and are liquid. Van der Waals compression is counter
balanced by osmotic forces (Kitchener and Musselwhite.1968)„ This 

limiting thickness corresponds to the so-called "black films". Studies 

of thin' films have shown these to be a very stable configuration.

Adamson (1967) has suggested the importance, of steric factors, 

in the formation of penetration complexes. The effect of the solvent 

upon the structuring of the interface is significant. When two particles 

approach closely, interpenetration occurs between the stabilizing
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surfactant molecules which protrude into the continuous phase. Coa
lescence is therefore opposed by steric forces and interactions. As 

two interfacial layers tend to merge there will be a decrease in the 

total number of possible configurations that each adsorbed surfactant 

molecules can adopt, with a corresponding net decrease in entropy.

The free energy of the system increases which is an effective repulsion. 

The local segment concentration will increase within each interface, 

increasing the osmotic pressure as solvent structuring is displaced.

The negative free energy of mixing segments and solvent molecules is 

thus diminished. These terms are referred to as the volume restriction 
term, AGvr, and the mixing term, AGm . The total steric interaction can 

be expressed as (Aveyard and Vincent 1977)

Vs (b) = AGvr (b) + AGm (b) (2.53)

The total interaction over the region 0<b<26 is given as

V = Ve + Va + V s (2.54)

In this region the contributions of Va and Vg are usually neglected 

with respect to V g. The interaction is shown qualitatively in Figure 

2.5 (Aveyard and Vincent 1977). The deep minima of the interaction curve 

corresponds to a stable thin film. Jackel suggested a link between 

steric repulsion and elasticity, Q, of the absorbed layer.

Vg = Q (6 - b/2) 1 /2 (a + 6) (2.55)
1.325
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b

Figure 2.5 Combined Interaction Energy Diagram for Interfacial Films.
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Carroll (1976) has reviewed the main methods currently used for 

experimental study of emulsion breakdown. These include: (1) direct
study of a coalescing emulsion through the time variation of droplet 

concentration and size distribution; (2) accelerated aggregation/ 

coalescence by ultracentrifuge; (3) study of isolated thin films; 
and (4) coalescence of large drops at interfaces (i.e., "rest time").

A number of factors contribute to emulsion stability. An all em

bracing principle has not been formulated to explain this phenomenon 

of colloid chemistry: In. general, the film-forming capability of

the absorbed layer is of greater importance than surface charge in 
stabilizing emulsions of high internal phase loading.

2. 3.2 . Selection and Use of Emulsifying Agents

Four general classes of emulsifying agents can be identified. 

Simple inorganic electrolytes comprise the first class. These are 

usually weak and confer only feable stability. Secondly, the most 

Common Class is that made up of the surface active soap and detergent 

type compounds. Macromolecular agents such as proteins, gums, and 

starches confer stability in the manner of protective colloids.

Finally, finely divided solids may be used to form a monoparticulate 

layer coating the droplets.

Further elaboration of the principle type, surface active 

compounds is in order. The wide range of available synthetic 

emulsifying agents are grouped as anionic, cationic, nonionic, 

ampholitic, and water insoluble.
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Anionics bear a negative charge in the surface-active
- 4-portion of the molecule9 for example9 RCgH^S0o Na ‘ (alklybenzene

sulfonate). In cationic agents the surface-active portion bears a
4*positive charge, for example, Cl (salt of a long-chain amine).

Both positive and negative charges may be present in the surface-active 

portion of ampholi.t±c.agents. Nonionic agents have no apparent ionic: 

charge. McCutcheon's Annual of Detergents and Emulsifiers gives a 

compilation of commercially available surfactants. Nonionic type sur

factants offer certain advantages. The effectiveness of nonionics is 
less sensitive to the effects of electrolytes and changes in pH. With 

the ability to make systematic and controlled changes in the polarity 

of .the molecule,, considerably more latitude and versitility is avail

able in formulation. The surface science volume by Schick (1967) 

gives a comprehensive review of the chemistry, use, and properties of 

nonionic surfactants. NOnionics comprise the largest group of avail

able emulsifying agents. They depend chiefly upon hydroxyl, groups and 
ether linkages to create hydrophilic action. Subclassification is 

made according to the type of linkage between hydrophobic and hydro

philic groups. These are typically ester, ether, amide, mulitple or 

miscellaneous type linkages. The general chemical structures are: 

ether type linkage
R - (0 CH2CH2)n0H 

ester type linkage

0
If

R - C - 0 - (CH2CH20)nH
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amide type linkage 

0

(CHoCHo0) H 
E - C - N 2 2 nl

(CH2CH20)n2H

The art of emulsification is never more in evidence- than in the 

selection of emulsifying agents to produce an emulsion with the desired 

stability. The problem is one .of how the proper agents are chosen and 

how external conditions tend to modify that choice.

One successful approach is known as the HLB method (hydrophile- 

lipophile balance). The emulsifying efficiency of a surfactant is re

lated to the polarity of the molecule; that is, the relative contribu

tion of the polar hydrophilic "head*and the nonpolar lipophilic "tail". 

When the hydrophilic part.dominates the surfactant tends to dissolve 

more in the aqueous phase, whereas it tends to dissolve more in the 

organic phase when the lipophilic part dominates. Properly balanced 

surfactants will tend to concentrate as an adsorbed layer at the 

interface. This balance is. represented by an arbitrary empirical 

scale which Griffin developed in 1949. Surfactants are assigned 

a numerical quantity in which increasing HLB numbers correspond to 

increasingly hydrophilic character. The applicability of a wide 

variety of surf actants can be characterized using the HLB as a guide e 

Becher (.1965) has given the. following list (see Table 2.2).



TABLE 2.2 HLB RANGES AND THEIR APPLICATIONS

Range Application

3-6 W/0 Emulsifier

7-9 Wetting Agent

8-18 0/W Emulsifier

13-15 Detergent

15-18 Solubilizer

The famous Bancroft’s rule deals with the problem of phase 

continuity. It states that the phase in which the emulsifying agent 

is preferentially soluble will be the external one. One early theory 

emphasizes the curvature of the film in the direction of higher inter- 

facial tension. Surfactants with low HLB values tend to promote for

mation of W/0 emulsion continuity, while those with high HLB values 

form the reserve. Stability arguments support this concept. Hilde

brand (1941) emphasizes the role of reserve emulsifying agent in the 

film forming external phase in helping to prevent rupture. Displace

ment of the surfactants into the continuous phase is hindered by close 

justaposition of- .the interfaces of flocculated droplets. Such steric 

hinderance to displacement into the discontinuous phase is not present, 

suggesting that a major criterion of stability is resistant to this 

(Dsipow 1962). Solubility characteristics in which the surfactant is 

preferentially soluble in the external phase would hinder displacement 

into the internal phase. Sumner (1957) has suggested that the perme

ability of the interfacial layer to the two liquids which constitute
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the main phase of an emulsion will determine the one which forms per

sistent droplets within the other.
Just as each surfactant has a characteristic HLB value, so 

each hydrophobic material used is ascribed a value corresponding to 

optimum stability of W/0 or 0/W emulsion prepared therefrom. The 

dependence of required surfactant HLB on oil type indicates the 

importance of solubility and interfacial adsorption effects as the 

surfactant distributes between the phases and forms the interfacial 

layer. Assigned HLB values do not account for variable experimental 

conditions, e.g.,. additives, temperature, etc., nor is optimal emul

sion stability established with respect to variations of chemical 

type. Despite its limitations, the. HLB concept has proved to be a 

powerful tool in emulsion formulation. Numerous attempts have been 

made to give it theoretical.significance by relation to fundamental 

properties.
Aggregate properties of micelle formation, i.e. the critical 

micelle concentration, have been correlated with HLB (Lin, Friend, and 

Yimmels 1973). Using the concept of effective chain length on "index 

of hydrophobity" is defined. Comparisons were made in which only 

ionic type surfactants were used.

The solubility characteristics of several surface active agents 

in water roughly follows HLB classification. The cloud point is de

fined as the temperature at which maximum turbidity occurs in a 5% 

aqueous solution. Cloud, points data can be used to estimate HLB 

values for certain surfactants, particularly hydrophilic nonibnics.
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Ross et al» C1959) has investigated th.e mutual spreading properties 

between emulsion phases» A direct correlation between HLB and spread
ing coefficient was found (see Figures .2,6 .and 2,7). Spreading 
coefficient is defined in equation (2., 72) . Comparative stability 

data showed optimal O/.W emulsion stability at a slightly negative 

spreading coefficient, whereas the condition for maximum W/0 emulsions 

appeared to be the most negative value.

The HLB number should be related in a direct way to the pol

arity of the molecule. The ratio of the retention time of polar

and nonpolar components in a.test mixture is used to measure the sub

strate polarity in gas-liquid chromotography. A reasonably linear 

relation between retention time ratio and HLB is found (Becher 1965).

HLB = 8.55p - 6.36 (2.56)
where p is defined as the polarity in terms of the ratio of retention 

times, ^-g^oH^^HEX' test mixture containing a polar and non-polar
material can be used to determine p , but the most suitable one has

been found to be an. equal volume mixture of ethanol and hexane. 

Measurements of dielectric constants have also been shown to be re

lated to HLB.

One formula for calculating the HLB of polyoxyethylene, derived 

nonionics equates it to the weight percent of the hydrophilic segment 

divided by five. Davies and'Rideal (J_963) have assigned-HLB values to the 

component structural groups.of surfactant molecules (see Table 2.3),

The values of HLB calculated, from the relation
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Figure 2.6 Spreading Coefficients of Castor Oil. 
(Ross et al. 1959)
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Figure 2.7 Spreading Coefficients of Distilled Water. 
(Ross et al. 1959)



TABLE 2.3 HLB GROUP NUMBERS

Hydrophilic Groups 

-S04"Na+

-GOO"K+

-COO>Na+

Sulphonate
Ester (sorbitan ring) 
Ester (free)

-COOH

Hydroxyl (free)

-0

Hydroxyl (sorbitan ring) 

Lipophilic Groups 

-GH

-g h 2
-c h3

, -GH
. ' i

Derived Group 

-(CH2-CH2-0)

Group Number 

38.7 

21.1 
19.1 

about 11 
6.8 
2.4 

2.1 
1.9 

1.3 

0.5

0.475

Hydrophilic group number 0.33



HLB = 7 + 2 (hydrophilic group numbers)

- E (lipophilic group numbers) (2.57)

compare favorably with observed values.

One treatment has shown HLB to have a kinetic basis by relating 

phase continuity to relative rates of coalescence (Davies and Ri,d.eal . 

1963),' The. coalescence of both 0/W and ¥/0'emulsions Stabilized-by non

ionic surfactants can be described in terms of the-energy required for 
desorption into the dispersed globules,

Rate0/W = A1 e ^ 2% / RT (2.58)

Ratew/0 = A2 e"800n8/RT (2.59)

where A^ and A\ are the appropriate hydrodynamic collision factors, 6 

is the fraction of the interface covered, is the energy barrier 

for each hydrated group required for this displacement, and n is 

the number of CH2 groups in the hydrocarbon chain. In the process 
of emulsification both 0/W and W/0 types, may form simultaneously where 

the type finally observed is dependent upon relative stability.

^ V f l  ,.h ft(ah - 800n)/8I (2.60)
teo/w h

In the case where A. = Aod an 0/W emulsion will form if ZE, >800n, orl l n
conversely> a W/0 type will form if ZE^<800n,.. Combining (2.60) with 

the group the number equation (2.57)5 and inserting the group number 

-0.475 for. CHg yields
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and the hydrophilic group number for a single hydrated group equals 

E^/1680. The significance of the hydration barrier helps to explain 
the observations of cloud point behavior.

Davies and Rideal (1963) have also shown a relationship to the

fundamental, properties of free-energy transferi The ..free energy of... 
transferring a surfactant from the water phase to the oil phase may 
be expressed in terms, of the distribution

, o = -RI Ln (f)w
where c is the surfactant-concentration in oil and water respectively. 

The work of transfer, AG^ is composed of terms from the hydrophilic

and lipophilic molecular parts,

c
ZAG ^ (hydrophilic groups) - SOGii - -RT Ln (— )

w
(2.63)

Comparing with the kinetic results in equation (2.59)

A1 RateW/0 _ (% y  (2.64)
A2 Rate0/W Co .

where R  = AG for hydrophilic groups,n w -> o1
Recently a concept known as the cohesive energy ratio (CER) has 

been developed as a fundamental basis for HLB and emulsion stability 

(Beerbower and Hill 1971). According to the theory, surfactants 

accumulated at the interface become swollen to a greater or lesser 

extent, depending on the matching of partial solubility parameters 

head to water and tail to oil. The method followed is to give a
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quantitative expression to the Winsor R concept and show its relation 

to HLB, The R concept of Winsor offers a qualitative description of 
emulsion behavior in terms of the ratio of molecular interaction 

energies. It starts with the balance of cohesive energies governing 

the miscibility of two liquids. The cohesive energy of water is much 

greater than that of oil and water, causing separation and immisci- 

bility. The orientation of the ten cohesive energies present 

in emulsions is shown in Figure 2.8 (Beerbower 1974). An ideal emul

sion system will have cohesive energies of the lipophile for oil and 

hydrophile for water which are greater than the other eight. The 

magnitude and ratio of these determines the stability and structure of 

the emulsion

h oR = (2.65)
hw

in the case where R > 1 W/0 formation is favored, whereas 0/W formation 

occurs if R < 1. If R is much greater or lesser than 1, then the sur

factant will solubilize in the oil or water phase, respectively.

Hansen characterized the cohesive energy of liquids as the sum of 

London, Keesom, and hydrogen bonding cohesive energies, respectively, 

(Beerbower and Hill 1971).

AH - RT = AE, + AE, (2.66)v d h

The corresponding cohesive energy density may also be subdivided into 

three parts
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Figure 2.8 Cohesive Energies in an Emulsion System.
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62 = 6 2 + 5' 2 + 6, 2d p . h (2.67)

The principle problem of "chemical matching" which the HLB leaves to 

trial and error may be approached in terms of the difference in solu

bility parameters. Optimal matching of a surfactant lipophile to an 

oil, for example, requires close similarity of not only the total para-

has also correlated the GER with. HLB for nonionics. A systematic design 
approach using CER is outlined using solubility parameter data.

