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The momentum transfer characteristics of liquid-liquid dis-

persions were studied under conditions of turbulent flow in a cirular

conduit. Experiments were conducted to obtain drop size, friction

factors and velocity profiles for three organic phases dispersed in

water.

The test sections consisted of straight copper tubes 1-inch OD

and 0. 830-inch ID. The velocity profiles and drop size mea sure-

ments were made at a point 8-1/2 feet downstream from the entrance

to these tubes. The dispersions were formed and maintained by the

mixing action of a high speed centrifugal pump. The organic phases

were a light petroleum solvent, a light oil and a heavy oil with vis-

cosities of 1, 15, and 200 centipoise, respectively. Flow rates were

in the range 1-4 lb/sec and concentrations from 5 to 50 volume



percent were studied.

A photographic method of drop size determination was devel-

oped. Excellent results are obtained for drop diameters in the range

5-800 microns. Dispersions with concentrations from 1 to 50 volume

percent were photographed. The drop size and the shape of the drop

size distributions depended strongly on dispersed phase viscosity.

The range of drop diameters was found to increase with dispersed

phase viscosity.

Velocity profile data were obtained in the turbulent core for

three flow rates and four concentrations for the light oil dispersions

and two flow rates and three concentrations for the heavy oil disper-

sions. The light oil dispersions were found to behave as single phase

Newtonian fluids. The solvent dispersions have previously been

shown to behave as single phase Newtonian liquids. The heavy oil

dispersions did not behave as Newtonian fluids. These results were

combined with the drop size data and a previously proposed criteria

for treating dispersions as single phase fluids to give the relation

"d "Re() <2D) Pe
where d32 is the Sauter mean diameter of the dispersed drops.

Dispersions which do not meet this criterion are presumed to have a

hislipu velocity, i. e., the larger drops move relative to the fluid

element in which they are contained. Thus they do not behave as a



single phase fluid,

The velocity profiles for the light oil dispersions were used to

calculate an effective dispersion viscosity, The viscosity in-

creased with dispe rsed phase concentration. Effe ctive viscosities

for the solvent dispersion had been determined by previous workers.

A comparison of the viscosities and drop size data for these two

systems shows that at equal concentrations the effective viscosity of

a dispersion is a function of the drop size distribution, decreasing

with increasing size range. Effective viscosities for the heavy oil

dispersions were determined from the friction factor data and

appeared to be independent of concentration in the range 5 to 17

volume percent. This may be explained by a "slip" velocity and an

analysis of the drop size distributions.

A study was made of one water-in-solvent dispersion and it

was found that water droplets adhered to the pipe wall. The average

size of these droplets could be determined from the observed friction

factor data. The droplets adhering to the wall were observed to

undergo coalescence with the droplets in the flowing dispersion.

Several other observations made through the optical portion of the

photographic arrangement tend to support the coalescence theory

recently proposed by Howarth.
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TURBULENT FLOW OF LIQUID-LIQUID DISPERSIONS:
DROP SIZE, FRICTION LOSSES, AND VELOCITY DISTRIBUTIONS.

INTRODUCTION

Two phase flow systems are frequently encountered in the

chemical and process industries. The majority of cases concern

flow of gas-liquid, solid-liquid, and gas-solid mixtures and most

of the research activity has been devoted to the behavior of these

systems.

Recently there has been increasing interest in the study of

liquid-liquid dispersions. Practical results are needed to supple-

ment mass transfer investigations concerned with the contacting of

two immiscible phases. On the other hand, it has been anticipated

that the study of dispersions in a turbulent field might lead to better

understanding of the structure of turbulence, especially in pipe flow.

Thus far two general aspects have received the most attention. The

first concerns the behavior of the dispersed droplets, especially

factors influencing drop breakup. The second has been the determina-

tion of effective values of the physical properties for a multitude

of systems. These property values are usually expressed in equa-

tion form and show the effect of volume fraction of the dispersed

phase and, in some instances, of the individual properties of the

two liquid phases.

The research described in this report is part of a continuing
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project being conducted at this University to characterize the

momentum and heat transfer properties of two phase liquid-liquid

flow systems. Previous work has included determination of effective

values of the viscosity for laminar and turbulent flow, and turbulent

friction factors, heat transfer coefficients, and velocity and tempera-

ture profiles for a dispersion of a commercial light petroleum sol-

vent in water.

In the flow of a mixture of two immiscible liquids in a pipe,

the size and size distribution of the dispersed drops would clearly

influence the heat and momentum transfer characteristics of the mix-

ture. In order to obtain more basic information on the behavior of

liquid-liquid dispersions, these quantities must be determined. At

the outset, the objective of the research described herein was to

develop a means of determining the drop size and drop size distribu-

tion in liquid-liquid dispersions under conditions of turbulent flow.

After a photographic method was developed it was incorporated into

an existing apparatus which had been used in the previous studies.

The work on two-phase liquid-liquid systems is still in its

early stages. A useful criteria for treating dispersions or emulsions

as single-phase fluids has been previously proposed but the experi-

mental evidence accompanying it was somewhat limited, due in large

part to the lack of an accurate method of drop size determination.
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The effects of drop size, drop size distribution, and dispersed phase

viscosity on the effective viscosity of a dispersion are not well

defined and more data in this field is also necessary. Friction

factors have been measured for only two liquid-liquid systems.

Velocity profiles for a liquid-liquid dispersion in turbulent flow have

only been determined for one system in which the properties of the

dispersed and continuous phases were similar. Information on drop-

let size, shape, and distribution are very limited in the dilute con-

centration region and nonexistant for higher concentrations.

The experimental program was designed to extend, in several

directions, the limited observations and data available for the flow of

liquid-liquid dispersions. Drop size and distribution, velocity pro-

files, friction factors, and effective viscosities were determined for

dispersions of three different organic phases in water. The proposed

single-phase criteria were re-examined and the change in drop size

and distribution with concentration, circulation rate, and dispersed

phase viscosity was observed.



THEORY AND PREVIOUS WORK

Flow of Single-Phase Fluids

The equations of motion for a single-phase fluid are obtained

by applying Newton's second law to a differential volume element,

ÔV, of the fluid. Considering the x-direction only, the inertial force

is given by

Dt ÔV.

The sum of external forces includes the normal and shear stresses

(ap DT DTyx
+

Zx
+

Dy J
where = normal stress (pressure) in the x-direction

= shear stress acting on a plane perpendicular to i and in
the direction of j.

and. the potential or field force
(ac2 \

ÔV

where 2 is the potential of the field per unit mass. Equating these

forces gives a preliminary form of the momentum equation,

gc
ÔV = (DP +

DT
Dt \Dx Dy

+
8

Dz

4

6VP()6V (1)

with similar equations to be written for the y and z directions. The

general equations are obtained by further relating the stresses to the



gc T =

viscosity of the fluid (44, p. 32-37).

The relation between shear stress and rate of shear for

many liquids can be expressed by an equation of the form
n

\ dy

where K and n are constants for the liquid. For the case n = 1, the

liquid is referred to as Newtonian and the constant K = i' where is

the coefficient of viscosity of the liquid. Non..Newtonian fluids are

those for which n 1, and for these the stress, T, is a non-linear

function of the rate of strain, du/dy.

In order to obtain the velocity as a function of position in a

flowing fluid in a given system it is necessary to solve the equations

of motion and apply boundary conditions for the system. For the

steady laminar flow of an incompressible liquid in a circular tube

these equations reduce to

8P1 .L 8
___ = r) (3)

g r 8r 8rJ
where x = length along the tube

8 Pf
- pressure gradient due to friction

r = radial position

and u = point velocity in the xdirection.

Solution of this equation yields the well known parabolic velocity

distribution.

5

(2)



or

Tt= a 2 (j\2
- \\dy)

The total shear stress is the sum of the laminar and turbulent

stresses

T = T1 + Tt = + 1
du2

gdy gc c\)

gT =( + i2
p p - dy) dy

The ratio /p is called the molecular diffusivity of momentum and

12 is referred to as the eddy diffusivity of momentum, E m' In

turbulent flow the molecular diffusivity is negligible compared with

the eddy diffusivity and therefore Equation (6) may be simplified.

6

For turbulent flow the problem is more complex. Due to the

random velocity fluctuations and the resulting energy dissipation

by the turbulent eddies the shear stress cannot be expressed in a

simple form, such as that given by Equation (2). Prandtl (44, p. 154)

derived a logarithmic velocity distribution by applying his mixing

length theory. He defined the quantity ! by the equation

duu=
dy (4)

where u' is the mean velocity fluctuation in the x-direction and the

mixing length 1 is described as the distance a particle moves

transverse to the mean flow before it loses its identity. This leads

to the following expression for the mean turbulent shear stress

(6)



For steady flow in a circular conduit the shear stress Tat a

distance y from the wall is given by (44, p. 79)

T T (1 - y/r)

where is the shear stress at the wall and rw is the tube radius.

At this point Prandtl intuitively assumed a linear relation between

the mixing length and distance from the wall, i. e., ! Ky, for

distances not too far from the wall. Combining this with Equations

(6) and (7) and solving gives the velocity distribution
1 +u+ =u/u* = lny +B

where u* = ..JTg/p , a term known as the friction velocity

y+ = y u*p/, a dimensionless distance

and B = a constant.

Hinze (41, p. 467) shows that logrithmic distributions follow from

the assumption that the size of the large eddies, which are responsible

for the eddy diffusivity, are proportional to the distance from the

wall and also from Von KarmnTs expression for the mixing length.

The extensive velocity profile data of Nikuradse have been

used to determine the constants in Equation (8), giving

u = 5. 75 log + 5. 5 (9)

Adjacent to the wall (0 <+ <5) the fluid is assumed to be in laminar

motion and the velocity profile is given by

+ +
U (10)

7
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The next region (5 <+ <30) is a transition zone in which the

velocity distribution can be expressed by another logrithmic func-

tion,

= -3.05 + 5.0 in

Equation (9) is generally referred to as the universal velocity distri-

bution equation. Other distributions have been found which fit the

experimental data and also come closer to satisfying the actual

physical conditions of zero velocity gradient at the center and a

smoother transition at the tube wall. However, their added complex-

ity is, in general, not worth the small increase in accuracy.

The constants in Equation (8) have been obtained experimen-

tally by other investigators. The value for the slope has varied but

slightly and Nikuradse's value of 5. 75 is usually accepted, especially

in light of the wide range (30 to 10) of y+ values from which it is

determined. The value of the constant B, however, has been sub-

ject to discussion. Townsend (41, p. 477) notes that a value as high

as 7 is indicated by several of the investigations. Hinze concludes

that the value for B seems to be connected with the thickness of the

viscous sublayer. An approach by Rotta (41, p. 477) leads to the

same conclusion.

The resistance to the flow of a fluid past a fixed boundary is

proportional to the average kinetic energy of the fluid,

+u



pU2
Zg

= f

where is the opposing shear stress at the wall and V is the

average velocity of the fluid. The proportionality constant f is

called the friction factor and is defined by Equation (12). For

steady flow in a circular conduit f is related to the pressure gradient

by

dPf
dx

9

(12)

(13)

where D is the tube diameter and (-dPf/dx) is the pressure loss per

unit length due to friction. By dimensional analysis it can be shown

that for smooth tubes the friction factor is a function of the Reynolds

number alone. The Reynolds number is a dimensionless flow

parameter defined by

Re = DpU/.i.. (14)

For laminar and turbulent flow in smooth tubes the relationship

between the Reynolds number and the friction factor has been well

established. For Reynolds numbers in the range 3, 000 to 100, 000

the following equation, due to Blasius, gives excellent results:

f = 0. 079 (Re)
1/4

(15)

Over the entire turbulent range the equation

= 4. 0 log (Re \[) - 0.40 (16)

was deduced from extensive data by Nikuradse and is the equation

usually recommended for determining the friction factor in smooth



tubes. It is interesting to note that by starting with Equation (9),

the universal velocity distribution, Von Karman derived the

exp re s sion

= 4.06 log (Re J) - 0.60 (17)

which gives results differing from Equation (16) by less than one

percent.

Experimentally the friction factor is determined by means

of Equation (13). By using Equation (12) defining the friction factor

the dimensionless velocity u+ and position y+ can be determined from

experimental data employing the relations

u = UI2

+=1. I!
r 2 AJ2

Very little theoretical and experimental information has been

published on the turbulent flow of non-Newtonian fluids, even for the

case of single-phase flow. Dodge and Metzner (22), working with a

power law fluid (Equation 2), have shown that the exact form of the

velocity distribution equation for the turbulent core should be

= An log y+ + Bn (20)

wh e r e y+ yn (21)

and An and Bn are functions of n. For the determination of friction

factors in the turbulent region they obtained the equation

10

and

y



1 / A ba [Re(f)' -(n/ 2)] + cin n

where A111 and are also functions of n.

The Reynolds number for a power law fluid is defined by

DnUZp n
Re K 6n+2)

Dodge and Metzner then analyzed the experimental friction factor

data for non-Newtonian liquids and proposed the following expres-

sions for the constants appearing in Equations (20) and (22):

5.66 4.0 0.4A11=075 A= 0.75' Cn__12

0.40 2.458 1

and Bn
= 12 +

no.?5 [1. 96 + 1. 255n - 1. 628n log (3+.-)]
n

For Newtonian liquids, n = 1 and the constants become

A1 = 5.66; A11 = 4. 0; C1 = -0.4; B1 = 5. 1 (25)

Thus Equation (22) reduces to the usual expression (Equation 16)

for the friction factor in turbulent flow. The dimensionless velocity

profile in the turbulent core, however, becomes

u = 5.66 log y+ + 5. 1 (26)

Since these constants were determined from experimental data the

differences between Equation (26) and the universal velocity distribu-

tion (Equation 9) can be expected. Experimental work on pseudo-

plastic liquids has been performed by Shaver and Merrill (75) and

their friction factor data may be correlated by the equation

8

11



The most general approach to the problem of two phase flow

is to consider the equations of motion separately for each of the two

phases and solve these subject to certain mutual boundary conditions.

The form of these boundary conditions is at times dependent on

the equations of motion themselves. Hadamard (39) used this

approach to treat the case of a large single droplet of a heavier

liquid falling through a second liquid phase. Even then some

simplifying assumptions were required and the results do not agree

well with experimental evidence. Except for these simple cases a

treatment of this kind is prohibitive. Hinze (45, p. 352) presents a

review of the theoretical treatment of the diffusion of discrete

particles in the turbulent field. He begins with a study by Tchen

(84) and includes the more recent work of Corrsin and Lumley (21)

and Frielander (33). The assumptions made in these mathematical

12

f = (0. 079)/n5 Re (27)

where = (2.63)/(l0.5)' (28)

When n = 1 this reduces to the Blasius expression for the friction

factor (Equation 15). Equations (22) and (27) both show the same

effect of the parameter n on the friction factor, i. e. for a particular

Reynolds number the friction factor decreases with n.

Two Phase Flow
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treatments greatly limit their applicability and even then the results

are not generally applicable to any actual flow cases, especially to

flow in a pipe. Soo (80, p. 609) has done both theoretical and experi-

mental work on the determination of statistical properties of two

phase turbulent motion, the experimental work involving the scale

of turbulence and eddy diffusivities for small solid particles in the

relatively isotropic homogeneous turbulence in a wind tunnel.

In order to simplify the problem for liquid-liquid dispersions,

Baron, Sterling, and Schueler (5, p. 106) have suggested that it

may be possible to handle some incompressible two-phase systems

by the methods already developed for single phase flow. They

proceed by considering the equations of motion (Equation 1) and

investigate the restrictions on the size of the volume element 5V

such that a single equation might be applicable to the flow of the

two-phase dispersion. Their first restriction arises from the

definition of the density

lim (29)6vo ov
For a single phase fluid the limiting process may be carried out in

the usual manner at any point in the fluid. However for a two-phase

mixture the definition of the effective density should perhaps be

written

Pé = V > 5V11 (30)



av /av
Ox << 2 -;i ax2

again with similar inequalities for Oy and Oz.

characteristic dimension of the region of viscous flow by P and a

characteristic velocity by U' they write

14

where the minimum volume element should be large enough to

contain a representative sample of both phases. This implies that

the characteristic dimension of OV must be larger than the

characteristic dimension of the dispersion. It is quite probable

that this restriction is too severe for the usual case of liquid-liquid

dispersions in which the difference in densities of the separate

phases is often small. A restriction on the maximum size of OV

arises from consideration of the stress term in Equation (1).

Baron, et al. show that this equation applies only if
a a 2T

<< 2 ax / ax2
(31)

with similar relations for Oy and öz. They continue with the

derivation of the final form of the equations of motion and in relating

the stress and deformation tensors show that a similar restriction

on the size of Ox, in terms of the velocity gradients, must be ful-

filled. This gives

(32)

Denoting the



a
d Pd U /D

c Ud
Re c

<1 (35)

where d represents the characteristic dimension of the dispersion

and D represents the characteristic dimension of the apparatus. As

examples of this criterion they show that for a liquid-liquid mixture

flowing in a four inch pipe at a continuous phase Reynolds number of

10, 000, the characteristic dimension of the dispersed liquid must

be less than a millimeter, while for a dispersion of water particles

15

= x/l' , = U/U'

then -i--' 1 ' 1 (33)

and d << ôx<< 1 (34)

thus concluding that the characteristic dimension of 6V must be small

compared to the characteristic dimension of the region of viscous

flow.

One further consideration is required. Assuming a volume

element can be chosen in accordance with the above conditions, it is

necessary that all particles within this volume be subject to the

same accelerations when acted on by forces appearing in the original

derivation of the equations of motion. Baron, Sterling and Schueler

consider the ratio of inertia forces acting on the dispersed phase

to the drag forces acting on the dispersed phase and arrive at the

following condition for applicability of a single phase treatment
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in air flowing in an eight inch pipe at a continuous phase Reynolds

number of 1, 000, 000, the characteristic dimension of the water

particles must be less than six microns. Thus a single phase treat-

ment would not be applicable to the flow of most liquid-vapor disper-

sions encountered in industry but for the case of liquid-liquid disper-

sions the method appears quite promising.

Soo, Ihrig and Elkouh (80, p. 609, 60) have experimentally

and theoretically investigated the relative intensities or velocities

for the flow of glass beads in air. They worked in the isotropic,

homogeneous turbulence in the center of a wind tunnel. A basic para-

meter relating particle and stream motion, similar to the group in

Equation (35), was defined by

The quantity <u2 > 12 is the mean square value of the fluctuating

component of the stream velocity. The results of Soo, et al. indicate

that there is negligible relative motion between the particles and the

fluid for values of K less than 0. 3.

Baron, Sterling and Schueler chose for the characteristic

dimension of ôVmax a dimension introduced by Kolmogorov as a

measure for the region of viscous flow in a turbulent field. Batchelor

(6, p. 533) has presented an excellent review paper of the work of

1/ /.i '\/2 '\

\Pc

number, d <u2>

'6
1/

2 Pc/Ic

ir - jPp\
18 e

\-
where Re denotes the particle Reynolds
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Kolmogorov, in which the theory of local isotropic turbulence is

described. Turbulence has been described as a series of whorls or

eddies in which the large eddies cause formation of slightly smaller

eddies, transferring most of their kinetic energy in this process

and dissipating little in the form of heat. The smaller eddies generate

yet smaller eddies until ultimately most of the turbulent energy is

dissipated by viscous action in the smallest eddies. Kolmogorov

reasons that the size of the smallest fluctuations in the turbulent

field are independent of the size of the large eddies from whence

they came. Thus the size of these minimum turbulent fluctuations

can depend only on the kinematic viscosity of the fluid and the rate

at which energy is being dissipated. Denoting the energy dissipation

per unit mass by E and the kinematic viscosity by v, the only way a

quantity with the dimension of length can be derived from these two

factors is given by

1k = E

1/4 3/4
(37)

and this 1k is the Kolmogorov length. This length is also referred

to as the microscale of turbulence. Kolmogorov states that when

regions of this dimension or smaller are considered, the motion is

randomly determined and independent of the large scale motions of

the fluid. He uses the term Hiocally isotropic" in describing the

small scale motion within regions of 1
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Baron, et al. show that for a 50 volume percent dispersion

of carbon tetrachlo ride in water at a Reynolds number of 40, 000,

this length is approximately 60 microns. Their paper contains the

results of an experiment designed to illustrate the application of the

techniques described in their paper. Dispersions of carbon tetra-

chloride in water, under turbulent flow conditions were shown to

have friction factors which increased with dispersed phase concen-

tration. Since these curves could be matched with a reference

curve for pure water by the assignment of an effective viscosity it

was assumed that the dispersions could be treated as a single phase

fluid. The results in this investigation are not as conclusive as one

might desire since the friction factor curves are drawn through the

points in a somewhat arbitrary manner and the drop size determina-

tion was carried out by 'visual observation" which indicated that

the particle sizes were "less than one-tenth of a millimeter. " A

criterion such as that proposed by Baron, Sterling and Schuler

would be very useful in the study of two-phase flow and one of the

aims of the present work is to place their theoretical development

on a firm experimental basis.

Cengel, et al. (15, 16) have studied the laminar and turbulent

flow of unstable liquid-liquid emulsions, using the petroleum solvent

also studied in the present work. In vertical turbulent flow all
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dispersions behaved as Newtonian fluids and the measured friction

factors were used to calculate effective viscosities. The 35 and 50

percent dispersions in horizontal flow exhibited non-Newtonian

characteristics and had effe ctive viscosities considerably higher

than the same dispersion in vertical flow This behavior is believed

to be due to phase separation resulting from the horizontal configura-

tion. Included in this work were orifice calibration data which

indicated that the standard orifice equation (16. p. 339) could be

used to predict the flow rate of this dispersion up to 50 volume per-

cent solvent in water dispersions with the orifice coefficient

C = 0.61.

Velocity.and temperature profiles for an unstable liquid-

liquid dispersion in vertical turbulence flow have been obtained by

Faruqui and Knudson (29, 30). It was concluded that the dispersions

could be treated as Newtonian fluids and an effective viscosity for

each concentration was determined using the universal velocity dis-

tribution for the turbulent core. This viscosity successfully corre-

lated the friction factor data. The temperature profiles indicated that

the dispersions behaved as a single-phase fluid with a Prandtl number

equal to that of the continuous phase with its properties evaluated at

the film temperature (average of bulk and wall temperatures). The

heat transfer coefficients could be correlated with the usual Colburn



20

j factor equation using the Prandtl number of the continuous phase

at the film temperature and the Reynolds number based upon the

effective dispersion viscosity. The results of Cengel et al. and

Faruqui and Knudsen were limited to dispersions in which the organic

phase had a viscosity equal to that of the continuous water phase.

Non-Newtonian behavior has been observed for many two-

phase systems (1; 8, p. 54; 15, p. 10; 16; 22, p. 189; 44, p. 20;

58; 60). For solid-liquid suspensions it appears to be the rule

rather than the exception. As an example, Maude and Whitmore (57)

studied the turbulent flow of suspensions of fine emery powder in

water. They treated the suspensions as Newtonian fluids and found

that the friction factors were less than would be predicted by

Equation (16). On the basis of the results of Dodge and Metzner (22)

and Shaver and Merrill (75) (Equations 22 and 27) this would indicate

a pseudoplastic behavior (n> 1). This type of non-Newtonian behavior

is characterized by a decrease in viscosity with shear rate. It is

usually observed in the flow of suspensions, although often only in

the laminar region. An increase in viscosity with shear rate is

referred to as dilatant behavior. Becher (8, p. 56) in his extensive

treatment of emulsion technology, states that dilatancy is apparently

quite rare in emulsion systems.



