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DEVELOPMENT OF A PHENOMENOLOGICAL MODEL FOR COAL 
SLURRY ATOMIZATION 

FINAL REPORT FOR DOE GRANT NO DE-FG22-94PC94119 

ABSTRACT 
This report presents the results of an investigation of theoretical models of atomization 
which can be used for a phenomenological theory for coal slurry atomization. This 
investigation was conducted in three areas. An intensive analysis of the rheological 
properties of coal slurry fuels was performed including viscosity as a function of shear 
rate, the extensional viscosity, and the viscoelastic properties. In order to evaluate 
atomization over a sufficiently wide range of rheological properties simulated fluids 
consisting of corn syrup and water and baseline Newtonian fluids were studied. 
Another area was the atomization of both coal slurries and simulated fluids under a 
variety of spray conditions using a Malvern Size Analyzer. Three basic theoretical 
models were analyzed to determine the best approach to characterizing these complex 
fluids. One model was a linearized Navier Stokes equation for a cylindrical fluid 
stream breaking up into drops under the impact of a high velocity air stream. A second 
model was a collisional model by which the collision of the air stream and the fluid 
stream produced droplets. Energy and momentum conservation were used to derive 
relationships between the drop size and the relevant physical parameters. A third 
model studied was a statistical model using a Boltzmann-type transport equation for 
the propagation of drops under the interactions of a high velocity airstream. The effects 
of drop coalescence and breakup are incorporated into this model. By comparing the 
various theoretical models with the atomization data and the rheological data a 
phenomenological model was constructed which correctly predicted the trends of the 
Sauter mean Diameter as a function of air/fuel ratio, rheological properties and spray 
angle. An effective viscosity was defined which included the effects of viscous losses, 
extensional properties, and viscoelastic properties. In addition, the effects of yield point 
were incorporated and shown to be important in predicting atomization properties. 
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1.0 BACKGROUND AND INTRODUCTION 

Highly concentrated suspensions of coal particles in water or alternate fluids appear to have a 

wide range of applications for energy production. Coal slurry fuels have applications for boiler 

furnaces and internal combustion engines. Since most coal cleaning processes produce coal 

slurries, it is natural to utilize dense suspensions for transportation and power generation. As a 

method of utilizing coal fines, coal slurries provide a viable approach. For successful 

commercial utilization of coal slurries, it is important that a thorough understanding of their 

properties be developed and applied for a basis for engineering and design for a wide variety of 

coal properties and slurry specifications. 

For enhanced implementation of coal slurry fuel technology, an understanding of coal slurry 

atomization as a function of coal and slurry properties for specific mechanical configurations of 

nozzle atomizers has been developed in this program. For fuel oil combustion, well-defined 

correlations exist relating atomization properties, such as Sauter mean diameter, to the physical 

properties of the oil, i.e. viscosity. However, no such relationships existed for coal slurries. 

Unlike oils, which are essentially Newtonian fluids fully characterized by a few basic physical 

parameters, such as viscosity, density, and surface tension, coal slurries are complex structures 

with large numbers of internal degrees of freedom and are usually non-Newtonian. In order to 

examine some of the difficulties in modeling slurry atomization, it is useful to review work done 

in this field. 

When coal slurries were first being considered as an alternate boiler-furnace fuel to oil, the 

importance of atomization had not been clearly delineated. Since a coal water fuel was a 

suspension of finely ground coal in water it was not unreasonable to assume that in a fumace 

environment the water would vaporize leaving the coal to be burned in a configuration similar to 

that of a pulverized coal furnace. If this were the case, then the combustion properties would be 

influenced mainly by the particle size distribution of the suspended coal and not the atomization 

properties of the suspension. However, extensive testing, in particular tests comparing 

micronized coal water fuels with pulverized coal combustion of micronized coal showed that 
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Carbon burnout was generally poorer for coal slurry combustion 
than pulverized coal combustion in the same furnace 
configuration. 1,2 

Coal slurry combustion efficiency could be improved significantly 
by extensive heating of the fuel prior to atomization including 
explosive atomization where the fuel was heated under pressure to temperatures 
above 100 'C.3 

0 Analysis of particulate fly ash indicated that coal in the droplets 
of coal water fuel tended to agglomerate in a furnace environment. 
Hence, atomization droplet size was a better indicator of combustion 
times than coal particle size distribution. This conclusion was also 
reinforced by single droplet experiments.4 

These studies concluded that atomization of a coal water fuel was of prime importance in 

determining the combustion of the fuel in a furnace. 

FACTORS AFFECTING ATOMIZATION 

The factors affecting atomization of coal water slurries may be divided into two categories: 

physical properties of the coal water slurry and mechanical properties of the burner-nozzle 

configuration. This program concentrated on the physical properties of the coal water slurry. 

Physical Properties of Coal Water Slurries 

The study of the deformation and flow of a suspension is defined as suspension rheology and is 

the single most important method of characterizing a coal slurry. This analysis can be 

conveniently broken up into three areas, all of which can impact atomization properties. 

Viscometric Properties 
It has been demonstrated that it is possible to describe viscometric properties of dense coal 
slurries by treating them as mechanical continua following the rheological behavior of a power 
law fluid. 

T =ki .  n 
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where 
T = shear stress (Pa) 
k = consistency index 

i = shear rate (s-I) 
n = power law index 

The power law index (n) is a measure of the deviation from Newtonian behavior of the fluid, i.e 
n=l for a Newtonian fluid, n<l for a pseudoplastic system, and n>l for a dilatant system. 

In some cases a stress must be overcome to obtain fluidity. This yield stress requires a 
modification of Eq. 1 where: 

T - T 0  = k j  n 

The apparent viscosity of the system is obtained by evaluating dddy at a specific shear rate, j . 

In programs conducted at Adelphi University and other institutions, the rheology of coal slurries 
tested have been described as power law b e h a ~ i o r . ~ > 6  It is important to note that the power law 
is only valid in the shear rate range over which it was measured and cannot generally be 
extrapolated to other shear rate regions. 

A wide range of variations in coal slurry viscometric properties have been seen including: 

Newtonian, pseudoplastic, dilatant, and yield power law. The type of behavior can vary 

depending upon coal properties, type of dispersants added to the suspension, type of chemicals 

added to decrease sedimentation of the coal, shear rate range, and temperature. Coal slurries 

have also demonstrated time dependent effects including decreasing viscosity as a function of 

time under shear (thixotropy) and increasing viscosity as a function of time under shear 

(rheopexy). 