A direct general correlation between HLB and solubility para

meter values has been reported by Little (1978).

in terms of relating the behavior of emulsifying agents to fundamental 

molecular properties. Experimental.data on these parameters are 

currently available, however, for a small number of compounds (Rosen 

1978). Additionally, methods to predict the effects of additives and 

temperature on these has not yet been extensively developed.

emulsion may not be entirely adequate in predicting emulsion behavior

meters, but the partial solubility parameters as well. The CER for a

perfect chemical, match may be designated as Rq, from (2.65)

V ' { 5,2 + 0.256 2 + 0.256, 2P r 1 d . p h . . 1 (2.68)

where V is the molar, volume, and 0.25 is a sealing factor. The author

(2.69)

- This relation was presumably obtained from data analysis.

The approach of using solubility parameters is quite promising

Evaluation of surfactant solubilities in both phases of an
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due to variation of experimental conditions. These factors include the 
presence of additives, temperature, and initial location of surfactants. 

Emulsion inversion is a phenomenon which reflects the specific vari

ables of a given system. Inversion is the sudden interchange of the 

dispersed and continuous phases. It also corresponds to a point at 

which a change in the dissolution state of the surfactants follows.

Inversion can be considered as reflecting the effective HLB of 

surfactants in a given system. In systems where the internal phase 
volume and HLB are such that either an 0/W or W/0 type of emulsion can 

form, the initial location of the surfactants will play a key role in 

determining phase continuity (Marssail 197 7a) . If the inversion process 
is considered as a reversible phenomenon, then hysterisis effects are 

important. Becher (1965) studied the effect on emulsion type of vary

ing the phase ratio. Oil was added to water and initially an 0/W 

emulsion was formed. When the oil concentration reached about 90 per

cent, inversion to W/0 was observed. Next the order of addition was 

changed. Water was now added, but the emulsion remained W/0 until 

the oil addition, re-inversion was found to occur at about 80 percent 

oil phase concentration. Clearly, the inversion behavior of an 

emulsion system depends to some extent on its previous history.

The phase inversion temperature (PIT) corresponds to a temper

ature at which the hydrophile-lipophile properties of a surfactant just 

balance. Emulsions stabilized by nonionic agents are generally of W/0 

type at high temperatures, but change to 0/W at lower temperature 

ranges. The PIT has been extensively studied as a direct method for 

evaluating emulsion stability. Although the conditions for emulsification



are favorable at the PIT, the stability of an emulsion towards drop

let coalescence decreases rapidly as the PIT is approached (Saito and 

Shinoda 1970). The interfacial tension, and the mean drop size both become 

small at the PIT, whereas the coalescence rate is rapid. Relatively 

stable W/0 type emulsions were reported when the PIT’s were some 10°- 

40°C lower than storage temperature. In general, the more readily sol

uble the surfactant was in the oil phase, the lower was the PIT. The 

cloud point behavior of several nonionic surfactants saturated with 

various.hydrocarbons has been to parallel the PIT in emulsions of,the 

same (Shinoda and Arai 1964). The effect of additives and surfactant 
impurities has been shown to alter the PIT and thus change the true 

HLB. For example, both the cloud point and PIT were depressed about 

14°C in the presence of 6 weight percent NaCl in water, with the true 

or effective HLB value being depressed about 1.0 unit in the system 

studied (Shinoda and Takeda 1970). Alkali (NaOH) lowered the PIT even 

more so than NaCl. Kremev reported that triethanolamine cleate stabil

ized emulsions of aqueous salt solutions (but not water) in oil because 

the distribution of surfactant is. shifted towards the oil by the pre

sence of salts (Becher 1965) * The real HLB of a nonionic surfactant 
becomes more lipophilic on addition of electrolytes. This effect is 

highly plausible in terms of solubility behavior. The presence of 

dissolved salts in the aqueous phase of an emulsion would tend to 

diminish the relative solubility of the hydrophilic portion of the 

surfactant molecule.
The effect of size and distribution of chain lengths of nonionic 

surfactants has also been studied (Shinoda, Saito, and Arai 1971).



64

Stability towards coalescence increases markedly with the sizes of 

lipophilic and hydrophilic groups and shows a maximum when the size 

distribution of the hydrophilic groups is wide. If the distribution 

of the chain is broad, the cloud point is lower and the PIT is higher 

than those of the similar sharply distributed materials.
The emulsion inversion point (EIP) has also been suggested as 

a method to evaluate Suitable surfactant mixtures for a given emulsion 

system (Marszall;„1977b). The EIP is defined as the number of milliliters 

of water added per milliliter of oil present when phase inversion 
occurs, with the temperature held constant at 20oC. A general trend 

was for the EIP value to decrease as the HLB of the surfactants in

creased, with a minimum EIP consistent to a required HLB. A similar 

relationship for optimal EIP of W/0 type emulsions should hold, although 

it was not investigated by the authors. Inversion also depends upon 

the surfactant concentration. Generally, a higher surface agent con

centration will, permit the. incorporation of a larger internal phase 

volume before inversion occurs.
Films of mixed surfactants are thought to form association 

complexes at the Interface. It has been long established that a blend 
of low HLB and high HLB surfactants will promote a more stable emulsion 

than the use of a single agent of intermediate HLB value. This is re

lated to the ability of a blend to produce a superior stereometrical 

packing effect around the disperse'phase droplets. The interaction 

of two emulsifying agents, one oil soluble and the other water soluble, 

has been shown to greatly enhance stability (.Alexander and Schulman 

1940). Properly structured surfactant species at the interface exhibit
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an affinity for each other. Lateral attraction within the film forms 

an effective barrier to coalescence. The presence of complexing inter

facial layers may lead to "bridging1’ of two interfaces within a thin 
film of flocculated droplets (Aveyard and Vincent 1977). A mechanism 

of cooperative adsorption of complex-forming surfactant species is 

. also postulated (Kitchener and Musselwhite 1968).
Aggregate or mass-action properties of surfactants in solution 

are indicative of the effectiveness in reducing surface or interfacial 

tension. The surface or interfacial tension of a. solution of sur
factant decreases steadily, as the bulk, concentration of surfactant 

is increased until the concentration reaches a value known as the 

critical micelle concentration (CMC), above which the tension remains 

virtually unchanged. Typical values of CMC range from 10  ̂to 10 ^M 

for nonionics (Rosen 1978). Concentrations of surfactants used to 

stabilize emulsion systems are normally much greater; however, compar

ison of their bulk properties in solution enables the characterization 

of their effectiveness. The literature concerning the development of 

the theory of micelle formation is voluminous. It is beyond the scope 

of this work to detail all the important interactions contributing 
to the mechanism of micelle formation.

2.4 General Properties 

Important properties of emulsion behavior which are germane to 

this study include stability, surface activity, particle size and vis

cosity. These properties are interrelated and highly dependent upon 

preparative variables.



2.4.1 Assessment of Stability
The true test of emulsion stability is its performance under 

conditions of use. Long term stability is desirable* although it may 

not be practical to just "wait and see". Accelerated aging tests have 

been used to assess the stability and estimate the "shelf life" of 

commercial emulsions. These tests include freeze-thaw cycling, storage 

at elevated temperature, ultracentrifugation, and exposure to electric 

fields. Stability to temperature variations is particularly important 

in using emulsions for thermal energy storage. Cycling and elevated 
temperatures represent the normal conditions of use in this case, 

rather than merely simulated testing methods. Since these conditions 

are used to accelerate the aging process of normal emulsions, stringent 

stability requirements are necessary for usage under such adversity.

The overall effect of an increase in temperature is that emul

sions generally become decreasingly.stable. The effect of elevated 

temperatures as an artificial breakdown stress was studied in relation 
to the change in particle size distribution and concentration (Levins 

and Drummond 1954) . One rule of thumb states than an. emulsion with 

good stability-.at. 45q -50°C will have a shelf life of several years at 

room temperature. . Accelerating tests of aging at elevated temperature 

do not correlate uniformly with actual long range stability, but serve 

as a useful guide. - .
Temperature effects are accounted for in the various models of 

coalescence kinetics. The instability of emulsions at higher tempera

tures results from the increased thermal collisions and lowering of
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viscosity. Nonionic emulsifying agents with higher cloud points 

usually stabilize emulsions which are more resistant to heat. The 

temperature at which clouding occurs depends on the structure of the 

polyoxyethylenated nonionic surfactant. For a particular hydrophobic 
group, the larger the fraction of oxyethylene in the surfactant mole
cule, the higher the cloud, although the relationship is not linear. 

Surface activity was found to decrease with respect to hydrophilic 

chain length, and increase with temperature (Barry and El Eini 1976.) 

Aqueous solubility increases as the polyoxyethylene (POE) content is 

raised, thus reducing the tendency of the surfactant to.migrate from 

the interface. Heating reduces the cohesive forces between water 

molecules at the surface and thus lowers the surface tension. The 

POE chains of nonionic surfactants tend to dehydrate upon warming, ... 

becoming increasingly more hydrophobic. Optimal stability for W/0 

type emulsions.occurs at 10°- 30°C above the PIT. Stability at such 
temperatures will be maximized, but not necessarily good.

Freeze-thaw cycling is often used to evaluate emulsion stabili

ty. Considering the practical importance of this phenomena, the 

available information is surprisingly sparse. Moreover, most of that 
information pertains to 0/W type emulsions wherein the continuous 

phase is solidified. A factor of primary importance is whether or 
not the absorbed layer around the globule is damaged. They key 

factor in resisting this destruction is.the use of an adequate amount 

of correctly selected emulsifying agents.

One study of temperature cycling showed important effects 

upon coalescence rates (Vincent 1975). Cycling at a given frequency
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over a given temperature range significantly increased the coalescence 
rate relative to that of emulsions held at constant temperature any
where within the range. A higher coalescence rate was found with 

increasing either frequency or amplitude. Transient conditions pre

vent the interfacial layer from settling into an equilibrium 

"structure". Unfortunately, this study did not deal with freezing 

and melting conditions.

2.4.2 Surface and Interfacial Tension

The concepts of adhesion and cohesion, are useful in, relating 

surface and interfacial tension. The work of cohesion, to separate 

a single liquid:is defined as (Davies and Rideal 1963)

H c = 2 y 0/& (2.70)

where y is the surface tension of oil (0/A, oil and air). The 

Work of adhesion, W^, corresponds the energy required to separate two 

liquids (oil and water, for example) and.is defined by Depre's equation

Wa ~y 0/A + Y l'J/A " Y 0/W (2.71)

where y is the interfacial tension. The spreading coefficient is 

defined as the difference between the work of adhesion ^nd the work of 
cohesion:

S = W ~ W a c
or the oil spreading on water:

S = Y W/A - Y 0/A Y 0/W 
The simple Antonoff’s rule is given for completely immiscible liquids

(2.72)

(2.73)

as:
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*12 = Y1 " Y2 (2.74)

No liquids, however, are completely immiscible. Girifalco and Good 

have suggested this relation for a pair of liquids (Becher 1963):

where $ is a constant for a given system calculated from the molar 

volumes of the individual liquids:

Becher (1963) has applied these relations to systems containing surface 

active agents.

temperature. Increased kinetic energy imparted to the surface molecules 

will tend to diminish the net attractive forces of the bulk liquid. As. 

the temperature of the liquid approaches the critical, the cohesive 

forces between the molecules approaches zero. Ramsay and Shields have 

modified the Evotos equation.,

where M is the molecular weight, v is the specific volume, Tc is the 

critical temperature of the liquid, k and d are constants, approximately 

2.2 and 6.0 respectively, for most liquids.

y12 = Yi + Y2 . ~ 2 % (Yl Y2)1,/2 (2.75)

4 Vj1/3 V21//3
(2.76)

The surface tension of most liquids decreases with increasing

y (Mv)?/3 = k (Tc - T - d) (2.77)
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2.4.3 Droplet Size and Size Distribution
The particle size of an emulsion is one of.its most important 

characteristics. Thermodynamically,, th^'mbst stable energy configuration, 

in an emulsified liquid droplet is spherical. The size of droplets is 

a function of the nature of phases, quantity and type of surfactants, 

and the preparation techniques. The particle size range may be quali
tatively estimated from the appearance of an emulsion: milky white

indicates a range greater than ly, a blue-white emulsion 0.1 to ly 

(Griffin 1965). The manner in which the particle size distribution 

curve changes with time is one of the best indicators of, stability . 

available. Small droplet size and sharp distribution represent a favor

able situation of stability. The evolution during aging for a typical 

emulsion is shown in Figure 2.9 (Bikerman 1958). Various methods are 

available for determination of particle size distribution. The most 

common is direct visual or photographic observation with a microscope. 

Mathematically elaborate derivations are available to express particle 

size data as a statistical distribution function.

The concentration of emulsifying agent determines the amount 

of stabilizer absorbed at the interface. Stability can be related to 

the fraction of the-interfaced area, 6, which is covered. One phenom

enon, associated . with surfactant concentration is known as "limited 

coalescence." The mean droplet size can reach a limiting value at a 

given concentration of surfactant and internal phase loading. Such a 

definite critical value for particle size is usually not observed.
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Figure 2.9 Frequency Distribution of Particle Diameters in 
a Stabilized Oil-in-Water Emulsion.
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Another requirement for surfactant concentration is considered with re

spect to black film formation. Premature rupturing of thin film occurs

below a critical value for surfactant concentrations C. 1 (Carroll 1976) 0bi

2.4.4 Rheology

Rheology is the science of deformation and flow of matter. Most 

emulsionsj with the exception of very dilute ones9 exhibit non-Newtonian 

flow behavior. In non-Newtonian systems viscosity is a function of rate 
of stress. Dilatent flow is rare in emulsion systems; plastic or pseudo- 

plastic flow is usually observed. When low steady shear is applied to 

concentrated emulsions it is often the case that a steady stress does 

not develop instantaneously.. Such.behavior.is known as thixotropy. 

Emulsion rheology has received less attention than the rheology of 

colloidal dispersions due to the complexity of the system. Sherman 

(1968b) has outlined; some of the factors associated with.emulsion in

gredients which influence emulsion behavior.

The viscosity of the continuous phase is of prime, importance to 

the overall emulsion viscosity. Most published equations indicate a 

direct relationship of the form

n = n0 O) (2.78)

where p. is the emulsion viscosity,, is the viscosity of the external 

phase, and x represents the summation of all other properties affecting 

viscosity. In many emulsions where the surfactants are dissolved in the 

external phase, represents the viscosity of the solution rather than 

that of the pure liquid.