Viscosity of Suspensions

The viscosity of suspensions or dispersions is a complex,

challenging problem from both the experimental and theoretical

point of view. Although there is a large body of literature on this

subject, the prediction of an effective viscosity for a system which

has not previously been studied is still only an approximation.

The number and diversity of theoretical and empirical equations

results from the large number of variables which have been found

to affect the viscosity of a two-phase dispersion. Finnigan (31,

p. 75) lists the following:

Concentration of the dispersed phase

Rate of shear

Viscosity of the continuous phase

Viscosity of the dispersed phase

Size of the dispersed particles

Shape of the dispersed particles

Size distribution of the particles

8)Interfacial tension exhibited by the particles.

In addition, electrostatic effects may be important. Ward and

Whitmore (93) have observed a noticable effect for the case of a

polar liquid dispersed in a non-polar continuous phase.

21
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Most of the early experimental and theoretical work concerned

suspensions of solids, especially the case of a dilute system of uni-

form spheres. This led to equations involving only the volume

fraction of the dispersed phase. The first and best known is Einstein's

mathematical treatment (24, p. 300; 25, p. 592) which led to the

result:

c (1 + 2.543) (38)

where = effective viscosity of the dispersion

Ic = continuous phase viscosity

and = volume fraction dispersed phase.

This equation represents a limit as the concentration approaches

zero and is not considered applicable at volume fractions greater

than 0. 02 (8, p. 59). Other investigators have expanded this equation

into polynomial form so that it could be used at higher concentrations.

Some have retained the linear term coefficient of 2. 5 while others,

arguing that the constant did not have any significance for polydisperse

systems, have chosen other values to represent their data. Other

forms of equations have been proposed. The literature in this field

has been well covered by other investigators and no attempt at a

complete discussion will be included here. Table 1 summarizes

many of the equations which have been proposed. Several interesting

review articles are available (5, 15, 31, 32).



Table I. Expressions for effective viscosity.

2. e = cU + 2. 5 + a2 + b3)
e. g.

2a. e c (1 + 2. 5 + 7. 3 + 16.

3.

3a. e = c (1 + 4. 5 + l22 + 25)

Pe = Pc (1 + 5. 5cfi) Happel (40)

1. 25
e = c [i +

1 - 1. 35
2

Eilers (23)

8. FLe = ic exp [2. 54 (1 - k)] Mooney (5, p. 112)

Einstein (24, 25) Uniform spheres, <0. 02

(23, 27, 56, see 15 and 32) 7.17 a 14. 1; 8.8 b 40

Has shown some agreement
Vand (90, p. 298) with other systems.

(15, p. 13; 27; 42; 93)

Kunitz (51)

1. 5 K 18

Most representative of
above.

4i is an interaction constant
ranging from 1. 0 to 4. 07
as 4 goes from 0. 0 to 0. 5.

k assumes values deter-
mined primarily by the
geometric packing.

Equation Reference Remarks

e = (1 l/3)l Hatschek (42)

6. e = (1 - h')1 Sibree (77) h is a Ttvolume factor'1

9 Pe = exp (a) Richardson (67) 'ta" depends on the system
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It may be noted from these equations that the viscosity of

a two phase system is not an additive property but increases with

the dispersed phase concentration, For solid-liquid systems this

increase becomes very steep as the system approaches the volume

fraction corresponding to the closest possible packing of the sus-

pended particles. This concentration has been called the "settled

volumet' and at this point the viscosity becomes infinite. For liquid-

liquid systems the viscosity increases to a maximum point, where

inversion takes place, i. e. the dispersed and continuous phases are

reversed. This point is difficult to measure due to the instability of

the system. The concentration at which inversion occurs depends

on the physical properties of the two phases, the manner in which

the concentration is approached, and the physical or mechanical

manner in which the system is being handled. Selker and Sleicher

(74) discuss the factors effecting which, phase will disperse when

immiscible liquids are stirred together.

The effective viscosity in most suspensions decreases with

increasing shear rate, i. e. , they exhibit a pseudoplastic behavior,

but the decrease is asymptotic and approaches a limiting value some-

times referred to as F'. The magnitude of this effect varies as

does the flow rate at which viscosity becomes essentially constant.

Alves (1) concluded that FJwas reached before the turbulent region



25

but this has not been shown to be true for all systems. For disper-

sions of the light petroleum solvent in water employed in this and

previous investigations, the viscosity became constant at a

Reynolds number of 1400 (based on effective viscosity) (16, p. 337).

Taylor (82) was the first to consider the effect of dispersed

phase viscosity. He theoretically extended the Einstein equation to

apply to a liquid dispersed phase at low concentrations. Empirical

equations have been given by:

Leviton and Leighton (15, p. 15), for oil in water emulsions,
Iein -
}.Lc

Vermeulen, Williams and Langlois (92, p. 81), for liquid-liquid

dispersions,

=J±_ ['+ l.5d
]cd

and Miller and Mann (59, p. 719) and Olney and Carison (66, p. 475),

for mixing of immiscible liquids,

Ie = (Id) (c) (42)

A recent and more extensive theoretical treatment has been given

by Oldroyd (64, p. 122). He presents the set of equations

d + 0. 4 cdc ) (
+ 5/3+1h/3), (40)

(41)



= Ic

x
a(l6i.L +

1
- 4O( +

a(l6iic + l9p.)
= 4O(c+dI

1 +
cl

1c + 5/2 F.Ld Q(2)+

1 + \

3 c + 2 + c

3 c + 2 -

(i6 + 19Id)
+ Fd)

+ l9Id)
+ Pd)

(44)

where i denotes the viscosity at low shear rates, L is a measure

of the rate of shear, a is the droplet radius and Ois the interfacial

tension. The results for low rates of shear (Equation 43) is the

same as derived by Taylor. The assumption in this derivation are

the same as those used by Einstein and Taylor, i. e. , a dilute suspen-

sion of small uniform spherical droplets with no interaction. Despite

these restrictions, his results are a step forward since they include,

at least in part, the effects of drop size, rate of shear, and interfacial

tension. In addition, the effects predicted by his equations agree

qualitatively with some of the observed viscosity behavior of disper-

sions.

The particle size and size distribution have been found to

effect the viscosity of a dispersion. Roscoe (70, p. 268) has devel-

oped two empirical equations, one for the viscosity of a suspension

of many sized particles,

26

(43)
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= Lc (1
-2.5

(45)

and another for suspensions of uniform spheres,

= (1 - 1.35 r2.5 (46)

These predict a higher viscosity for suspension of uniform spheres

at equal concentrations. Similarly, Ting and Luebbers (85, p. 111)

and Ward and Whitmore (93, p. 286), working with suspensions of

solid spheres, concluded that viscosity was independent of absolute

sphere size, but dependent on size distribution, decreasing with

increasing size range. From experimental data on real emulsions,

Richardson (67, p. 412) concluded that the apparent viscosity of

emulsions having the same concentration and the same size distribu-

tion about a mean diameter was, inversely proportional to this dia-

meter. An increase in viscosity with decreasing particle size has

been noted by other workers (8; 42; 77).

The importance of drop size distribution has been brought

out in a recent article by Moreland (60) who studied the flow of

suspensions of coal in a mineral oil. He first noted that as the

particle size decreased during his experiments (due to attrition)the

effective viscosity increased slightly. However when a mixture

comprised partly of the used coal and partly of a fresh batch was

pumped the effective viscosity decreased to a value of less than that

observed for the fresh sample alone. This effect was not further
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investigated as part of that particular paper but preliminary research

indicated that the greatest reduction of viscosity could be achieved

by a distribution which contained 60 to 70 percent of the particles at

a high or large diameter and the remaining 30 to 40 percent with

diameters approximately one-tenth that of the larger peak. He

also reports that at least one Canadian coal company has success-

fully reduced the pumping cost for powdered coal by adjusting the

size distribution.

In a recent article, Ford (32, p. 1168) reviewed some of the

theoretical and empirical relationships which have been developed

for the viscosity of suspensions. He proposed that these results be

expressed in terms of relative fluidities (I.Lc/pe) rather than relative

viscosities since fluidity-concentration curves remain linear over

a much larger range. In addition, this has the advantage of

restricting the range of the dependent variable from zero to one.

For solid suspensions, this gives a definite intercept on the concen-

tration axis when the viscosity approaches infinity.

Behavior of Dispersed Droplets

The behavior of a drop of one liquid suspended in another can

be described in two ways. The first involves the slow motion of the

droplet relative to the fluid brought about, for example, by a density
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difference between the liquids. This subject is covered in books by

Batchelor and Davies (7, p. 60) and Levich (33, p. 395) and in

recent articles by Hu and Kinter (46) and Elzinga and Banchero (28).

For vertical turbulent flow of liquids with similar densities this

relative motion is negligible. One special case of relative motion

may be of interest however. Goldsmith and Mason (36, p 448)

studied the flow of suspensions through tubes at very low flow rates

and concentrations. They show that the forces present on a deform-

able liquid drop in laminar flow result in a net motion of the drop-

lets in the negative radial direction, i. e. away from the wall.

Their theory and observed data show that the rate of drop migration

increases with drop size, flow rate, and radial distance.

The second type of behavior concerns droplets dispersed

in a turbulent field. Two types of turbulent fields have been investi-

gated: turbulence in agitated or stirred tanks and turbulent flow in

a pipe. Rodger, Trice, and Rushton (69) and Vermeulen, Williams,

and Langlois (92) have obtained experimental data on average drop

size for the. mixing of two immiscible liquids in a stirred tank. A

light transmittance method was used to measure the average drop

size. Equations were presented which correlated the average drop

size with the physical properties of the liquids and the power input.

However, these equations are limited to a particular geometric
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configuration, Shinnar and Church (76) compared these experi-

mental data with the theoretical equations of Kolmogorov (50) and

concluded that the latter's work provided a theoretical justifica-

tion for scaling up dispersion equipment on the basis of equal energy

input per unit mass; however, geometric similarity is required.

Two different cases were noted; the first set of equations were

developed for cases in which the particle diameter was very much

greater than the microscale of turbulence. (Equation 37), and the

second set applying for droplet diameters which were very much less

than the micro scale of turbulence. In all of these equations an un-

known constant was included which has to be determined from experi-

mental data and is applicable to the particular geometry of the sys-

tem. . Kolmogorov's treatment assumes local isotropy but Shinnar

and Church point out that isotropy on a large scale (e. g. on the

order of the characteristic dimension of the apparatus) is not neces-

sary for local isotropy to exist. Only two assumptions are required:

a high Reynold's number of the main flow and a macroscale of turbu-

lence very much larger than the micro scale. Sullivan and Lindsey

(81) point out that in a stirred tank the local rate of energy dissipa-

tion varies greatly from one point to another. Thus a wide distribu-

tion of particle sizes is present in such dispersions. They contend

that knowledge of this size distribution is more important than
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average energy dissipation in characterizing the agitation in a

mixing vessel and use a light scattering technique to measure app roxi-

mate size distributions for several conditions of agitation. Their

results show that there are two peaks or maxima in the size distribu-

tion curves. A light scattering technique does not, however, indicate

the relative height of these maxima. When the energy input to a

particular liquid-liquid system is increased the average drop dia-

meters are decreased. The shift in the maximum corresponding to

the larger diameter agreed with the theoretical approach of

Kolmogorov as applied to stirred tanks by Shinnar and Church.

However, the shift in the location of the second or lower diameter

peak did not agree. This was explained by the fact that the larger

peak, at approximately 33 , was sufficiently larger than the micro-

scale of turbulence and thus met the requirements of Kolmogorov's

theory, whereas the lower peak, at 1 to 2 .i, was essentially the

same order of magnitude as the microscale. At present, there are

no theoretical approaches available for treating turbulent processes

which occur in this region. In terms of predicting particle size,

the results of stirred tank investigations are not easily applied to the

case of turbulent pipe flow. However, they do point out some of the

difficulties that might be encountered in attempting to treat non-

isotropic types of turbulence by the theoretical approaches of
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One final observation can be made on the effect of dispersed

phase viscosity as determined by mixing tank investigations.

Rodger, Trice and Rushton showed that in contrast to data published

elsewhere (20; 83; 87) the effect of increasing drop phase viscosity

was a decrease in drop size. The work of Sullivan and Lindsey

agreed with that of Rodger, et al.

Taylor (82) was the first to consider the deformation and

breakup of liquid drops in a flow field. He derived the theoretical

equation

max = a 1Lc

l6td+ l6Lc
+ l6.Lc
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(47)

where a equals the maximum velocity gradient in the flow field and

ifis the interfacial tension. This equation predicts increasing drop

diameter with increasing dispersed phase viscosity, but the effect

is small since the viscosity group (in brackets) only varies from 1. 0

to 0. 84 as the dispersed phase viscosity goes from zero to infinity.

In a later paper (83, p. 501) Taylor described an experimental study

of the deformation and breakup of large, single droplets (0. 3-1. 0 cm.

diameter). He found that the breakup depended strongly on the type

of flow field in which the drop was suspended. For example, a large

drop (with p.d/}.ic = 20) could be deformed and broken up when placed

in the center of hyperbolic flow field. This same drop, when placed
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in a linear field (constant velocity gradient), retained its spherical

shape and merely rotated, even when the velocity gradient was

increased to several times that existing in the hyperbolic field.

The flow field dependency decreased with decreasing dispersed

phase viscosity.

Clay (20) experimentally investigated the behavior of dilute

stable and unstable liquid-liquid dispersions. Using a photographic

method he determined drop size and drop size distributions for two

different types of turbulent fields. The majority of his measurements

were taken in a umodel arrangement which consisted of flow in the

space between two coaxial cylinders, the inner one rotating. A few

measurements were taken in a flow system consisting of two straight

four-inch pipes, 24 feet long and connected at one end by a large

piece of curved tube bent over 180° (radius of curvature 2. 8 feet).

At the other end the tubes were connected by a centrifugal pump

whose rotor radius (nine inches) was assumed large enough so that

the hydrodynamic field in the pump did not disturb the emulsifying

properties characteristic of the turbulent flow through the tubes,

Clay made two runs with a concentration of 12 volume percent and

six runs at a concentration of 3. 8 volume percent. The time, flow

rate, and concentrations were not systematically varied and few

conclusions can be drawn from these results. Drop diameters were
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in the range 20-1600 microns in the model arrangement and 2-240

microns in the circuit, The distributions were all similar, having

a single mode which was skewd towards the lower diameters.

Typical distributions for both arrangements are shown in Figure 1.

0. 2

0
Pipe 0

Model 0
Diameter, microns

Figure 1. Typical drop size distributions as determined by Clay.

Further experiments in the circuit or flow arrangement were

probably discontinued because, as Clay noted, Ttthe liquids were

polluted somewhat during a series of measurements because rust

particles, etc. left the wall. H

Clay was interested in the mechanism of emulsion formulation

and he uses his data to discuss the two elementary processes which

50
250

100 150
500 750
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give rise to any given drop size distribution, i. e. , drop breakup

and coalescence. For the process of coalescence he gives two

possibilities: when the forces occurring during a collision break

the coherence of the surface of the droplets, they may coalesce

directly; or, after the collision the droplets may cling together by

cohesive forces and if they remain in contact long enough, will

coalesce. In the later case it is a question of whether the cohesive

force will be able to withstand the hydrodynamic forces which tend

to reseparate the droplets. The hydrodynamic forces in a turbulent

field are exceedingly complex and the cohesive forces depend strongly

on the physicochemical properties at the surface of the drops. Clay

concluded that no definite statements could be made concerning the

coalescence in his systems except perhaps that in the circuit arrange-

ment the change in crop size distribution with time reflected a co-

alescence by the cohesive type while both types were observed in the

model arrangement. In all cases where the Reynolds number of the

system was suddenly lowered, Clay concluded that the bursting

process practically disappears for a short period. A new equilibrium

is established slowly (3 0-60 minutes) but often a few large droplets

make their appearance rather soon. When a higher Reynolds number

was imposed the equilibrium was established in just a few minutes.

For the drop breakup Clay proposed two possibilities. The
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first was that investigated by Taylor, i. e. the bursting of the drop

due to a velocity gradient. Clay further divided this mechanism

into breakup resulting from a velocity gradient in a laminar flow

field or that resulting from a difference in velocities in a turbulent

field. The second type of bursting process occurs when the pressure

at the surface of a drop locally falls to a certain value below the

mean pressure, causing a local deformation of the droplet surface

in the form of a tiny proturberance, which may lead to separation of

a small droplet. Clay concludes that this latter method gives the

best agreement for the drop size distributions which he obtained, He

further concludes that the breakup of drops by strictly laminar

shearing action does not occur. In addition, Clay found that the

homogeneity of the dispersions (which he defined as the occurrence

of a relatively low number of small droplets) was promoted by a

higher volume concentration of the dispersed phase and a higher

Reynolds number.

Investigation of the coalescence process has just begun.

Shinnar (97) considers it unlikely that two crops coalesce immedi

ately on collison. He supposes the existance of an attractive force

between two droplets which holds them together long enough for the

layer of continuous phase between the drops to be squeezed out.

Coalescence then takes place. Coalescence rates have been
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measured by Madden and Dame rell (55) for a very dilute (0, 1.0 7

volume percent) dispersion in an agitated tank. They found that the

frequency of coalescence varied as the square root of the volume

fraction. Howarth (96) proposes an equation for the frequency of

coalescence of uniform drops in a field of homogeneous, isotropic

turbulence. The equation is based on the assumption that coales

cence occurs only upon collision and only when the relative velocity

of the colliding drops exceeds a certain critical value, w*. His

expression for the coalescence frequency, V, is given by

v,

1/2

exp (48)

where v2 is the mean square turbulent velocity fluctuation, d is the

drop diameter, and dc is the collison diameter. The variation of the

coalescence frequency with the square root of the volume fraction is

in agreement with the data of Madden and Damerell.

Hinze (44) has attempted to organize and classify the various

types of deformation of droplets and flow patterns which result in

drop breakup. He considers three cases of drop breakup: Taylor's

experiments on the breakup of a drop in simple types of viscous

flow, breakup of a drop in an air stream, and emulsification in

turbulent flow. The variables controlling deformation and breakup

which he considers are a shear stress T, the diameter of the droplet,



d, the surface tension, 0, and the viscosity and density of the

dispersed phase, d and Pd These give rise to two dimensionless

groups: The Weber number

NWe =

and a viscosity group

N.=vi

dT

Id
'JPd Od
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The Weber number represents the ratio of a shearing or disruptive

force to an interfacial tension or restorative force. Hinze proposes

that the maximum stable drop size in a particular flow field is

characterized by a certain critical Weber number. This number

depends only on the type of flow field and the magnitude of the viscosity

group. For turbulent flow he uses the quantity pv2 for the shear

stress. The velocity term v2 represents an average value, taken

over the whole flow field, of the squares of the velocity differences

occurring over a distance equal to dmax. To evaluate this quantity

Hinze applies Kolmogorov1s energy distribution law for regions

larger than the microscale in the form

= C (Ed )4/3 (51)1 max

For systems in which the effect of dispersed phase viscosity on

breakup is small, he combines Equations (49) and (51) to give
3/5 4/5

d E = C (52)max s-,,)
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where C is an experimentally determined constant.

Kolmogorov had earlier obtained this same result. His

theories on turbulence involve two regions, one in which the scale

of the eddies is larger than the microscale of turbulence (Equation

37) and another in which the dimensions of the fluctuation.s being

considered are less tha.n the microscale of turbulence. The latter

characterizes the locally isotropic turbulence which was referred

to earlier. In the larger region the turbulence pattern is determined

only by the energy input per unit mass, c, and in the smaller regions

is determined both by E and V , the kinamatic viscosity of the con-

tinuous phase. Kolmogorov also gave an equation for drop sizes in

this smaller region (Equation 54).

If these results are to be applied to non-isotropic turbulent

motion, such as that occurring in turbulent flow in a pipe, it must

be assumed that the turbulence is practically isotropic in the region

of wave lengths comparable to the size of the largest drops. In addi-

tion, turbulent flow in a pipe is not homogeneous and the energy input

and dissipation are not constant across the tube. Although local iso-

tropy is often assumed for the turbulence in a pipe, Equation (52)

applies to the larger spectrum (d > 1k) and the drop size determined

by this equation is a function of the pipe radius. Hinze assumed that

the powerful diffusive action of turbulence caused the average size
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of the largest drop in the whole field to correspond to the average

energy input across the field and used Equation (5z) to correlate the

drop size data obtained by Clay in his model arrangement.

Levich (53, p. 395) reviews the Russian work on breakup of

droplets in a turbulent field. He points out that the equation for

droplets in the range larger than the microscale of turbulence as

derived by Kolmogorov was presented in a distorted form in his

text, due to a typographical error. He shows that the equation for

dmax should be written

2[z
dmax = L2/5(k

)3/5

where L is the macroscale of turbulence (e. g. , a pipe diameter)

and kf is a constant. He then cites a Russian work by Rozen who

gave an empirical formula for the average drop diameter

-0. 5-0. 6

which is very close to Equation (53). Levich then points out a con-

tradiction in the Kolmogorov formula for drops smaller than the

microscale of turbulence, This equation can be written

p

He shows that the quantity

'/3

(53)

d<<lk (55)

is always greater than one while

U
(54)
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Equation (55) is valid, by assumption, for d very much less than

Levich then examines the breakup of drops caused by turbulent

eddies in the non-homogeneous turbulent flow near the walls of a

tube. In the turbulent boundary layer or transition zone he notes

that the eddy velocities vary in the same way as the average velocities

and uses a logarithmic expression for the average velocity to

determine the difference in dynamic pressures exerted on the two

sides of a drop. For regions near the wall (y < ô) he derives the

formula

(dmax 'wall
L/ /y
U \1 p

(56)

The size of the drop is found to be proportional to 1/U and decreases

as the wall is approached thus giving rise to a distribution of drop

4sizes. For a Reynolds number of 10 he predicts that the smallest

possible drop that can be formed is on the order of four microns.

He concludes that Tnt would be very important to conduct more accu-

rate measurements of the dependence of drop size distribution on the

velocity of the liquid.

Baranaev, Teverovskii, and Tregubova (4) studied the sizes

of drops formed in a turbulent field when a thin liquid jet (0. 2 centi-

meter diameter) with a viscosity of about one centipoise was intro-

duced into a turbulent stream of water in a tube 1. 5 centimeters in

diameter. The Sauter mean diameter (Equation 60) at a point 120
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tube diameters downstream was found to decrease from 280 to 140

microns as the Reynolds number was increased from 1. 7 x i0 to

4. 5 x iO4. The smallest drop size observed was approximately one

micron in diameter. The decrease in diameter with velocity is less

than that predicted by Equation (53). It is possible, as the authors

point out, that for the higher flow rates the length of the tube was

insufficient to insure an equilibrium value of the average diameter.

A recent paper by Sleicher (79) has done much to clear up

some of the problems which had been encountered up to this point.

In a series of well-run experiments he investigated the maximum

stable drop size in turbulent flow in a pipe. The maximum diameter

for a given velocity was determined by making a series of runs at

different velocities with drops that were initially the same size. It

was found that the fraction of drops which broke up was very sensitive

to the velocity. His data show that the maximum drop size depended

on the -2. 5 power of the velocity. This can be used to show that the

length of tube used by Baranaev, et al. , was insufficient to reach

equilibrium. Hinze (44) pointed out that when the dispersed phase

viscosity is sufficiently small, it will have no effect on drop breakup.