Coal water slurries are classified as suspension concentrates. Suspension concentrates are solid 

in liquid dispersions in which the mean particle size exceeds colloidal dimensions, i.e. greater 

than one micron. These coarse suspension concentrates differ from colloidal suspensions in that 
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upon standing, particles will settle to the bottom of a container due to gravity, whereas colloidal 

suspensions are kept suspended by thermal agitation and Brownian motion. 

Suspension concentrates of coal are very complex systems. Van der Waals attractive forces 

promote flocculation and aggregation of the particles. These attractive forces can be opposed by 

electrical forces of repulsion caused by a charge structure surrounding individual coal particles 

and steric effects due to adsorbed macromolecules which lead to an increase in free energy when 

particles approach each other. The stability of a suspension concentrate against sedimentation of 

particles is a measure of the structure of the system and has been extensively studied for coal 

water slurries. The degree of structure formation such as agglomeration, flocculation, and the 

strength of the interparticle binding forces is manifested by the rheological properties of the 

system under shearing conditions. 

A key parameter in describing a suspension concentrate is the particle concentration or the 

volume fraction of solid particles, 4 . A prime objective in developing an understanding of the 

suspension rheology is the relative viscosity, qr, defined as the ratio of the viscosity of the 

suspension, qs, to the viscosity of the suspending fluid, qf. For coal slurries at room temperature, 

qf = 1. Therefore, qr and qs may be used interchangeably. For very dilute systems, (4 < 0.1) 

particle-particle interactions can be neglected and it is possible to develop a theory describing q 

by treating the interactions between the fluid and the individual particles. The result is 

q =1+ K, 4 (1-3) 

where K1 is a constant dependent upon particle shape and is equal to 2.5 for hard spheres. As 
concentration (4) increases, particle-particle interactions become important. 

Including binary particle interactions adds a term K& to Equation 1-3. Multiparticle 
interactions between n particles introduces terms in the series such Kn$n. At very high 

concentrations, collective effects could become important, therefore, a simple power series 
description will not suffice. 
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A general approach to treat complex systems such as concentrated suspensions is to assume that 

macroscopic behavior results from some average of material properties on the microscopic scale. 

However, many situations arise where large scale properties differ from simple superposition of 

small scale ones. Examples include: behavior near phase boundaries, superconductivity of 

materials, vibrations of lattices, ferromagnetism, etc. At the macroscopic level, collective 

properties are often observed which can be entirely new ones in which microscopic details are 

completely overshadowed. In fact, these collective properties can appear universal, such as bulk 

properties of disperse systems, hindered settling of suspensions, and pseudoplastic behavior, etc. 

The simple iterative approach suggested previously which develops a power series in 4 to 

describe q would not be sufficient to describe a dense suspension. Under flow conditions, the 

scale of heterogeneity of suspensions can change due to structural modifications such as 

formation and breakup of agglomerates of dispersed particles. Flow in a pipe will cause 

concentration inhomogeneities for 4 greater than a few percent. 

For highly concentrated suspensions which are the main focus in the study of coal water fuels, 
phenomenological approaches have been developed. In the phenomenological approach, a 
relation between bulk properties, viscosity, q, and volume concentration, 4, is ~ b t a i n e d . ~  The 
shear viscosity will be infinite at some value called the maximum packing, $m. At this volume 

density of particles, the suspension will not flow under the stresses typical in pumping and flow 
of the suspensions. Therefore, 

such that 

Adelphi University has researched these phenomenological models and utilized one based on the 
following principles: 

. The viscosity at typical pumping shear rates of 100 s-l depends only on 4 and 4m. 
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. The flow pattern in typical flow situation as pipe flow consists of a concentrated 
dense core with a particle depleted outer core. This pattern has been observed in 
slurry flow. 

The functional relationship between q, $ should minimize viscous energy losses 
during flow. 

The maximum packing, $m, includes structural information such as the geometric 
placement of particles which maximizes $m by smaller particle filling voids 
present in the loose packing structure of larger particles. 

Application of these principles leads to a unique relation of the form: 

where 

and 
= relative packing fraction 

Adelphi developed a well-defined method of computing $m from a given particle size 

distribution of suspended particles. In addition, this theory allows the development of particle 

size distribution functions which can increase $m to a value greater than 0.90. This model has 

been applied to the analyses of hundreds of coal slurries including an extensive development 

program for the Electric Power Research Institute. This model has the potential of describing 

nowNewtonian rheological behavior of suspension concentrates and the effect of coal surface 

properties by incorporating structural information in the maximum packing density.8 

Qualitative arguments can be made relating model parameters and structure. At rest, the 

structure of a suspension concentrate results from association of particles. The structure formed 

will depend on the history of the material and the interparticle forces. Increasing the shear stress 

will breakdown the structure either immediately or after some threshold stress. Since q will 

decrease as $/$m decreases, this leads to pseudoplastic behavior or yield pseudoplastic behavior. 

As the shear rate increases, reversible breakup of the structure occurs such as breakup of 
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aggregates and agglomerates, orientation of individual structures and deformation of structural 

units. However, certain systems such as highly concentrated suspensions of rigid particles can 

exhibit a shear induced build up of structure leading to a loosened packing structure, an increase 

in 

result from shear induced flocculation due to the increased particle collision frequency at higher 

shear rates. 

an increase in viscosity, and therefore, dilatant behavior. This decrease in $m may 

An important property for atomization is the change in viscosity from pumping shear rates 

(-100 s-I) to atomization shear rate (-5000 s-'or higher). A coal water slurry with a power law 

index of 1.3 may experience a four or five fold increase in viscosity when shear is increased from 

the pumping to the atomization range. In addition, coal water slurries could become dilatant at 

high shear even if Newtonian at low shear. Conversely, a dilatant coal water slurry at low shear 

could become more Newtonian at high shear. (This is more generally the case.) Therefore, in 

determining whether a coal water slurry is acceptable for a combustion application such as 

gasifier feedstock, the entire range of shear rates must be evaluated and any model 

must take this into account. 