The volume concentration, viscosity, globule size and
size distribution of the internal are important factors affecting 
emulsion viscosity. Modifications of the classical Einstein equation 

generally take the form of a polynomial in <j>,

9 3
n = n0 (1 + 0(5$:+ 4- a2  ̂"+ . * .) (2.79)

where the constant a0 is usually 2.5 (from Einstein), and varies
widely. Interaction between globules and the formation of aggregates 

increases as cj) becomes larger.
The presence of a deformable fluid in the internal phase sug

gests the importance of its viscosity. Effects exerted by are dif

ficult to analyze appart from other effects, particularly in concen

trated emulsionsv Experimental studies have shown that no correlation 

exists between n̂ - and the relative viscosity, but that the chemical 
nature of the internal phase could be significant. Globules in W/0 type 

emulsions usually behave as nondeformable spheres. Viscosity measured 

at high rates of shear, n*,, may be correlated with mean globule size,

v

Heo = Xs 1_ + Cv (2.80)
. . m'

where the gradient and intercept are experimentally determined. Aggre

gate structure is destroyed at high shear rate and globules are equi

distant with the mean separation distance,



where 4>max is about 0.74 for a narrow size distribution. A critical 
value of ~0.5y was"found for am, below which n V n Q greatly increased. 

Variable size distribution patterns will significantly alter rheologi- 
cal behavior even at constant Dm .

Emulsifying agents form an adsorbed layer around globules, which 
modify the forces of cohesion and adhesion. As expected, the chemical 

nature of surfactants and their relative solubilities in constituent 

phases will strongly influence the viscosity of an emulsion. The in

fluence. of surfactant concentration becomes more pronounced as <f> in

creases. Beyond the formation of a compact monomolecular layer around 

the dispersed globules, excess surfactant molecules will associate to 

form micelles in the continuous phase. Micelles immobilize continuous 

phase liquid within their interiors, thereby increasing n^/h0 • Con

centration of emulsifying agent also effects the <j> of inversion and the 

viscosity immediately preceding inversion.

2.5 Dispersions
"Disperse systems" may refer to solid particles in fluid media

or liquid droplets in fluid media. In this discussion the Stern dis-
') -

pension is used to denote a suspension of particulate solids in a liquid. 

When the internal phase of an emulsion freezes or solidifies, the sys

tem is technically no longer an emulsion but a dispersion. It is a 

common practice, however,.to refer to such systems as emulsions since 

they are produced by a process of emulsification. Margarine is a 

common example of such a dispersion. (Prince 1977) . Dispersions of
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alkali metals are prepared in this manner (Fatt and Tashima 1961). Pro
perties of these systems, are therefore dependent upon the way they are 

emulsified and how they are cooled.

The majority of investigations dealing with the stability of 

disperse systems are devoted to aqueous media. There is generally a 

lack of predictive theory of dispersion stability in non-aqueous sys

tems (Parfitt 1973). Studies of pigment dispersions in non-aqueous 

media emphasize interactions at the vehicle/solid interface. Adsorption 

of surface active agents on the surface of the pigment is the key fea
ture . Martens (1964) suggested that increased aromAticity of the sur

factant structure enhances the adsorption on solid surfaces. Adsorption 

is a prerequisite for wetting and dispersion. Stabilizing mechanisms 

include repulsive, forces of electric double layers, degree of floccula

tion control, and sterlc barriers. In media of low polarity, stabiliza

tion of dispersions by surface-charge mechanisms plays only a minor role 

compared to contributions from sterlc stabilization (Vincent 1973). It 

is a difficult problem to quantify the physical barriers set up by ad

sorbed polymeric or surfactant materials.
Dispersion of titanium dioxide particles in water has been in

vestigated by Fukushima and Kumagai (1973). The dispersion effect of 

nonionic ethoxylated. surfactants depends on both the chemical structure 

and the particles to be dispersed. Although the dispersion medium is. an 

aqueous one in this case, similar effects would be expected in non- 

aqueous solvents. Early work by Koelmans and Overbeek suggested that
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charge stabilization is usually necessary to provide stability in non- 
aqueous systems (Vincent 1973). It was thought that a steric mechanism 

could only provide sufficient protection if the thickness of the ad

sorbed layer was comparable in size to the diameter of the dispersed 

particle. More recent studies have, however, indicated that charge 

stabilization is not mandatory even with relatively small steric 
barriers. Titanium (IV) oxide dispersions in toluene.and o-dichloro- 

benzene using block copolymers were found to be stable. The general 

advantage of using block copolymers rather than homopolymers can be 

attribttted to anchoring at the solid-liquid interface.

Dispersions of interest in this study are colloidal systems 

which are formed "in situ". The key feature concerns the change ocur- 

ring in the adsorbed interfacial film which accompanies the liquid to 
solid transformation of the dispersed phase. Studies of stability 

mechanisms for this situation are not available in the literature.

The process could be considered as improving the anchoring conditions, 

while on the other hand, damage to the interfacial film or complex 

could well result. Compatibility is an important aspect of stabilizing 

a dispersion system from a cooled emulsion.

2.6 - Interactive Factors
The usage of finely dispersed droplets of a phase-change latent 

heat material, which are emulsified in an organic heat transfer media, 

comprises, a novel system for energy storage. The design and development 

of such a system involves a number of interactive steps. The major
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steps are emulsion formation, emulsion stabilization, emulsion storage, 

heat transfer from storage and simultaneous formation of solids dis

persion, stabilization of dispersion, heat transfer to dispersion, and 

possibly partial re-emulsification. . It is beyond the scope of this 

work, to undertake this in entirety. The relative importance of various 
interactive factors pertaining to the colloidal system are considered 

as part of this effort.
The colloidal system being investigated has been organized ac

cording to the following characteristics: formation, stability, general 

properties,, and dispersion compatibility. Each of these aspects of 

emulsion system behavior is affected by numerous factors which are in 
turn interactively related.. Important factors of formation include the 

emulsifying agent (type and amount), mode of adding ingredients, agita

tion (type, intensity, time, and mixing configuration), and temperature. 

Stability is affected by internal phase loading, <j>, stability, viscosity, 

particle size and size distribution, interfacial tension, and electrical 

properties. The liquid-solid internal phase transition occurring within 

the latent heat storage system is an "in-situ" formation of a solid/ 

liquid dispersion. Important factors therefore include solid/liquid in
terfacial adsorption, electric charge, and steric stabilization.

In the emulsion systems being studied certain requirements must 

be met. The internal phase loading must be as high as possible in order 

to incorporate the maximum percent of the volume savings offered by 

latent heat systems. Stability requirements are stringent. Latent heat



storage emulsions must undergo prolonged storage at elevated temperatures 
and numerous successive freeze-thaw cycles« Apparent viscosity is the 
physical property which is of greatest interest in this system. Heat 

transfer and pumping characteristics are a direct function of the vis
cosity, . As emulsions become more highly loaded in the internal phase 

and approach the inversion point5 the viscosity increases rapidly. 

Stability also increases in general, provided that adequate amounts of 

emulsifying agent/s are present to accomodate the increased interfacial 
area. Obvious trade-offs are involved. Stability and loading must be 

balanced, with viscosity tolerance for pumping and heat transfer. The 
effectiveness of emulsifying agents must also be maximized, both in 

terms of amount and cost, A key requirement of the agents used in the 

emulsion system is their compatibility and effectiveness in the corre

sponding dispersion, The factors of polarity which are conducive for 

liquid/liquid adsorption are not necessarily the same for solid/liquid 

systems, A further relationship of the colloidal system is evident. 

Stability is best enhanced by control of particle size and size distri

bution,. This in turn requires power expenditure and capital investment 

for homogenizing, equipment,. Reduction of the mean particle size gener

ally increases the stability of the system, but also requires greater 

surfactant concentration to account for increased interfacial area.

The interactive nature of these factors is evident in consideration of 

the entire system.



CHAPTER 3

EXPERIMENTAL PROGRAM

The primary aim of this project was to investigate preparation, 
stability, and apparent viscosity characteristics of latent heat storage 

emulsions. Experimental.efforts were accordingly directed toward this 

end. Details of the apparatus and procedures used are discussed in the 

following sections.

3.1 Experimental Materials

The selection of the constituent materials for experimental 

testing of heat storage emulsions was of primary importance. The mate- . 

rials which were, used to comprise the bulk, phases of the emulsion formu

lations corresponded to the heat storage requirements. Emulsifying agent 

additives were selected to prepare and stabilize the colloidal system.

Various surveys have been conducted to identify promising heat 

of fusion materials. Lane and co-workers (1976) have published an 

extensive survey of potential phase change heat storage materials melt

ing in the 10° to 90oC temperature range. A similar comprehensive re

view was not found for a higher temperature range,, say 100° to 300°C. 
Table 3.1 lists the phase change materials that were selected for this 

project. Reagent grade crystals from J. T. Baker Chemical Co. and 

Mallihkrodt Chemicals were used.

79



TABLE 3.1 • SELECTED HEAT OF 

Melting Point
Chemical  F

Na2S04- 10H20 89

Na2HP04.12H20 97

Ba (OH),,2 • SHgO 172

MgCl2-6H20 239

FUSION MATERIALS

Heat of Fusion' 
Btu/lb Btu/ft

108 10,470
114 10,830

131 17,820

74 7,250
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Organic liquids have been used as heat transfer media for over 
40 years in the chemical process industry. The selection of organic 

heat transfer media was restricted to established commercial products. 
Their reliability has been established, much data and operating experi
ence are available, and they are commercially available at reasonable 

costs. Dowtherm A, marketed, by Bow Chemical Co. was selected for use 

in this study. Much data is provided by the manufacturer on operating 

characteristics and physical properties of the oil (Dow Chemical Co.

1976; Freid 1973; Seifert, Jackson, and. Sech 1972). Dowtherm A is a 

mixture of diphenyl and diphenyloxide. It is the most widely used 
organic heat transfer liquid, exhibiting thermal stability up to 750°F.

Emulsifying agents were selected ifrom the McCutcheon annual 

trade listing (McCutcheon?s Detergents and Emulsifiers 1975). Nonionic 
type surfactant samples were obtained from several companies, including 

Stepan Chemical Co., Swift Chemical Co., J. T. Baker Chemicals, 

Mallinkrodt Chemicals, ICI Americas Inc., and BASF Wyandotte Corp. A 

listing of surfactant/samples tested is: given in Table 3.2. These 

nonionics represented each chemical sub-class: ether, ester, and amide 

linkages.(Schick, 1967).

3.2 Experimental Apparatus

The major items of equipment used in this project included a 

high speed stirrer with rheostat control, a laboratory mixing vessel, 

and a heating mantel with temperature controller. A.photograph-of the 

experimental apparatus is shown in Figure 3.1.
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TABLE 3.-2 • SURFACTANT LIST

Trade Name 

Brij 52 

Brij 56 

Brij 72 

Brij 76 

Brij 78 

Makon 4 

Makon 6 

Makon 8 

Makon 10 

Makon 12 

Makon 14 

Makon 30 
Span 20 

Span 40 

Span 60 

Span 80 

Tween 20 

Tween 40 

Tween 60 

Tween 80 

Tetronic 304 

Tetronic 1101

Chemical Description 

POE (2) Cetyl Ether 

POE (10) Cetyl Ether 
POE (2) Stearyl Ether 

POE (10) Stearyl Ether '

POE (20) Stearyl Ether
Nonylphenyl POE

Nonylphenyl POE

Ebnylphenyl POE
Nonylphenyl POE

Nonylphenyl POE
Nonylphenyl POE

Nonylphenyl POE
Sorbitan Monolaurate

Sorbitan Monopalmetate

Sorbitan Monostearate

Sorbitan Monooleate
POE (20) Sorbitan Monolaurate

POE (20) Sorbitan Monopalmate
POE (20) Sorbitan Monostearate

POE (20) Sorbitan Monooleate

Tetrafunctional Block Polymers

Te.trafunctional Biock Polymers

BLB Number

5.3
12.9 

4.9
12.4 

15.3 
8. 8* 
10.9* 

12.3* 

13.3* 

14.1*

15. 8* 

17.1* 

8.6 
6 . 7 
4.7

4.3 

16.7 

15.6
14.9

15.0

17.0

15.0
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TABLE 3.2 (Continued)
Trade Name   Chemical Description HLB Number

Tetronic 1102 Tetrafunctional Block Polymers 3.5

Tetronic 1301 Tetr af unctional Block Polymers 1.0

Tetronic 1302 Tetr afunctional Block Polymers 5.0

Tetronic 1501 Tetrafunctional Block Polymers 0.5

Tetronic 1502 Tetrafunctional Block Polymers 4.5
Tetronic 1508 Tetr afunctional Block Polymers 22.5

Solar F221 Modified Amide Linkage ---

^Calculated from manufacturer’s product data.
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Figure 3.1 Photograph of Experimental Mixing Apparatus.
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The high speed stirrer was used to bring about the shearing 
action for preparation of emulsions. The Lab-Line STIR-O-VAC high speed 
stirrer is specially designed to operate in closed systems. It was de

veloped at Ethyl Corporation Research Laboratories, eliminating the use 
of mercury seals and magnetic drives. The unit employs a cruciform 

stirring-agitator impeller which: can turn at speeds up to 20,000 rpm.

The body of the shaft assembly is 18-8 stainless steel with two Neoprene 

"0" rings to fit a 24/40 joint. Only a small surface of the lower "0" 

ring is exposed to the vapors within the flash. The shaft is 3/16 
inches in diameter by 14 inches, long, made of 18-8 stainless steel.

The cruciform impeller is securely affixed to the stirring rod shaft. 
Shearing action of the impeller normally produces particle diameter 

sizes under 10y. The cruciform: shape eliminates vortaxing. The impel

ler diameter is 3/4 inches. STIR-O-VAC units have a flexible rubber 

coupling to assist in shaft alignment with motor. A Lab-Line Model 1289 

high speed series wound motor was used to drive the unit. Speed was con

trolled by a STACO 115/120 volt, Type 500B variable electric rheostat.

The dial readings were linear with respect to motor speed. An adjust

able clamping collar was fastened to the shaft for safety purposes to 

prevent slippage. . -The STIR-O-VAC unit was provided with water jacketed 

cooling. A hollow support tube, 3/8 inch diameter by 7 inches long, was 

connected with dual passages for inlet and outlet Water hoses. Minor 

plumbing was required for cooling water supply and drainage.
A 500 ml pyrex round bottom Mortinson flask was used as the 

mixing container vessel. The flask had three ground glass fittings on
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■ ■ . 
top. The large 24/40 opening in middle was used for insertion of the

stirring assembly. After the first few trials, this flask with a smooth 

round bottom configuration was replaced with a similar one having four 

symetrical baffle indentions. Baffling inhanced the total shearing ac
tion by providing increased turbulence.