Sleicher assumed that dispersed phase viscosities in the range 0. 6

to 1. 1 centipoise were low enough to have only a small effect on drop

breakup and plotted dmax versus interfacial tension, arriving at the
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result that the maximum diameter is proportional to the 1. 5 power

of this parameter. These results differed greatly from those

predicted by Hinze and Kolmogorov. To fit his equation (Equation

52) to Clay's data Hinze rearranged as follows:

Pc °max 7 c-C

and plotted one group against the other on logarithmic coordinates.

Sleicher points out, however, that the scatter of points along the

line was due to the variation in physical properties and not to the

variation of dmax. He then uses Clayts data to determine the velocity

and surface tension dependency. The maximum diameter was found

to be dependent on the -2. 5 power of the Reynolds number but the

interfacial tension dependency was less than a direct proportionality.

Sleicher states that the agreement between his data and that of Clay's

should be regarded as accidental since the flow field between the

rotating cylinders used by Clay is different than that for flow in a

pipe. This remains to be seen, however, since according to

Kolmogorov's theories the nature of turbulence becomes univeral

below a certain wavelength or dimension.

To show why the Hinze-Kolmogorov equations did not predict

the correct results for his own experiments, Sleicher studied the

breakup process by means of high speed motion pictures. He noted

(57)
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that in every case the breakup occurred very close to the wall where

the turbulence was least isotropic and homogeneous. In addition

none of the drops which passed through the center of the pipe oscil-

lated with the large amplitudes of many of the drops that passed near

the wall. Two types of breakup were observed, one in which the

drops broke into approximately equal parts and the second in which

a small drop was stripped from a larger one. The first type of

breakup occurred most frequently. It should be noted that the size

of the maximum diameter in these experiments vary from 0. 1 to 0. 8

centimeters. The Reynolds number varied from 1 x to 8 x in

a 1.5 inch I. D. pipe.

With a few additional experiments with liquids of higher

dispersed phase viscosity Sleicher added the viscosity group

UN.-Vi

and correlated his results within 35 percent by the equation

dmax c
'5

/cU = 38 (dU1+0.7
0. 7

(58)

(59)

In addition Sleicher predicts that the effect of pipe diameter should

be small as long as the drops are much smaller than the pipe dia-

meter and that higher dispersed phase concentrations would be ex-

pected to damp the turbulence and thereby yield a larger drop size.
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In a valuable piece of experimental information, Sleicher also found

that theprocesses of acceleration and deceleration did not cause

the dispersed droplets to breakup.

Scott, Hayes, and Holland (73) studied the formation of inter-

facial area when a mixture of water in kerosene was pumped through

an orifice. The interfacial area was measured with a photoelectric

or light transmittance device which had been calibrated photographi-

cally. For five different concentrations in the range 0. 02 to O 20

volume fraction, the area formed was found to depend on the 1. 47

power of the flow rate. The specific area is the area per unit volume

of dispersed phase and thus is inversely proportional to the Sauter

or volume-surface diameter, defined by

ii
d32 (60)

The specific area was found to be proportional to be 0. 85 power of

the volume fraction and the final correlating equation is given by
1.47/ \0.7350.85 í Pm

A = 1.67

where and D0 are the diameters of the pipe and orifice respec-

tively. In terms of the pressure drop across the orifice this equation

can be rewritten to give

0.85 0.735
A = 28Z {c P]
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where C0 is the orifice coefficient of discharge. The constant 282 is

independent of the density of the mixture and the diameter of the

pipe and is inversely proportional to the interfacial tension of the

water-kerosene system. It would be of interest to vary the fluid

properties in an experiment of this kind and, in particular, to deter-

mine the effect of dispersed phase viscosity. These workers also

.investigated the rate of coalescence downstream from the orifice

mixer. The specific area decreased by about a factor of 10 and

became constant approximately 220 pipe diameters downstream.

The rate of coalescence (as measured by the decline in the inter-

facial area) with respect to the distance downstream from the mixing

orifice was approximately proportional to the interfacial area. It

was also noted that changes in direction of the piping produced a

significant amount of coalescence. Since in its original position the

pipe was vertical this effect probably reflects a separation of the two

phases by gravity. Only one drop size distribution curve was given.

For a 10 percent by volume dispersion flowing at six gallons per

minute the drop diameters ranged from 20-250 microns with a sharp

peak at 50 microns. This was at a point seven inches downstream

from the mixing orifice.

The drop size distribution for liquid-liquid dispersions flowing

in a pipe is not well defined. From the limited data that is available



it appears to depend on the mechanical handling of the dispersion

and the pipe orientation. For several flow systems (20, p. 863; 72,

p. 144; 73) the distributions appear to have a single mode which is

skewd towards the lower diameters. They may be approximately

described by a log-.normal distribution Stable emulsions have been

found to be normally and log-normally distributed (8; 10). In a

recent article Schwarz and Bezemer (72, p. 139) develop a new

equation (the AmsterdamDistribution Equation) for the size distribu-

tion of emulsion particles. Their equation can be written

Vp
=

100
a a
X d

where X represents a largest drop diameter and the parameter a

indicates the spreador range of diameters, going from zero to

infinity as the distribution goes from extremely polydisperse to a

monodisperse system. This equation results in a straight line if the

logarithm of the cumulative volume percent (vp) is plotted against

reciprocal diameter. The authors compare their equation with the

log probability equation for several mechanically stable prepared

emulsions and also with the data taken by Clay in his circulating

turbulent pipe flow system. They conclude that while their equation

gives better results for some cases the log probability distribution

in general gives the best results. There is little difference between

the equations when comparing the experimental fit of the data or in
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predicting the Sauter mean diameter. In a mathematical treatment

of stable dispersions or dilute unstable dispersions the simplified

form of the Amsterdam Distribution Equation would be preferred.

The use of an upper size limit in distribution equations has also

been used by Mugele and Evans (62) in a three parameter, modified

log-probability equation which represented the droplet size distribu-

tion in oil sprays. Mugele points out that serious errors can result

if an upper limit is not considered (61).

Measurement of Drop Size and Distribution

Many attempts have been made to measure the drop size and

interfacial area in liquid-liquid dispersions. Stable emulsions are

investigated microscopically. Baranaev, et al. (4) have applied

this method to the study of drop breakup in turbulent flow by using

sufficiently dilute systems and adjusting the density of the dispersed

phase to match that of the continuous phase. Care must be taken in

removing the sample from the flow system. In addition, the mixing of

two liquids with differing physical properties (to achieve the required

density) usually results in a liquid whose physical properties vary

with time.

Langlois, Gullberg,. and Vermeülen (52), noting that light

transmitted through a dispersion was scattered, gave the relation



where

= BA + 1

10 is the incident light intensity,

[is the emergent light intensity,

A is the specific area, and

B is a constant dependent on geometry and liquid properties.

The constant B was considered to be independent of the volume frac-

tion of the dispersed phase. Cengel, Landsberg, Faruqui, and

Knudsen (17) attempted to use a photoelectric method to evaluate

dispersions of a light petroleum solvent in water in turbulent flow

in a pipe. They found that this method could be used to measure

concentrations only in the range zero to ten volume percent with the

readings changing but slightly with further increases in concentra-

tion. This was attributed to a secondary scattering of the light lost

at lower concentrations. It also appears that for their system the

method was fairly insensitive to changes in drop size and distribu-

tion. This could have been due to the fact that the drop sizes were

approaching the lower limit of a light transmittance method, which

has been shown to be valid only for drop sizes very much larger

than the wave length of the incident light. Since the wave length of

visible light is of the order 0. 6 microns the lower limit is probably

in the range 6 to 60 microns. Rushton (69) indicates a limit of about
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50 microns, Trice and Rodger (88) calibrated a photo...cell method

for measurement of particle size in a stirred tank. Actual sizes

were determined by photographs taken through the bottom of the

tank and the particle diameters were 50-Z000 microns. Vermeulen

et al. also used a photoelectric method in studying the mixing of

immiscible liquids in a stirred tank and Scott et al. used this method

in evaluating the performance of orifice mixers. All of these in-

ye stigato rs found a quantitative relationship between inte rfacial

area and transmitted light although these curves were not, in general,

linear. The results are independent of size distribution and reflect

only the behavior of the Sauter or volume-area diameter.

Light passing through a dispersion is scattered and the angle

through which an incident beam is scattered is dependent on the

size of the particle which scatters it. Sullivan and Lindsey (81) used

a light scattering technique developed by Sloan which locates the peak

in the drop size distribution curve and also gives an approximate

idea of the dispersity or size range present in the dispersion. The

transmittance of the incident light beam must be between 40 and 80

percent of the incident beam intensity, limiting the method to dilute

dispersions, and the particle size must fall in the range of 1 to 50

microns. In addition, it is necessary to remove a sample and pass

it through a separate apparatus. Lloyd (54) used a reflectance
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method to determine average drop diameters (3-23 microns) for

several stable cob red emulsions.

In the study of liquid-liquid dispersions it is becoming

increasingly apparent that not only an average drop size but also

the drop size distribution are important in describing and predicting

the behavior of two-phase systems. Thus far there is no method

which can compare with the photographic determination of these

quantities. However in photographing a flowing dispersion the

following difficulties arise:

1. The dispersion does not transmit light well due to the

high scattering power of the droplets. This effect in-

creases with increasing concentration and decreasing

particle size.

z. Magnification of the droplets is required. This in turn

magnifies the speed of the droplet relative to the photo-

graphic negative and a very short illumination time is

required.

The layer of dispersion droplets between the plane of

focus and the lens must be kept to a minimum in order to

avoid distortion.

In order to meet 1 and 3 above it would usually be

necessary to disturb the flow field. This must be done,
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however, without distorting the shape or changing the

size of the dispersed droplets.

Thus the study of large single droplets or very dilute dispersions

may be accomplished quite readily by photographic means, but the

problems increase rapidly as the concentration is increased and the

drop size decreased. In addition it is necessary to have a method

which is applicable over the wide range of diameters present in

many dispersions. Clay (20, p. 856) used a photographic method

and was able to obtain satisfactory results by keeping the concentra-

tion below five percent in both his model and his circuit arrange-

ment. Two runs were made in the circuit arrangement at 12 volume

percent but the size distributions were not presented. In the pipe

circuit the emulsion flowed through a four millimeter slit between

two lenses projecting from each side of the pipe. The smallest

average drop diameter was about 30 microns. In the model arrange-

ment, in which most of his measurements were obtained, the photo-

graphs were taken through a glass wall with the light transmitted

through about two centimeters of dispersion from the opposite wall.

Average drop diameters were about 200 microns. Scott et al.

photographed the oil-in-kerosene dispersions used in their orifice

mixer investigation. The photographs were taken through windows

in a flattened section of pipe (see Figure 6) and were used to calibrate
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a photoelectric device. Sleicher (79) has photographed large (0. 2..

0. 8.centimeter diameter) droplets in turbulent flow. No other

photographic studies of liquid-liquid dispersions in turbulent pipe

flow have been found.

Charles etal. (18) review the complexities inherent in the

study of two-phase flow and describe several of the techniques

available. Brown and Govier (12) have performed a motion picture

study of large (1/4-1/2 inch diameter) oil droplets in water in up-

ward vertical flow at low flow rates. Kinter et al. (48), present a

review of many of the techniques which have been used in adapting

photography to bubble and drop research, although most of these are

applicable for drops larger than 100 microns.
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EXPERIMENTAL PROGRAM

The research described in this report is part of a continuing

project being conducted at this University to characterize the momen-

turn and heat transfer properties of two phase liquid-liquid flow

systems. Previous work has included determination of effective

values of the viscosity for laminar and turbulent flow, and turbulent

friction factors, heat transfer coefficients, and velocity and tempera-

ture profiles for a dispersioi of a commercialsolvent in water. It

was decided at the outset of the present investigation that before

further data were accumulated it would be desirable to include the

drop size and drop size distribution among the properties that would

be measured. This information would certainly be necessary before

a more fundamental approach to transfer processes in a dispersion

could be attempted. Accordingly, the first goal was that of develop-

ing a suitable technique for the determination of drop size in an un-

stable liquid-liquid dispersion under conditions of turbulent flow.

After a photographic method had been developed it was in-

corporated into the apparatus which had been used in the previous

turbulent flow studies mentioned above. A criterion for treating two

phase mixtures as a single phase fluid, as suggested by Baron,

Sterling, andSchueler (5, p. 104), would be very useful in the char-

acterization of dispersions, but the experimental evidence
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accompanying their work was somewhat limited. Thus the second

objective of this investigation became that of re-examining their

approach and establishing results which have a firm experimental

basis. A third objective was to study the variation of effective

viscosity with concentration and dispersed phase viscosity and to

compare the data with the many equations which have been proposed.

A fourth goal was the accumulation of data on drop size and drop

size distribution which would show the effect of concentration, cir-

culation rate, time, and dispersed phase viscosity.

Three organic phases were chosen to give a wide range of

viscosity: the commercial solvent with a viscosity of 1. 0 centipoise,

a light oil at 15 centipoise, and a heavy oil at ZOO centipoise. The

light oil was studied most extensively. Friction losses, velocity

profiles, and drop size were measured at four dispersed phase con-

centrations (ten to fifty volume percent) and three circulation rates.

Preliminary results indicated that two circulation rates would be

sufficient for the heavy oil. The appearance of a secondary disper-

sion of water droplets in the large oil drops which were present with

this organic phase limited the concentration range to less than 30

volume percent. Turbulent flow data are available for the solvent-

water dispersion which indicate that the system behaves as a single

phase fluid at all concentrations and flow rates investigated. Since
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the single phase criterion involves only a maximum permissable

drop size, only the lowest flow rates (which give the largest drop

size) were used to obtain drop size data for this system. Photo-

graphic data were taken at one and five volume percent for all three

dispersed phases. For these systems the effects of coalescence on

the drop size should be considerably reduced and results similar

to those for stabilized dispersions or emulsions might be expected.

The best results from a photographic standpoint were achieved with

a five volume percent dispersion of the solvent and as a result all

the supplementary investigations were carried out with this system.

These include tests on the validity of the photographic arrangement

and measurements on the effect of the pump. Runs in which water

was dispersed in a continuous solvent phase were included at a

single flow rate and for water concentrations of five and fourteen

volume percent.

A summary of all the experimental runs is given in Table II.

The following system was used in identifying the runs. The first

letter designates the organic phase: S for solvent, L for light oil,

and H for the heavy oil. The next two numerals signify the nominal

concentration of the organic phase in volume percent. The last

letter differentiates between the various flow rates and of these only

A, B, and C hold any particular significance. For the light oil runs
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A signifies a circulation rate of approximately 1. 2 pounds per

second, B about 2. 4 pounds per second, and C about 3. 6 pounds per

second. Thus a run labeled L1OC would indicate a light oil disper-

sion of approximately ten volume percent flowing at a circulation

rate of about 3. 6 pounds per second.



Table II. Summary of experimental program.

Dispersed Phase
Nominal

Concentration
Actual

Concentration Drop Size Friction Factor Velocity Profiles
--volume percent--

Light oil 1 (1) x
5 (5) x

10 8. 5 x x Three flow rates
zo 16. 2 x x Three flow rates
35 33. 5 x x Three flow rates
50 46. 8 x x Three flow rates

Heavy oil 1 (1) x
5 (5) x x

10 8. 5 x x Two flow rates
20 16.8 x x Two flow rates
35 27 x x Two flow rates

Solvent 1 (1) x
5 (5) x

10 8. 5 x Obtained by Faruqui (29)
15 14 x Obtained by Faruqui (29)
20 19. 6 x Obtained by Faruqui (29)
35 34. 4 x Obtained by Faruqui (29)
50 49. 2 x Obtained by Faruqui (29)

Water (in solvent) 5 6 x x One flow rate
14 14 x



EXPERIMENTAL APPARATUS

A schematic flow diagram of the apparatus is shown in

Figure . The dispersion, consisting of an organic and a water

phase, was contained in the supply tank. A turbine pump circulated

the dispersion from the bottom of this tank through an orifice,

through one of the two test sections, through a small heat exchanger

and then back to the tank. One of the test sections was equipped to

measure friction losses, velocity profiles and concentration profiles

and the other contained the apparatus for photographing the flowing

dispersion. The two tubes making up the two test sections were

identical. The flow was switched between the test sections by a

solenoid valve located at the end of each section.

The organic phases were a commercial solvent (Shell Solv

360) and two clear, highly refined oils (Standard of California White

Oil Number One and White Oil Heavy). The physical properties of

these liquids and the methods used to determine them are given in

the Appendix.

Except for the addition of the second test section(to photo-

graph the dispersion) and the solenoid valves, the apparatus is the

same as that used by Faruqui (14), and a complete description is

given by him (14, p.. Z3- Z9). This was done so that advantage could

59
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be taken of the extensive fluid flow and heat transfer properties

which he measured for dispersions of the Shell Solv 360 in water.

In addition comparisons could be made with the other dispersed

phase liquids studied in the present work. A brief general descrip-

tion of the experimental apparatus is given below prior to a detailed

discussion of the technique developed to photograph the droplets in

a flowing dispersion.

General Description

To minimize corrosion problems (which would seriously

affect an investigation of this kind) all materials contacting the

dispersion were either stainless steel, copper, brass, or hard

rubber. All piping and fittings, except the test sections, were of

1-1/4 inch brass. Both test sections were 1 inch OD, 0. 830 inch

ID copper tube 9-1/2 feet long. The measuring devices, either pitot

tube or photographic window, were located 8-1/2 feet from the

entrance of these tubes.

The turbine pump, driven by a 1750 RPM three horsepower

motor, furnished a steady flow of the dispersion. The circulation

rate through the test section was varied by means of a valve on the

bypass line. This continuous pumping combined with a one-third

horsepower stirrer mounted on the supply tank maintained the
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dispersion in a well-mixed condition. Temperature control of the

system was effected by a Ross two-pass shell and tube heat exchanger

with cooling water supplied to the tube side. The velocity profiles

were measured with an impact probe made from 0. 049 inch OD and

0. 033 inch ID stainless steel hypodermic tubing. This probe was

calibrated for each run by integrating the velocity profile over the

tube and comparing the result with the measured flow rate, Pressure

taps were located 2-1/2 feet and 8-1/2 feet from the entrance of the

test section furnishing pressure drop information over a six foot

length. The latter of these also served as the static pressure tap

in the velocity measuring system.

Photographic Apparatus

The arrangement for photographing the flowing dispersion is

shown diagramatically in Figure 3 and pictorially in Figure 4. In

the latter the entire system has been removed from the rest of the

apparatus for the sake of clarity.

The window through which the pictures were taken was made

by milling off part of the copper tube wall until a slit three inches by

one-quarter of an inch was formed. The wall was then replaced by a

thin glass plate (microscope slide glass, one millimeter thick)

which was set in a Plexiglas block measuring 3 inches by 1-5/8 inch
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by 1/4 of an inch. A 3/4 of an inch diameter hole in the center of

this block allowed the objective lens of the microscope to be brought

up to the outside of the glass wall. The glass had to be sufficiently

thin to allow the plane of focus of the microscope to fall inside the

pipe.

A plexiglas block of the same dimensions was placed on the

opposite side and the unit clamped to the pipe using eight 1/8 of an

inch by 3 inch brass bolts. Epoxy resin cement was used as a

sealant after several conventional sealing and gasket materials

failed due to the ZO to 30 pound pressure on the system. To the

center of this second plastic block a plexiglas dowel 3/4 of an inch

in diameter and 3/4 of an inch long was glued as shown in Figure 3.

A hole extending through this dowel, the plastic block, and the pipe

wall allowed insertion of the glass rod which conducted light through

the dispersion. The rod was 5/3Z of an inch in diameter and 2 inches

long and extended across the diameter of the test section to within

two to five millimeters of the glass wall, depending on the concen-

tration of the dispersion being photographed. The higher the con-

centration of light scattering droplets, the closer the end of the light

source had to be to the plane of focus. Silicone grease formed the

seal between the glass rod and the dowel. A slit in the end of the

dowel and two 1/8 by 1/2 inch brass bolts formed a clamp by which
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the glass rod could be secured.

The photographs were taken with a Microstar Trinocular

microscope equippedwith a 35 mm photomicrographic camera

(Model 635), both manufactured by the American Optical Company.

The base of the microscope was removed and the microscope

attached to a heavy frame as shown in Figure 4. By removing the

condenser and the plastic tray or stage on which the microscope

slide usually sits, the microscope could be placed around the pipe

such that the objective lens was positioned in front of the glass

window while the back of the window assembly rested against the

focusable stage. The drops were then brought into focus by employ-

ing the play in the nine foot section of pipe. With the pipe resting

tightly against the focusable stage, movement of the coarse adjust-

ment knob resulted in a slight deflection of the entire pipe. The

image could be focused while looking through the binocular eyepiece

and then transferred to the camera by simply moving a prism.

Most of the pictures were taken with a ten power objective lens al-

though for a few runs this gave too large a depth of focus and it was

necessary to go to the 20 power objective. Since this brought the

plane of focus much closer to the wall it was done only as a last

resort.

The microscope support frame was constructed of 3/8-inch
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steel plate. Its large mass together with a 1/8-inch hard rubber pad

between it and the floor eliminated any noticable vibration and in-

sured that the pipe and not the microscope moved when focusing ad-

justments were made. Once focused the unit was stable for periods

up to several hours and it was rarely necessary to refocus while a

set of pictures was being taken. The frame itself was a box meas-

uring. 8-1/2 by 8-1/2 by. 18 inches. A large bracket at one end sup-

ported the microscope and was adjustable in the vertical direction.

Behind this bracket a vertical steel rod supported the lens system

which concentrated the light, while the box itself was used as a

platform for the light source.

An electronic stroboscope was used in order to get the short

flash duration necessary to stop the motion of the rapidly flowing

droplets. The unit was a Model 1531-A Strobotac manufactured by

the General Radio Company. The medium intensity single flash of

2. 2 million beam candlepower with a 1. 2 microsecond duration

(measured at one-third peak intensity) gave satisfactory results.

A strobe unit was particularly convenient for this application since

the problem of focusing as well as the photographic flash require-

ments were resolved with a single light source. While focusing it

was necessary to observe the image of the drops through the eyepiece.

However when a continuous light source was used the rapid flow of
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the dispersion appeared only as a blur. A single flash appeared

as just a bright flash of light with no detail whatsoever. By ad-

justing the flash rate (somewhere in the range of 600 to 4000 flashes

per minute) successive drop images which the eye could perceive

were obtained and these could be used to obtain the best photographic

resolution for that particular run. Then by switching the stroboscope

from continuous operation to the externally triggered circuit the

pictures could be taken directly.

Not all the light from the flash was utilized. The stroboscope

was placed about 16 inches behind the end of the glass rod and the

light concentrated with a lens system consisting of a 16 mm, three

inch, f/2 Bell and Howell projection lens. A slightly out-of-focus

image that covered the entire end of the glass rod was used. This

arrangement was arrived at in part by an optimization technique which

involved placing a phototube connected to a micro -microammeter in

the eyepiece of the microscope. By moving the position of the entire

stroboscope unit, the reflector around the bulb, and the lens until

the current was a maximum, the light available for taking the photo-

graphs was also maximized.