Attempts to date to correlate slurry viscosity with atomization have not been successful. For a 
slurry utilizing a specific coal, reducing viscosity by dilution generally improves atomization. 
However, for two different slurries there are cases where the one which had the higher viscosity, 
as measured in a rotational viscometer at 100 -', atomized better. This may be due in part to the 
difficulty in extrapolating viscosities to the higher shear rates a slurry experiences in a nozzle. 
However, other factors may play a role as discussed below9 

Viscoelastic Properties 
In systems such as coal water slurries which can have internal structure, viscoelastic properties 
can be exhibited. These properties could affect the stability and the slurry breakup into ligaments 
upon exiting a nozzle orifice as well as the subsequent breakup of ligaments. 

Viscoelastic behavior is measured in terms of a complex shear modulus. The complex shear 
modulus, G*, is defined as follows: 

G* = z * l  y *  
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The complex stress, t*, and complex shear strain, y*, are given by: 

z *  = z o  expi (wt+§) 

and 

y *  = y o  e x p ( i w t )  

where: 

yo = maximum shear strain 
T = maximum shear stress 

w = angular frequency 
5 = phase angle before the strain 
i = + i  
t = time 

G* can then be given by the equation: 

G* = z,/ y o  exp( i5 )  = z o /  yo  (cos§ + isin§)=G"+iG' (1-9) 

(1-7) 

where G' = ( T 

usually referred to as the storage modulus. G" = ( T / y 
(imaginary) component of the shear modulus, referred to as the loss modulus. Thus, G' is 
associated with the storage and release of energy during a periodic application and G" is 
associated with the dissipation of energy into heat. To obtain the time dependencies of G' and 
G", dynamic measurements at various frequencies are required. Such measurements have 
frequently been camed out for viscoelastic solutions. The shear modulus can be directly related 
to the particle-particle interaction forces. For a fluid that is purely viscous, G' is zero and the 
phase is 90". For a purely elastic material, where energy is stored but not dissipated, G" is zero 
and the phase is 0". A light oil for example would have no elastic properties, whereas an elastic 
material such as rubber would have G" close to zero and a phase close to 0". 

/ y o  ) cos § is the part of the modulus that is in phase with the strain and is 
) sin 5 is the out-of-phase 
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In addition, theoretical analysis has shown that viscoelastic affects can impact the break-up of 
liquid jets. Viscometric measurements on the slurries that were atomized have been performed 
in order to determine the relationship between G' and G" and the atomization quality. 

Extensional Viscosily 

The definition of extensional viscosity can be visualized in the simple case'of the uniform 
extension of a cylinder of an incompressible Newtonian fluid along its axis. In a cylindrical 
coordinate system where z is oriented along the cylinder axis and the radial dimension ir r, we 
may write the following for the case of symmetry about the 4 direction: 

(1-10) 
6vr 

or r=-p+2p-  6r 

044 = -p + 21.1 

6VZ 
= -p + 2p - 

ozz 6Z 

(1-11) 

(1-12) 

For the stress equation where p is the hydrostatic pressure, and err, 044 , and ozz are the extra 

stresses normal to planes perpendicular to the r, 4, and z axis, respectively. The equation of 
continuity for an incompressible fluid is given by 

vr 6v, 6vz 
+ -  + - = 0  - 

r 6r 62 

Note that 

vr 6vr 6VZ 
orr +o@= - 2 p + 2 p ( y  + - 6r ) = - 2 p - 2 p x  

but since for equilibrium, orr = 044 = 0, we obtain 

(1-13) 

(1-14) 
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(1-15) 

Combining Eq. (1-12) and Eq. (1-15) to eliminate p yields 

(1-16) 

where ne is defined as the extensional viscosity, which is 3~ for a Newtonian fluid. 

MODELING THE ATOMIZATION PROCESS 

Atomization, which is the breakup of a liquid jet into a large number of small droplets, occurs 
due to the impact of the jet with an air stream at large relative velocities. The mechanical factors 
alluded to previously affect the aerodynamics of the impinging air stream and the hydrodynamics 
of the initial fuel jet structure. The jets are broken up into ligaments or segments of fluid which 
are further broken up into a large number of smaller drops of varying size. In any attempt to 
model this process, both the hydrodynamical and statistical nature of the process must be taken 
into account. For Newtonian liquids such as fuel oils correlations have been developed between 
average properties, such as the Sauter mean diameter (SMD), and dimensionless numbers, 
such as the Reynolds number (Re), Weber number (We), and the Ohnesorge number (Z), which 
is @ /Re, as well as the air to fuel ratio. The specific way in which these factors combine 
depends on the mechanical configuration of the atomizer being considered. 

PROGRAM GOALS AND OBJECTIVES 

As has been demonstrated, the complexity of coal slurries had prohibited obtaining a reasonable 

understanding of coal slurry atomization. The complex rheological behavior of many types of 

coal slurries requires an extensive characterization for each type of coal, each type of coal 

particle size distribution, chemical additive composition, and coal concentration. The 

relationship of these properties to the atomization process was therefore unclear and the ability to 

make a prediction as to whether a specific slurry would atomize well or whether a specific coal 

was suitable for combustion applications does not exist unless extensive testing is performed for 

each slurry. The overall objective of this program was to develop a phenomenological model for 
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coal slurry atomization, which has the capability of distinguishing atomization properties for 

different coal slurries. In order to avoid complications due to mechanical factors, the model was 

developed for one type of air blast atomizer configuration. Subsidiary technical objectives 

included: 

0 Ascertain the effect of physio-chemical properties of coal slurries on 
atomization. 

0 Ascertain the statistical influence on coal slurry atomization 

0 Predict the atomized drop size of a coal slurry from a few basic coal and 
slurry properties. 

In the next section the methodology used for the development of a phenomenological model of 
coal slurry atomization is discussed. 

2.0 METHODOLOGY 

In order to accomplish the objectives of this program, a methodology was developed which 
included the following components: 

Sample selection and preparation including simulated fluids and coal water slurries. 

Determination of rheological properties including viscometric, extensional, and 
dynamic (oscillatory) flow properties. 

Determination of atomization properties as a function of fluid type and aidfuel ratio. 

Phenomenological theoretical analysis of factors affecting atomization. 

Analysis of results in terms of the phenomenological theory. 