A Glass-Col heating mantel was placed underneath the mixing 

flask. A Wheelco Model 402. temperature controller was used to vary the 

temperature of the heating mantel. Thermocouple wires extending from 

the interior of the mantel were attached to the appropriate contacts on 

the instrument. A thermometer held by a rubber sleeve was used to 

monitor temperatures within the vessel.
Experiments were performed in a fume hood with an adjustable 

height plexiglass shield in front. For higher temperature experiments 

a safety precaution was taken in order to remove the oxygen atmosphere 

from, the contents of the mixing vessel. A nitrogen blanket was placed 

maintained over the vessel contents using a Matheson Model 8-850 

pressure gauge regulator.

Prolonged storage and freeze thaw cycling tests were performed 

using a Precision Scientific Co. Model 25 shaker bath equipped with 

shaker and temperature control. A thermometer was. used to check the 

temperature setting control.

Viscosity measurements were obtained using a modified Brook- ■ 

field viscometer. The instrument was used and calibrated by the ex

truder research group in the Department of Chemical.Engineering. As 

viscosity readings are highly dependent upon temperature, a hot water 
bath was employed to maintain constant temperature conditions.
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Particle size was investigated using a Spencer optical micro

scope marketed by American Optical Co. Magnification lenses were avail
able at 4X, 10X, 20X, and 45X. It was equipped with a variable light 

intensity setting. Photomicrographs were taken with a Poloroid Instama- 

tic camera fitted with the microscope. An American Optical photographic 

light meter enabled determination of appropriate shutter speeds. Sam-. 
pies were placed on Curtin.Matheson 1 mm thick microscope slides with 

Van-Lab cover glasses.

Chemicals used in preparing emulsion blends were weighed with a 

Mettler PL 1200 automatic balance. Safety precautions were taken when 

handling chemicals.

3.3 Experimental Procedure

The procedure was developed over the course of the experimental 

work as modifications were made to improve the techniques that were used. 

The generation of stable emulsions involves the application of theories 

on high shear, interfacial phenomena and emulsion stability, combined 

with much practical knowledge in the emulsion field. The properties 

of an emulsion, are determined as much by the structure and the way it is 

put together as by the actual constituents. As a particular individual 
becomes familiar with the idiosyncrasies of the materials and equipment 

available, a subtle skill will develop in producing the desired results 

(Lissant 1974).
The HLB system, with certain modifications, was used in formu

lating emulsion blends. The first step was to find an: optimal "HLB..num

ber for emulsifying the bulk phase constituents. This was done by
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varying the weight proportion of two blended surfactants, one lipophillic 
and.the other hydrophillic to test a range of HLB numbers. The HLB num
ber of blend of surfactants is calculated by linear addition of the

weight fraction contributions. The total weight of the surfactant blend

is held constant over the series, as well as the other conditions of

emulsification. The next step is testing at the determined optimal
polarity for stability with respect to chemical type of surfactant 
blends. Modifications were required to account for the presence of a 

nonaqueous internal phase (heat of fusion material) and the elevated 

temperature conditions.
Preliminary testing was done to gain familiarity with the 

qualitative behavior of emulsions, such as appearance. Tests for phase 

continuity were performed. Electrical conductivity tests were made 

using a simple volt meter. An oil soluble dye, Red Sudan III, was 

used to stain the continuous phase of W/0 type emulsions prepared.

Volumes and/or weights of bulk constituents were measured prior 

to blending in the mixing flask. Phase loading, is conventionally 

expressed in terms of volume fraction, whereas surfactant concentration 

is generally given on the basis of weight. Surfactant quantities were 
always weighed, and total concentrations were typically from five to 

10 percent, of the emulsion. Total volumes of about 200 to 300 ml were 

used corresponding to the capacity of the mixing flask. The height of 

the impeller was optimally adjusted to about 1/3 of the volume level.

When dealing with the heat of fusion materials, it was found 

that adding the contents together in the mixing flask prior to heating
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was the preferable procedure. While heating the contents to the melt

ing point temperature of the internal phase, the stirrer was operated 

at low speeds. Mixing speed was increased to a dial setting of 50 to 60 

(corresponding to about 10,000 rpm) at the approximate time when the 

melting point was reached. The duration of this shearing during the 

preparation of most samples was about ten minutes. Continual adjust

ments were made to minimize the mechanical instabilities and vibrations 

during high speed mixing.

It was necessary to clean the mixing flask and other associated 

glassware after each preparatory run. The impeller and immersed por

tion of the shaft was also cleaned. Ground glass fittings were lubri

cated with stopcock grease. Clamps holding the experimental assembly 

to the stand required tightening and adjustment. The parts of the 

STIR-0-VAC unit were disassembled and cleaned periodically as needed.
The mechanical stand in the fume hood presented a practical limitation 

to the vibrational stability during high speed mixing. While operating 

at high rpm the front shield was lowered as a safety precaution. Lab

oratory safety glasses were worn during experimental work.
Numerous conditions were varied during the course of experi

mentation. These included the impeller depth, volume level, mixing 

speed, mixing time, internal phase constitution, phase loading (p), 

surfactant types, weight percent surfactant additive, and temperature.



CHAPTER 4

RESULTS AND DISCUSSION

A total of 55 formulations were made and dispersed during the 

course of experimental work.. About 45 of these samples were prepared in 

the 20,000 rpm mixing, apparatus at temperatures where the dispersed 

phase was in the liquid state. The detailed data are tabulated in 

Appendix A. A total of 42 emulsions resulted, of which 22 were suffi

ciently stable to be of interest for energy storage systems.

4.1 Prepared Samples

The selection and use of emulsifying agents comprises the most 

important problem in formulating stable emulsions. Thousands of 

surface active agents are available from the manufacturers. The HLB 

system is a systematic scheme which provides a useful guide to the sel

ection. of suitable emulsifying agents. Briefly, the system.assigns a 

number to the ingredients being emplsified, indicating a choice of an 

agent or agent blend having the same number. The next step is comparing 

the effectiveness; of different chemical types of emulsifying agents at 

the established point of optimum polarity. Thirdly, the concentration of 

emulsifying agent(s) is. diminished to determine comparisons of efficiency.

The required HLB for W/0 emulsions is from 3 .to 6. An approxi

mate correlation was used to predict the alteration of required HLB due to

90
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•the' combined effects of a non-aqueous. internal phase and temperature 

elevation. Shinoda and Takeda (1970) reported that both the PIT and 

cloud point were depressed about 140C in the presence of 6 weight per

cent of NaCl in water,.corresponding to an HLB depression of about 

0.8 to 1.0 unit. A salt hydrate heat of fusion material such as 

Na^HPO^ * IZH^O melts in its own water of crystallization. This melt 
solution corresponds to about 43 weight percent anhydrous salt 

solution. For the purposes of making an estimate correlation, the 

effect was assumed to be linear. This is a logical phenomenon since the 

presence of salt ions would make less water available for hydration 

completing in the surfactant, thus reducing its hydrophilic character.

An increase in temperature has the same effect. The tendency within the 

hydrophilic portion of the surfactant molecule to form hydration com

plexes would be diminished due to the molecular kinetics of increased 

thermal energy. . Heating from room temperature to the melting point of

• IZH^O at 35.1°C is correlated with Shinoda1s data to predict a 

Corresponding depression in HLB of 0.6 unit. This is added to calcu

lated value of 5.7 units of HLB lowering due to the salt. Since the 

effective HLB of a given surfactant system would be diminished by about 

6 units, the required HLB, measured under normal conditions, is in

creased by the same amount in order to compensate. Optimal HLB range for 

the preparation of W/0 emulsions is between 3 and 6. For this system an 

optimum range predicted is between. 9 and 12.
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The HLB number of surfactant blends is calculated simply as the 

algebraic intermediate of respective weight portions. To calculate the 

amount, of agent A to blend with another agent B, to reach a required 

HLB of X, the following equation is used:

100 (X - HLB )
% A =  HLBA - HBLg) (4.1)

Suppose, as in sample 15, it is desired to blend SPAN 60 (HLB = 4.7) 

with. TWEEN 60 (HLB - 14.9) to an HLB of 10.

% TWEEN = ”■ 52%14.9 - 4.7)

Tamai. (1976) has reported deviations in algebraic proportions due to the 

preponderance of the high HLB component in the polarity balance of 

surfactant mixtures. Quantitative prediction of this effect were not 

reported, however.
Selection and comparison on the basis of chemical types is just 

as important as the balance of polarity. The optimum HLB for a given 

emulsion, system will be the best for any chemical type of surfactants 

tried. Nonionic type emulsifying agents representing each general 

chemical class were tested during, the course of experimental work. Some 

guidelines were implemented when selecting from the thousands of avail

able trade products. The well-known ester linkage series of SPAN/TWEEN 

was tested extensively. These are among the most common and are in
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widespread use with commercial emulsion applications. Tetrafunctional 
amide linkage surfactants, known as the TETRONIC series, were selected 
for testing in this study due to their high temperature stability.

These were tested extensively with, the idea in mind of application 

to higher temperature storage systems. The ether linkage MAKON series 

was selected on the basis of a qualitative chemical match with the 

organic heat transfer agent. The BRIJ series, also an ether linkage 

type, represents an extremely unreactive and stable chemical compound, 

even under alkaline conditions.

The experimental, sequence was governed be a pragmatic approach. 

Much effort was directed towards developing successful formulations and 

preparatory conditions, for constituent blending. The empirical art of 

emulsion preparation is pervaded with practical aims. The strategy was 

continually modified during the course Of work. Much of the exper

imental findings are qualitative in nature and thus require judgment 

and familiarity on the part of the fotmulator. The results are organized 

according to the system and the. type of emulsifying agent used. All of 

the samples, tested used Dowtherm A as the organic phase. The other 

phase consisted of four types: water,. NaSO^ * lO^O, Na^HPO^ " IIH^O, 

MgClg 6H90. In the temperature range suitable for hydronic heating,

75° to 90°C, BaCOHjg * 8H?.0 was identified as an attractive candidate 

and obtained for study. Experimental work on this material was not per

formed due to its published .toxicity (Sax 1975),. (Toxic and Hazardous 
Industrial Chemicals Safety Manual 1975) . Air suction rates in the fume
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hood were-not very strong. The degree of sealing within the mixing 

apparatus itself was questionable. Safety precaution precluded working 

with this material in the available experimental setup. The results 

are organized according to the four constituent systems and the three 

chemical types of surfactants tested.

4.1.1 Water Systems (
Tests made using water as the internal phase constituent of the 

emulsions were made primarily to facilitate testing at room temperature. 

Dissolved salts were used to simulate the heat of fusion materials, of 

interest. Samples 10 through 13 were made to compare the relative 

stability of homologous series of ester linkage surfactants, SPAN and 

TWEEN, at a constant HLB of 9. Since these tests were carried out at 

room temperature, the HLB was adjusted from 10 to about 9. A high con

centration of surfactant was used and the samples were prepared by 

hand-shaking. An interesting trend-was observed from qualitative 

testing. Each type of sorbitan partial ester of the SPAN series was 

blended with its POE addition homolog of the TWEEN series. In each of 

the TWEEN surfactants, the combined average.length of the POE chains was 

20. The chemical variance was a function of the hydrocarbon chain 

attached to the ester linkage: C H ^ ( C ^ ) C H ^ ( C H ^ )

and ° These are surfactant series numbers 20, 40,

60 and 80, corresponding to laurate, palmitate, stearate, and oleat, 

respectively. Experimental results showed that the stearate blend gave



the best emulsion stability. The oleate and palmitate blends gave good 
stability results, whereas the laurate was highly unstable. The results 

were compared after a period of 10 days. These findings indicated 

the optimal condition was a function of the lipophilic or "hydrophobic" 

chain length. It is interesting to note that the presence of the double 

bond in the oleate compound does not increase its effectiveness, when 

compared to the straight chain compound, stearate, of equivalent length. 

This result was not as anticipated. Some degree of unsaturation was 

to be expected to provide a better chemical match with the biphenyl, . 

diphenyloxide organic phase. According to Daives groups number treat

ment, the lipophilic character of the hydrocarbon group is a function of 

the chain length only and not the degree of saturation. The effect of 

FOE chain lengths on the stability of emulsions has been considered in 

the literature (Shinoda, Saito, and Arai 1971), (Saito and Shinoda 

1970). An optimum, hydrophilic chain, length of emulsifying agents Is 

required to give the most stable.W/0 type emulsion for a given oil at a 

particular temperature. Results of the present study are indicative of 

the corresponding effect of the hydrophobic chain length.

Other water systems tested used amide linkage type surfactants. 

No ether linkage types were tested with respect to water systems 

Sample 42 and 43 were prepared primarily to test the mixer performance 

characteristics by particle size measurement at room temperature. These 

samples were prepared at 0 = 0.5 using a TETRONlC blend with an ELB of 

11. Both samples were quite stable. As in other tests using the amide
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linkage, high molecular weight, tetra-functional TETRONIC series, a 
high degree of stability was conferred to emulsified droplets of 

aqueous salt solution when blended to an optimal range of surfactant 

polarity.

4.1.2 NaSO^'lQH^O Systems •

A total of 12 formulations were made using NaSQ-̂ * 10^0 as the 
internal phase. In 8 of the samples there was some evidence of emulsion 

formation, although all of the preparations were highly unstable.

Samples 30 through 35, were prepared using HLB's of 7 through 12 re- . 

spectively. None of the samples exhibited favorable stability chafr 

"acteristics, even at a total surfactant concentration of 20 percent.

The least unstable sample was observed at an HLB of 11. This corre

sponded to an optimal condition of surfactant polarity. This is 

within the predicted range for HLB alteration due to a salt concen

tration of about 40 percent.
In sample 36,.a stearyl ether blend of BRIJ series surfactants 

was tested at an HLB of 11 to a ■ concentration of 9 percent. Selection 

of this particular type from the ether series was made by analogy with 

the success, of sample 12 in a previously tested salt-water system. The 

result showed that no emulsion was formed.