The photographs were taken on Kodak Tri-X Panchromatic

film which has an ASA rating of 400. This sensitivity was doubled

by slightly overdeveloping the film with Acufine film developer
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(Baumann Photo-Chemical Corporation). The 35 mm pictures were

printed on a glossy, high contrast paper (Kodabromide, F-5) meas-

uring five by seven inches which gave a total magnification of 1ZOX

for the ten power objective lens and 260X for the twenty power lens.

To measure the drop diameters a special ruler was constructed of

1/4-inch Plexiglas which read directly in microns for pictures taken

with the twenty power lens. Although most of the pictures were

taken with the ten power objective a ruler made to that scale resulted

in lines which were too close together to allow easy reading.

Additional Apparatus

Several other items were used in the supplementary experi-

ments which accompanied this investigation. The photographic

arrangement was first developed on a smaller and much simpler flow

system. This udesk tnodel", as it is subsequently referred to, is

shown schematically in Figure 5. Scotchlite glass beads, manufac-

tured by the Minnesota Mining and Manufacturing Company, were

used in conjunction with this system to test the validity of the photo-

graphic technique. The beads ranged in diameter from 5 to 115

microns with an average diameter of 43 microns; thus, the test was

conducted with spheres of the about same size as the droplets in a

typical liquid-liquid dispersion.
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In another experiment the usual window arrangement was

replaced with a window similar to that used by Scott, Hayes, and

Holland (73) which consists of a rectangular converging-diverging

section of pipe with glass windows placed on opposing sides of the

broadened pipe walls. The cross sectional area of this entire unit

is constant and equal to that of the test section tube to which it is

connected. A diagram of the modified device used in this investiga-

tion is shown in Figure 6. The glass rod in the rear window does

not project inside the pipe but was used in order to concentrate the

light into a strong, collimated beam.

Processing of the velocity profile and drop size data was

done with the aid of an IBM 1620 computer. Program details are

given in the section on Sample Calculations.
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PROCEDURE

The first portion of this section will describe the experi-

mental procedure associated with a normal operation in which photo-

graphs of the dispersion, a velocity profile, and friction factor data

were taken. The second will describe the supplementary experi-

ments which were performed to establish the validity of the photo-

graphic method and the method for determining the concentration

profile.

Normal Experimental Procedure

Before each run the system was flushed several times with

distilled water and then drained. When switching from either of the

heavier oils to another dispersed phase liquid the system was first

rinsed with light petroleum solvent and then with water. Distilled

water only was added to the tank and the pump turned on. After

filling the entire system with water the flow rate for that run was

set by first adjusting the valve on the bypass line from the pump and

then the valve at the end of the return line from the test sections.

The solenoid valve on the velocity profile test section was closed so

that flow was through the photographic section. All manometer lines

were flushed to remove any trapped air or organic phase.
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The pump was shut off and the organic phase added to the

tank. Altogether about 400 pounds of liquid was used and care was

taken to insure that the liquid level covered the two pipes which

returned the dispersion to the tank. This was done to prevent

foaming and to insure that no air was entrained when the liquid

returned to the tank. The stirrer was turned on for 15 minutes and

the two phases mixed and formed a coarse dispersion. At the end

of this time the pump was turned on and through the action of the

pump and the circulating system a milky white dispersion was

formed. To determine the change in drop size distribution with

time, photographs were taken for some runs at 5, 25, 120, 200, and

300 minutes after the pump had been turned on. These showed that

equilibrium (as evidenced by no change in drop size and distribution)

was normally established after 200 minutes and for runs in which

only the equilibrium distribution was to be determined the photo-

graphs were taken 300 minutes after the start of the pump.

Before the pictures were taken the strobe light was turned on

at about 4000 flashes per minute and the beam focused on the end of

the glass rod which conducted the light through the dispersion. The

flashing rate of the strobe was adjusted so that the microscope could

be focused after which the strobe was switched so that it could be

firedby the shutter mechanism of the camera. The prism was then
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moved so that the image entered the camera. For runs of less than

three pounds per second the short flash duration was sufficient to

stop the motion of the dispersed droplets. For rates higher than

this it was necessary to divert half the flow momentarily to the other

test section so that better resolution of the drops could be obtained.

This was done by activating the solenoid valve on the second test

section. The valve would open immediately and then close again by

gravity, the full cycle taking about seven seconds. About 20 pictures

were taken on one roll for any given set of conditions.

After the equilibrium photographs were taken the velocity

profile was determined. The manometer deflection, AH, was noted

for 20 to 25 positions across the tube diameter. It took from 5 to 25

minutes for the manometer readings to become steady, the time re-

quired being greatest at the low flow rates and also increasing with

dispersed phase viscosity. Temperatures of the system and the

manometer board were also recorded for each position. The system

temperature was controlled at 68±2° Farenheit by adjusting the

cooling water rate to the heat exchanger. A manometer with 1. 76

specific gravity oil was used for the low flow rates, a 2. 94 specific

gravity oil for the medium rates, and both the 2. 94 oil and an in-

clined mercury manometer for the high flow rates.

After completion of a velocity profile the pressure drop
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across the last six feet of the test section and the flow rate were

recorded. The latter was measured by using the rubber hose at the

end of the return line to divert the flow to a weighing kettle and then

noting the time required to collect a known weight, usually about 75

pounds, of the liquid. The dispersion was quickly returned to the

tank and additional friction factor data was taken at flow rate intervals

of 0. 2 to 0. 3 pounds per second for several flow rates above and

below that of the velocity profile. Thus the entire range of friction

factor data was not covered until all of the velocity profiles had been

measured; but, in this way all the readings were obtained at essen-

tially equilibrium drop size conditions.

Before the pump was turned off a two liter sample was taken

from the return line to the tank and a 250 milliliter sample was

taken from the concentration probe in the test section. These were

allowed to separate and were used to determine the actual dispersed

phase concentration.

Additional Expe riments

In addition to the normal runs several other investigations

were conducted to test the validity of the experimentalmethods that

were used. The desk model flow system shown in Figure 5 was used

to determine whether the photographic arrangement and subsequent
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data processing would reproduce a known drop size distribution.

Scotchlite glass beads, with diameters ranging from 5 to 115 microns,

were first photographed by placing them on a glass slide under a

normally positioned microscope. A picture of a micrometer slide

was also taken and used to make a ruler which gave readings directly

in microns. Twenty pictures were taken and the diameters of 2468

beads were measured. Next 4. 8 pounds of these beads were added

to water in the supply tank on the desk model to form a dispersion of

about five volume percent. The pump was turned on and pictures of

the flowing dispersion were taken with a photographic arrangement

of the same design as that used throughout this investigation.

Another test was conducted to determine if the droplets were

being broken up as they flowed over the end of the glass rod. This

would result in distributions which contained more small drops than

were actually present in the pipe. The photographic window apparatus

containing the glass rod was removed and replaced with the diverging-

converging window arrangement described in the Apparatus section.

Five volume percent was the highest concentration for which photo-

graphs could be obtained with this arrangement. Accordingly, a

Shell-Solv dispersion of this concentration was used in an experiment

which duplicated the conditions of a previous run in which the glass

rod had been used.
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A concentration profile was taken for the 50 volume percent

Shell-Solv run. One hundred milliliter samples were taken with a

sampling probe inserted at the same point, and moved by the same

mechanism, as the velocity probe. The flasks were weighed and

then the actual volume at 20° C was found by adding or subtracting

liquid with a small pipette. Knowing the weight, volume, and liquid

densities the concentration could be found. This was by far the best

of the several methods attempted but even this could be used only

for the 50 percent dispersion. Because of the small density differ-

ences of the two phases the experimental error for concentrations

less than 40.percent was greater than the small concentration differ-

ences which occurred in the pipe.



SAMPLE CALCULATIONS

Pressure Drop and Friction Factor

The pressure drop1 across the test section, T' was cal-

culated from the manometer deflection, LHT, and the effective

density of the manometer liquid, The expression used was

= (tH) Pm

where K converts EHT to feet. Since the test section was vertical

with liquids of different densities in the pressure transmission lines

and the test section, part of the pressure drop, T' was due to the

static pressure difference, If the length of the test section is

L, the density of the liquid in the test section is e and the density of

the pressure transmission liquid (water) is then

EP5 = L (Pe

Since in this case dispersions were flowing in the test section, Pe

was simply the density of the solvent and water comprising the dis-

persion. The friction loss, EPf, was then

-Pf
=

+ (HT) + L Pe -

The friction factor is calculated by

79

1The first two paragraphs of this section 3re taken from
Faruqui (29, p. 45).
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w2/I e

Since D = 0. 830 inches and L = 6 feet,

f = (10-6) (2. 603)
2

Pe
Yv /

A sample calculation for the friction factor point L20-6 is

shown below. For that series the average dispersion temperature

was 20. 2° C so that Pw = 62. 31 pounds per cubic foot, p0 = 53. 76

pounds per cubic foot, and an actual volume fraction of 0. 162 gave

Pe 60. 93. The temperature of the manometer board for that point

was 25. 50 C resulting in an effective manometer fluid density, Pm'

for the 2. 94 oil of 120. 3 pounds per cubic foot. The manometer

reading, 1HT, for that run was 66. 29 cm and the circulation rate, w,

was 2. 727 pounds per second. Then

= 6. 0 (60. 93 - 62. 31) = -8. 34 pounds per square foot.

and = (0. 03281)(66. 29)(120. 3) = 261. 6 pounds per square foot.

So _EPf = z61.6 - 8. 3 = 253. 3 pounds per square foot,

and
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gD (Pf
2 Pe U2 L)

Since the velocity, U, is related to the mass flow rate, w, by

U- 4w

TrD2 Pe

one can write
Tr2gD5

f=
32L



f = (2. 603)(106) (253. 3)(60. 93)
= 0. 00540

(2. 727)(2. 727)

Velocity Profile

The velocity profiles are presented in terms of ut y+L,

U/Umax and y/r. These quantities were calculated and analyzed

with the aid of an IBM 1620 digital computer.

The point velocity, u, is given by

U2Pe
= C2Pm or u = C 2g (65)

where C is the calibration constant and K converts LH to feet. The

calibration constant was found by dividing the observed average

velocity, U, by the calculated average velocity Uc where

erw r'w
2w r u dr = u r dr = 11.61 urdr (66)

- w o 0

with r and r expressed in inches.

The Reynolds number was calculated by

DG 4w 4w- - - 2.741 (10 ) -
- e 1)Ie

where the equivalent viscosity 'e is expressed in centipoise. The

expressions for evaluating u+ and y+ were

1

0

and

- U

U
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+ Re \tf/2 Pe 2. 74l(l0) w'if/2Ye= y yD D

The friction factors for the light oil were read from Figure 13 and for

the heavy oil from Figure 20. Calculation of U/Umax and y/rw is

straight forward.

For each run the following information was supplied to the

computer: an index designating the organic phase, the volume frac-

tion organic phase, the average system and manometer temperatures,

another index designating which manometer was used, the circulation

rate in pounds per second, the friction factor, the maximum mano-

meter deflection, and the set of 20 y and values. Since the maxi-

mum manometer deflection was used in computing the dimensionless

velocity values U/Umax a smoothed value taken from a plot of the

readings near the tube center was used. The first four quantities

listed above were used to find the correct system and manometer

densities using linear equations valid only over the limited tempera-

ture ranges encountered in these experiments. The trapezoid rule

was used to perform the numerical integration involved with calcu-

lating Uc. After calculation of u+ and Y}-'e the program performed

a least squares analysis to find m and b in the equation

= m log y+Le + b. (67)

The slope m was then fixed at 5. 75 and a new intercept B'was found

by a second least squares analysis. This value was then used with
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the universal velocity ¶stribution

u+=5.75logy++5.5

and the equation

u+=

to calculate an effective viscosity for the dispersion,
r (5.5-)

= exp 303

The tabulated velocity profile data presented in the Appendix

are direct copies of the computer printout for this program. The

special nomenclature associated with these tables is given on the

first page of Appendix III. It should be noted that the reciprocal of

the impact probe calibration "constantTt is listed (as the quantity

CORR).

Drop Size and Drop Size Distribution

The drop size data processing was also accomplished by

means of the IBM 16z0. Input data included the diameter readings,

a scale factor (Z. 18 for photographs taken with the ten power ob-

jective, 1. 00 for the twenty power objective), and the desired dia-

meter increment width into which the distribution would be divided.

This latter quantity was determined from the results of a preliminary

program which found the size of the largest drop and then gave the

number of increments which would be necessary for increment

widths of 7, 14, and 28 microns. The distributions and some average
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and characteristic diameters for each run are given in Appendix IV.

For each increment the numeric fraction, area fraction, volume

fraction, and cumulative values of these fractions are listed. The

average diameter and its reciprocal are also included for each incre-

ment. The six different average diameters have been calculated from

the equations
umax

d

j= I
umax

dl

j='

DpqX =

For example, the Sauter mean diameter is found by setting p=3 and

q=2, giving

d
3

d
3

3

NMAX is the total number of drop diameters counted in any particular

run. The characteristic diameters include the maximum drop size,

the 95th numeric percentile, and volumetric percentiles for 10, 50,

and 95 volume percent. The diameters corresponding to these per-

centiles were found by interpolation between the average increment

diameters.

The velocity profile and drop size computer programs used

in this investigation are given in Appendix V (in IBM 1620 Fortran

language).

1

p-q

p = 3, 2, 1; q 2, 1, 0; p > q (69)
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Concentration Profile

The volumetric concentration of an approximately 100 milli-

liter sample was determined using the following relations

weight of the sample = W5 = total weight - tare

= Volume (Pe) = V Pe

V
- ThR5 [p0(v) + p (100 - v

where is the volume percent organic phase. For example, the

first point in the tabulated concentration profile data (Appendix VI)

has

W5 = 1Z9. 8Z81 - 41. 8474 = 87. 9807 grams.

V = 99. 05 milliliters

Since the volume of all samples was measured at 18. 0° C, Pw =

0. 99859, p0 = 0. 78578 and

V
100 [o 99859 87. 9807

0. Z1Z8 L 99. 05

Estimation of Experimental Error

The experimental errors associated with the friction factor

and velocity profile data have been analyzed by Faruqui (Z9, p. 5Z)

by taking the differentials of the quantities involved in the calcula-

tions. The error in the friction factor is estimated by taking the

differential of equation (57), assuming there is negligible error

= 51. 8 volume percent
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involved in measuring Pe and L,

df
+

d(-Pf)or - -
f D ..LPf w

The error in measuring D was of the order of ±0. 004 of an inch or

about ±1/2 percent since ID = 0.830 of an inch. The scales used to

weigh the samples were accurate to ± 1/2 percent, hence the error in

w, 100(dw/w), was approximately ±1/2 percent. The error in the

manometer readings and hence in EPf may be assumed to be about

±1 percent. So

df- = ± (.025 + 01 + . 01) = ±. 045
f

In other words the error in calculating f is of the order of ±4. 5 per-

cent.

From equation (58) it is seen that the error in u/urn can be

estimated by

velocity is

- 2 D5

L wZ/
1

5D4dD + ID5
7d(Pf)

w2

u
urn

where H is the maximum value of iH . The error in observingvm v

was of the order of ± 1 percent. So the error in the reduced
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d(u/um) d(H) ! d(LHvm
(.01 + . 01) = ± 0. 01

U/Urn = 2 2 Hvm

The error in observing y was about ±0. 002 of an inch while the

error in measuring rw was, as stated above, about ±1/2 percent. So

the error in y/r is given by

d(y/rw 0. ooz drw 0.0048
y/r rw(y/rw) r y/r

This shows that the error depends on y/rw. For small values of

y/r the error is large while for large y/rw values the error is

small, e. g., for y/rw = 0. 1 the error is about ±5-1/2 percent while

for y/r = 0. 9 it is about ± 1 percent.

The error in calculating u is also given by equation (58).

The error in calculating c is of the order of two percent. So

or

du dc
U c

d(H)
2 Hv

The error in u+ is then given by

du+ du ±o. 025 + 0. 003 + 0. 020) =
u U 2 f

Equation (70) was used in obtaining the concentration profile.

Assuming a negligible error in the values for the pure liquid densities

and diffe rentiating gives

dv 100 dW5 W5dV
PwPo V

- ± (0. 02 + 0. 005) = ±0. 025

± 0. 05

87



and since V 100 ml, p

v - 100
p

The error in measuring the volume is about ±0. 15 ml and the varia-

tion in a single weight measurement is roughly ±0. 0005 grams. Then

W = total weight - tare = WT_T

dW5 dWT - dT = ±0. 001

or 1. 2 percent. The variation in Vp/(vp)max is only slightly greater

since (Vp)max was chosen from a smoothed curve of points in the

neighborhood of the tube center. The error in y/r has been shown

above.

1.0 and W5 88.5

88. 5
0. 001 + 0. 15 100 = ±0. 012

1. 0 - (88. 5/100)
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DISCUSSION OF RESULTS

The results of this investigation are embodied in the tabulated

pressure drop, velocity profile, and drop size data given in Appen-

dices II, III, and IV and in a large set of droplet photographs. These

data are discussed under the following sections: performance and

limitations of the photographic method; friction factor and velocity

profile results; drop size data and evaluation of the single-phase

criteria proposed by Baron, Sterling, and Schueler (5, p. 104);

comparison of the effective viscosity results with the observations

and equations of other investigators; drop size and drop size distri-

butions as affected by the various parameters; and brief observations

on drop size and friction factor results for the case of water droplets

dispersed in a continuous solvent phase.

Evaluation of the Photographic Method

Photographs of several flowing dispersions are shown in

Figure 7. These show that the photographic method which was

developed gives excellent results and can be used for finding the size

and shape of dispersed droplets, especially when the drop diameter is

greater than about five microns.

The photographs in Figure 7 are printed on a matte finish

photographic paper of medium contrast and at a total droplet
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Figure 7a. Run SO5A, Roll 6A, Re Z. 9 x t 3 minutes.

Figure 7b. Five volume percent solvent,
t ZOO minutes.
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Figure 7c. Run S2OA, Roll 86, Re 1. 9 x t 300 minutes.

Figure 7d Run SSOB, Roll 88, Re 1. 7 x 1O4, t 300 minutes



Figure 7e. Run LO5A, Roll 42, Re 1. 2 x 1O, t 25 minutes.

Figure 7f. Run H1OA, Roll.
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magnification of 95X. The photographs from which the distributions

were obtained were larger and of better quality. They were printed

on a glossy, high contrast paper at a total magnification of 120X which

gave sharper and more easily measurable droplet images than those

which appear in Figure 7.

Before this arrangement could be used for the study of flowing

dispersions, it was necessary to know whether the photographic sys-

tem, together with subsequent data processing, could reproduce a

known distribution. To test this a flowing dispersion of glass beads

in the diameter range 5-110 microns was photographed in the Ttdesk

modelH apparatus. The resulting diameter distribution is compared

with the actual distribution in Figure 8. Agreement was obtained and

the curve drawn through the actual distribution is well representa-

tive of the experimental distribution. Deviations between adjacent

intervals tend to cancel and there is no trend which would indicate a

prejudicing of the results in favor of the large, small, or median

diameters. It should be added that the photographs obtained with the

flowing system of glass beads in this experiment were of much lower

quality than those obtained with the flowing liquid-liquid dispersions.

This due to the less favorable refractive properties of the glass-

water system.

The photographic arrangement is not completely ideal because

of the presence of the glass rod in the flowing stream. While this
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effect of the measuring system on the variable (drop size) being

measured was never resolved directly, it is believed to be negligible

for the reasons indicated below. The majority of the disturbance

from the rod occurs downstream so that this does not enter into con-

sideration, due to the complex nature of the rest of the flow system.

Thus any effect which would influence observed drop sizes would

occur just before or, most likely, right at the end of the glass rod

where the photographs are being taken. While there are certainly

great changes in the flow patterns in this region, the only effects of

interest would be those which affect the d:rop size ordrop size distri-

butions. Thus one might expect the dispersed droplets to be broken

up by the high velocity gradient or shear forces which are present.

No clear case of drop breakup was observed in any of the numerous

photographs obtained. This in itself is not sufficient evidence to

justify the presence of the rod since the breakup process is probably

very fast and would be difficult to discern in many of the photographs.

However, if the forces present were sufficient to break up any of the

drops they would certainly be enough to d:Lstort many more. In over

90 percent of the more than 1, 000 photographs taken during this study

the droplets were essentially perfect spheres. Thus it was concluded

that the effect of the glass rod on the measured drop sizes and distri-

butions were negligible. Even for those cases when distortion did

occur (see, for example, Figure 7d) it appeared to be more of a
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crowding effect with one drop pushing into and distorting another.

The example just mentioned was for a 50 percent solvent run and this

was by far the worst case of distortion which was observed. For the

heavy oil, drops as large as 500 microns were observed to retain

their spherical shape.

In an attempt to get data to verify the above conclusion a

dispersion of five volume percent solvent was photographed with the

usual glass rod system and also with the special window section de-

scribed in Figure 6. In this latter arrangement the glass rod did not

project into the stream; however, a five percent concentration was

the highest for which photographs could be obtained. Even these were

not exceptional and a comparison of the two distributions (Runs SO5V

and SOSR, Tables XI-66 and 90) shows on].y a general agreement.

The average drop diameters for the system containing the glass rod

are slightly larger which is opposite the effect anticipated by the

presence of the rod.

Table III. contains the results of several runs which test the

reproducibility of the experimental method. The average diameter,

D1OX, the Sauter mean diameter, D3ZX, and the diameter corres-

ponding to the 95th volumetric percentile, DV95, have been chosen to

represent the measured drop size distribution. A larger variation in

this last statistic is to be expected since it depends less on the nature

of the overall distribution and more on the values of the three or four



The photographs shown in Figure 7 were taken with the ten

power objective lens, as were most of the photographs in this study.

For some of the runs at higher dispersed. phase concentrations the

large number of drops present in the depth of field of the ten power

lens resulted in poor resolution. To circumvent this restriction a
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largest drops which are measured. It is however much more

representative of an upper limit of the distribution, than if one were

to use the more random value of the one largest diar.ieter measured,

DMAX. Based on the values in Tah!eli.Eit may he concluded that the

photographic method possesses a saticfe.ctcry degree of reproduoi

bility,

Table III. Reproducibility of drop sloe measurements.

Roll Run
Time

(minutes Re xiO4 D1OX D3ZX DV9.5

1 SO5E 3 2.9 70 113 171
6A SO5A 3 2. 9 100 141

2 SO5E 25 Z9 60 91 134
6B SO5A 35 3.9 58 87 118

3B SO5E 120 2.9 49 73 99
7 SO5A 120 2. 9 52 69 93

65 SO5U 25 7 33 44 64
67 SO5V 25 7.4 33 44 63

66 SO5U 300 74 31 40 53
68 SO5V 300 7,4 33 44 63
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20 power objective lens was used for these runs. The volume element

of the dispersion which is in focus with this lens is only about one-

tenth that visible with the 10 power objective. Due to the decrease in

total light entering the camera the resulting photographs were of

lower contrast than those taken with the ten power lens but they could

stilibe easily used for drop size determination. Table IV contians

the results of several runs in which both the 10 and 20 power lenses

were used to photograph the same dispersion. Use of the 20 power

objective results in average diameters which are slightly lower than

those determined with the 10 power lens. This may be due to the

improved resolution of the smallest drops at the higher magnification;

or, it may reflect an actual decrease in the average diameter being

measured since the plane in which the photographs are being taken

has moved closer to the wall with the 20 power lens. The average

deviation for the values of D1OX and D32X is six percent and the

largest difference is 15 percent. If this is taken into account then

the results in Table IV justifythe comparison of distributions obtained

with different objective lenses. In the tabulated drop size data given

in Appendix IV the scale factor, given in the second line of the table,

designates which lens was used for that particular run. A scale of

2. 18 denotes the ten power objective and a scale of 1. 00 denotes the

20 power lens.