The various aspects of the methodology will be discussed separately, 

Sample Selection and Preparation 

Three sample fluids were prepared in order to examine the effect of varying rheological 
properties. One sample consisted of a 90% solution of corn syrup in water which yielded a high 
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viscosity Newtonian fluid. Another sample consisted of a 70% corn syrup and 0.5% xanthan 
gum in water solution in order to add an elastic component and a yield point. The third fluid 
sample consisted of a 60% corn syrup and 1% xanthan gum designed to increase the elastic 
component. In addition, three coal slurries using an Illinois coal were prepared with 
approximately 60% solids and 0.20 % surfactant and O S %  xanthan gum. Coal solids content 
varied from 56-61% in order to examine the physical properties of the coal slurries. 

Viscometric Properties 

Moderate shear (1-400 s-') viscometry was performed using a StressTech rheometer with a bob 
and cup measuring system. High shear extrusion rheometry was accomplished using the Adelphi 
high shear viscometer consisting of a sample chamber, pressure transducers and extension tube. 
Typical shear rates attainable were in the 1000-5000 s-' range. 

DETERMINATION OF EXTENSIONAL FLOW PROPERTIES 

Theoretical Analvsis of Contracting Flow 

The extensional viscosity was determined in this project by analyzing contracting flow. This 

approach was pioneered by Bindings' and consists of extracting data from various regions of 

fluid flowing in a contracting flow geometry. A theoretical derivation is presented below with a 

presentation of the various pressure drops occurring in an extensional viscometer based on 

contracting flow. In particular, by using energy considerations the meaning of each pressure drop 

is clearly delineated. 

Energv Dissipation and Extensional Flow 

The total kinetic energy of an incompressible fluid is given by: 

1 
EK~,, = ~p S v 2 d V  

where p is the fluid density and v is the fluid velocity at a point x = (x,y,z) at time t. Subscript 

notation will also be used for coordinates, i s .  X I =  x, x 2= y, x 3 =z, 

x = (x,y,z) = x i, i=1,2,3. 

16 



Taking the time derivative of the energy yields 

where summation of repeated indicies is implied (Einstein summation convention) 

The Navier Stokes equation is 

where P is the hydrostatic pressure and oi k’ is the extra stress tensor. 

Using Eq. 2-2 in Eq. 2-1 and the fact that V * v = 0 and 

1 P 1 P 1 P theidentityv * ( v ( ~  v2+-  )) = V *  v ( y  2 + -  ) + v*V (F 2 + p  ) yields 
P P 

I 

I 6Vi I 6oi k 
where v * o’= vi oi k and v * ( v * 0’) = T& oi k + vi __ have been used. 

6 Xk 

Using the divergence theorem transforms Eq. 2-3 into 

d 1 P t 6vi 
- E f i  = - j ” d A ) n  [ p v ( y  2 + -  ) - v * o ’ ]  - j” o. - d V  (2-4) dt P 1k 6Xk 

S V 

where the first integral is over a close surface S bounding the volume V and n is a unit normal 

outward to the surface dA on S. Equation 2-4 was applied to steady flow through a contracting 

region shown in Figure 1. 
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The surface integral will vanish on the sides of the cylinders in Figure 1 since the velocities 

vanish there. Assuming that steady Poiseuille flow has been established for 1-2 and 3-4 on the 

cross sectional area A0 at I and Ai at 4 only v3 exists and n is the 3 direction so that the term v 

G' * n becomes v3 633' which is zero. For steady flow, 

d 
- E h =  0 since the velocity distribution is independent of time. Eq. (4) thus gives dt 

1 
O =  + J  d A p v ( y  d A v  - J d A p v ( p  2) -P4J  d A v  

1 1 4 4 

(2-5) 

Now J d A  v = Q1 = Q4 = J d A  v = Q the volumetric flow rate. 

1 4 

t &vi 
- d v  

O i k  6Xk Eq. 5 can be rewritten (P 1 - P4 ) Q = A(KE) Q + J 

Y 

1 1 
whereA(KE)= ( 2 p  ~ 2 ) ~  - (2p ~ 2 ) ~  

is the change in the value of the kinetic energy density averaged over cross sectional area, i.e 

1 1 -  
2 2 

jdArv(-vZ) = Q(-rv ' )  

The volume integral represents the viscous energy dissipation and may be broken into Poiseuille 

pressure drops between 1-2 and 3-4 and the pressure drop across the contraction as flows. 
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Defining AP23 = Arc,  the final equation for pressure drops becomes 

(2-6) (Pi - P4 ) = APT = A K E  + A P 1 2  + A P 3 4  + APc 

It is the study of APc from Eq. 2-6 that yields information on contracting flow. The basic 

equation is 

C C 

The integral in Eq. 2-7 is over the contracting region 2-3. 

As an example of applying the energy dissipation integral consider a tube of radius R and length 

L through which flows a fluid of viscosity q . Using the standard velocity distribution and 

applying Eq. 2-4 yields 

which is the result for Poiseuille flow. 

It can be shown that for any fluid the flow field is such as to minimize the energy dissipation in a 

volume, V. ( see A.M. Freudenthal and H. Geisinger in the Encyclopedia of Physics, Volume VI 

pages 251-256.) 

Adelphi Extensional Viscometer 
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The Adelphi extrusion rheometer was modified to provide extensional flow. The viscometer is 

comprised of a testing chamber approximately 2 feet in length and 2 inches in diameter, followed 

by a 15" tube of diameter 0.19 inches. The diameter ratio of 10: 1 provides adequate convergence 

for extensional effects. The sample is placed in the testing chamber. The testing chamber cover 

is fastened to the chamber wall and extrusion pressure is adjusted to an initial pressure. Samples 

are extruded and weighed and flow rates determined. The pressure is increased as determined by 

sample viscosity. Characteristic pressure versus shear rate curves are drawn and evaluated. 

From the resultant curve, the power law index, n, and the viscosity are determined. The 

extensional viscosity is determined using Binding's' analysis which subtracts the pressure losses 

in the extrusion tube which is viscometric in nature, leaving data on the entry pressure to the 

contraction which is directly related to the extensional viscosity. 

In order to determine the effectiveness of the extensional viscometer, a verification was made 

using Binding's' analysis to determine power law behavior of extensional viscosity. Figure 1 

shows a log plot of the entry pressure vs. flow rate. Analysis indicates a slope of 1.2 consistent 

with the Newtonian calibration fluid. 