A 9 percent blend of TETRONIC type surfactants at an HLB of 11 

originally formed, but showed immediate instability. In sample 37 a 

transparent crystaline layer was observed to separate beneath the milky- 

white emulsion. This is attributable to the phase behavior of the 

material. Upon melting at' about 90°F, the anhydrous NaSO^ is not
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completely dissolved in its water of hydration, therefore, some settles 

out leaving anhydrous sediment. Normally such stratification would be 

inhibited by an emulsified system. Large density differences are 

present, however. The.annydrous crystals have a density of 2.8 gm/cm 
(Weast 1973). These density gradients accelerate creaming and contri
bute to breaking of the emulsion.

4.1.3 NagHPO^• IZI^Q Systems
This heat of fusion-material was tested most extensively, and 

was best emulsified. A total of 33 samples of dispersed phase

Na^HPO^»IZH^O droplets, were prepared, of which...16 were- suitably stable, ' 
for consideration as energy storage systems. Na^HPO^'UH^Q is well „ 
suited, for space heating storage applications with a melting point of 

97°F.
Ester linkage surfactant blends were used in preparing 10 of the 

dodecahydrate systems. Sample 15 was blended near the optimum range of 

polarity at an HLB of about 10. The sample was quite stable, though the 

surfactant concentration used was much too high. Combinations of SPAN 

and TWEEN stearates.were used due to.results.of a.previous chemical com

parative test (samples 10 - 12). Sorbitan monostearate has been 

reported as a good thickener (Schick 1967).. Sample 39 was blended at 

an HLB of 10 with a concentration of 9 percent surfactant. It showed 
excellent stability, characteristics under further tests of prolonged 

storage and freeze—thaw cycling. In the additive preparation of 

samples 45 through 50 it was found that dodecahydrate emulsions could be
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prepared up to 0 = 0.8. The successful generation of these emulsions 
with an HLB of about 10 corresponds well to the prediction for the 

alterations in required HLB range. A range of 9 - 12 was predicted for 

the formation of W/0 type emulsions under these conditions.

Some 21. dodecahydrate samples were tested using amide linkage 
surfactants. Eight of these samples merit'consideration for suit

able energy, storage applications. The lack of effective emulslfication 
in samples 4, 5, 6 and 7 is attributable, to both poor polarity control 
and the use. of only one agent. As expected the use of combined pairs of 

surfactants3 one hydrophilic in character, the other lipophilic, yielded 

greater success in stabilizing emulsions. This well-known effect points 

up the importance of molecular complexing at the interface. Samples 8 

and 9 were prepared using TETR0N1G blends at. an HLB of 10. Stable 

emulsions were formed with their corresponding dispersions settling out 

rapidly. An interesting preparatory trend was also observed in these 

samples. While heating the constituents in the high-speed mixing 

vessel, the onset of emulsification (.characterized by a milky-white 

appearance) was delayed after obtaining the melting point temperature. 

This phenomenon, is. explained in terms of adsorption at the interface. 

Hydrophilic emulsifiers adsorb rapidly, whereas lipophilic ones migrate 

slowly to the interface (Fox 1974). Samples 14, 16 and 17 were blended 

to HLB’s of 9.5, 9.0 and 10, respectively. They showed favorable 

stability characteristics in both the emulsion and dispersion states.

The unstable character of samples 18 - .21 under conditions of elevated
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temperature storage can be attributed to the lower surfactant concen

tration used (5%). The same effect was observed in sample 52.•
Vigorous agitation was found to have an adverse effect, upon the stability 

of an 0 = 0.5 loaded emulsion prepared in sample 22. The observed 

instability in sample 24 is due to blending of HLB at 6V well below the 

optimum required range of polarity. Samples 25 - 29 were prepared at 

various phase loadings and used to test apparent viscosity character

istics. The samples prepared at 0 = 0.3 and 0 =  0.4 showed poor long- 

term stability characteristics under conditions of elevated temperature 
storage. Samples were prepared at 0 = .0.5 and 0 = 0.6. The higher concen

tration of internal phase loading increases the viscosity of the 

suspension and enhances its structural stability. This effect concurs 

with, the literature. The unique chemical structure of the TETRONIC 

series surfactants is. formed by block polymer addition to a four-pronged 

ethylenediamide molecule^ The HLB depends on the length of POE and POP 

chains, added to the base molecule. Extremely high molecular weight 

compounds are produced. The typical molecular weight of a POP hydro- 
phylie ranges up to- 7000 (BASF., Inc. 1977).

Neither the POE nonylphenyl ethers of the MAKON series or the 

straight chain POE ethers of the BR1J series were successful emulsifying 

agents for the dodecahydrate system (see samples 44 and 51). This was 

not expected, particularly, in the case of the nonylphenyl ethers.

These show qualitative similarity to the diphenyl oxide of the organic 

phase.



4.1.4 MgCl^”6E^Q Systems
MgCl^'GH^O melts at about 239°F (117°C), which-.Is higher than 

the boiling point of water at atmospheric pressure. The temperature 
is adequate for storing solar thermal energy for use by an adsorption 

refrigeration, system in cooling buildings. Low pressure must be applied 

to prevent the waters, of hydration from vaporizing immediately. Ground 

glass stopers were.inserted in the top of.the mixing flask, and held by 

clamps. The thermometer, insert with rubber sleeve was not used. The 
nitrogen blanket also served to maintain the low pressure required 

(10 - 15 psig).
Samples of this system were run during the latter portion of 

the experimental program. Previously successful ester and amide linkage 

surfactant blends were tested. Ether linkage surfactants were not tried 

with MgCl^'hH^Q .because previous: attempts in. other systems were not 
successful. Once again an estimate based on Shinoda’s findings was used 

to correlate the ELB. alteration required. In this case the temperature 

effect was more:significant. The optimal range was estimated to be 

from 16 to 18.
Sample 53.was prepared with. TWEEN 20 and TWEEN 60 in order to 

gain a higher HLB fox the blend. The sample was loaded at 0 =0.5 and 

contained 9 percent surfactant concentration. Emulsification was 

unsuccessful. Problems with the equipment resulted, preventing con

tinued maintenance of the small vessel pressure. Some boiling was noted 

at the transition point. The. presence of a small amount of lubricating
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material on top of the shaft assembly was indicative that partial

deteoration of the seal had taken place. Replacement with a teflon seal

would be advisable. Sample 55, that was run with a highly concentrated

TETRONIG series blend did not. successfully emulsifybut showed some

degree of dispersion upon cooling. One important consideration in this
+2case is the presence of a divalent ion. Mg , in solution. Its effect

■fin modifying polarity as compared to that of a monovalent ion, Na , 

studied in previous systems, would be expected to differ. The addition 

of a divalent ion to an 0/W emulsion has been known to cause inversion 

to a W/.O type. Even under optimal conditions of polarity, at 10 to 30°C 
above the phase inversion temperature, stability of an oil continuous 

emulsion at this, temperature is,not expressly guaranteed. Based on 

experience with asphalt and hydrolic types of emulsions, which are 

commonly prepared for commercial application at elevated temperatures, 

it seems likely that some reasonable degree of stability would be 

attainable.

4° 2 ' General; 'Character is tics 
Some of the important properties•of successfully emulsified blends 

were investigated. These included particle size, apparent viscosity, 

phase loading,.dispersion compatability, long term storage stability, 

and repeated freeze-thaw cycling.
A thorough investigation of particle size and size distribution 

was not undertaken. An automatic, particle counting device designed for 
non-conductive continuous media and for non-dilute concentrations would be
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extremely useful. The. evolution of an accurately obtained particle size 

distribution curve over a period of elapsed time is- the most direct 
display of droplet coalescense and stability kinetics in emulsions.

Particle size was investigated to give an estimate of the high

speed mixing apparatus performance* Samples 42 and 43 were specifi

cally prepared in order to study particle size characteristics, A salt 

water solution was used to simulate the internal phase. This was done 

in order to facilitate preparation and viewing of the slides at room 

temperature. With sample 42 dilution problems occured in preparation 

of the slides.o A different. technique: was employed in the preparation of 
slides from, sample 43, A small quantity, of the undiluted sample was . 

placed on the microscope slides using a glass stirring rod, and then, 

carefully covered with small cover slips,. Typical photomicrographs are 

shown in Figure 4.1 and Figure 4.2. These were taken using the Polaroid 

camera attachment,to the American Optical microscope at a magnification 

of 2QX. Some flocculation; is evidenced in Figure 4.2. For a size ref

erence, the large droplet in the lower right portion of Figure 4.1 is 

about 45u in diameter. As. expected the size range is quite coarse. The 

laboratory mixing device delivers a high shear rate but is not a homog- 

enizer. The average droplet size produced by the high-speed mixer is 

roughly 5u in diameter.

In order to characterize the performance of the mixer, a comparison

is made with the relations given in Chapter 2. For the given apparatus,
~ 3 ~d = 1.905cm,.D - 8cm, = 1.05g/cm , H - 5cm, and y is assumed to be



Figure 4.1 Photomicrograph of Sample 42.

O  ; °-

H H K  ”.'6
Figure 4.2 Photomicrograph of Sample 43.
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about 30 dynes/cm without the presence of surfactants and about 1 dyne/cm 

with the presence of Surfactant. Equations (2.13), (2.14) and (2.15) 

should only be used strictly for prediction in the absence of surface 

active, agents; however, an estimate calculated from them is not 

unreasonable. n ' was estimated using equation (2.16) as 4.15cp. From 

(2.13), d^ is estimated as 43u and 1.2u, and from.(2.14) d^ is estimated 
as 60u and 1.7u, for the case without and with surface agents, 

respectively. These numbers compare favorably with the experimental 

particle size measurements. The corresponding Weber number is calculat

ed from (2.12) as 6,720 and 202,000 respectively for each case.

One of the most important properties tested was apparent 

viscosity. Measurements were made using samples 25,: 26, 27 and 29.

These were prepared under the same conditions, varying only the internal 

phase loadings. All measurements were made, with freshly prepared sam

ples. The data is shown in Table A.2 of.Appendix A. As expected, the

viscosity characteristics were non-Newtonian,. The flow curves are
.

plotted on logarithmic coordinates, in Figure 4.3. The linearity of 

these curves permits the. application of the Ostwald-de-Waele expression 

for modeling as a simple power law fluid,

- I; ' <4-2>

- 2where t Is the shear stress, lbf ft 3 K is the fluid consistency 

index, Ib^ sec11  ̂ft \  (^) is the shear rate, sec \  and n is the flow
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behavior:index, dimensionless (Skelland 1967). K and n are determined
graphically from the log-log curve. ri is the measured slope of the

line, and K/g is the intercept at unit shear rate. The corresponding 
c

expression for apparent viscosity, ua(lbm/ft sec) is therefore:.

Hn n—1
Ua = K ^  (4*3)

Clapp's (1961) correlation for heat transfer to power law fluids 
in turbulent flow through tubes was used to estimate mean film coeffi

cients, h. .. The exact details of these calculations are given in 
Appendix B. The calculations were made assuming ah approximate 

value for average linear velocity required for the onset of turbulence. 

Efficient heat, transfer from the disperse phase droplets would result 

from high surface to volume ratios, indicating that the liquid film 

coefficient at the wall would be the controlling resistance. A simple 

calculation verifies that this, is the limiting heat transfer situation.

A mean film heat transfer coefficient of 184 btu/hr ft °F was calculated 

for 0 = 0.6. An average linear velocity of 15 ft/sec was assumed.

This value is probably unreasonably, high in terms of pumping.require

ments..
A calculation was. made for the case of a static heat exchange 

configuration employing the pure heat of fusion material. Assumptions 

were made in order to obtain a comparative estimate. The heat transfer 

coefficient across the radius of a 1 inch I.D. tube using * IIH^O

was estimated as 13.9 btu/hr ft3oF. This is an overly favorable pro

jection for this case since unsteady-state conditions would prevail.
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Even so, a 13-fold increase in heat transfer rate is indicated with 

the given assumptions made.

Richardson’s (1953) correlation relates the apparent viscosity 

to that of the continuous phase as a function of concentration or phase 

loading.

log A-) = X0 (4.4)
no

The viscosity of the pure Dowthepm A heat transfer oil at 43°C is 

about 2.1 cp. According to this relation, curves are plotted for 

the three upper shear rates measured: in-Figures 4.4, 4.5 and 4.6, 

respectively. The calculated values are listed in Appendix C. This 

relation is extremely useful because no is known over a wide range of 

temperature. Estimates of n can therefore be made in case of higher 

temperatures by assuming the same values for the coefficient X. Reported 

values of this coefficient have been given ranging from 2 to 6 for 

different types of emulsions. Two projected flow curves based on this 

approximation are shown in Figure 4.7 for the case of 2500F, where . r] 

is 0.77 cp. These, estimates are made assuming that a heat of fusion 

material melting in this temperature range (i.e., MgCl^ ‘ BH^O) would 

exhibit similar rheological characteristics. Using the same heat 

transfer correlations (see Appendix B) a mean film coefficient of 

173 btu/hr ft °F was calculated. An average linear velocity of 

12 ft/sec was assumed. Again, this would suggest unreasonably high 

pumping requirements.
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The results obtained for the tests' on phase loadings were 

significant. In samples 45 through 50 it was found that emulsions of 

NagHPO^ " IZHgO using a 5 weight percent SPAN 60/TWEEN 60 blend could 

be loaded in the internal phase at least to 0 =0.8 without phase 

inversion. This preparation involved a technique of small additions 
followed by mixing.. Such technique was used to load the emulsion 

originally prepared behond 0 = 0.5. The inversion point is also a 
function of the emulsifying agent concentration. In general* a higher 

surfactant concentration will permit the incorporation of a large 

internal, phase before inversion takes place.

Comparability of the emulsion system with the corresponding 

dispersion system is desirable. Fortunately*, some of the successful 

surfactant blends were found also to stabilize the same dispersion.

It is a fundamentally different phenomenon for a surfactant(s) layer 

to absorb at a solid-liquid interface. A change in specific volume 

also accompanies a liquid-solid phase transformation. It is important, 

therefore, that certain surfactant blends have been identified which 

stabilize both, the emulsion and the dispersion.