As described in the apparatus section the flow through the

photographic test section could be halved by means of the solonoid

valves and parallel use of the velocity profile test section. The dif.

ference between distributions obtained at five feet per second and two

and a half feet per second (approximately) were within the statistical

variation typical of the distribution data. For the middle and high

flow rates the average velocity in the tube was 10 and 15 feet per

second, respectively. Photographs taken at the highest flow rate

without switching or diverting half the flow to the other pipe were

99

Table IV. Comparison of drop size determinations with the 10 and 20
power objective lenses.

A = lox lens; B = zox lens.

Roll Run D1OX D3ZX DV95

5 7A 40 64 90
57B LZOC 40 61 94

5 8A 42 125 214
58B 12DB 36 114 181

5 9A 78 102 156
59B

LZ OA 68 97 136

6 1A 104 144 231
61B L3 5B

89 132 244

6 9A 31 44 64
69B

SO 5W
30 42 56

7 DA 33 47 64
7DB SO5Y 37 47 66
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found to prejudice the distribution in favor of the larger drops. This

follows from the reduced resolution obtained at these flow rates.

This effect is shown in Figure 9 where a five volume percent Shell

Solv dispersion flowing at four pounds per second was photographed

at fir:st with all flow through the photographic section and then with

the flow rate approximately halved by switching to the other test sec-

tion. The effect is slightly exaggerated in this plot since the area

under a relative frequency curve must equal unity and a decrease in

number of small drops measured also shows up as an increase in the

number of large drops. Even at the lowest flow rates the limit of

resolution for the small drops was found to be approximately two

microns. For the light oil and heavy oil dispersions there were a

great number of these very small drops present. Although these

small drops were not being recorded photographically they could be

observed momentarily after the circulation was halted, Several

photographs taken under these conditions were used to estimate the

relative number of these small drops as compared with the larger and

easily discernible droplets. This information was used in obtaining

some of the light oil and heavy oil dispersion drop size distributions.

A visual observation of the dispersions at the end of a run could be

made by switching the image back to the binocular eyepiece and turn

ing the stroboscope to a high flashing rate such that the light was es-

sentially continuous. This yielded a much better impression of what
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Figure 9. Effect of incomplete stopping of droplet motion on the drop size distribution.
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Figure 10. Concentration profile for 50 volume percent Shell Solv in
water.
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the dispersion actually looked like than one obtains by studying the

photographs. Some of the observations made during these visual

studies are described later.

Since the plane of focus, i. e. , the plane being photographed,

was within what would be the turbulent core in the unobstructed pipe,

it was assumed that the drop size distribution which was obtained was

representative of that over the whole tube cross section. However,

a radial variation of drop size quite probably exists for dispersions

flowing in a pipe. Since such a radial drop size variation might be

reflected by a concentration variation (or vice versa), a concentration

profile for the dispersion containing 50 percent solvent was deter-

mined and is shown in Figure 10. The position at which the photo-

graphs were taken is also shown and appears to be far enough into the

stream so that the average concentration is being photographed. The

effect of point velocity on the sampling probe was not determined so

that this concentration profile is probably more qualitative than quan-

titative. However, a definite profile seems to exist and the sharp

dropoff towards zero concentration at the wall agrees with the heat

transfer results of Faruqui, who showed that the heat transfer co-

efficients for flowing dispersions of this solvent in water could be

predicted from existing single phase correlations if the thermal con

ductivity of the continuous phase was used in calculating the Prandtl

number. It also agrees with the negative radial migration of
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deformable (liquid) drops in laminar flow observed by Goldsmith and

Mason (36, p. 448).

Based on the discussion of results in this section and on the

quality of the large number of photographs which were obtained, it

may be concluded that the photographic technique which has been

developed furnishes an excellent means of determining droplet size

in the flow of liquid-liquid dispersions. The range of particle dia-

meters measured was large, 1-800 microns, with excellent results

for distributions in which the smallest diameter was about five mic-

rons. The relative number of drops in the range 1-5 microns could

be determined by momentarily stopping the flow. The method fur-

nishes not only the average size but also the complete size distribu-

tion. It also appears that there is no concentration limit although in

this investigation the highest concentration studied was 50 volume

percent.

Friction Factor and Velocity Profile Data

The friction factor and velocity profile results for the differ-

ent organic phases will be discussed separately. Faruqui has studied

the turbulent flow characteristics of the solvent-water system and his

results have already been mentioned (page 19).

To test the validity of the measuring systems and experiment-

al methods, friction factor and velocity profile data were obtained for
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water. Extensive velocity profile data was not required since the

apparatus had been used previously by Faruqui and had been shown to

be in proper working order. The velocity profiles are shown as

U/Urn VS y/r in Figure 11. The curve on this figure has been deter-

mined from the velocity profile data of Nikuradse and is also the

curve determined by Faruqui from data on five separate velocity pro-

files for water. The agreement is very good, indicating that no

change had taken place in the measuring system. Friction factor

results are shown in Figure 12. These results are about three per-

cent higher than those predicted by the Nikuradse equation (Equation

16). The curve obtained by Faruqui with this apparatus was about

two percent higher than Equation (16) and he attributed this difference

to difficulty in measuring the average tube diameter. This explana-

tion is quite feasable since the measured friction factor is proportion-

al to the fifth power of the diameter (see page 80) and thus an error

of about 0.4 percent or ±0. 004 inches in measuring the tube diameter

results in a two percent error in the calculated friction factor. The

pipe is a commercial pipe and a variation of this magnitude would not

be excessive. Baron, etal. (5, p. 121), state that friction factors

slightly higher than those predicted by Equation (16) are typical of

small diameter pipes. The slight increase observed in this study

over the curve obtained by Faruqui can be attributed to a roughening

of the pipe wall during the four years between measurements.
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Figure 1Z. Friction factor data for water.
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From the agreement shown above it was concluded that the

apparatus and measuring systems were operating satisfactorily.

The friction factor data for the light oil dispersions is shown

in Figure 13, as f vs. Ree. This latter term is a convenient way of

expressing the flow rate. The resistance to flow, as indicated by

the friction factor, is seen to increase with increasing dispersed

phase concentration as would be expected from theories on the vis-

cosity of dispersions.

Dimensionless velocity profiles for the light oil dispersions

are shown in Figures 14 through 17 as U/Urn vs y/r. The curves

in these figures are the same as that drawn for Figure 11 represent-

ing Nikuradse's and Faruqui's data. No apparent effect of flow rate is

observed, and the agreement, except for the lowest flow rate for the

50 percent dispersion, is quite good.

Discrepencies for this same flow rate and concentration were

noted by previous workers. This variation could be due to a non-

Newtonian behavior or it could be a fault in the measuring system.

Two separate curves are described by the open circles of run L5OA

given in Figure 16. The lower curve was for a velocity traverse

from the wall to the center of the tube and the higher curve was

traced returning to the opposite wall. The average velocity calcu-

lated from this skewed profile is still within a few percent of the cor-

rect average velocity. Thus the deviation may reflect a capillary
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effect caused by the large oil droplets which are present entering the

hypodermic tubing, coalescing, and blocking the tube,

The light oil profiles are plotted as u+ vs y+}j, in Figures 18

and 19. These data were correlated by an equation of the form

+ +u = Alogy Pe + B (72)

and a least squares analysis was performed to find the values of the

constants A and B for each dispersion concentration. The results are

These equations are given as the dashed lines on Figures 18 and 19.

It is noted that the coefficients on the logarithmic term is reasonably

close to 5. 75, the accepted value for single phase fluids (Equation 9).

A least squares analysis with the slope fixed at this value was there-

fore performed and the results are given by the following equations:

These equations are given as the solid lines on Figures 18 and 19.

By comparing the solid and dashed lines it is readily observed that

the change to a slope of 5. 75 is well within the experimental variation

10 percent u+ = 5 71 log (y+e) + 5. 01 (73)

20 percent u+ 5. 62 log (y+) + 4. 93 (74)

35 percent u+ = 5. 59 log (y+) + 4. 10 (75)

50 percent u+ 5. 27 log (y+) + 3. 94 (76)

10 percent u+ 5. 75 log y+ + 4.89 (77)

20 percent u+ = 5. 75 log y+ + 4. 58 (78)

35 percent u+ = 5. 75 log y+ + 3.66 (79)

50 percent u+ 5 75 log yt + 2. 58 (80)
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of the data and is readily justifiable. This also permits determina-

tion of the effective viscosity of the dispersion. The procedure and

results are described in a subsequent section dealing with effective

viscosities.

Least square analyses of the data for each single run were

also performed and are given in the tabulated velocity profile data

in Appendix III. The values of the slopes are all within ten percent

of 5. 75. There is no trend in the variation of slopes or intercepts

with flow rate, thus justifying the combination of data for a single

concentration which led to Equations 77 through 80.

It may be concluded that the light oil dispersions, except

perhaps the low flow rate, 50 percent dispersion, behave as single

phase Newtonian fluids over the range of flow rates which were in-

ye stigated.

The friction factor results for the heavy oil dispersions are

given in Figure 20. The friction factor curves for the 5, 10, and 20

volume percent heavy oil dispersions are identical while the 27 per-

cent dispersion falls a little lower. We may disregard the 27 volume

percent dispersion at this point since it was observed that a poly-

disperse system with water droplets dispersed in the large oil drop-

lets was present. These results indicate that the addition of more

dispersed phase liquid does not change the effective viscosity of the

dispersion, a result that is contrary to all of the proposed theories
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Figure 21. Heavy oil velocity profiles.
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Figure 22. Heavy oil velocity profiles.
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and observed data on the viscosity of suspensions. This unusual

behavior may be explained in part however by examining the drop

sizes and drop size distribution present for the heavy oil dispersions.

These distributions are characterized by a large number of drops

occurring in the diameter range 1/2 to 10 microns but the remaining

drops, accounting for most of the volume, having diameters as large

as 300 and in some cases 600 microns. The exact relative number of

drops in these two size ranges cannot be determined exactly due to

the limits of the measuring system for droplet diameters less than

a few microns. A reasonable estimate of this distribution however

can be obtained from the data for Run H1OA, Roll 75. These photo-

graphs were exceptionally clear and possessed the best resolution of

all the heavy oil runs. This distribution shows that 70 percent of the

droplets occur in the diameter range of 0 to 14 microns with another

12 percent in the range 14 to 28 microns. These two intervals, how-

ever, account for only 0. 3 percent of the total volume of the dispersed

phase. On the other hand, about five percent of the droplets occur in

the diameter range from 100 microns to the maximum of 300. But

these droplets accounted for approximately 85 percent of the dis-

persed phase volume. Thus one could consider this a multiple dis-

persion of a few large droplets dispersed in a finer near-emulsion of

very small droplets. This type of size distribution was observed for

all the heavy oil dispersions. The unusual behavior of the friction
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factor may now be explained in terms of these few large droplets. In

doubling the dispersed phase concentration it would only be necessary

to increase the average diameter of these large drops by 2 or 1. 26.

An increase in the size of the largest drops was observed as the con-

centration was increased. Thus the three separate 5, 10, and 20 per-

cent dispersions have essentially the same character: a relatively

small number of very large drops suspended in a dispersion of very

small drops. The increased viscosity of a dispersion is caused by

the higher velocity gradients required of the continuous phase in flow-

ing around the dispersed droplets. If the large drops were to move

relative to the fluid element in which they were contained, i. e. , if

they possessed a 'slip" velocity, then their contribution to the

increased effective viscosity would be small. Thus the viscosity of

the heavy oil dispersions would be governed by the many small drops

which are present. Such an explanation would agree with the observed

effective viscosities. These results are discussed further in sub-

sequent sections dealing with effective viscosities and single phase

criteria.

The preceding analysis points up one of the benefits of having

drop size and drop size distribution data available, since without this

information the observed behavior for these heavy oil dispersions

would indeed appear strange.

Velocity profiles for the 10, 20 and 27 percent dispersions
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are tabulated in the Appendix. The data, presented as U/Urn VS

y/r is shown in Figures 21, 22 and 23. Only two flow rates were

studied with the heavy oil dispersions. The curve shown in these

figures is again the one determined from extensive water data on this

apparatus and also from the data of Nikaradse. There is general

agreement for all the heavy oil runs except the low flow rate, 27

percent dispersion. Since the calculated average velocity for this

run was about eight percent too low we shall omit discussion of this

run on the presumption that something was in error in the measuring

system. A slight flow rate dependency appears in these figures. A

least squares analysis for each run was performed and the results,

given in equations of the form denoted by Equation 72, are

(H1OA) u+ =

(H1OB) u+ =

(HZOA) u+ =

(HZOB) u+ =

(HZ7B) u+ =

The flow rate dependency becomes quite apparent in these

equations since both the A runs were at a low flow rate and the threeB

runs were at a higher flow rate. This suggests a non-Newtonian be-

havior. However, reference to Equations (20) and (24) show that an

increased value of the slope should signify a dilutant fluid. This type

of non-Newtonian behavior is quite rare for liquid-liquid systems.

5. 55 log ye + 5. 29 (81)

6. 20 log y+ + 4. 01 (82)

5. 51 log ye + 5. 55 (83)

6. 02 log y+Iie + 4. 39 (84)

6. 07 log y+ + 4. 60 (85)
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The rheological properties of these dispersions was not further in-

vestigated but it may be concluded that the dispersions of heavy oil

in water do not behave as well defined single-phase Newtonian fluids.

There is further discussion of this system in subsequent sections.

It should be noted that in the tabulated drop size distribution

data for the heavy oil runs the Reynolds number for all these runs is

listed as zero. Since the flow behavior of these dispersions was not

well characterized, it was felt that assigning a Reynolds would be

somewhat arbitrary. Since these tables were printed directly from

a computer printout it was necessary to list a number and 0. 0 was

arbitrarily chosen. A Reynolds number for these runs may be cal-

culated by using Equation (86) together with an effective viscosfty

determined by making the friction factor curve coincident with the

accepted curve (i. e. , 1. 36 centipoise for the 5, 10 and 20 percent

dispersions). Or, one can use the viscosity listed under the tabulated

velocity profile data. This viscosity however was determined by

assigning a slope of 5. 75 and using the intercept as was done for the

light oil dispersions and thus may or may not represent the actual

viscosity.

The results of this section show that the light oil dispersions,

in the concentration and flow rate ranges investigated, can be treated

by the methods andequations which have been developed for the

turbulent flow of single phase Newtonian fluids. The heavy oil
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dispersions, however, exhibit an apparent dilatant behavior, which

is rare in dispersion systems. In addition the friction factor curves

for the 5, 10 and 20 volume percent dispersions are identical, in-

dicating that the effective viscosity does not depend on the concentra-

tion in this range. Thus the heavy oil dispersions exhibit deviations

both from normal single phase behavior and predicted dispersion

behavior.

Effective Viscosity

Equations (77) through (80) may now be used to calculate an

effective viscosity for each concentration of the light oil dispersions.

Writing these equations in the form

+ + Vu =S.7Slogy +5.7Slogp.+B

and comparing this with the universal velocity distribution

+u = 5. 75 log y + 5. 5 (9)

one can solve for 'e giving

F1e = exp [2. 303 (5. 5-)/5. 75] (68)

where 2. 303 converts from base ten to natural logarithms. The ef-

fective viscosities thus obtained are given in Table V. These values

may now be used to calculate the Reynolds number for each run

Re
DU Pe (86)

If we are to be able to treat these dispersions as single phase fluids



by the assignment of effective values of the fluid properties then it

should be possible to correlate the friction factor results in terms of

this Reynolds number. Accordingly, a plot of f versus Re for the

light oil dispersions is shown in Figure 25. The curve shown in this

figure represents the friction factor data for pure water as deter-

mined with this apparatus (Figure 12). While most of the points are

within the experimental error associated with measuring f, a curve

drawn through the data would lie somewhat higher than the recom

mended reference curve.

Faruqui used the same procedure to find the effective viscosity

for dispersions of Shell Solv 360 in water. This is the same solvent

which has been studied photographically in the present work. He con-

cluded that the resulting effective viscosities successfully correlated

his friction factor data within experimental error. However, the
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Table V. Effective viscosities of the light oil and solvent dispersions.

Dispersed Phase
and Volume

Viscosity, Centipoise
Calculated with Intercept Equal:

Temperature Percent 5. 5 5. 6

Light Oil 8. 5 1. 28 1. 33
17 1.45 1.51

68±2° F 33 2. 09 2. 17
46 3.22 3.34

8.5 1.38 1.44
Solvent 20 1.69 1. 76

34 2.50 2.5967±2° F
49 3. 53 3.68
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same positive average deviation which was noted above is also present

in Faruqui's plot of f vs. Re although the effect is slightly smaller.

Thus there seems to be some discrepancy in the method of calculating

the effective viscosity. The two constants which appear in the ex-

pression for the effective viscosity (Equation 68) are the experimen-

tally determined constants of the universal velocity profile. The

value of the slope, 5. 75, is well established. The value of the inter-

cept, however, has been open to discussion, some of which has been

included in the theory section. If the value of the intercept is in-

creased from 5. 5 to 5. 6 then a new set of effective viscosities for

both the solvent and light oil systems may be calculated. These

values are given in Table V and are about four percent higher than

those obtained with an intercept of 5. 5. The friction factors for the

solvent and light oil systems are shown in Figures 26 and 27, respec-

tively, as a function of the Reynolds number calculated from the in-

creased value of the viscosity. A comparison of Figures 25 and 27

shows that this procedure significantly improves the correlation of

the friction factor data for the light oil dispersion. Similarly, in

Figure 26 the friction factor data for the solvent dispersions agree

quite well with the reference curve determined by Faruqui. Before

the transformation the data fell about two percent higher and three-

fourths of the points were above the reference curve. Here again an

improvement in the correlation can be noted.
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The above results indicate that the intercept in the logarithmic

velocity distribution is best represented by the value 5. 6 for the flow

of liquid-liquid dispersions. The difference between this and the

value 5. 5 is not significant and is less than the experimental variation

exhibited even by pure liquid systems. It may, however, reflect a

fundamental difference between the flow of a single phase Newtonian

fluid and the flow of a dispersion. Hinze (45, p. 477) concludes that

the value of the intercept is connected with the thickness of the vis-

cous sublayer. Bagnold (3, p. 249) and Sleicher (79) mention the

dampening of turbulence by the presence of a dispersed phase. It

might be hypothesized that at a given Reynolds number the dampened

turbulence of a disperse system might give rise to a thicker sublayer

than that which would be formed by a single phase fluid.

The effective viscosities for the solvent and light oil disper-

sions are listed in Table V. These values represent the net effect of

all the parameters which were discussed in the theory section under

the subheading Viscosity of Suspensions (page 21). For these two

systems the effects of rate of shear, viscosity of the continuous phase,

shape of the dispersed particles, and interfacial tension were essen.

tially the same. At equal concentrations the value of the effective

viscosity of the light oil suspensions averages about ten percent lower

than e for the solvent dispersions. The viscosity of the solvent is

one centipoise and the viscosity of the light oil is fifteen centipoise.
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Thus the effect of dispersed phase viscosity would appear to be op-

po site of that predicted from Equations (40), (41), (42) and (43). The

difference in effective viscosities of these two systems may be ex-

plained, however, in terms of their drop size distributions. Ting

and Luebbers (85, p. 111) and Ward and Whitmore (93, p. 286) ob-

served that the effective viscosity of suspensions of solid spheres

decreased with increasing size range. Moreland reported this same

effect in his work on suspensions of powdered coal in mineral oil.

From a preliminary study he concluded that the greatest decrease

could be achieved by a distribution which contained 60 to 70 percent

of the particles at a large diameter and the remaining 30 to 40 per-

cent at a diameter about one-tenth that of the larger peak. The sol-

vent dispersions are characterized by diameter distributions which

have a small peak (5-15 percent of the droplets) at about 25 microns

and a large peak at diameters from 50 to 70 microns, depending on

the concentration. The light oil distributions contain a sharp peak

in the range zero to five microns with the average at about two mic-

rons. This peak contains about 50 percent of the number of drops

The remainder are spread over a wide range from 5 to 250 microns

with the maximum occurring between 50 and 100 microns, depending

on the concentration and the flow rate. Thus the phenomenon of a

decreasing effective viscosity with increasing size range, which has

been observed for solid suspensions, applies also to liquid-liquid
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dispersions. This fact is further brought out by considering the one

exception to the solvent distributions which occurred for the 50 vol-

ume percent Shell Solv dispersion. The drop diameters for this con-

centration were much larger than the drop sizes observed at lower

concentrations. About 30 percent of the drops were contained in a

peak ranging from 0 to 70 microns with the maximum at about 40

microns. The remainder of the drops ranged from 70 to 350 microns

with a maximum at approximately ZOO microns. Thus the ratio of

the diameters corresponding to these two maxima for the 50 percent

solvent dispersion is about 200/40 or five while the same ratio for the

lesser concentrations is about 75/25 or three. Thus we would expect

the effective viscosity of the nominal 50 percent dispersion to be less

than that which would be predicted from an extrapolation of the values

at the lower concentrations. Although there is no absolute method of

achieving such a comparison, reference to Figure 28 shows that the

difference between the effective viscosities of the solvent and light

oil dispersions is smaller at 50 volume percent.

Figure 28 shows the relative fluidity of the dispersions as a

function of the concentration of the dispersed phase. The advantages

to this method of presentation have previously been discussed (page

28). The curves describing both the light oil and solvent dispersions

exhibit a steep slope in the range zero to five volume percent. The

absolute value of the slope as the concentration approaches zero is
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greater than the value of 2. 5 predicted by Einstein (Equation 38).

These results agree with several investigators (27; 40; 42; 51; 85; 93)

who have concluded that the value of 2. 5 for the limiting slope does

not apply to polydisperse systems. The relative fluidity of the light

oil dispersions is approximately linear in the volume fraction in the

range 0. 08 to 0. 50. The relative fluidity of the 10, 20 and 35 percent

solvent dispersions is also linear but the value at 50 percent is

higher (i. e. , the effective viscosity is lower) than the linear relation

would predict. None of the equations which were presented in the

theory section were found to represent the effective viscosities of the

dispersions over the entire range of concentrations. Some of the

equations could be made to fit the experimental data over limited

concentration intervals. An example is the equation

Z.5
-

which represents the effective viscosities of the light oil dispersions

within seven percent in the region 0. 15 < < 0. 50. This equation

has been included in Figure 28.

It was observed in the preceding section that the heavy oil

dispersions did not behave as well defined single phase fluids and

the universal velocity profile could not be used to calculate effective

viscosities. A value for the 5, 10, and 20 percent dispersions may

be determined, however, by choosing I'e such that the friction factor

curve becomes coincident with the reference curve. It will be

(87)
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recalled that these three concentrations exhibited the same friction

factor curve and thus the same apparent viscosity. A value of 1. 36

centipoise results in the agreement shown in Figure 20 and this value

has been used to calculate Reynolds numbers for the heavy oil dis-

persions.

The friction factor curve for the 27 percent heavy oil disper-

sion could not be made coincident with the reference curve by the

assignment of a single effective viscosity. The apparent viscosity is

approximately 1. 3 at the highest flow rate but decreases with de-

creasing flow rate. For the low flow rate (Run H35A) a polydisperse

system was observed with small water droplets suspended in the large

oil droplets. Polydisperse systems have been known to affect vis-

cosity measurements (15, p. 20).