D.M. Binding, J. Non-Newtonian Fluid Mech., 27 (1988) 173-189. 

Measurement of Extensional Viscosity 

The schematic diagram, Figure2, describes the relevant regions of the extensional viscometer. 

The relevant pressure drop for determining the extensional viscosity is the viscous energy 

dissipation in the contracting region Arc .  This can be determined by measuring the entry 

pressure which includes the energy dissipation and the effect of the change of kinetic energy due 

to contraction. 

Initial measurements of APe were taken utilizing a Newtonian motor oil of known viscosity, a 

differential pressure transducer between regions 3 and 4 and utilizing the gas pressure reading for 
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PI  and extrapolating Poiseuille flow from 3-4 to include the full length of the smaller diameter 

tube to obtain APg.  The initial results were unsatisfactory in that there wasn't sufficient accuracy 

to obtain reliable data on A p e .  It was then decided to investigate the possibility of utilizing a 

pressure transducer between regions 1 and 4 as well as between regions 3 and 4. To test this 

approach, the existing pressure transducer was used to obtain AP1,4 and AP3,4 calculated using 

the Poiseuille pressure drop with the known viscosity oil. The results for APIA and AP3,4 are 

shown in Table 1 including the value of the wall shear stress, zw, defined as 

D A P 3  4 

4 L 3 4  (2-9) 

where L is the effective length of the small tube with diameter D 

Except for the beginning low flow rate, the results are satisfactory and are plotted in Figure 2. 

is shown and seems to be a linear function (as expected in The dimensionless variable, - 
Ape 

2 zw 

where p and p are the density and Newtonian flow) of the Reynolds number Re = - 

viscosity of the fluid, V is the average velocity and D is the pipe diameter. Based on these 

results, another pressure transducer was installed in regions 1-4 and the extensional viscosity 

determined via the comparison of A P e  for various fluids. 

PV D 
P 

The quantity AP, is a sum of the energy dissipation due to extensional viscosity and shear 

viscosity. The shear viscosity can be obtained from A P 3 4  in Eq. 2-8. The measurements 

necessary are obtained from the extensional viscometer shown in Figure 2. The results are shown 

in Figure 2. 
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As can be seen, APc is linear with shear rate and the slopes are proportional to the viscosities. 

Therefore, an effective extensional viscosity can be defined at a specific shear rate as the slope of 

the tangent to the APc curve at that shear rate. This approach allows a method of analysis 

analogous to the determination of the shear viscosity. 

Viscoelastic Properties 

The StressTech Rheometer measures the dynamic viscosity by determining induced stresses 

under oscillatory flow. Both the storage modulus G' associated with energy storage and the loss 

modulus G" associated with viscous losses can be determined is a function of oscillatory 

frequency, w. The complex viscosity 

(2-10) 

Atomization Studies 

For atomization studies, a progressing cavity pump (- 1 g a l h )  was used to pump the fluid 

through a modified Delavan Aero internal mix air atomizing nozzle. A Malvem laser diffraction 

particle size analyzer was used to analyze the particle size distribution and air to fuel mass ratios 

were varied from 0.8 -2.0. 

Phenomenological Theory 

The theoretical analysis is based on energy consideration and incorporate various factors 

including viscous energy losses, kinetic energy transfers, droplet surface energies, viscoelastic 

and extensional flow analysis, and droplet breakup and coalescence. 
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An analysis of the linearized Navier Stokes equation for atomization is utilized as a guide for the 

phenomenological theory. 

Analysis and Conclusions 

A comparison of the various --ctors elucidated in the theoretical studies with the data provides 

the basis for the conclusions. 

3.0 RESULTS 

Rheological Studies 

Viscometric Data 

The viscometric data includes both moderate shear (1-400 s-1) and high shear data. Moderate 

shear data was taken on all samples using the StressTech rheometer using the cup and bob 

configuration. Table1 presents the moderate shear data for the simulated fluids with a power 

law fit 

where 
q = viscosity (mPas-s) 
k = consistency index 

= shear rate (s-I) 
n = power law index 

For samples which had a yield point, Le. those with xanthan gum added, the following equation 

was used for evaluation. 
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where 
T = shear stress (dPa) 
T O  = yield point (dPa) 

k = consistency index 

i = shear rate (s-I) 
n = power law index 

Tables 1 and 2 provide the physical properties, extensional, and atomization data. 

Table 1 
Physical Property Results 

No. Sample Shear Viscosity(mPa-s) Ext. Visc. G'/G" @ 1 OOHZ 
100 s" 5000 s-' (io5 mpa-s) 10 Pa 

386 300 4.9 
356 68 3.8 
222 45 2.12 
80 80 3.7 

107 107 5.26 
165 165 7.03 

1 Corn Syrup/Water 90/10 
2 CornSyrup/Water 70/30,1/2% Xanthan 
3 Corn Syrup/Water 40/60,1% Xanthan 
4 Coal Water Slurry 56.4%, 0.25% A-23-S, 0.5% Xanthan 
5 Coal Water Slurry 58%, 0.25% A-23-S, 0.5% Xanthan 
6 Coal Water Slurry 60.7%, 0.25% A-23-S, 0.5% Xanthan 
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0.45 
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Table 2 
Atomization Results 

Air/Fuel (mass ratio) 
Sample 
0.8 
1.0 
1.2 
1.5 
1.7 
2.0 

SMD (tlm) 
1 2 3 4 5 6 Water 
243 NS NS 219 279 249 142 
173 277 PS 164 197 187 24 
132 176 349 137 145 141 27 
87 122 104 79 71 77 12 
53 121 54 47 41 55 11 
41 85 37 27 22 24 NA 

4.0 THEORETICAL DISCUSSION 

The formation of drops due to wave like instabilities on the gas/liquid interface has 
been under intensive study for over a century. This phenomenum can be readily 
analyzed for several simple geometries. Atomization is a process where a stream of 
fluid interacts with an atomizing gas where the relative velocity between the gas and 
the fluid stream is large so that the stream is broken up into many droplets. In this 
section, atomization for a simple geometry of a cylindrical fluid jet will be analyzed by 
use of the Navier Stokes Equation. Following that a phenomenological model using 
collision theory will be presented. 