The dispersion characteristics will impose a practical limita

tions on the loading of the internal phase. As evidenced in samples 

16, 17, 22, 27, 29 and 39, the dispersions become extremely viscous 

between 0 of 0.5 and 0.6 and would be difficult to pump. Design 
modifications of.the system could deal with this problem. Small dilutions 

of the suspension could be made with pure oil injected into the heat
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exchanger, from which stored heat is removed. Some creaming of oil. 

occuring in the storage tank could also be used for the purpose of 

this dilution.
Some evidence of supercooling was found in samples 16, 17 

and 27. This has been reported by Sherman (1968a) to occur in oil 
continuous systems. The effect is not thought to be serious since 

the static conditions under which it was observed would not accur 

in an actual heat exchange unit.
The stability of emulsions under, conditions of prolonged 

storage at elevated temperatures showed favorable results. As stated 

earlier, the storage of emulsions at elevated temperatures is an 

established test of accelerated aging, representing an adversely 

Stringent condition of stability. Emulsion samples 18, 19, 20 and 

22 tended to be unstable when stored under conditions of agitation.

The more favorable conditions of storage had no agitation (i.e. 

samples 27, 29, 39, and 45). Practical design modification of the 

storage unit would account for this effect. Emulsion samples 27 and 

29 were prepared at 0 =0.5 and 0 = 0.6 using a 9 percent TETRONIC 

blend. The 50 percent loaded sample was stable for about 5 days; . 

the 60 percent sample was stable up to 7 days. These samples were 

redispersed about every other day by hand-shaking. As reported by 

Holzman (.1974), some separation of oil from an invert emulsion can 

be tolerated since oil is the continuous phase and slight agitation 

is sufficient for redispersing. Sample 39 was prepared at 0 = 0.5, 

using a 10 percent concentration blend of SPAN 60/TWEEN 60. One



114

portion was used for freeze-thaw cycling tests, and another was 

placed in a sample jar for prolonged storage testing. Sample 41 

was stable for 8 days without:any intermittant agitation by hand.

The #40 sample was. periodically cycled for 6 complete,cycles over 

a four hour time interval. This sample was then tested.for prolonged 
storage. It was observed to be stable for 3 days after cycling was 

performed (hand-agitated once each day). Sample 45 was prepared at. 

only. 5 percent concentration of: SPAN 60/TWEEN 60 with 0 = 0.5 as before. 

It remained stable under conditions of prolonged elevated temperature 

storage for. at least 4 days.

4.3 General Discussion

The . systems Selected for this initial, investigation give some . 

insight into this, novel, energy, storage concept. Identification and 

characterization of the "best possible" system was well beyond the scope 

of this exploratory work.. The overall problem of emulsifying agent 

efficiency and effectiveness is a point that should be addressed in 

much greater detail. A major team effort would be required for an 

extensive investigation.
Techniques employing the PIT and"' CER methods would be useful 

in an allocated effort. As discussed in section 2.3.2, the optimal 

condition for stability of W/0 type systems is 10 - 30°C above the PIT.

A possible approach to overcome the solid-liquid transition difficulty 

would be to simulate the heat of fusion material. If extensive data 

on. the, molecular solubility parameters of the constituents were available
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then the CER concept could be effectively used to provide a funda

mental basis for selection of optimal surfactant systems. Both of. 
these approaches are relatively new in the field of colloid and inter

facial science.

The relative, effectiveness of systems of emulsifying agents 

in conferring stability can: be studied using interfacial tension,

CMC, and black film characteristics (C^) . Systematic elucidation of 
a colloidal system should.include a consideration of the. nature of the 

outermost, chemical groups. Currently, NMR studies represent a promising 
approach to this problem and a fruitful area of study: emerging in the 

field of colloid science (Nakagawa: and Towika 1976). High resolution 

proton nuclear magnetic resonance has been used extensively to deter

mine the. molecular structure of organic molecules. Such techniques 

are useful in characterization or fingerprinting interfacial components 

(Shah, et al. 1976).
The distribution ratio or the partition coefficient is a ratio 

of the solubilities in. the various phases. When the ratio is actually 

determined as a distribution coefficient, a correction must be made for 

the. fact that the presence of surface-active agent leads to mutual 

solubilization of the phases. Studies have been done at the University 

of Florida on brine-oil microemulsions for the improvement of oil recov

ery (Shah, et al. 1976). The"solubility of surfactant molecules in brine 
phase depends upon the temperature and the salinity. Solubility in the 

oil phase depends on the hydrocarbon, chain length, and temperature, - As. 
in the present study, the effect of the salt concentration was to
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decrease the solubility in that phase. Increased temperature acts to 
increase the solubility in both phases, while decreasing the relative 

solubility of surfactant in brine phase to that of the oil phase.

Certain doubts were raised in the course of this study as to 
stability characteristics of high temperature emulsions. Information 

from the oil recovery industry on the breaking of oil field brine 

emulsions would give valuable practical insight into the factors of 

high temperature stability. Similarly^ much practical experience is 

available in the preparation of invert type hydraulic emulsions for 

application under conditions of high temperature and pressure.

Hydraulic emulsions are prepared for use at temperatures up to 950C 

(Holzman 1974). A great deal of expertise in this area would prove 

invaluable for higher temperature emulsion/dispersion storage applica
tions. c

The use of fluorocarbon or organo-silicone type surfactants is 

suggested for investigation at higher temperature application. These 

agents are notable for their high temperature stability. They are very 

costly, but are known to exhibit synergism with conventional surfactants 
at low concentrations. Formulation and study of these emulsifying 

agents is desirable.
Electrical charges present at the oil-water interface play an im

portant role in oil field microemulsions (Shah, et al. 1976). This sug

gests certain possibilities about the energy storage emulsion systems. 

The presence electrolytic material in the internal phases may be
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significant in conferring charge stability at the interface. -This would 

also affect the nature of association complexing.- Measurements to 

investigate this effect would be- useful; however, the chief mechanism 
for explanation of stability is steric repulsion,* The importance of 
electrical charge stabilization effects in highly concentrated W/0 
type systems is usually small (Albers and Overbeek 1959)„

The particle size and size distribution should be considered. 

Direct particle, counting technique and automatic counting of optical 

size determinations are currently the best methods. The emergence of 

electronic particle-counting devices in the last few years has been of 
limited use for coalescence studies, as these are not able to distinguish 

clustered droplets from clusters which have coalesced. One such method 

employs the change.in liquid conductivity when a drop passes in.a small 

capillary. The Coulter counter, however, cannot be used with W/0 type 

emulsions since the continuous phase has low electrical conductivity.

A. similar technique makes use of the "difference in the light trans

mission through a capillary in which the emulsion is made to flow, when 

a drop traverses, the light path. This is knows as a flow ultra- 

micrographs. These techniques have been described by Becher (1963) 

and Narasimham (1965).. It is advisable that instrument technology 

developments be assessed for experimental determination of droplet 
size and size distribution,.

Design modifications for this system are an integral part of 

energy storage application. Initial success has been indicated for the
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estimated heat transfer characteristics. A detailed study should be 
conducted oh storage heat transfer. . Actual heat exchange tests would 
provide the necessary information on experimentally obtainable heat 

transfer rates and characteristics. Generally, there is not a great 

deal of. literature on the heat transfer properties of dispersed 

systems. Available information on the subject of non—Newtonian heat 

transfer is somewhat lacking. Efforts should be directed towards 

effective simulation of actual storage conditions. The design and 

modeling of a complete system would involve comparison of the data 

with established non-Newtonian heat transfer correlations and models. 
Development work on both, new and existing relationships might be 

required.
The formation of solid scale on tubing has a large effect on 

the rate of heat transfer. The possibility of particles sticking £o 

the wall in the emulsion/dispersion heat exchanger should be minimized 

due to their suspension within the organic carrier. In any case, 

only experimental data can substantiate the degree of importance of 

this effect.
Numerous design mpdification would eventually be made effecting 

the interaction of, storage system component variables. Well established 

procedures exist in the process industry for the scale-up and design of 

such systems. For example, pumping and mixing requirements would be 
carefully addressed. Some sort of homogenizing or milling device is 

employed for emulsification particle size control. Some evidence.



however, suggests that milling, or homogenizing would cause coalescence 

of the internal phase particles in some high internal phase ratio 
emulsions (Fox 1974). The possible use of a static type mixer device 

might therefore be investigated; (Norden 1976).



CHAPTER 5

CONCLUSIONS

The.fundamental concept of latent heat storage using an emulsion/ 
dispersion system has been demonstrated. Experiments have shown favor

able results using sodium phosphate dodecahydrate suspended in Dow- 

therm A heat transfer oil. Formulations using sodium sulfate decahy- 

drate as the internal phase were not successfully emulsified. The 

alterations in surfactant blend polarity due to elevated temperature 

conditions and the presence of non-aqueous internal;phase constituents 

corresponded well with similar correlations found in the literature./

One shortcoming of the results was that suitable emulsions 

using phase change materials in the 175 - 250°F temperature range were 

not successfully prepared. This was attributable to mechanical problems 

with, the experimental equipment and safety considerations. These 

difficulties underscore a widespread weakness of'latent heat storage 

systems to date, namely, the lack of suitable phase change materials in 

absorption cooling range of temperature requirements.

It was found that an additive procedure could be used to prepare

oil continuous emulsions with up to 80 percent loading in the internal

phase. The viscosity characteristics of the corresponding solid/liquid

dispersions will impose practical limitations on the extent of loading

in the heat of fusion suspensions. Between 50% and. 60% internal phase

loading the dispersions become extremely thickened and would be quite
120 ^
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difficult to pump. The results were generally favorable in terms of

emulsion/dispersion system compatability. Most surfactant blends
, - - 

that were successful on the emulsion side, also conferred comparable

stability to the.dispersions.
Experiments have shown favorable long term storage and cycling 

results. Coarse emulsion samples prepared, in the laboratory withstood 

up to 6 full freeze-thaw cycles and remained stable for 10 days at 

elevated temperature.storage conditions. Emulsion samples subjected to 

such adverse conditions were compared, with respect to emulsifying agent 

effectiveness. Samples showing similar.stability characteristics at a 

..surfactant concentration of 9 percent, differed markedly when the con

centration .was lowered to 5 percent.
Apparent viscosity measurements indicate that favorable heat 

transfer rates are predicted. Active heat exchange methods which pump 

heat of. fusion emulsions, are estimated to give some 13-fold greater 

transfer rates than the conventional static methods. This is an 

advantageous feature of the emulsion/dispersion systems investigated.

Ultimate tradeoffs are involved in terms of stability, heat 

exchange rates, pumping requirements, emulsifying equipment and power 

requirements, constituent materials, and percentage of latent heat 

storage volume savings attained. The balance is dictated by economics.

In summary, the results indicate that the emulsion/dispersion 

system is a technically viable method of latent heat storage. The 

research was directed toward large, central energy storage systems and
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the results suggest that the method may be suitable for higher temper
ature utilization in the absorption refrigeration range. Develop

ment of this system for large-scale thermal energy storage applications 

could offer substantial reduction in required heat, exchange equipment, 
while retaining 50 to 60% of the volume savings in conventional heat 

of fusion systems.



CHAPTER 6

• RECOMMENDATIONS FOR FURTHER STUDY

The initial success of this work indicates that further research, 

would he desirable. The energy storage emulsion systems are at least 

as. complex (if not more) than tertiary oil recovery systems. A major 

team effort would be required to develop the system adequately. The 

two main areas of interest are emulsion systems and heat transfer.

Investigation of different emulsion systems, particularly with 

respect to surfactants should be greatly expended. The following is 

suggested to select and characterize them.

1. Expand, modify, and: augment the HLB approach 

with.PIT and CER considerations. Monitor the 

colloid scientific literature for improvements 

along these lines.

2. Study interfacial tension, CMC, black film 

formation,, elasticity and molecular structuring 

in order to better assess and characterize

- interfacial surfactant effectiveness.
3. Measure the evolution of droplet size and size 

distribution to determine the coalescence kinetics.

123
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4. Concentrate efforts on emulsion system 

stability at higher temperatures. Test 
flourocarbon and silicon type surfactants 

for elevated temperature application. Invest
igate the formation, preparation,, use and 

stability of high, temperature and pressure 

hydrolic fluid emulsions.

Since the chief advantage of the emulsion/dispersion concept for 

energy storage concerns enhanced heat transfer performance, this should 

be emphasized.
1. Conduct and perform detailed heat exchange : 

tests.
2. Simulate actual storage conditions and 

requirements.

3. Develop new and existing correlations for 

non-Newtonian flow and heat transfer in" 

dispersed systems.

4. Investigate the. formation of scale at 

the heat exchange surfaces.

5. Locate and identify suitable phase change 

materials which melt in the 175 - 250“F range.

6. Assess overall system performance in terms 

of energy storage' efficiency and cost.
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SUMMARY OF DATA
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TABLE A.l SUMMARY OF RELEVANT EXPERIMENTAL DATA

Sample

ml of 
Dowtherm A 

Added
100

100

200

Type of 
Non-Oil 
Phase 
Added
NaSOzr
10H20
NaSO^-
i o h2o

H2°(d)

ml of 
Non-Oil 
Phase 
Added

60

85

Emulsifying 
Agent/s 
Added

To tal 
Agent 
Concen
tration 7o 
By Weight HL3 $

0.38 Borax 2.5

0.30 Solar F-342 2.0

H

60 0.38 Tetronic 304 2.0 17.0

Emulsion,
Formed
No

No

Yes

Stability
Characteristics

Stable; creaming 
after several davs

100

195

185

185

200

200

Na^HPO^
12Hi0
Na2HP04
12H90

Na^HPO^
IBHoO
Na2HP0 4"
12H20
Na2HP0 4'
12H20
Nâ HPOr
12HoO

50 0.20 Tetronic 1502 2.0

45

30

30

0.19 Tetronic 1102 3.0 3.5

0.14 Solar F-342

0.14 Solar F-34:

35 0.15

35 0.15

Tetronic 1101 
Tetronic 1502

Tetronic 1501 
Tetronic 304

8.0

15.0

10.0

10.0

9.0

3.0

No

No

No

No

Yes

Yes

S table.

S table.

Dispersion 
Characteristics

None.

Separation upon cooling. 

Poor; rapid sedimentation.
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_________ Comments_____________________________________
Immediate coalescence of immiscible droplets.

Separation.

Electrical conductivity tests indicated 0/W phase continuity.

Immediate separation.

Attempt to prepare a dispersion by rapid cooling with continuous mixing was 
unsuccessful.

Rapid separation.

No effect with increased surfactant concentration.

Emulsion was slow to attain eventual milky-white appearance.