Single Phase Criteria

This section considers criteria for treating the turbulent flow

of liquid-liquid dispersions by the methods developed for single-phase

fluids. Baron, etal. considered the equations of motion (Equation 1)

and deduced a restriction of the form

d, < V <1? (34)

where d is the particle diameter, ÔV is the volume element which

was considered in deriving the equations of motion, and 1' is the

dimension of length characteristic of the region of viscous flow. For
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this latter dimension, these investigators chose the Kolmogorov

length, 'k (Equation 37). In arriving at the above restriction, it was

considered that the shear forces in a dispersion are transmitted by

the continuous phase only. Bagnold (2; 3, p. 249), however, shows

that the dispersed particles in a suspension do transmit shear and

can, in fact, transmit a major portion of the shear at higher concen-

trations. Taylor (83, p. 505) shows that shear forces are trans-

mitted across the interface between the dispersed and continuous

phases providing there is no slip or relative motion between the drop-

let and the continuous phase.

The forces responsible for the relative acceleration between

the dispersed and continuous phases are the inertia forces acting on

the dispersed phase. The forces tending to decrease the relative

acceleration are the drag forces exerted on the dispersed phase by

the surrounding dispersion. Baron, et al. proposed that the ratio of

these forces be less than unity to insure that all particles contained

within a small volume element are subjected to the same accelera-

tions when acted on by the forces appearing in the equations of mo-

tion. That is

(Re)cD) Pc
< 1 (35)

in order that the motion of a droplet relative to the fluid element in

which it is contained be negligible. In considering the viscous
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forces, these investigators used the viscosity of the continuous phase.

In considering the motion of a drop relative to a small volume element

of the dispersion in which it is contained, it appears more logical to

employ the effective viscosity of the dispersion. This viscosity is

approximately equal to the continuous phase viscosity at low concen-

trations but increases with increasing concentration, thus indicating

an increased resistance to flow which is probably experienced by a

droplet in motion within the dispersion. Consider, for example, the

extreme case of the particle-particle interactions shown in Figure 7d.

Use of the effective dispersion viscosity also results in the appear-

ance of the actual dispersion Reynolds number, rather than the some-

what hypothetical continuous phase Ryenolds number. If all the re-

sults and the ideas of the above discussion are combined, one may

conclude that a suitable criterion for the treatment of liquid-liquid

dispersions as single-phase fluids should exist in the form

2

4<N (88)

where N is a constant which is yet to be determined.

It is now necessary to choose an appropriate characteristic

diameter for use in the above relation. Since the size and shape of

the drop size distributions vary greatly from one system to another,

it would be desirable to choose a diameter which did not depend upon

= Re
C
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the nature of the drop sized distribution. In addition, it should be an

easily measurable quantity. Since an upper limit on the drop size is

of concern, it might seem logical to choose the maximum drop size

or perhaps the volumetric percentile. However, these variables

are subject to large statistical variation, especially when the sample

is small, and for the latter some knowledge of the complete distribu-

tion must be available. The diameter which best represents the

average size of the largest drops is the Sauter mean diameter. It

depends only slightly on the size and number of the smallest droplets

and may be estimated with a fair degree of confidence for even the

most difficult to photograph dispersions. In addition, it is this dia-

meter which results from drop size measurement by the light trans-

mittance method.

The Sauter mean diameter is shown in Figure 29 as a function

of the Reynolds number for all runs in which friction factor, velocity

profile, and drop size data were obtained. The lower line, 1k' is the

Kolmogorov length as a function of the Reynolds number for this

particular apparatus. Each point is labeled as to the dispersed phase

liquid and nominal concentration. It is readily observed that a cri-

teria based upon the Kolmogorov length is too conservative since all

the points for the solvent and light oil dispersions fall well above this

curve. The solvent and light oil dispersions have been found to be

Newtonian and behave as a single-phase fluid over the entire range of
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concentrations and flow rates investigated. The behavior of the heavy

oil dispersions, however, appears non-Newtonian and the change in

effective viscosity with concentration of the dispersed phase does not

agree with theory. It would be desirable that a criterion such as that

given in Equation (88) above would be able to differentiate between

these two types of behavior. Equation (88), with the constant N equal

to two, is shown in Figure 29. Except for the low flow rate ten per-

cent heavy oil, dispersion this line successfully differentiates between

the abnormal behavior of the heavy oil dispersion and the effective

single-phase behavior of the light oil and solvent dispersions. The

fact that the ten volume percent heavy oil dispersion at the low flow

rate meets this criterion is, in fact, additional evidence in favor of

such a criterion. An examination of the velocity profiles determined

for the low and high flow rates for this dispersion shows that the

logarithmic velocity distribution for the low flow rate resulted in a

slope of 5. 55. This is within the variation from 5. 75 shown by the

solvent and light oil dispersions. If the slope is fixed at 5. 75 the

resulting intercept, calculated by the least squares method, together

with the constant 5. 6 in the logarithmic velocity distribution may be

used to predict the effective viscosity. This procedure results in a

value of 1. 36 centipoise, exactly the value previously determined by

matching the experimental and accepted friction factor curves. The

high flow rate ten percent dispersion, however, exhibits a slope of
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6. 2, reflecting a probable non-Newtonian behavior. An effective

viscosity predicted by the method outlined above results in a value

of 1. 1 centipoise, much too low to account for the observed friction

factor data at these flow rates. The low flow rate 20 percent disper-

sion, although exhibiting a slope of 5. 55, predicts an effective vis-

cosity of 1. 2 centipoise which is also too low.

In drawing the line representing Equation (88) on Figure 29 it

was necessary to assume a value of Pd/Pe At the average tempera-

ture of the experimental runs, the density of the light oil is 0. 86

grams per cubic centimeter and the density of the heavy oil is 0. 88

grams per cubic centimeter. Thus the value of 0. 87 was chosen and

an average concentration of 35 volume percent was used in calculating

Pe The square root of the ratio PdIPe is used in calculating the posi-

tion of the line and this quantity varies by less than five percent over

all the conditions encountered in these experiments.

In developing the above criterion (Equation 88) it was proposed

that the effective viscosity of the dispersion be used in place of the

continuous phase viscosity as used by Baron, et al. A plot similar to

Figure 29 was prepared using the Reynolds number of the continuous

phase in place of the actual Reynolds number of the dispersion. The

difference between the light and heavy oils became much less apparent

on this plot. In addition, the 50 volume percent solvent point was

placed well above the line differentiating the two regions, whereas



was concluded that the relation given by the inequality(\2
Pd

Red\D)
provides the best criterion for determining whether a liquid-liquid

dispersion may be treated as a single-phase fluid. The results of

this investigation also indicate that the dispersions which meet this

criterion might be further described as Newtonian fluids, although

a sufficient number of systems has not been investigated to fully

justify this conclusion.

Drop Size and Drop Size Distribution

The experiments in this investigation were not designed to

study the drop size distributions per se. The extremely complicated

nature of the flow system prevents a study of the genesis of these

distributions. This is especially true in light of the fact that such a

study has not been accomplished even for the case of turbulent flow in

a smooth straight pipe. A general discussion of the factors influ-

encing the drop size and distribution is in order, however.

< 2 (89)
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Faruqui found that the solvent dispersion at this concentration and

flow rate did behave as a single-phase Newtonian fluid. On Figure 29

it is noted that the trend of the drop size data is a decrease in average

diameter with increasing Reynolds number, as would be expected.

This trend was not brought out as well when the diameters were

plotted in terms of the continuous phase Reynolds number. Thus, it
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The drop size data are contained in Appendix IV. A summary

of the experimental runs and the resulting average diameter, Sauter

mean diameter, and 95th volumetric percentile for each run are given

in Table X. Table XI contains the actual distributions and these are

arranged sequentially according to the Roll number. Thus reference

to Table XI-3 signifies the third page of Table XI, and this page con-

tains the drop size distributions for experimental film roll number

three.

One of the first things which should be brought out is the im-

portant part played by the high speed centrifugal pump on the process

of drop breakup. The output of this pump was approximately constant.

The flow rate through the test section was controlled by varying the

amount of dispersion which was by-passed from the outlet of the pump

directly back to the mixing tank. In one experiment a five volume

percent solvent dispersion was pumped such that the entire output

of the pump was by-passed, i. e. , there was no flow through the test

sections. The system was allowed to come to equilibrium (t300

minutes). To photograph this dispersion, a special rubber hose con-

nection was made between the outlet of the pump and the bottom of the

photographic test section. When appropriate valves were opened the

dispersion flowed from the pump, through about two feet of rubber

hose, and then up the photographic test section for a distance of about

one foot to the point where the photographs were taken. The results



146

of this experiment are compared with the equilibrium distributions for

the same dispersion flowing at one, two, three and four pounds per

second through the test section in Figure 30. Since this five percent

dispersion is still in the dilute region the breakup process plays a

larger part in determining the drop size than coalescence effects,

which become more important as the concentration increases. Figure

30 shows that the breakup is determined primarily by the action of the

pump. The slight decrease in average drop size with increasing cir-

culation rate could reflect merely a shorter residence time in the

pipe (thus allowing less chance of coalescence) between the time a

droplet leaves the pump and is photographed. The fact that the aver-

age drop sizes for the two highest flow rates are lower than the drop

size for zero circulation rate indicates, however, that there is probably

additional breakup in the pipe circuit. This breakup may occur only

at flow constrictions such as the valves or heat exchanger. In the

pipe sections coalescence is usually the dominant phenomena. This

reasoning is based upon Sleicher's empirical relation for the maxi-

mum stable drop size in turbulent flow (Equation 59). Appreciable

drop breakup would occur only if the size of the largest drops in the

dispersion were greater than predicted by Equation (59). Figure 31

shows this relation between the maximum stable drop size and flow

rate in the test section for the three organic phases which were

studied in this investigation. Apparently drop breakup becomes
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important only at the higher flow rates. For the 1-1/4 inch pipe com-

posing the rest of the piping system the maximum stable diameters

were about four times as large and there was undoubtedly very little

breakup in these pipe sections.

The effect of circulation rate on drop size increases with in-

creasing concentration. Figure 32 shows the Sauter mean diameter

as a function of circulation rate for the light oil dispersions. It is

observed that the largest diameters occur for the middle flow rate

for concentrations above ten volume percent. For the five percent

dispersions the drop size is essentially independent of circulation

rate. For the ten percent system the increased diameter at the mid-

dle flow rate is noted but the effect is less than at the higher concen-

trations. For the 20, 35, and 50 percent dispersions the smallest

diameters occur at the highest flow rate. Sleicher's results show

that drop breakup depends strongly on the velocity (2. 5 power). Thus

if breakup did not become predominant until the highest flow rate in

this apparatus then a net coalescence would be taking place at the

lower flow rates. Results of this investigation would then tend to

agree with the recently proposed theory of coalescence given by

Howarth (96), (Equation 48). This equation predicts an increase in

the coalescence frequency with both increasing velocity and concen-

tration. This would account for the larger drop sizes observed for

the middle flow rate. Another effect noticed in the course of this
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Figure 30. Variation of drop size with circulation rate showing the
effect of pump on drop breakup.
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investigation which supports HowarthTs coalescence theory, is de-

scribed in a subsequent section dealing with visual observation of the

di s p e r s ions.

Only the low and high flow rates were studied for the heavy oil

dispersion and lower drop sizes at the higher flow rates, similar to

those observed for the light oil, were observed for this system.

Drop size distributions were studied as a function of time for

several of the dispersions. Rols 1, 10, 38, and 72A, taken approxi-

mately three minutes after the pump had been started, show that the

pump quickly breaks down the oil droplets to diameters which are 20

to 40 percent larger than the final equilibrium distribution. While

the initial breakup occurs quite rapidly, the final equilibrium distri-

bution takes approximately 200 minutes to be established for the sol-

vent and light oil dispersions. Figure 33 shows the drop size distri-

butions for a ten volume percent solvent dispersion as a function of

time. The shape of the drop size distribution appears to establish

itself quite rapidly also and only the slow breakup of the largest drops

is required to reach equilibrium. Tables XI-4Zto 44 show the devel-

opment of equilibrium for the light oil system. The time required for

equilibrium with the heavy oil dispersions was not determined. Since

the solvent and light oil dispersions reached equilibrium at approxi-

mately 200 minutes the equilibrium photographs were taken at 300

minutes to insure a steady state situation. This practice was
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extended to the heavy oil dispersions. However, additional photo-

graphs taken at the end of the velocity profiles (t1000 minutes)

showed that for this oil the breakup process had continued. As noted

above for the solvent and light oil dispersions, the variation of the

shape of the distribution curve with time was small. Thus any varia-

tion of the effective viscosity during the determination of the velocity

profile would be negligible. The difference between the 300 and 1000

minute distributions reflects a gradual breakup of the largest drops.

For example, the mean diameter was 369 microns at t=300 minutes

and 296 microns at t=1000 minutes for the 20 percent dispersion at

the low flow rate. In Figure 29, in which the single phase criterion

was established, the Sauter mean diameters for both t=300 minutes

and t=l000 minutes have been plotted for the runs in which the latter

pictures were taken. Although no photographs were taken after the

velocity profiles for the higher flow rates the difference in diameters

was probably less for this case since the approach to equilibrium was

more rapid at higher flow rates.

The largest differences in drop size distribution resulted from

the differences in viscosity of the three separate dispersed phases.

The general nature of these distributions has been mentioned in pre-

vious sections. The solvent dispersions are characterized by a drop

size distribution with one peak at approximately 25 microns and a

second wider peak at diameters anywhere from 50 to 70 microns,
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depending on the concentration. The viscosity of the solvent is one

centipoise. The viscosity of the light oil is about 15 centipoise and

dispersions of this organic phase resulted in drop size distributions

which had a peak containing approximately 50 numeric percent of the

drops in the range zero to seven microns, a very small peak at about

25 microns, and a broad peak with a maximum at 50 to 100 microns,

depending on the concentration. The size of the largest observed

drops increased by 10-100 percent. This spreading of the distribu-

tion increased when the heavy oil, with a viscosity of 200 centipoise,

was used as the dispersed phase. These distributions had a very high

peak, approximately 70 numeric percent of the drops, in the range

zero to seven microns. The average drop size and the size of the

smallest drops in this interval decreased in going from the light oil

to the heavy oil. The size of the largest droplets also increased with

the heavy oil dispersions, reaching diameters as large as 800 mic-

rons in some cases. Heavy oil dispersions did not contain a second

peak at higher diameters; the probability of finding a drop with a

given diameter decreased with increasing drop size. Most of the re-

maining 30 percent of the drops occurred at diameters less than 250

microns. Typical distributions for the solvent, light and heavy oil

dispersions are shown in Figure 34.

Two different types of drop breakup have been proposed by

Clay and both have been experimentally observed by Sleicher (79). In
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one type the drop is broken up into two approximately equal drops. In

the second a local region of reduced pressure causes a small ttprotu_

beranceu which breaks off in the form of a small droplet. The drop

size distributions described above indicate that the type of breakup

which is undergone in this system depends on the dispersed phase

viscosity. For the solvent-water system, in which the dispersed and

continuous phase viscosities were equal, the most probable drop dia-

meters were 25 microns or somewhere between 50 to 70 microns and

there were very few droplets below five microns. As the dispersed

phase viscosity was increased(in going to the light oil)the distribution

spread apart with the occurrence of a greater number of large drop-

lets and a very large increase in the number of small droplets in the

range zero to seven microns. This effect was further brought out

when the dispersed phase viscosity was increased to 200 centipoise

with the heavy oil. Thus it would appear that a higher dispersed

phase viscosity favors the drop breakup characterized by a small

droplet separating from a large droplet. This leaves the large drop-

let essentially the same size. Further breakup would result in a

larger number of small droplets and this was observed. If all the

breakup occurred by this process the number of small drops would

have to be much greater. Therefore other types of breakup must

occur. Hinze (44) has discussed the breakup processes which occur

in the initial stages of the dispersion process. In Sleicherts studies
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he noticed both types of drop breakup which were mentioned above.

However, the type which occurred most often was that resulting in

two approximately equal drop diameters. Since the viscosities of the

two phases were approximately equal this tends to agree with the ob-

servations made above concerning breakup in the solvent-water

s ys tern.

Figure 35 shows the variation in the Sauter mean diameter

with concentration. For the light and heavy oils the variation is ap-

proximately as the one-third power of the volume fraction. The dis-

tribution curves for the one percent dispersions had only one peak,

which probably reflects a negligible coalescence rate. These distri-

butions are shown in Figures 36 and 37 for the solvent and light oil

respectively. The one percent heavy oil dispersion had a distribution

similar to the general form shown in Figure 34.

Water-in-Oil Dispersions

A limited amount of friction factor, drop size, and velocity

profile data were obtained with a system of water dispersed in the

light petroleum solvent at concentrations of six volume percent and

fourteen volume percent. The results of these investigations are

somewhat unusual.

Figure 38 shows the friction factor curve determined for the

six percent dispersion. This curve exhibits a marked increase of the
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friction factor with decreasing flow rate. Comparison with the curves

for the light-oil-in-water dispersions (Figure 13) or with the friction

factor curve for the heavy-oil-in-water dispersions (Figure 20) shows

that this increase is several times what would be expected for a six

percent dispersion. The curve cannot be made coincident with the

reference curve over the whole flow range, as was done for the other

dispersions, by the assignment of a single effective viscosity. At

the highest flow rate studied the viscosity required to match the ex-

perimental and reference friction factor curves is 1. 5 centipoise. As

the flow rate is decreased the viscosity required to match the curves

increases to a value of about 15 centipoise at a friction factor of

0. 011. This value marks the lower end of the curve describing the

friction factor for the turbulent flow of pure fluids in a smooth pipe,

i. e., at lower flow rates the flow becomes laminar. The experi-

mental friction factor curve for this dispersion, however, continues

to rise steeply reaching a value of 0. 014 at the lowest flow rate.

During the course of the experimental work on the water-in-oil dis-

persions it was observed that the water droplets in the mixing tank

adhered to the walls of the stainless steel mixing tank, despite that

fact that the dispersion was maintained at a high level of agitation by

the stirring motor and the liquid returning from the test section.

This adhesion results from the fact that the interfacial tension be-

tween the water and the metal wall is greater than the interfacial
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tension between the solvent and the wall, i. e. , the water preferenti-

ally wets the wall. The interfacial tension between the water and the

solvent is sufficiently high to insure that the water remains in a herni-

spherical shape and does not form a continuous film over the metal

surface. The greatly increased friction factors which have been ob-

served for the system may now be explained in terms of a wall rough-

ness furnished by small water droplets adhering to the inside pipe

wall. The force acting to dislodge these droplets is proportional to

the velocity of the dispersion through the pipe. Thus the size of the

roughness elements (the droplets adhering to the wall) increases as

the flow rate is decreased. This accounts for the rapidly rising fric-

tion factors observed for the water-in-oil dispersions. Figure 39

shows a complete friction factor curve including the relative rough-

ness as a parameter (49, p. 176). If we now assign an effective vis-

cosity to the six volume percent water-in-oil dispersion then the fric-

tion factor data in Figure 38 results in a curve of f versus Re which

can be superimposed upon Figure 38. This will allow determination

of the size of the droplets adhering to the wall as a function of the flow

rate. The effective viscosity results for the light oil dispersions

(Figure 28), which has a drop size distribution similar to that of the

oil-in-water system, can be used to estimate an effective viscosity of

1. 2 centipoise. The resulting friction factor data has been super-

imposed on Figure 39 and the radius (e) of the hemispherical water
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droplets adhering to the pipe which would be necessary to account for

the large values of the friction factor are given in Table VI. To show

that the effective viscosity which is chosen for the system has rela-

tively little effect, values of e for pe equal to 1. 3 centipoise are also

shown in this table. These values appear quite reasonable and it may

be concluded that this analysis is a satisfactory explanation of the un-

usual friction factor behavior for this system.

Table VI. Average height of water droplets adhering to the wall.

The one velocity profile obtained for the six percent water-in-

oil dispersion is shown as U/Umax versus y/r in Figure 40. This

velocity profile was at a relatively high flow rate (Re(e) = 8 X io)

and the average size of the droplets adhering to the wall at this flow

rate were probably only about six microns. Thus there is no apparent

effect on the velocity profile shown in Figure 40. The velocity profile

in terms of u+ and y+j is given by the equation

f
(X iO)

R.Le)
(X 104cp)

Re
(X 10)

e
(microns)

Re
(X 10)

e
(microns)

5 8.9 7.4 4 6.8 2
6 5.4 4.5 16 4.2 14
7 3.8 3.2 40 2.9 38
8 2.85 2.5 80 2.2 75

10 2.0 1.7 173 1.5 170
12 1.6 1.3 325 1.2 320
14 1.35 1. 1 500 1. 0 500
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= 6. 56 log + 2. 9 (90)

The slope of 6. 56 in this equation is too large to justify the calcula-

tion of an effective viscosity based on the universal velocity profile.

Knudsen and Katz (49, p. 169) recommend the dimensionless velocity

profile

u+=5.7slog + 8.5 (91)
e

for the turbulent flow of single phase fluids in rough tubes. The para-

meter e represnets the average height of the roughness elements.

From Table VI the height of the water droplets adhering to the wall at

this flow rate can be estimated at six microns. Equation (91) and the

velocity profile, in terms of u+ and y/e, are shown in Figure 41. The

profile falls within the variation of Nikuradse's data (dashed lines)

from which Equation (91) was determined and the proximity of the

experimental points of the accepted profile indicates that the value of

e estimated from Table VI is quite reasonable. All of Nikuradse's

data exhibit a slope very close to 5. 75 and the variation between dif-

ferent runs in his data can be accounted for (as was the case with the

universal velocity profile) by small changes in the value of the addi-

tive constant in Equation (91). The value of the experimental slope

for the water-in-solvent dispersion, 6. 56, is too large to attribute

to experimental error. Thus it must be concluded that the flow of this

dispersion does not correspond to that of a single phase fluid flowing

in a rough tube. The value of the quantity
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is 1. 8 so that this dispersion meets the single phase criterion which

was developed in a preceding section, although the value is not well

within the single phase range defined by Equation (89). It is most

likely that the increased value of the slope in the logarithmic velocity

distribution is due to the coalescing effect to be described in the next

paragraph. The momentum transfer required to accelerate droplets

separating from the wall to the stream velocity would tend to decrease

the velocity near the wall, giving a greater slope to the velocity pro-

file.

The drop size data are presented in Tables XI-27 through 34.

The equilibrium distributions are shown in Figure 42. It is readily

observed that the drop size for water-in-solvent dispersions is much

larger than the same system at the same dispersed phase concentra-

tion but with the organic phase dispersed in the water phase. For

example, the Sauter mean diameters for the six and fourteen percent

water-in-solvent dispersions are 99 and 120 microns, respectively.

For the five and fifteen percent solvent-in-water dispersions at the

same flow rate these diameters are 40 and 44 microns. This differ-

ence cannot be attributed to a change in dispersed phase viscosity

since the viscosities of both the solvent and water are equal to one

centipoise. The values of the mean diameters given above are for the
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same flow rate so that the flow field experienced by the two systems

is identical. The interfacial tension between the solvent and water is

also the same. The only variable (of those usually considered) which

has been changed in the reversal of the dispersed and continuous

phases is the ratio Pd/Pc but this has changed only from 0.8 for the

solvent-in-water dispersions to 1. 25 for the water-in-solvent disper-

sions. The density of the dispersed phase does not play an important

part in determining the drop size distribution and certainly could not

account for the large differences in drop sizes observed between these

two systems. Part of the explanation of this difference again lies in

the water droplets which have adhered to the wall. It was observed

through the eye-piece of the microscope on the photographic arrange-

ment that water droplets which had ahered to the inside glass wall

would undergo coalescence with droplets which were flowing past.