This developments follows that of Levich (14). Ignoring the air viscosity and density 
variation air behaves as an ideal fluid. In this case the air velocity at any point in space 
can be characterized by a potential function 4 (? ,t) where ? is the position vector from 

-a4  - a4  
ax ay az V = V@ = i - i j  -+ k - where ij is the velocity vector. 

. . * A  

i, j ,  k are unit vectors in the x,y,z directions. 
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For air velocities less than the sound velocity, air may be considered incompressible. In 
cylindrical coordinates Equation 4-2 becomes 

where r = d m , x  = rcos8 ,y  = rs in8 

Assuming a cylindrical jet of radius a, the air velocity must meet the following 
conditions. 

where VA is the relative velocity between the main air stream and fuel stream. 

For symmetrical waves traveling along the jet axis (2) the potential for the air velocity is 
of the form 

where the wave number k and time constant cc are to be determined. 

The equation for 4 becomes 

The solution for 4* is 
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K0kr) is a modified Bessel function of the Znd kind and b is a constant amplitude 
The relative air pressure is obtained from 

A '4 P a = p  - 
at (4-5) 

If 
equation (5) can be expressed in terms of < through the boundary conditions 

< =<,e"'" represents the displacement of the jet surface then b which occurs in 

vr" = v r  

vi =v i  atr=a A 

where G,z refers to the jet fluid velocity. To do this the equation 

To obtain vr and vz in the jet the linearized Navier Stokes Equations are used 

at p dr 

v = kinematic viscosity and the equation of continuity 

a v z  1 a 
az r ar 
- + --(rV.) = 0 

These equations are solved by writing 

0 '  

0 '  

v r  = v, + Vr 

vi = v z  + V I  
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0 0  where vr , vi are solutions of the ideal fluid equations ( v  = 0 ) obtained through the 
potential function 4 as defined previously and v,'and vr' are written in terms of an 
additional potential function y~ through 

vr ' =-- l a y /  and a az 
1 ay/ 

a ar vz =-- 

(4-12) 

(4-13) 

which automatically satisfies Equation (4-10). 
Using the ideal fluid equation (Eq.4-3) in the substitution of (4-ll), (4-12), (4-13) and (4- 
14) into (4-8) and (4-9) yields for 

(4-14) 

for which wave like solutions are sought 

The results which are finite as v=O 

(4-15) ikz+ul 
y/  = CiZo(kr)e 

(4-16) ih+m 
y/  = Czrli(er)e 

where 

(4-17) 2 a  2 e =--+k 
v 

and l o ( k v )  and Zi(er) are modified Bessel functions of imaginary argument. The 
pressure is again given by 

p = -p- ay/ 

at 
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The displacement amplitude <o is obtained by noting that 

< = Icltvr b = .dt 

and the balance of forces on the fluid/air interface yields the conditions 

avr A p + 2 p - = p  + p o  a 

(4-18) 

(4-19) 

(4-20) 

where the capillary pressure is given by 

0 po = T ( 1 -  k z a 2  )r 
a 

where o is the surface tension an a is the jet radius 

Using (4-15), (4-16), (4-17), (4-18), (4-19), (4-20) after obtaining vr and vz from Eq. (4-lo), 
(4-ll), (4-12) and (4-13). The following is obtained relating a and k using for ka,L >> 1 

(yk3 l 2  - k 2  A k' 2 l 2  - k 2  
l 2  + k 2  a 2 + 2 v k 2 a [ l -  1 2 + k 2  2k1 I=-- P 1 2 t k  2 ' P  - P A )  P (4-21) 

Equation (4-21) is the basic equation. It allows solutions for a real and positive which 
means that the wave amplitudes grow exponentially leading to breakup an 
atomization. 
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Equation (21) is solved numerically for k,, which yields a,,, the maximum growth 
rate. 

2z 
/z max 

Since k max = ~ the atomized drop size can be obtained from d = Cxm,, which C is a 

scale constant. These results are compared with simulated fluids. It is clear that the 
velocity dependence of the atomized drop sizes differ significantly from the theory. For 
this reason, a phenomenological model is developed next. 

PHENOMENOLOGICAL DISCUSSION 

In order to develop a phenomenological model, atomization will be treated as a 
collision rate process.. 
The air and fuel masses are related by 
The procedure for developing a phenomenological model is to write an energy balance 
and then estimate each term. 

= Ram where Ra = mass of air/mass of fuel. 

(4-22) 

In Equation (4-22) AT is the change in the kinetic energy, &a is the energy required to 
create the additional surface of the drops, &,u is the various viscous energy loss, and 
a o t h e r  are the energy losses such as ligament formation (extensional) overcoming any 
yield points and any unrecovered energy storage. In addition, drop coalescence must 
be taken into account after the drops are formed in the interaction volume. 

The first step is to obtain the entrained drop velocity V'. To do this, the momentum 
balance equation is written assuming all drops are moving with an entrained velocity 
V'. A reasonable estimate is that each drop will entrain an equal volume of air. The 

mass rate of air entrained by the outgoing droplets of volume rate - is then m .  

P 

(4-23) 

The momentum balance equation is then 
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(4-24) 

where the unentrained air continues to move with velocity VA the existing fuel jet has 
velocity V and k~ = RAm has been used. 

E PA 
P 

VI=--, +VA 1+- 

P For most air atomizers, -vA >> v; therefore 
PA 

V'= -VA PA since - PA << 1 
P P 

(4-25) 

(4-26) 

Next AT will be calculated. 

Using Equation (4-23) the equation for AT becomes 

PA m- 
P m PA 

(V,-V)z =-- v,' for .vA >> v AT = 
2 f l i p . 7  2 P  

P I  

Next A& is determined. 

For N drops/sec, the production of surfa 

A& =msX I = I  n,d,' 

where o is the liquid surface tension and 

energy i 

33 

(4-28) 

5iven by 
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The total mass rate of drops obeys the equation 

The sauter mean diameter is defined by 

End3 
S =  

This yields 

. 6 0 m  
c -  

P S  

If all other terms by A& are ignored on the rhs of equation (4-22) then 

(4-30) 

(4-31) 

(4-32) 

(4-33) 

which agrees with Eq.(4-21) in the previous section for low viscosities 

VISCOUS ENERGY LOSSES IN DROP PRODUCTION 

To obtain 
The fluid exiting the nozzle is modeled by a cylinder of radius a and length z on which 
are produced waves of wave length h, radial amplitude <, frequency o, and subject to 

the condition w/z - - A which can be derived from Equation 4-21 under the 

conditions of low viscosities and small drops. 