Temperature of flask was above 100°F prior to attainment of milky-white appearance 
characterizing amulsification.
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Sample
10

11

12

13

TABLE A.l SUMMARY OF RELEVANT EXPERIMENTAL DATA

ml of 
Dowtherm A 
Added

50

50

50

50

150

Type of ml of
Non-Oil Non-Oil
Phase Phase
Added Added

0.35 g/ml 50
solution

of
KC1 in
H2°(d)
0.35 g/ml 50
solution

of
KC1 in
H2°(d)
0.35 g/ml 50
solution

of
KC1 in
H2°(d)
0.35 g/ml 50
solution

o f
KC1 in
H2°(d)
Na?HP0 4' 45
12H20

0,5

0.5

0.5

0.5

0.23

Emulsifying
Agent/s
Added

Span 20 
Tween 20

Span 40 
Tween 40

Span 60 
Tween 60

Span 80 
Tween 80

Total 
Agent 
Concen
tration % 
By Weight

17.0

17.0

17.0

17.0

Tetronic 1301 
Tetronic 1508

12.0

HL3 #
9.0

9.0

9.0

9.0

9.5

Emulsion
Formed

Yes

Yes

.es

es

les

Stability
Characteristics

Dispersion
Characteristics

Poor.

Good.

Excellent,

Good.

Stable. Good,

.omments

Samples were prepared by hand smaking and maintained at room temperature. 
Comparative test with respect to chemical types. Test repeated with repro
ducible results.

Some nucleation on container surface aj 
quality. Slow sedimentation.

sr cooling. Good dispersion



TABLE A.l SUMMARY OF RELEVANT EXPERIMENTAL DATA

Sample

15

16

17

18

19

20 

21 

22

ml of 
Dowtherm A 
Added

75

90

90

67

67

67

100

102

Type of 
Non-Oil 
Phase 
Added

Na2HP04• 
12H20

NagHPO^'
I2H2O
NanHPO,' 
12H20

Na?HP04
I2H2O

NaoHP04
I2H2O

NanHPO,• 
I2H2O
NaoHP04 • 
12&20
Na?HP04-
I2H2O

ml of 
Non-Oil 
Phase 
Added

45

125

125

67

67

67

100

100

Emulsifying
Agent/s
Added

Total 
Agent 
Concen
tration %
By Weight HLB 4

0.38 Span 60 
Tween 60

0.58 Tetronic 1301 
Tetronic 1508

0.58 Tetronic 1501 
Tetronic 1508

0.5 Tetronic 1501
Tetronic 1508

0.5 Tetronic 1501
Tetronic 1508

0.5 Tetronic 1501
Tetronic 1508

0.5 Tetronic 1301
Tetronic 1508

0.49 Tetronic 1301 
Tetronic 1508

17.0

10.0

.0.0

5.0

5.0

5.0

5.0

10.0

10.0

9.0

.0.0

13.0

11.0

Emulsion
Formed

Yes

Yes

Yes

Yes

9.0

9.0 Yes

9.0 Yes

Stability
Characteristics

Stable; viscous.

Stable.

Stable; viscous.

Unstable under test 
conditions of stor
age at elevated 
temperature.

Unstable,

Stable.

Dispersion
Characteristics

Thickened.

Supercooling,

Some supercooling, thick 
consistency.

Thickened with gel con
sistency.
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Comments
Surfactant concentration was too high.

Stationary sample held at room temperature for several hours. Did not 
undergo phase change until the onset of gentle agitation.
Dispersion showed moderate creaming of oil phase 
on top after 1-2 days.

Placed in constant temperature sheker bath at 50°C (121°F) and 120 
oscillations/minute agitation; observes to have separated after 12 
hours with a milky phase on top add a clear phase underneath.

Separation after 10-15 minutes in 40°C temperature bath with no agitation; 
a clear/translucent phase was observed to have separated beneath milky-white layer.

Overnight stability at 41°C with minimal agitation (20-240 oscillations/minute); 
small layer of creamed oil at the top; vigorous shaking by hand resulted in 
separation.



TABLE A.1 SUMMARY OF

Saint) le

23

24

25

26

27

28

29

30

ml of 
Dowtherm A
Added

180

200

105

90

75

60

60

Type of
Non-Oil 
Phase 
Added

NaS0 4 -
IOH2O
NagHPO,. 
IBHgO

12l2H0°4'
Na2HP0 4-
I2H2O
NaoHPOa"
12H-)0

NaoHPO,- 
IBB^O
Na2HPO/-
I2H2O
NaSO/.- 
10 HgO

ml of
Total
Agent

Non-Oil 
Phase 
Added b

Emulsifying 
Agent/s 
Added

Concen
tration % 
3v Weight HLB #

Emulsion
Formed

60 0.25 Tetronic 1301 
Tetronic 1508

10.0 9.0 No

200 0.5 Tetronic 1301 
Tetronic 1508

5.0 6.0 Yes

45 0.30 Tetronic 1301 
Tetronic 1508

9.0 10.0 Yes

60 0.40 Tetronic 1301 
Tetronic 1508

8.6 10.0 Yes

75 0.50 Tetronic 1301 
Tetronic 1508

8.3 10.0 Yes

90 0.60 Tetronic 1301 
Tetronic 1508

8.0 10.0 Yes

90 0.60 Tetronic 1301 
Tetronic 1508

9.0 10.0 Yes

10 0.5 Tetronic 1301 
Tetronic 1508

20.0 7.0 Yes

Stability
Characteristics

Unstable.

Poor.

Poor.

Good.

Poor.

Excellent.

Unstable.
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RELEVANT EXPERIMENTAL DATA

Dispersion
Characteristics       Comments

Minimal dispersion. Dispersior. completely separated into two phases upon reheating.

Separatior occured ten minutes after preparation and placement 
in 40°C tanperature bath.

Separatior after overnight storage in 42°C bath.

Separatior after overnight storage in 42°C bath.
Entire series used to test viscosity immediately after preparation.

Good; oil layer creaming. Three days storage in 40 C bath with some creaming of oil layer. Sample
redispersd on third day and separated on sixth day.

Viscosity readings irradic; complete separation after overnight storage; 
not redismrsable.

Thick, solid consistency,

Thickened, unstable.

High conceitration prepared by gradual addition; eight days storage stability- 
some creating present, shaken mildly by hand once every 2-3 days.

Hand shake samples were kept ini li°C bath and observed after 1-1/2 hours; the 
optimum qulitative sample prepared was blended at an HL3 of 11; the same test 
was repeatid on the following day— reproducible results.



TABLE A. I SUMMARY OF RELEVANT EXPERIMENTAL DATA

unple

ml of 
Dowtherm A 
Added

Type of 
Non-Oil 
Phase 
Added

ml of 
Non-Oil 
Phase 
Added <f>

Emulsifying 
Agent/s 
Added

Total 
Agent 
Concen
tration % 
By Weight HLB #

Emulsion
Formed

Stability 
Characteristi

31 10 NaSO,-
IOH2O

10 0.5 Tetronic 1301 
Tetronic 1508

20.0 8.0 Yes Unstable.

32 10 NaSO^'
ioh2o

10 0.5 Tetronic 1301 
Tetronic 1508

20.0 9.0 Yes Unstable.

33 10 NaS04-
io h2o

10 0.5 Tetronic 1301 
Tetronic 1508

20.0 10.0 Yes Poor, unstable.

34 10 NaSO,'
ioh2o

10 0.5 Tetronic 1301 
Tetronic 1508

20.0 11.0 Yes Poor.

35 10 NaSO,•
ioh2o

10 0.5 Tetronic 1301 
Tetronic 1508

20.0 12.0 Yes Unstable.

36 100 NaS04'
10H20

100 0.5 Brlj 72 
Brij 78

9.0 11.0 No

37 100 NaS04•
ioh2o

100 0.5 Tetronic 1301 
Tetronic 1508

9.0 11.0 Yes Unstable.

38 100 NaS04*
10H20

100 0.5 Tetronic 1301 
Tetronic 1508

9.0 11.0 Yes Unstable.

39 100 Na2HP04'
12H20

100 0.5 Span 60 
Tween 60

9.0 10.0 Yes Stable; viscous

Dispersion
Characteristics

kened, unstable.

id consistency.
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Comments

Hand shaken samples were kept it 41°C bath and observed after 1-1/2 hours. The 
optimum qualitative sample prepared was blended at an HLB of 11. The same test 
was repeated on the following day— reproducible results.

Immediate separation.

emulsion tomed initially and separated readily— salt crystals observed.

efrect of preparation variables investigated— temperature increase was more 
gradual, anting time was increased. No effect observed on the results.

one portion of sample used tor cycling, another for prolonged storage tests.



TABLE A.1 SUMMARY OF RELEVANT EXPERIMENTAL DATA

Sample

ml of 
Dowtherm A 
Added

Type of 
Non-Oil 
Phase 
Added

ml of 
Non-Oil 
Phase 
Added

haulsifying 
Agent/s 
Added

Total 
Agent 
Concen
tration X 
3v Weight HL3

Emulsion
Formed

Stability
Characteristics

40 30 30

41 30 30

42

43

44

100

150

100

0.35 g/ml 
solution 

of 
NaCl in
%20(d)
0.15 g/ml 
solution 

of 
NaCl in
H20(d)
Na.HPO^'
I2S2O

100 0.5

150 0.5

100 0.5

Tetronic 1301 
Tetronic 1508

Tetronic 1301 
Tetronic 1503

Makon 4 
Makon 30

9.0 11.0

9.2 11.0

4. 10.0

Yes 3 table,

:es S table.

No

Diapers' 
Character l-i. 

h-
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Comments

Cycled through six complete consecutive freezes. Thaw cycles over a total of 
3-1/2 hours. Sample was repeatedly hand shaken during cycling tests. Cycled sample 
tested for prolonged storage. Stable for three days with daily redispersion. Sig
nificant levels of creaming observed.

Storage testing portion remained stable for eight days without any intermittent 
shaking with significant creaming observed on the ninth day. The sample was re
dispersed by hand. Tenth day creamed again.

Sample prepared for particle size measurements. Due to temperature restrictions 
in use of microscope the internal phase was a salt solution. Sample dilution 
problems in slide preparation.

Slides prepared undiluted and observed after several hours.

No emulsion formed.
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TABLE A. 1 SUMMARY OF RELEVANT EXPERIMENTAL DATA

Total

Sample

ml of 
Dowtherm A 

Added

Type of 
Non-Oil 
Phase 
Added

ml of 
Non-Oil 
Phase 
Added 6

Emulsifying 
Agent/s 
Added

Agent 
Concen
tration %
Bv Weight HL3 £

Emulsion
Formed

Stability
Characteristics

Dispersion 
Characteristics Comments

45 100 NazHPO*-
12H20

100 0.5 Span 60 
Tween 60

4.9 10.0 Yes S table. “65 ml portion of sample placed Jin 40oC bath. Stable for four to five days.

46

47

67

67

Na2HP0 4*
12H20

Na2HP04’
12H20

130

164

0.67 Span 60 
Tween 60

Span 60 
Tween 60

3.3 10.0 

10,0

Yes

Yes

Stable.

Stable. Technique of gradual addition to internal phase was used to load emulsion up 
80%. Highly viscous; evidence of viscoelastic behavior. Geometry of sample 
in mixing vessel preserved after cessation of mixing.

43 67 NanHPOA-
12H20

198 0.75 Span 60 
Tween 60

2.4 10.0 Yes Extremely viscous; 
maintains shape.

49 67 Na2HP04’
12H20

232 Span 60 
Tween 60

10.0 Yes

50 67 Na2HP04'
IZH2O

266 0.80 Span 60 
Tween 60

1.9 10.0 Yes Extremely viscous; 
maintains shape.

51 100 Na2HP04-
12H20

100 0.5 Brij 72 
Brij 78

5.0 10.0 No No emulsion formed.

52 100 NanHPO/'
12H?0

100 0.5 Tetronic 1301 
Tetronic 1508

5.0 10.0 Yes Poor stability. Separation after two to three hovers.



TABLE A.1 SUMMARY OF RELEVANT EXPERIMENTAL DATA

al of 
Dowtherm A 

Added

Type of 
Non-Oil 
Phase 
Added

ml of 
Non-Oil 
Phase 
Added $

Emulsifying 
Agent/s 
Added

To tal 
Agent 
Concen
tration % 
By- Weight HLB

Emulsion
Formed

Stability
Characteristics

Dispersion
Characteristics Commentsu clXuu -L e

53 100 MgClz'
6R2O

100 0,5 Tween 60 
Tween 20

9.0 15.8 No Mechanical problems with maintenance of vessel pressure

54 100 MgCl?"
6H2O

100 0.5 Tetronic 1301 
Tetronic 1508

9.0 14.0 No Persistent mechanical problems.

55 100 MgClg'
6H20

100 0.5 Tetronic 1301 
Tetronic 1508

13.6 18.5 No Some. Minimal degree of dispersion observed on cooling.
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TABLE A.2 SUMMARY OF VISCOSITY DATA
Concentration 0.3, 30% salt, temperature 40.5°C.
Speed (fpm) 20 50 . 100
Reading 0.01 0.13 0.25

gram£ Ocm secz
0.86 . 11.19 21.51

?  (sec-*1) 7.306 18.26 36.53

Concentration 0.4, 40% salt, temperature 43°C.

Speed (rpm) 10 20 50 100

Reading 0.01 0.105 .0.235 0,375

r, sram 
cm sec^ 0.869 9.13 20,4 32. i

S (sec- -̂) 3.653 7.306 .18.26 36.53

Concentration 0.5, 50% salt, temperature 45°C.

Speed
(rpm) 0.5 1 2.5 5 10 20 50 100

Reading 0.001 0.006 0.10 . 0.195 0.28 0.415 0.,63 0.845

 ̂gram
cm sec2 0:, 087 0.522 8.699 16.96 24.36 39.14 54.,80 73.50

?  (sec-1) 0.1826 0.3653 0.9132 1.826 3.653 7.306 18. 26 36.53

Concentration 0.6, 60% salt, temperature 43°C.

Speed (rpm) 2.5 5 10 20 50 100

Reading 0.00025 0.00035 0.00045 0.00065 0.012 0 .0016

c S H S —  23.41
cm secz 32.77 42,14 60.86 112,4 149 .8

?  (sec-1) 0.9132 1.826 3.653 7.306 18.26 36 .53



APPENDIX B

CALCULATIONS FOR ESTIMATING HEAT TRANSFER CHARACTERISTICS

These calculations utilize apparent viscosity measurements to 

estimate mean film heat transfer coefficients. Clapp (1961) correlated 

experimental results of turbulent heat transfer in pseudoplastic non- 

Newtonian fluids by the empirical relationship

Nu = 0.0041 (Re1)0,99 (Pr’)0 '4

with maximum deviations of. +1% and -4.5, in the given data.