After a colliding drop coalesced with one of the drops which was ad-

hering to the wall the size of this latter droplet increased. If it was

still less than a stable drop size, i. e. , if it could still resist the

hydrodynamic forces attempting to dislodge it, then the droplet

merely stayed in place. If. the droplet radius became too great,

however, the droplet was swept away, sometimes completely, some-

times leaving small portions of its volume attached to the wall.

While the maximum stable adhering droplets in the test section at the

flow rate which was studied was about six microns, the inside
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diameter of the test section was only 0. 83 inches. The rest of the

piping circuit, about four times as long as the test section, was con-

structed o 1-1/4 inch brass pipe. In this pipe the velocity of the dis-

persion is only about 0. 4 that in the test section. Thusthe interior

of all this larger pipe forms a continuous source of larger droplets.

From Table VIit may be estimated, using the velocity gradient near

the wall as a basis, that the height of the largest drop adhering to the

large pipe wall is about 200 microns. This would form a droplet of

about 160 microns in diameter which agrees reasonably well with the

maximum observed drop size.

Another factor which causes the water-in-oil droplets to be

larger than the oil-in-water system is the greater mutual attraction

between the water molecules than that of the oil molecules. This

effect is characterized by the surface tension: 72 dyne/cm for water,

25 dynes/cm for thesolvent. It is this same attraction which causes

water to tend to become the continuous phase even when the oil con-

centration is greater than 50 percent. Water has been observed as

the continuous phase for dispersions as high as 90 volume percent

organic phase (14). While this effect perhaps makes the water drop-

lets more difficult to break up, the effect on coalescence rates is

probably more important in giving rise to the larger drop sizes. In

terms of Howarth's expression for coalescence frequencies
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the greater attraction of the water droplets, reflected by the larger

surface tension, would result in a lower value of w*2, the square of

the velocity above which a collision of droplets results in coalescence.

Simha! s theory of coalescence depends on some mutual attraction of

the droplets, and presumably, the greater the attraction, the greater

the chance of coalescence.

Thus the flow of water-in-oil dispersions differs markedly

from the case of oil-in-water dispersions. Water droplets adhering

to the pipe wall greatly influence the friction factor and drop size re-

sults and also have an effect on the velocity distribution. Here again

the ability to visually examine and photograph the flowing dispersion

has aided in the interpretation of unusual experimental results.

Visual Observation of the Dispersions

One of the interesting sidelights of this investigation was the

opportunity to observe the dispersions through the binocular eyepiece

on the microscope. These observations suggest a possible use of

the photographic or optical arrangement developed here for use in

studying coalescence phenomena.

The water and organic phases separate quite rapidly after the

pump is turned off. At the end of one run the pipe in the vicinity of
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the photographic arrangement was filled with the solvent phase. The

next day, while investigating the possibility of attaching a movie

camera to the microscope, the stirrer and then the pump were turned

on and a solvent-in-water dispersion quickly filled the circuit. The

solvent phase in the pipe at the photographic section left a layer of

solvent droplets attached to the inside of the glass wall through which

the dispersions were photographed. With the stroboscope on a high

flashing rate, furnishing an essentially continuous light source, the

microscope was focused on this layer of droplets, or rather, hemi-

spheres. The solvent adhering to the wall will be referred to here

as droplets even though the shape was slightly less than hemispheri-

cal. The diameters varied and are estimated at between 10 and ZO

microns. Behind these droplets the dispersion was flowing at an

average velocity of several feet per second and appeared only as a

blur. Coalescence was observed between droplets in the dispersion

and those adhering to the wall. The diameter of one of the wall drop-

lets would suddenly increase, roughly anywhere from 20 to 100 per-

cent. The process appeared instantaneous. There were several

hundred drops in the field of view and the coalescence frequency is

very roughly estimated at about one every two seconds. The larger

the droplet, the greater its chances of further coalescence. This is

logical since a droplet would extend further into the flowing disper-

sion and posses a greater collision diameter. When the size of these
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droplets became too large (approximately 30 to 50 microns) they be-

came urstable and were swept away by the flowing dispersion. Most

of the time a small portion of the drop was left attached to the wall

and process began all over again. Eventually all the drops were

swept from the glass wall (water preferentially wets the glass) but

the process took over an hour. These observations confirm the

coalescence mechanism proposed by Howarth,who based his argument

only on the observation that if drops of one liquid are caused to fall

onto a plain surface of that liquid, immediate coalescence will occur

if the velocity of the drop exceeds a certain critical value.

Observations of droplet behavior were often made at the end

of an experimental run just after the pump had been turned off.

this case the droplets were moving relative to the continuous phase

and the observations did not apply directly to the turbulent flow of the

dispersion. Some interesting conclusiqns can be drawn,however. A

great number of droplet-droplet interactions were observed. Only

a very weak attraction was exhibited between the droplets. There

was no clustering or grouping of the droplets, except for the case of

one dispersion which had been sitting in an open tank for about two

weeks. Very small particles of dirt were observed in the dispersion.

These often gave rise to a grouping of the droplets around a dirt

particle. The droplets were usually moving very slowly although not

necessarily in a vertical direction since turbulent eddies were still
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observed in some cases. When two drops collided they would usually

bounce apart. There appeared to be a very slight attraction between

the drops which sometimes caused them to remain in contact for short

distances, but there was usually reseparation before leaving the view

field of the microscope. In none of these observations was a coales-

cence every observed, even for droplets which remained in the field

of view and in contact with each other for a relatively long time (five

seconds). These observations tend to further agree with Howarths

theory of coalescence and disagree rather strongly with the cohesion-

followed-by-coalescence mechanism proposed by Simha.

After the turbulence had died down and most of the dispersed

phase had separated the remaining droplets rose in a vertical direc-

tion through the field of view. Occasionally a TTtrain of droplets was

observed. A large droplet would rise through the water with a second

droplet of about half its diameter trailing in the wake of the first drop.

Occasionally a third droplet, less than half the diameter of the second

droplet, would be following in the wake of the first two droplets. The

velocity of these droplet groups was greater than that of a single

large droplet, as would be expected from the more streamlined

shape of the group. These droplets appeared to be in contact and

appeared to bump gently against one another. Again coalescence was

never observed but the length of time that these doublets and triplets

were in the field of view was fairly short (about one second).
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.Occasionally a drop would be suspended directly in the field of view,

perhaps resting lightly against the glass wall or glass rod. Quite a

number of interactions were observed in which a second droplet would

rise through the fluid and collide with a stationary drop. Upon colli-

sion the two droplets formed a, couple which rotated through an angle

of 1800 and then the originally moving drop continued its upward mo-

tion at approximately the same speed and the drop which was origi-

nally at rest remained so in approximately the same position. This

type of interaction has been extensively studied by Manley and Mason

(56) who designed an apparatus for studying the interaction of two

glass spheres in a very viscous oil. They give mathematical and

graphical representation of the motion of these two droplets and, ex-

cept for a very slight deformation of the largest oil droplets, the

interactions observed here are exactly the same. However, in their

experiments both glass spheres were moving and in these observa-

tions the velocity of one of the droplets was zero.
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CONCLUSIONS

The results of this investigation may be summarized by the

following:

A photographic method has been developed which gives excellent

results for the determination of drop size distributions in the

turbulent flow of liquid-liquid dispersions when the diameters are

greater than five microns. The method may be extended to give

approximate distributions containing droplets as small as one

micron if the flow can be momentarily stopped.

The drop size distribution is an important variable in determining

the effective viscosity of liquid-liquid dispersions. The effective

viscosity decreases with increasing size range.

Two phase liquid-liquid systems may be assigned effective

properties and treated as a single phase fluids providing the size

of the dispersed droplet is small enough to insure negligible mo-

tion of the drop relative to the fluid element in which it is con-

tained. This criterion is set forth by the inequality

(d3Re I -
D

In the range of flow rates investigated (1 lb/sec to 3. 5 ib/sec) the

light oil dispersions behave as Newtonian fluids.
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In this range the friction factors for the light oil dispersion can

be predicted from the accepted Reynolds number correlation and

the velocity profile in the turbulent core. For these dispersions

and the solvent dispersions studied by Faruqui the intercept in

the logarithmic velocity distribution is best represented by the

value 5. 6.

An effective viscosity for the light oil and solvent dispersions can

be evaluated from the velocity profile data. The effective vis-

cosity increases with concentration. At a given concentration the

viscosity decreases with increasing size range of the dispersed

droplets.

The heavy oil dispersions included in this investigation, except

for the low flow rate, ten percent dispersion, did not behave as

single phase fluids. The effective viscosities of the 5, 10, and

ZO percent dispersions did not change with concentration. This

unusual behavior is explained by a "slip" velocity of the large

drops relative to a fluid element in which they are contained.

The water-in-solvent dispersions did not behave as single phase

fluids. The water droplets adhered to the pipe wall creating

roughness elements which resulted in greatly increased friction

factors. The average height of these elements varied with the

flow rate. Coalescence between the adhered droplets and those

in the flowing dispersion were observed.



RECOMMENDATIONS FOR FURTHER WORK

The photographic method should be used to study drop size and

drop size distributions of dispersions formed in more readily defined

flow fields. Of particular interest would be a study of breakup and

drop size distributions resulting from the turbulent flow of a disper-

sion in a pipe. The immiscible phases would be introduced separately.

The upper size limit could be compared with the work of Sleicher (79)

and the minimum drop sizes with the equations of Kolmogorov and

Levich (53).

Studies of drop breakup, as suggested above, would have to

be conducted with dilute dispersions. Once an equilibrium distribution

was obtained, the concentration could be increased and a study of

coalescence, based on changes in the drop size, could be conducted.

Development work should proceed on the photographic tech-

nique. This should include improving the resolution of the smallest

drops (less than five microns), perhaps by justifying a momentary

stopping of the flow. A method of locating the position of the plane of

focus should be added and used in determining the effect of radial

position on the drop size. At the same time a method for introducing

the lens further into the stream might be added.

The results of this and otherworks should be used to plan an

investigation of the effective viscosity of dispersions. The
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photographic method should be used to include the drop size and drop

size distribution in this study.

Heat transfer studies should be conducted for the two oil-in-

water dispersions investigated in this work. The light oil dispersions

could be used in an attempt to extend the heat transfer results of

Faruqui. The single phase criterion could perhaps be extended to

include heat transfer behavior of dispersions.

The photographic method can be applied to the study of coales-

cence. A dispersed phase droplet could be suspended in a flowing

dispersion and a motion picture camera used in an attempt to photo-

graph the coalescence process. The fraction of observed collisions

which resulted in coalescence could be used in determining the colli-

sion diameter, d, and the minimum coalescence velocity, w*, which

occur in Howarth's recently proposed coalescence theory.
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APPENDICES





PHYSICAL PROPERTIES

The physical properties of the three organic phases are listed

in Table VII. Finnigan obtained the properties of the solvent (Shell

Solv 360) and the values listed here are taken from his data (31,

p. 1Z9-14Z). The light and heavy oil properties were determined in

this investigation. The density was determined by weighing 100

milliliter samples on a Mettler balance accurate to 0. 001 grams. The

viscosity of the light oil was measured with a kinematic viscometer

of the Ostwald type. The time required for a given amount of liquid

to flow through a capillary tube is measured. The instrument was

calibrated by the Bureau of Standards and checked with distilled water

The viscosity of the heavy oil was determined with a Brookfield

electric viscometer accurate to + one percent. The interfacial tension

was measured with a ring tensiometer according to ASTM method

D 971.-50.

The effective densities of the manometer liquids are shown in

Figure 43. This density represents the difference between the mano.

meter liquid density and that of water. The values were taken from

Faruqui (29, p. 90) and were checked at several points and found to

be accurate.
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Table VII. Physical properties.

Temperature
o F

Solvent Light Oil Heavy Oil
Density
lb/ft3

Viscosity
centipoise

Density
lb/ft3

Viscosity
centipoise

Density
lb/ft3

Viscosity
centipoise

62 (16.6° C) 49. 05 1.057 53.93 18. 2 55.32 261

64 (17. 7° C) 49.01 1.037 53. 85 17.2 55. 28 245

66(18.8° C) 48. 96 1.019 54. 05 16. 4 55. 25 229

68(19.9° C) 48. 92 1. 005 54. 25 15.6 55.22 214

70 (21. 1° C) 48. 85 0. 908 53.81 14. 7 55. 19 196

72 (22. 20 C) 48. 80 0. 967 53. 66 13. 9 55. 16 181

74 (23.5° C) 48. 73 0.951 53.62 13. 0 55. 13 162

Interfacial Tension
at 25° C 49 52 48

(Dyne! cm)
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Figure 43. Density of manometer fluids.





Table VIII. Observed and calculated friction factor data.

Run
LHT
cm

-APf
lbf/ft2

W
lbm/ sec

f
x io

Re (P-e)
cp. X

Re
x

Re
x io

W- 1 9. 23 X 14. 04 0. 560 7. 25 1. 536
2 12.98 19.78 0.688 6.78 1.885
3 32.97 50.29 1.174 5.92 3.218
4 40.72 62.12 1.319 5.80 3.614
5 15.66 61.82 1.319 5.80 3.614
6 19.42 76.63 1.483 5. 77 4. 065
7 23.00 90.80 1.637 5.50 4.487
8 26.47 104. 55 1. 776 5.38 4.867
9 30. 08 118. 75 1. 873 5. 49 5. 134

10 34. 77 137. 27 2. 060 5. 25 5. 645
11 39.30 155.08 2. 213 5. 14 6.064
12 44.68 176.26 2.375 5.07 6.510
13 50.91 200.89 2. 551 5.01 6.993
14 56.23 221.77 2,703 4.92 7.410
15 63.25 249,58 2.893 4.84 7.931
16 72. 02 284. 19 3. 110 4.77 8. 52.4
17 12.59 49.65 1,161 5.98 3.182
18 32.60 49.65 1.161 5.98 3.182
19 23. 79 36. 23 0. 966 6. 30 2. 698
20 17. 72 26.99 0.823 6.46 2. 256

B=5. 5 13=5. 6

L10- 1 43.38( 61.81 1.253 6.38 3.435 2.694 2. 588
2 32.40 45. 06 1. 031 6. 80 2.825 2. 215 2. 128
3 19. 55 25.45 0. 754 7. 18 2. 066 1.620 1. 557
4 27. 28 37. 17 0. 930 6. 97 2. 550 2. 000 1. 922



Table VIII. (continued)

Run
HT

cm lbf/ft2
W

lbm/SeC
f

X 1O3
Re (P'e)

cp. X io
Re

X 10"
Re

X 10

B=5. 5 B=5. 6

Ll0- 5 63. 04 76. 55 1. 413 6. 14 2. 874 3. 038 2.919
6 64. 26 93.72 1.581 6.02 4. 322 3.390 3. 257
7 30. 16)< 115.26 1.758 6.05 4.817 3.778 3.630
8 35. 55 136. 6 1.952 5. 75 5. 350 4. 196 4. 032
9 53. 36 207. 1 2. 546 5. 12 6.978 5. 473 3. 259

10 56. 88 221. 9 2. 581 5. 34 7. 075 5. 549 5. 332
11 65.72 256.3 2.827 5. 14 7. 750 6.078 5.840
12 77. 55 303. 2 3. 105 5. 04 8. 518 6. 676 6. 414
13 18. 34+ 466.4 3.982 4. 77 10. 916 8. 561 8. 226
14 15. 07 382.3 3.491 5. 09 9.369 7. 505 7. 211

L20- 1 16.84 423.6 3.678 4.95 10.082 6.970 6.694
2 19.80 499.5 4.045 4.84 11.088 7.666 7.362
3 21.28 537.45 4.229 4.77 11.591 8.014 7.696
4 14. 27 357.6 3.314 5. 16 9. 084 6. 281 6. 032
5 57. 77 X 219. 4 2. 512 5. 52 6. 886 4. 761 4. 572
6 66. 29 253. 3 2. 727 5. 40 7. 476 5. 168 4. 964
7 78. 67 302. 1 3. 023 5. 24 8. 286 5. 729 5. 501
8 47.35 178.6 2. 214 5. 78 6. 070 4. 196 4. 030
9 40. 19 150.3 2. 018 5. 85 5. 531 3. 824 3. 673

10 31. 72 116.8 1.740 5. 12 4.768 3. 297 3. 166
11 15.80 53.96 1. 113 6.83 3.068 2. 121 2. 037
12 14.88 50. 46 1. 108 6. 52 3. 036 2.899 2. 016
13 11. 12 35.61 0.908 6.84 2.490 1. 721 1.653
14 10. 10 31. 57 0.853 6.89 2.337 1.616 1. 552



Table VIII. (continued)

Run
HT

cm lbf/ft2
W

lbm/sec
f

X 1O3
Re (Pje)

cp. X i0
Re

X i0
Re

X io

L20-15 21.82 77.89 1.390 6.39 3.811 2.635 2.531
16 26. 34 95. 80 1. 556 6. 28 4. 264 2.948 2.831

L35- 1 17.09 50.24 1.003 7.73 2.749 1.317 1.265
2 34.4 118.7 1.674 6.55 4. 589 2. 199 2. 113
3 23.2 74.42 1.271 7.28 3.484 1.670 1.604
4 62.34 229.3 2.376 6. 28 6. 513 3. 121 2.998
5 71.30 264. 8 2. 637 5.89 7. 229 3. 464 3. 328
6 53. 65 195. 0 2. 189 6.30 5. 780 2. 770 2. 661
7 45. 19 161. 5 1.891 6.99 5. 184 2. 484 2. 386
8 37. 54 131. 2 1. 702 7. 01 4. 466 2. 140 2. 056
9 24. 26 78.63 1.300 7. 20 3. 563 1. 707 1. 140

10 11. 18 26.88 0.738 7.64 2.022 .969 0.931
11 19.42+ 481. 1 3.721 5.38 10. 198 4.887 4.695
12 21.49 549.9 3.983 5.36 10. 917 5. 232 5. 026
13 15. 61 383. 4 3. 227 5.69 8. 846 4. 239 4. 072
14 13.09 318.7 2.888 5.91 7.916 3.793 3.644
15 11. 50 277.9 2.643 6. 15 7. 244 3.471 3. 335
16 65.65 X 242. 2 2. 481 6. 08 6. 801 3. 259 3. 131

L50- 1 21.32+ 523.0 3. 568 6. 23 9.780 3. 042 2.927
2 25. 63 633. 6 3.983 6. 06 10. 918 3. 395 3. 267
3 15. 13 364. 2 2. 850 6.80 7. 818 2. 431 2. 339
4 11.09 260.5 2.364 7.06 6.480 2.015 1.939
5 60. 18X 213.7 2. 155 6.98 5.906 1.837 1. 767
6 75. 40 274. 1 2. 472 6. 81 6. 776 2. 107 2. 028
7 56.88 200.8 2. 064 7. 15 5.658 1. 760 1.693 '.0

'.0



Table VIII. (continued)

Run
HT
cm

LPf
lbf/ft2

W

lbm/sec
I

X
Re (P'e)

cp. X i0
Re Re

X i0 X 1O4

L50- 8
9

10
11

47.47
41.60
21.65
21.65

163.6
140.4
61.68
61.68

1.836
1.694
1.086
1.088

7.37
7.43
7.93
7.90

5.032
4.643
2.978
2.982

1.565 1.506
1.444 1.389
0.9262 0.891
0.9275 0.893

12 17.60 45. 59 0.943 7. 78 2. 584 0. 8038 0. 773
13 26.82 82. 1 1. 264 7.80 3. 465 1. 077 1. 037
14 36.48 120.4 1.546 7.64 4.239 1.318 1.268

e from Fraction
Factor Data

H05- 1 17. 22 + 440. 0 3. 850 4. 79 10. 5539 7. 743
2 19. 05 486. 9 4. 006 4. 90 10. 9804 8. 056
3 13. 16 335.8 3. 272 5. 06 8. 9699 6. 580
4 74. 95 X 293.9 3. 034 5. 15 8.3159 6. 101
5 57.8 226.3 2.626 5. 30 7. 1973 5. 280
6 41. 4 161.6 2. 172 5. 53 5. 9520 4. 367
7 25.65 99.4 1.648 5.90 4,5182 3.315

H10- 1 15. 26 56.60 1. 180 6. 53 3. 2352 2. 373
2 11.71 42.58 1.004 6.79 2.7511 2.018
3 19.40 72.95 1.385 6. 11 3.7954 2.784
4 15.67 ± 398. 5 3.625 4.87 9.9372 7. 291
5 17. 01 432.9 3. 789 4.85 10. 3853 7.619
6 14.36 364.9 3.424 5.00 9.3851 6.885
7 12.96 328.9 3.241 5.03 8.8830 6.517
8 76. 70 X 299. 8 3. 097 5. 02 8. 4880 6. 227
9 64.34 250.9 2.790 5.18 7. 6479 5.611



Table VIII. (continued)

Run
EHT°
cm

LPf
lbf/ft2

W

lbm/sec
f

X l0
Re (Pe)

cp. X io-
Re Re

X i0 X 10

P'e from Friction
Factor Data

10 52.42 203. 7 2. 477 5.33 6.7891 4. 980
11 40. 11 154.9 2. 125 5.51 5.8251 4. 273
12 29. 25 112.0 1.764 5.78 4.8362 3. 548
13 17.08 63.92 1.284 6.23 3.5199 2. 582

H20- 1 18. 65 66.37 1. 299 6. 25 3. 5613 2, 613
2 12.99 44.00 1.028 6.62 2.8193 2.068
3 15.80 55. 10 1. 165 6. 46 8. 1946 2.344
4 25. 09 92.77 1. 570 6.99 4. 3025 3. 157
5 32.68 121.7 1.832 5.76 5.0226 3.685
6 39. 75 149. 5 2. 064 5. 58 5. 6576 4. 151
7 16.08+ 405.3 3.622 4.91 9.9281 7.284
8 14. 23 357.9 3.381 4. 98 9. 2667 6. 799
9 80. 75x 312.0 3. 138 5. 04 8. 6009 6.310

10 55.86 213.6 2.531 5.30 6.9371 5.089
11 44. 11 167. 1 2. 197 5. 50 6.0230 4.419

H27- 1 25. 30 88. 34 1. 556 5. 73 4. 2655
2 19. 42 65. 11 1.313 5.94 3. 5983
3 13. 92 43.36 1. 078 5. 86 2. 9550
4 12.51 37.79 0.990 6.06 2.7130
5 30.32 108.2 1.740 5.62 4.7696
6 35.80 129.9 1.919 5.54 5.2608
7 16. 65+- 415. 6 3. 697 4. 78 10. 1342
8 19.08 477.9 3.998 4.70 10.9596



Table VIII. (continued)

Run
LHT -Pf
cm lbf/ft2

w
lbm/ sec

f Re (Ie)4 Re Re
x io cp. X 10 X i0 X lU...4

F1e from Friction
Factor Data

H27- 9 15.24 379.4 3. 550 4.73 9. 7313
10 13.58 336.8 3. 295 4.87 9. 0313
11 77. 90 X 295. 7 3. 066 4.94 8. 4050
12 62. 20 233. 8 2. 678 5. 12 7.3412
13 48. 15 178.4 2. 299 5. 30 6.3018



Table VIL (continued)

Run
-EP W f Re (se) Re Re

cm ibf/ft2 ibm/sec X 1O3 cpX x io x io

Three different manometers were used to cover the range of pressure differences. The manometers
are identified in this table by the following symbols; X - 2, 94 specific gravity oil; + - Mercury;

- 1. 76 specific gravity oil. The symbol is placed at the beginning of each series of readings for
a given manometer. All subsequent values of HT are for the same manometer until the appearance
of a new symbol. For example, the first six values of IHT for run Ll 0 are for the 1. 76 oil mano-
meter, the next six are for the 2. 94 oil and the last two are for the mercury manometer.

from Friction
Factor Data

S94-1 16. 00 415. 1 3. 275 4. 99 8. 98
2 10. 24 267. 5 2. 486 5. 60 6. 81
3 12. 99 338. 1 2. 883 5. 26 7. 90
4 70.62 283.7 2.602 5. 42 7. 13
5 59. 52 240. 1 2.301 5.86 6.31
6 47.35 191.7 2.042 5.94 5.60
7 39.40 160.3 1.821 6.25 4.99
8 28.85 118.7 1.501 6.81 4. 11
9 22. 70 94.41 1.304 7. 18 3. 57

10 15.88 67.47 1.043 8.02 2.86
11 12.67 54.77 0.8950 8.84 2.45
12 9.52 42.35 0.7443 9.89 2.04
13 7.60 34.76 0.6300 11.33 1.73
14 5. 74 27.40 0. 5090 13. 68 1. 40
15 32. 76 134. 06 1,6328 6. 50 4. 48



APPENDIX III

204



Table IX- -VELOCITY PROFILE DATA

The velocity profile data in the following table was reproduced

directly from the computer printout. The symbols used are defined

in the Nomenclature. There are two pages for each experimental run.