Akp the following arguments are used. 

F 
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Drop production from a fluid cylinder 

L 
/I 

A wave of wavelength h will produce - drops. The change in volume as drops come 

= = 0 where A is the surface area of the cylinder. 

w Since there are - waveslsec 
2n 

(4-34) 

The viscous energy loss in producing these drops can be estimated as follows 

Efi = pjw<A 

where the shear rate is 

y ' & - w< = kw< 
/I 

and the surface area is A=aL. 

This yields 

Ep = pw2kA<2 

Using Eq.(4-34) and the small amplitude approximation k< - p < 1. 

We 
Re 

Using w - E% (Eq. (4-21) for - < 1 

Adding this term to Eq.(4-22) yields 
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which gives the equation for s 

(4-37) 

paVa2a This can be rewritten in terms of the Weber number We = 

number for drops. 

and the Reynolds 
cr 

(4-38) 

where a & p are constants to afford appropriate scz~--. By approp;-~.te choice c a, p 
very good agreement is reached between Eq.(4-38) and the solution of Eq.(4-21) for a 
range of viscosities (100-300 cP). 

In the limit of large viscosities and small drops ka>>l Eq. 4-21 yields. 

(4-39) 

JE where Z (Ohnsager number)= ~. 

A interpolatory formula which reduces to (4-38) and (4-39) in the appropriate regions 
and agrees with Eq. 4-21 over a range of velocities is given by 

Re 

36 

(4-40) 



Eq.(4-39) the propagation velocity is given by 

(4-41) 

Effects of Non-Newtonian Flow 

The theoretical and the phenomenological model discussed previously must be 
modified to take into account the following effects 

Non-Newtonian flow characteristics 
Turbulence effects 
Drop coalescence and breakup 
Large amplitude effects 
Statistical considerations 

Because the flow regime considered for producing drops involves small amplitude 
vibrations, the dynamic viscosity could be a better indicator of viscous losses in drop 
production than either the moderate shear (100 l /s)  or high shear viscosity (>5000 l /s) .  
Using the dynamic loss viscosity, Equation 4-40 agrees with the trend in the data better 
than either of the shear viscosities. Another important consideration is the effect of a 
yield point zo . 

Following the approximation procedures described previously, the effect of the yield 
point is obtained by adding a term zo(w<)A which represents work done against the 
yield stress to the viscous energy loss term. The relative importance of the yield point 

and the breakup forces due to air is ~ This can be expressed as the ratio of the ZO 

pAVY . 

azo PA VAa yield point number Y = - and the Reynolds Number ~ . This has the effect of 
J5u P 

multiplying Eq.19 by a factor 

effect correctly reproduced the trend of the data, which shows difficulty of atomization 
at the lowest air velocities for fluids with high yield points. 

where y is an adjustable constant. This 
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The relaxation times of the fluids with viscoelastic properties are much greater than the 
atomization times. Therefore, energy stored in the formation of wave-like surface 
oscillations may not participate in the atomization process. If the dynamic complex 
viscosity is represented by 

G" G' where p'= - and ,u"= - where G" is the loss modulus and G is the storage modulus. 

Elastic energy storage rate is estimated by G'ycoCA where y is strain ($1 and 

- p"co and assuming similar high frequency behavior for p' and p" then the c ' y = - -  

viscosity in Eq. 4-40 should be replaced by an effective viscosity pf = p' 

w w 

G' y 
w 

where p? is a constant which pushes the theory closer to the trend of the data. The 
other nowNewtonian flow characteristic of interest is the extensional viscosity. Taking 
the ratio of the effective extensional viscosity to the shear viscosity in the extensional 
viscometer shows that these ratios are higher for the fluids with xanthan gum than for 
the approximately Newtonian fluid containing 90% corn syrup. Assuming that a 
certain amount of stretching by the air of the fluid ligaments occurs during atomization 
as well as the stretching necessary to deform drops for drop breakup then an estimate is 
made for the work done in extension using the dimensional argument of 
A Wext 

~ - B{(RCU')-'} where ) is an appropriate Reynolds Number. 
M a w  

For the length scale in Reext assume 1-1. The velocity of the extension could be the wave 

propagation velocity E A .  

The extensional viscosity effect is taken into account by using p38, where 0 is an 

effective Deborah number and is a constant. P-1 
/ lrhear i cum1 - flow 
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The net effect of adding this term to Eq.4-38 is to add a term to the effective viscosity 

such that pn = p' which is then assumed to replace p in Eq. 4-40. There 

could be other effects of extensional flow if other pumps besides positive displacement 
pumps are used to produce the atomizing stream. High pressure drops may be 
required to produce ligament streams suitable for atomization. 

Effect of Turbulence 

Considering the high air velocities, there will be some turbulence dissipation in the 
impinging streams which will reduce the effective kinetic energy transferred to the 
atomization process which is reflected in the multiplicative factor in Eqs. 4-38 and 4-40 
being much greater than one. In addition, for low viscosity fluids such as water there 
will be energy dissipation in the atomizing fluid of the order of 

where the turbulence scale is assumed to be the wave amplitude <and p4 is an constant. 
This modified the elementary expression (Eq. 4-33 ) by multiplication of a factor of 
(1 - p4)-'. This yields a more rapid fall off of the drop size for low viscosity fluids with 
velocity than high viscosity fluids. 

Drop Coalescence and Breakup 

In order to examine the effect of coalescence and breakup of drops, a drop propagation 
equation for an atomized spray will be developed. Assuming a unidirectional narrow 
spray in the z direction, if an infinitesimal volume of drops moves from z to z + vat in 
time 6t where v is the drop velocity, the change in density is given by 

n(z + v6t,t +st)- n( z t  , ) =-  

This leads to 
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6n 
6t 

For an equilibrium spray - = 0 

(4-44) 

3) is the effect of coalescence or agglomeration. 
' a  

3) is the effect of drop breakup. 
& b 

Estimate of the Coalescence Effect 

As shown by Levich14 for the drop sizes of interest (10-300pm), the collision of drops 
due to turbulence is the main physical process responsible for drop-drop coalescence. It 
can be shown under these conditions, assuming all collisions result in coalescence that 

(4-45) 

where x4 as an average of the particle (drop size) over the particle distribution 

a VA Re, A is the Reynolds number for air - - where v is the kinematic viscosity of air at 

the temperature of the spray environment. The quantity a is a characteristic dimension 
taken at the nozzle diameter. In order to estimate 1 referencing the breakup process, 

L the drop distribution is given by p ( x )  - - where L is the intact fuel stream length. 