The first set of calculations are made using the flow curve-for 

{5 = 0.6 as shown in Figure 4.3. The slope of the line, n, is 0.5. The 

intercept at unit shear rate, X or K/g^, is 24.3g/cm sec^ n . The Nusselt 

number is h B/k. The generalized, Reynold's number is expressed
Dnv2-np

Re’ = —
gcK’8n 1

xtiiere

. . k ’ = x (4 ^ ) "

K and. n found from the flow curve are constant. For the general case9 

however9 K 1 and n 1 vary with V/D. Decrease in concentration or in

creases in temperature.usually decrease K ?9. while n f is relatively 

unaltered, n 1 is assumed to be n in this case.
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lbm
tr»p = r24,3g V a0-0672 ft sec \ ,3(0.5) + lv * 

Sc cm sec1'5̂  S  ̂ ■ 4(0.5) ; rny

= 1.83 —

cm secJ
lb

ft sec3" 3

p is evaluated as the weighted average of the suspension. Specific

gravities of Na2HP0^ * 12^0 and Dowtherm A at 40° are 1.585 and 1.044,
3respectively, giving an average density Of 81.84 Ib^/ft . The tube 

diameter, D, is assumed to be 1 inch I. B. An average linear velocity, 
V, is assumed as 15 ft/sec, which is sufficient to develop turbulent 
flow.

Re'
(0.0833 ft)0*5 (15 ft/sec)1,5 (81.84 lb /ft3)m

lbm _n ,
(1,83 — S --- r— ) (8 °-5)

ft sec
=  2120

The generalized Prandtl number is given as

,r' -
k D

Specific heat capacity is evaluated as a Weighted average. The specific 

heat of Dowtherm A at 40°C is 0.392 btu/lb °F, and 133.4 btu/ °F mol or 

0.400 btu/lb °F. The thermal conductivity is evaluated from a relation 

§4ven in Perry and Chilton (.19 73) which, applies to liquid-liquid emul
sions with fair accuracy.
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2kc + kd - 24d (kc - kd)
km kc 2kc + kd + ?d (kc - kd)

The thermal conductivity, kj, of NagHPO^ • IZHgO at 37°C (just above 

its melting, point) is 502 x 10-5W/cm °C (.Washburn. 1930) or 0.290 . 

btu/hr ft2 °'F/ft; for Dowtherm A,, kc. is 0.081"btu/hr ft2 0F/ft.

2(0.081) + (0.290) - 2(0.6) (0.081 - 0.290)
km - 0.081 2(0.081) + (0.290) + 0.6 (0.081 - 0.290)

- - btu________ _= 0.174 hr ft2 0F/ft

prr - (1.83 ^ - Q )  (0.397 ( ^ T ^ )
btu ^

(0,174 hr ft2 °F/ft
(8) (15 ft/sec) “Q • 5 

x ( 0.0833 ft )

= 395

Nu = = 0.0041 (2120)°*99 (395)0-4

V  (0.083 ft)
btu =\88.1

0,174 hr- ft2 GF/ft

“ btu 
hm ^ 184 hr ft2 5F

For the case of a static heat exchange configuration using the 

pure heat of fusion material in 1 inch T. D« tubes, a simplified cal

culation is made assuming that the thermal conductivity of the salt is
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controlling. The k for salt equals - (Washburn 1930) o ..

The radial heat transfer coefficient is calculated assuming a 1/4 inch
thick solid layer at the tube wall. This gives a value of 13.9 

2bfcu/hr ft °F. One half of. the tube radius is used (as a first appro

ximation) of the mean solid/liquid interface position. This is an 

overly optimistic estimate for the case of stationary heat of fusion 

salt, since non-steady conditions would actually prevail.

A similar set of calculations can be made for the projected flow

curve shown in Figure 4.7. For <b = 0.6 the slope of the line, n, is
2_n

0.72. The intercept at unit shear rate, A, is 3.7 gm/cm sec , k ’gc
1.28is calculated as 0.27 Ibm/ft sec * . Physical properties such as

density and thermal conductivity of the suspension are assumed to be

the same. An average linear velocity, V, is assumed as 12 ft/sec,

giving a Reynold’s number of 2210. The Prandtl number is 306; the

Nusselt number is 82.9. Assuming that the emulsion thermal conductivity

is 0.17 — 7.— -----, the mean film coefficient, h , would be 173
hr ft" °F/ft m

btu/hr ft2 °F.
A simple calculation can be performed to compare heat transfer 

resistance in the disperse phase droplets with the liquid film 

resistance at the wall. Liquid droplets of emulsified latent heat 

material behave as rigid spheres. The total volume of salt is 

expressed as

V = tt (Rt)2 L0}

where R^ and L are the radius and length of the tube. The ratio of
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droplet surface area to volume is 6/D, therefore droplet surface 

area is \

The tube surface area is

A = 27rR_L

The ratio of drop surface area to tube surface area is therefore

A4 3Rt 0
At

For emulsified droplets of 10]i diameter, with a dispersed.phase
2 2 loading of 60%, there would be 2,300 ft drop surface area per ft

tubing inside a .1 inch diameter tube,

a , 3 (i) (0.6) 
a - ■ 4 = 2,287

At 3.28 (10~5)

This strongly indicates that the limiting resistance to heat transfer 

would be the liquid film at the tube wall.



APPENDIX C

SUMMARY OF CALCULATIONS FOR 
APPARENT VISCOSITY CORRELATIONS
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TABLE C.l RICHARDSON’S CORRELATION
LOG (Wrio)

Temperature
(°C)

n0
(cp) —  -1 S = 36.5 sec S - 18.26 sec S = 7.3 sec "*■

0,3 40.5 2.4 1.39 1.41 (0.69)
0.4 43.0 2.3 1.59 1.69 1.74
0.5 45.0 2.25 1.95 1.98 2.38
0.6 43.0 2.3 2.25 2.43 2.56

TABLE C.2 EXTRAPOLATED CURVES- AT 250°F. (no •=.. 0.77cp)
& - 0,5. & - 0.6

- X' S (sec ■*■) n(cp). 2T(gm/cm sec ) 9
ri(cp) T (gm/cm sec")

3.9 36.53 70.6 25.8 135.5 49.5
4.1 18.26 81.6 14.9 165.3 30.2
4.2 7.30 86.3 6.30 178.7 13.1
4.7 3.65 110.4 4.03 251.8 9.20

5.0 1.826 132.6 2.42 325.9 5.95
5.2 0.913 146.8 ; 1.34 376.3 3.43



LIST OF SYMBOLS

Upper Case

Hamaker - London constant (equation 2.31)

Force of adhesion, (equation 2.24)

Hydrodynamic collision factor (equation 2.58).

Hydrodynamic collision factor (equation 2.59)

Interaction energy between identical phase molecules 

(equation 2.33)
Interaction energy between continuous, and disperse phase 

molecules (equation 2.33)

Change in total area of the interface (equation 2.1)

Rate constant used in (equation 2.5)

Rate constant used in (equation 2.5)

Cohesive energy between hydrophile and water phase •

(equation 2.65)

Empirical constant (equation 2.80)
Cohesive energy between lipophile and oil phase (equation 2. 

Constant in (equation 2.18)

Constant in (equation 2.19)
Difference between vessel and mixer radius (equation 2.13) 

Diffusion coefficient (equation 2.25)

Mean globule site (equation 2.80)



E Height of potential energy barrier (equation 2.29)

E Elasticity coefficient (equation 2.52)

E^ Energy barrier for each hydrated group (equation 2.58)

AE^ London cohesive energy (equation 2.66)

AE^ Hydrogen bonding energy (equation 2.65)

AEp Keesom cohesive energy (equation 2.66)

AG^ Free energy of mixing term (equation 2.53)

AG^ Free energy of transfer (equation 2.62)

AGform Total free energy of. emulsion formation (equation 2.1) 

AGvr(b) Volume restriction free energy term (equation 2.53)

H Liquid depth (equation 2,13)

H Particle separation, distance (equation 2.31)

HLB Hydrophile-Lipophile balance number (equation 2.56)

AHv Enthalpy of vaporization (equation 2.66)

A H ^ sp Enthalpy of mixing (equation 2.1)

K Constant (equation 2.28)

K Fluid consistency index (equation 4.2)

L Length scale of largest eddy (equation 2.18)

M Molecular weight (equation 2.77)

N. Number of particles at equals zero (equation 2.7)
O  f

Number of particles at time, t (equation 2.5)

N^ Number of particles at time equals infinity (equation 2.6)

Q Elasticity (equation 2.55)

R Gas constant (equation 2.49)

R Cohesive energy ratio (equation 2.65)
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R Collision radius (equation.2,26)

R Cohesive for Ideal Match (equation 2.68)o
R Radius of hypothetical sphere (equation 2.35)
8 -
S Spreading coefficient (equation 2.72)

£>disp Entropy gain in system from dispersion of droplets 

(equation 2.1)

T Temperature (equation 2.1)

T^ Critical temperature (equation 2.77)

V Total volume of disperse phase (equation 2.3)

V Total interaction energy (equation 2.54)
V Mutual potential energy of approaching spherical particles 

(equation 2.30)
London Van der Waals force of attraction (equation 2.31) 

Electrostatic repulsion term (equation 2.54)
V Molar volume hydrophile (equation 2.68)il
V Electrostatic repulsion force (equation 2.34)
T ■ ■

Vg (b) Steric interaction repulsion term (equation 2.53)

Molar volume lipophile (equation 2.68)

V1 _ Molar volumes (equation 2.76)1,2
W Stability ratio (equation 2.30)

W Work required to create new interface (equation 2.2)

W& Work of adhesion (equation 2.71)

Wc Work of cohesion (equation 2.70)

We Dimensionless Weber number (equation 2.10)

W^rit Critical Weber number (equation 2.20)



Dispense phase fraction; (equation 2.14)

Emphirical constant (equation 2.80)

Lower Case

Particle radius (equation 2,27)

Droplet radius (equation 2.45)

Mean separation distance (equation 2.79)
Activity coefficient (equation 2.50)

Distance from,droplet center (equation 2.55)
Volume concentration (equation 2.52)

Concentration in. oil (equation 2.62)

Concentration in water (equation 2.62)

Volume concentration, of component 2 (equation 2,51)

Droplet diameter (equation 2.44)
J. .Constant (equation 2.77)

Diameter of impeller (equation 2,13)
Drop diameter under actual conditions (equation 2,14)

Average droplet diameter (equation 2.3)

Probable droplet diameter (equation 2.19)

Shear rate (equation. 4.2)

Exponential (equation 2.7)

Gravitational constant (equation 2.44)

Gravitational constant (equation 4.2)

Thickness of lamella (equation 2.52)

Average droplet separation distance (equation 2.1)
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k Constant (equation 2.77)

k Boltzman constant (equation 2.27)

kc Coalescense rate constant (equation 2.40)

k^ Flocculation rate constant (equation 2.36)

m . Number of separate particles existing in an aggregate 

(equation 2.40) 
n Rotational speed in (equation 2.12)

n Total number of particles (equation 2.25)

n Flow behavior index (equation 4.2)
n Number CH^ groups (equation 2.59)

■n ■ Average number primary particles per aggregate (equation 2.39)

n. Number droplets of radius, a. (equation 2.45),1 ■ a-
n^ Number of molecules (equation 2.46)

nQ Initial number of particles (equation 2.26)

nt Number of particles at time, t (equation 2.41)

n Number of aggregates (equation 2.37)V
Number of uncombined primary particles (equation 2.38) 

p Polarity (equation 2.56)

q Concentration molecules (equation 2.32)

q Mean distance from center of hypothetical sphere (equation 2.35)

r Distance (equation 2.18)

r Distance of particle separation from center to center

(equation 2.30) 

t Time (equation 2.5)

tl/2 Titia of half life (equation 2.28)



Sedimentation rate (equation 2.44)
.Mass creaming rate (equation 2.45)
Mean, square turbulent velocity fluctuation (equation 2.18) 

Specific volume (equation 2.72)

Properties (equation 2.78)

Mole fraction oil phase (equation 2.16)

Mole fraction water phase (equation 2.16)

Coalescence coefficient (equation 2.15)

Greek. Characters 

Constant.(equation 2.79)

Interaction Energy (equation 2.32)

Surface, excess (equation 2.48)

Interfacial tension (equation 2.2)

Surface tension of oil (equation 2.70)

Surface tension of water (equation 2.71)

Interfacial tension between oil and water (equation 2.71) 

Interfacial tension between components 1 and air (equation 2.74) 

Interfacial tension between components 2 and air (equation 2.74) 
Interfacial tension between components 1 and 2. (equation 2.74) 

Interfacial tension between a and 8 (equation 2.1)

Kolmogoroff length scale (equation 2.17)

Thickness of interfacial film (equation 2.55)

Solubility parameter (equation 2.67)
London solubility parameter (equation 2.67)



148

6^ Hydrogen bonding solubility parameter (equation 2.67)

£ Local energy dissipation (equation 2.17)

£ Dialectric constant for medium (equation 2.34)

£g Dielectric constant for droplets (equation 2.35)

71 Viscosity (equation 2.17)
H. Viscosity of the internal phase (equation 2.79)

D. Viscosity of the oil phase (equation 2.16)o
71 Viscosity of the water phase, (equation 2.16)w
71 Viscosity tif the liquid (equation 2,44)

71,%) Viscosity at high shear rate (equation 2.80)

ry' Viscosity of the mixture (equation 2.16)

@ Shear Stress (equation 2.11)
8 Fraction of interface covered (equation 2.58)

K Debye parameter (equation 2.34)

p. Apparent viscosity (equation 4.3)a ■
VU Chemical potential (equation 2.46)

11̂  Surface chemical potential (equation 2.47)

p Density (equation 2.10)

p . Density of the continuous phase (equation 2.12)c
Density of* the sphere (equation 2.44)

Pg Density of the liquid (equation 2.44)

T Shear stress (equation 4.2)yx
v Mean particle volume (equation 2.8)

V Relative velocity of the moving droplet (equation 2.10)

V>o Mean particle volume at time, zero (equation 2.9)



Mean particle volume at time, t (equation 2.9) 

Mean particle volume at time, infinity (equation 
Constant (equation 2.75)

Volume fraction internal.phase (equation 2.79) 

Maximum fraction internal phase (equation 2.81) 
Constant (equation 4.4)

Surface potential (equation 2.34)
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