V 

a 

Perform the integral of this distribution jdp(x) yields the following for the total i': 1 
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VA'L number of drops from a breakup of a mean of size L N ( L )  - We(L) = pa- since hm is 
U 

0 the minimum wavelength which'is ~ for any fluid 
PaVa2 

For n as a first estimate, the values of Xmax for the previous sections will be used. 

Effect of Drop Breakup 

In order to determine the effect of drop breakup, the following approach is taken. The 
Navier Stokes Equation can be used to estimate the breakup frequency, o b .  The 

breakup of drops is due to the growth of wave like distributions as discussed 
previously. The small amplitude equation is 

For high relative air velocities, V,, p-pAVA' 

For low viscosities, 

where 1 is characteristic of drop size. 

aV 
at 

For high viscosities - can be neglected yielding. 

2 -- v PAVA or 
Arb  PA 

(4-46) 

(4-47) 
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the same result as derived previously. Note that if there is a yield stress zo, the 

equation becomes 

iu 2 -+ zo - pAVA or 
zb 

(4-50) 

(4-51) 

Next consider the propagation of n drops in a series of discrete steps along the z 

direction of length Az = - where v is the drop velocity V 

z In a length z , there are - steps. After moving though a distance Az, the contribution 

of the breakup of particles of size Ai to the total number of drops is 
Az 

Ani = Q(Ai)N(Ai)  where Q is the number of drops/breakup given by W,(x,) in the 

elementary model considered here. The total contribution of all drop sizes to n n is 
given by 

n(z + Az) = x A n i  = x Q ( x , ) n ( A , )  = jQ(A,)% = Q ( A i ) Z ( z )  = We(x) i ; (z )  
ax 

d dn -1 - -1  dn I dz 
dn dn 

n(z+Az)=  I-&= /&+v- -wb dx=n+vmb - 
dx dx dz dA 

The result is 

dn - 

dz 
v- abWe(Y)n 

for We>>l. The final propagation equation is given by 
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Equation 4-54 can be written in the general form 

dn 2 -=-an +,On 
dz 

which has the solution dropping vanishingly small terms for z 2 1 cm, 

a=-  P 
a 

(4-54) 

(4-55) 

(4-56) 

From mass conservation of the atomizing fuel 

m - 3 .  n=- where A IS the volume mean droplet size and A ( z )  is the cross sectional 

area at a distance z into the spray which can be estimated by 0 2 z 2  where O is the spray 
angle in radians. The final result for the drop size is 

PA127 

a The result for water using 1 = K - where K is a numerical constant 
W 4 a )  

where pa = the absolute viscosity of air. 
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In order to take into account the limiting drop size “We-l(a) the critical drop size is 
added in yielding 

(4-59) 

The water data can be fit with approximately 90% confidence level using this equation. 

ALTERNATE APPROACH 

Because the breakup of drops occur in a turbulent air stream it is reasonable to us the 
following estimates for Q in Equation (4-52). Assume a drop of size n breaks up in 
Q(T) drops due to pressure variation of the turbulent air stream. Following Levich the 

drops will break until a critical size IC,. - KV, A IS reached. Using the elementary 
mass balance for the breakup of drop of radius n, Q is determined as follows. 

-6 . 

yielding 

This changes p in Eq. 4-55 to 

where E, is a numerical constant. 

For water in air using Eq.4-49 
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(4-61) 

(4-62) 

(4-63) 



Using Eq. (4-49) 

(4-64) 

where E is a constant. Solving Eq. 4-65 for 1 yields 

(4-65) a=-  - K ' l  we-1.68 
A 

which agrees well with the water with the adjustable constant K ' ,  . The effect of the 
spray angle is incorporated in A as discussed previously. 

The effect of fluid viscosity is taken into account by using Eq. 4-50. 

The result for is 

Putting this into equation 4-56 

This yields the following expression for the drop size. 

1 - K;fiwe-l.09 

f i  

(4-66) 

(4-67) 

(4-68) 

Equation 4-68 agrees with the general trend of the data using an effective viscosity and 
has similar velocity dependence for the drop size. 

5.0 CONCLUSIONS 

The phenomenological model describes some essential features of atomization. One is a 

power law dependence of the average atomized drop size with respect to the Weber 

45 



number of the atomizing stream based on the relative velocity of the fluid and the 

atomizing air. The decrease in drop size with increasing Weber number is less rapid for 

viscous fluids and the drop size is proportional to the square root of the viscosity of the 

fuel for viscous fluids. Increased spray angle will also decrease the drop size. The 

theoretical model also describes the similar effects but the agreement with the data is 

better with the phenomenological model. An important difference between the two 

models is that the theoretical model is based on the growth of the sinusoidal 

disturbance on the fuel stream exiting the nozzle where the phenomenological model is 

statistical in nature and dominated by drop coalescence and breakup. 

There are indications that the viscosity that should be used for non-Newtonian coal 

slurries is an effective viscosity composed of dynamic viscosity components and 

extensional effects. In addition, any yield point in the fuel appears to play a direct role 

yielding larger drop sizes in the regime of low air/fuel ratios and lower Weber number. 

In the theoretical model, viscous energy losses play an important role. In the 

phenomenological model, the effect of fluid viscosity is to increase the time required for 

drop breakup which reduces drop breakup effects for a fixed interaction volume as 

occurs in an atomizer furnace configuration. The phenomenological model provides a 

basis for atomizer design and a framework for incorporating non-Newtonian effects 

into predicting atomizer performance. 

Recommended future work should include incorporation of the effects of specific 

distribution functions for the drop size in order to determine not only average drop 

sizes but distribution widths. In addition, some of the predictions of the 

phenomenological model (i.e. dependence of effective viscosity, spray angel effects) 

should be further tested for a variety of fluids with differing physical properties. 
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