The first identifies the dispersed phase and gives the actual dispersed

phase concentration, the flow rate, and the velocity profile in terms

of U/Umax and y/r. The second page lists the input data, the point

velocity and the profile in terms of u and y+ The manometer

fluid is identified by the system outlined in footnote (1), page 203.

The light oil dispersions, the heavy oil dispersions, and the

water-in-solvent dispersions are listed in that order.
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VELOCITY PROFILE DATA PROCESSING

.05 54 .7163

.0771 .7483

.1373 .7809

.1759 .8000

.2578 .8219

.2963 .8631

.3783 .8764

.4168 .9122

.4987 .9141

.5373 .9444

.6 192 .9460

.6578 .9573

.7397 .9707

.7783 .9942

.8602 .9969

.89 87 .99 12

.9228 .9969

.95 90 1 .0000

.9 807 .9969

.9999 1.0000

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .0850
FLOW RATE 1.253
F 3.2514
G 1.2632
H 2349.8
UAV, 5.4157
EMULSION DENSITY 61.588

Y R U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.518 5.492 4.886 1.2782 1.0020

207

V DELTA H VELOCITY U PLUS V PLUS MU

.023 14.43 4.808 15.720 53.75

.032 15.05 4.910 16.054 74.78

.057 16.40 5.126 16.759 133.21

073 18.00 5.370 17.557 170.60
.107 19.00 5.517 18.038 250.06
123 20.95 5.794 18.941 287.46

.157 21 60 5.883 19.233 366.92

.173 23 40 6.123 20.018 404.31

.207 23.50 6.136 20.061 483.77

.223 25.08 6.339 20.725 521.17

.257 25.17 6 350 20.762 600.63

.273 25.77 6.426 21.008 638.02

.307 26.50 6 516 21.303 717.48

.323 27.80 6.674 21.820 754.88

.357 27.95 6 692 21.878 834.34

.373 27.63 6.653 21.753 871.73

.383 27.95 6.692 21.878 895.10

.398 28.12 6.712 21.945 930.16

.407 27.95 6.692 21.878 951.19

.415 28.12 6.712 21.945 969.89



VELOCITY PROFILE DATA PROCESSING

.0216 .5869

.0265 .64 19

.1084 .74 12

.1445 .7639

.1686 .7781

.2650 .8371

.2891 .8377

.3855 .8882

.4096 .8861

.5060 .92 39

.5301 .9275

.6264 .9506

.6505 .95 37

.7469 .97 85

.7710 .9800

.86 74 .9930

.8915 .9836

.9276 .9905

.9517 .99 72

.9999 1.0000

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .0850
FLOW RATE 2.546
F 1.7692
G 2.0298
H 4318.0
UAV, 11.0054
EMULSION DENSITY 61.582

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.936 4.423 4.944 1.2487 1.0189

20cI

V DELTA H VELOCITY U PLUS Y PLUS MU

.009 14.63 7.910 13.996 38.86

.011 17.50 8.652 15.308 47.49

.045 23.33 9.989 17.675 194.31

.060 24.78 10.295 18.216 259.08

.070 25.71 10.487 18.554 302.26

.110 29.76 11.282 19.962 474.98

.120 29.80 11.290 19.976 518.16

.160 33.50 11.970 21.179 690.88

.170 33.34 11 942 21.129 734.06

.210 36.25 12.452 22.032 906.78

.220 36.53 12.500 22.117 949.96

260 38.37 12 .811 22.667 1122.68

.270 38.62 12.853 22.741 1165.86

.310 40.66 13.188 23.333 1338.58

320 40,78 13.207 23.368 1381.76

360 41 87 13.383 23.678 1554.48

.370 41.08 13.256 23.454 1597.66

.385 41.66 13.349 23.619 1662.43

.395 42.23 13.440 23.780 1705.61

.415 42 46 13.477 23.844 1791.97



VELOCITY PROFILE DATA PROCESSING

210

.0240 .6523

.0481 .7148
1445 .7909

.1686 .7995

.2650 .8505

.2891 .8558

.3855 .8786

.3855 .8976

.4096 .88 23

.5060 .9315

.530 1 .9326

.6264 .9586

.6505 .9579

.7469 .9820

.77 10 .9849

.8674 .9915

.8915 1.0000

.9276 .9987

.95 17 .9987

.9999 1.0000

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .0850

FLOW RATE 3.982

F 1.1843

G 5.1784
H 6450.2
UAV, 17.2130
EMULSION DENSITY 61.581

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.592 5.324 4.850 1.2967 1.0194

Y DELTA H VELOCITY U PLUS Y PLUS MU

.010 6.57 13.531 16 027 64.50

.020 7.89 14 .829 17.563 129.00

.060 9.66 16.408 19.433 387 01

.070 9.87 16.585 19.644 451 51

.110 11.17 17.644 20.897 709 53

.120 11.31 17.754 21.028 774.03

.160 11.92 18.227 21.587 1032 .04

.160 12.44 18 .620 22 .053 1032 04

.170 12.02 18.303 21.678 1096 54

.210 13.40 19 .325 22.888 1354.55

.220 13.43 19.347 22.914 1419.06

.260 14.19 19.886 23.553 1677 .07

.270 14.17 19 .872 23.537 1741 57

.310 14.89 20.371 24.127 1999.58

.320 14.98 20.433 24.200 2064 09

.360 15.18 20 569 24. 361 2322.10

.370 15.44 20.744 24.569 2386 60

.385 15.40 20.717 24.537 2483.35

.395 15.40 20 .717 24. 537 2547.86

.415 15.44 20.744 24 569 2676.86



VELOCITY PROFILE DATA PROCESSING

.02 40 .5932

.0674 .6593

.1252 .6641
01879 .7948
.2457 .8378
.2481 .8512
3662 .9070

.4289 .9148

.4867 .9311

.4867 .9311

.5493 .9533

.5493 .95 33

.6072 .9555

.6698 .97 70

.7276 .9808

.7903 .9709

.8481 .9923

.9108 .9887

.9686 1.0000

.9999 1 .00 00

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .1620
FLOW RATE 1.119
F 3.5488
G 1.2695
H 2129.2
UAV, 4.8904
EMULSION DENSITY 60.910

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

6.220 3.404 4.594 1.4363 0.9213

Y DELTA H VELOCITY U PLUS Y PLUS MU

.010 9.47 3.599 12.774 21.29

.028 11.70 4.001 14.199 59.61

.052 11.87 4.030 14.302 110.72

.078 17.00 4.822 17.116 166.08

.102 18.01 4.964 17.617 217.18

.103 18.09 4.975 17.656 219.31

.152 21.14 5.378 19.086 323.64

.178 22.52 5.551 19.699 379.00

.202 23.33 5.650 20.050 430.11

.202 23.33 5.650 20.050 430.11

.228 24.46 5.785 20.530 485.47

.228 24.46 5.785 20.530 485.47

.252 24.57 5.798 20.576 536.57

.278 25.03 5.852 20.768 591.93

.302 25.89 5.951 21.122 643.03

.328 25.37 5.891 20.909 698.39

.352 26.50 6.021 21.369 749.49

.378 26.31 6.000 21.293 804.86

.402 26.91 6.068 21.534 855.96

.415 26.91 6.068 21.534 883.64



VELOCITY PROFILE DATA PROCESSING

.0240 .6600

.0 240 .6767

.0963 .7345

.1445 .7630

.1686 .7812

.2650 .83 53

.2891 .8383

.3855 .8785

.4096 .8825
5060 .9142

.5301 .9164

.6264 .9444

.6505 .9477

.7469 .9682

.7710 .9752

.8674 .9916

.8915 '9947

.9517 .9968

.98 79 1.0000

.9999 1.0000

STANDARD WHITE OIL NO 1

VOLUME FRACTION OIL .1620
FLOW RATE 2.512
F 1.7303
G 2.0396
H 4366.0
UAV, 10.9807
EMULSION DENSITY 60.897

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.249 5.892 4.491 1.4970 1.0011

V DELTA H VELOCITY U PLUS V PLUS MU

.010 18.96 8.891 15.385 43.66

.010 18.93 8.884 15.373 43.66

.040 22.88 9.767 16.901 174.64

.060 25.34 10 .279 17.786 261.96

.070 26.56 10 .523 18.209 305.62

.110 30.37 11.253 19.472 480.26

.120 30.59 11.294 19.542 523.92

.160 33.59 11.834 20.478 698.56

.170 33.90 11.889 20.572 742.22

.210 36.47 12.331 21.338 916.87

.220 36.55 12.345 21.361 960.53

.260 38.82 12.722 22.014 1135.17

.270 39.09 12.767 22.091 1178.83

.310 40.80 13.043 22.569 1353.47

.320 41.39 13 137 22.731 1397.13

.360 42.80 13.359 23.115 1571.77

.370 43.06 13.399 23.186 1615.44

.395 43.25 13.429 23.237 1724.59

.410 43.52 13.471 23.309 1790.08

.415 43.60 13.483 23.330 1811.91



VELOCITY PROFILE DATA PROCESSING

.02 40 .6908

.0843 .7346

.0963 .7509
1445 .7826

.1686 .8062

.2650 .8536

.2891 .8523

.3855 .8956

.4096 8981

.5060 .9346

.5301 .9306

.6264 .9575

.6505 .9610

.7469 .9806

.7710 .9825

.8650 .9948

.8674 .9955

.92 76 .9959

.9517 .9977

.9999 1.0000

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .1670
FLOW RATE 3.678
F 1.2495
G 5.2083
H 6040.8
UAV, 16.0911
EMULSION DENSITY 60.846

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.430 5.598 4.651 1.4043 1.0055

V DELTA H VELOCITY U PLUS V PLUS MU

.010 6.49 13.341 16.671 60.40

.035 7.34 14.188 17.729 211.42

.040 7.67 14.504 18.123 241.63

.060 8.33 15.115 18.887 362.45

.070 8.84 15.571 19.457 422.85

.110 9.91 16.486 20.601 664.49

.120 9.88 16.461 20.569 724.90

.160 10.91 17.298 21.615 966.53

.170 10.97 17.345 21.674 1026.94

.210 11.88 18.051 22.555 1268.57

.220 11.78 17.974 22.460 1328.98

.260 12.47 18.493 23.109 1570.61

.270 12.56 18.560 23.192 1631.02

.310 13.08 18.940 23.667 1872.66

.320 13.13 18.976 23.712 1933.06

.359 13.46 19.213 24.009 2168.66

.360 13.48 19.228 24.026 2174.70

.385 13.49 19.235 24.035 2325.72

.395 13.54 19.271 24.080 2386.13

.415 13.60 19.313 24.133 2506.94



VELOCITY PROFILE DATA PROCESSING

.02 40 .6122

.0265 .6296

.0963 .7424

.1204 .7374

.2409 .8224

.3132 .8782

.3132 .8782

.3614 .9139

.4337 .9171

.4819 .9423

.5542 .9537

.5542 .9537

.6746 .9821

.795 1 .9912

.7951 .9912

.9156 1.0000

.9638 .9994

.9758 .9960

.9999 1.0000

.9999 1 .00 00

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .3200
FLOW RATE 1.003
F 3.6242
G 1.2815
H 2037.8
UAV, 4.4848
EMULSION DENSITY 59.534

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.079 5.137 3.503 2.2227 0.9737

Y DELTA H VELOCITY U PLUS Y PLUS MU

.010 7.10 3.329 12.127 20.22

.011 7.51 3.423 12.472 22.25

.040 10.44 4.036 14.706 80.91

.050 10.30 4.009 14.607 101.14

.050 10.30 4.009 14.607 101.14

.100 12.81 4.471 16.290 202.29

.130 14.61 4.775 17.396 262.98

.130 14.61 4.775 17.396 262.98

.150 15.82 4.969 18.102 303.44

.180 15.93 4.986 18.165 364.13

.200 16.82 5.123 18.666 404.58

.230 17.23 5.185 18.892 465.27

.230 17.23 5.185 18.892 465.27

.280 18.27 5 340 19.454 566.42

.330 18.61 5.389 19.634 667.57

.330 18.61 5 389 19.634 667.57

.380 18.94 5.437 19.807 768.72

.400 18.92 5 434 19.797 809.17

.405 18.79 5.415 19.729 819.29

.415 19.05 5.453 19.865 839.52



VELOCITY PROFILE DATA PROCESSING

.0554 .7115

.0554 .7241
1638 .7922

.1759 .7955

.2602 .8334

.2939 .8500

.3807 .8775

.4144 .8937
5011 .9119
5349 .9293

.6216 .9390

.65 54 .9702

. 7421 .9648

.7421 .96 48

.7 758 .98 41

.8626 .9823

.95 66 1.0000

.8963 .9958

.9831 .9932

.99 99 1.0000

STANDARD WHITE OIL NO
VOLUME FRACTION OIL
FLOW RATE
F

G
H
UAV,
EMULSION DENSITY

YR

1

.3350
2.376
1.6834
2.0686

4379.3
10.6431
59.426

U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.299 4.867 3.566 2.1672 1.0025

Y DELTA H VELOCITY U PLUS Y PLUS MU

.023 20.59 9.410 15.842 100.72

.023 21.33 9.578 16.124 100.72

.068 25.53 10.479 17.641 297.79

.073 25.74 10.522 17.713 319.68

.108 28.25 11.023 18.556 472.96

.122 29.39 11.243 18.927 534.27

.158 31.32 11.606 19.539 691.93

.172 32.49 11.821 19.900 753.24

.208 33.82 12.061 20.304 910.89

.222 35.13 12.292 20.693 972.20

.258 35.86 12.419 20.907 1129.86

.272 38.29 12.833 21.604 1191.17

.308 37.86 12.761 21.482 1348.82

.308 37.86 12.761 21.482 1348.82

.322 39.39 13.016 21.912 1410.13

.358 39.25 12.993 21.873 1567.79

.372 40.33 13.170 22.172 1629.10

.397 40.67 13.226 22.265 1738.58

.408 40.12 13 136 22.114 1786.75

.415 40.67 13.226 22.265 1817.41



VELOCITY PROFILE DATA PROCESSING

.0530 .7166

.0795 .7370

.1397 .7827
1759 .8051

.1783 .8064

.2602 .8445
.2 939 .8560
.3807 .8905
.4 144 9002
.5011 .9207
.5349 .92 98

.6216 .9516

.6554 .9549

.7421 .9749

.7758 .9822

.86 26 .9904

.8963 .9969

.95 66 1.0001

.9831 .9994

.9999 1.0000

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .3350
FLOW RATE 3.721
F 1.1509
G 2.0702
H 6405.8
UAV, 16.6677
EMULSION DENSITY 59.428

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.755 3.906 3.922 1.8798 .9946

Y DELTA H VELOCITY U PLUS Y PLUS MU

.022 51.05 14.712 16.932 140.92

.033 54.00 15.131 17.415 211.39

.058 60.90 16.069 18.494 371.53

.073 64.43 16.528 19.022 467.62

.074 64.64 16.555 19.053 474.02

.108 70.90 17.338 19.955 691.82

.122 72.84 17.574 20.226 781.50

.158 78.83 18.282 21.041 1012.11

.172 80.56 18.482 21.271 1101.79

.208 84.27 18.902 21.755 1332.40

.222 85.94 19.089 21.969 1422.08

.258 90.02 19.537 22.485 1652.69

.272 90.64 19.604 22.562 1742.38

.308 94.48 20.015 23.035 1972.98

.322 95.90 20.165 23.208 2062.67

.358 97.51 20.333 23.402 2293.28

.372 98.80 20.467 23.556 2382.96

.397 99.42 20.531 23.630 2543.10

.408 99.30 20.519 23.615 2613.57

.415 99.40 20.529 23.627 2658.41



VELOCITY PROFILE DATA PROCESSING

.0650 .7644

.0795 .5485

.1277 .6514

.1855 .8768

.2481 .8151

.2481 .7164

.3060 .9165

.3686 .7774

.3686 .8498

.4264 .9237

.4891 .8299
5469 .9580
.6096 .8944
.6674 .9820
.7301 9580
.78 79 .9921
.8505 .96 14

9084. 9854
.9686 1.0022
.9999 1.0000

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .4600
FLOW RATE 1.086
F 3.2118
G 1.2995
H 2254.0
UAV, 4.9538
EMULSION DENSITY 58.357

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.716 3.123 3.037 2.6770 1.0257

V DELTA H VELOCITY U PLUS Y PLUS MU

.027 13.15 4.833 15.525 60.85

.033 9.09 4.018 12.907 74.38

.053 9.55 4.119 13.230 119.46

.077 17.30 5.544 17.807 173.55

.103 14.95 5.153 16.553 232.16

.103 11.55 4.530 14.549 232.16

.127 18.90 5.794 18.612 286.26

.153 13.60 4.915 15.788 344.86

.153 16.25 5.373 17.258 344.86

.177 19.20 5.840 18.759 398.96

.203 15.50 5.247 16.855 457.56

.227 20.65 6.057 19.454 511.66

.253 18.00 5.655 18.163 570.26

.277 21.70 6.209 19.943 624.36

.303 20.65 6.057 19.454 682.96

.327 22.15 6.273 20.149 737.06

.353 20.80 6.079 19,525 795.66

.377 21.85 6.230 20.012 849.76

.402 22.60 6.336 20.352 906.11

.415 22.50 6.322 20.307 935.41



VELOCITY PROFILE DATA PROCESSING

226

.0650 .6908

.0674 .7168
1252 .7665
.1879 .7983
.2457 .8396
.2457 .8396
.3084 .8674
.3662 .8821
.4867 .9188
.5493 .9339
.60 72 .9465
.6072 .9465
.7276 .9717
.7903 .9808
.8481 .9916
.9108 .9901
.96 86 1.0000
.9710 .9997
.9975 1.0000
.99 99 1.0002

STANDARD WHITE OIL NO
VOLUME FRACTION OIL
FLOW RATE
F

G

H

UAV,
EMULSION DENSITY

YR

1

.4680
2.241
1.6481
2.0879

4387.6
10.2339
58.291

UUMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.640 2.833 2.516 3.2984 1.0053

V DELTA H VELOCITY U PLUS V PLUS MU

.027 17.83 8.863 14.608 118.46

.028 17.95 8.893 14.657 122.85

.052 21.95 9.834 16.208 228.15

.078 23.81 10.242 16.881 342.23

.102 26.34 10.773 17.755 447.54

.102 26.34 10.773 17.755 447.54

.128 28.11 11.129 18.342 561.62

.152 29.07 11.317 18.653 666.92

.202 31.54 11.788 19.429 886.30

.228 32.59 11.983 19.750 1000.38

.252 33.47 12.144 20.015 1105.69

.252 33.47 12.144 20.015 1105.69

.302 35.28 12.468 20.549 1325.07

.328 35.94 12.584 20.740 1439.15

.352 36.74 12.723 20.970 1544.46

.378 36.63 12.704 20.938 1658.54

.402 37.36 12.830 21.146 1763.84

.403 37.34 12.827 21.140 1768.23

.414 37.36 12.830 21.146 1816.49

.415 37.38 12.834 21.152 1820.88



VELOCITY PROFILE DATA PROCESSING

.0240 .6708

.06 26 .7459
0698 .7514
.1301 .8079
.1831 .8316
.1831 .8316
.2505 .8627
.3036 .8862
.3036 .8862
.3710 .8977
.42 16 .8951
.4240 .92 75

.4915 .9255

.49 15 .9255

.6120 .9546

.7325 .9771

.8529 .9944

.9662 .9984

.9734 1.0007

.9999 .9997

STANDARD WHITE OIL NO 1
VOLUME FRACTION OIL .4680
FLOW RATE 3.568
F 1.0978
G 2.0886
H 6586.8
UAV, 16.2947
EMULSION DENSITY 58.288

YR U UMAX



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.523 2.884 2.199 3.745 0.9858

V DELTA H VELOCITY U PLUS Y PLUS MU

.015 35.07 12.194 131386 98.80

.040 51.53 14 .781 16.227 263.47

.040 52.29 14 .8 89 16.346 263.47

.065 60.45 16.009 17.575 428.14

.066 64.05 16.479 18 .091 434.73

.115 68.93 17.095 18.767 757.49

.116 72.73 17 560 19. 278 764.07

.165 74.63 17.788 19.528 1086.83

.166 74.20 17.737 19.472 1093 .42

.215 79.33 18.340 20. 133 1416.17

.216 79.27 18 .333 20. 126 1422.76

.265 '84.40 18.917 20.767 1745.52

.266 84.09 18.882 20. 729 1752.10

.315 88.42 19.362 21.256 2074.86

.316 88.54 19 .375 21.270 2081.45

.364 90.02 19.536 21.447 2397.62

.365 91.57 19 704 21.631 2404.20

.390 92.31 19.783 21.718 2568.88

.415 92.74 19.829 21.769 2733.55

.415 92.74 19 .829 21.769 2733.55



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .0850
FLOW RATE 1.180
F 3,4660
G 1.2606
H 2207.8
UAV, 5.0922
EMULSION DENSITY 61.684

YR U UMAX

.0361 .6695

.0963 .7234

.0963 .7234

.1566 .7668

.2168 .8123

.3373 .8732

.3373 .8732

.3397 .8810

.45 78 .8937

.5758 .9373

.5758 .9373

.5783 .9124

.6987 .9503

.7011 .9666

.8 168 .9997

.8192 .9653

.9349 .9840

.9445 1.0052

.9999 1.0000

.9999 1.0000



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.553 5.292 4.789 1.3285 1.0217

Y DELTA H VELOCITY U PLUS Y PLUS MU

.015 10.74 4.221 14.632 33.11

.040 12.54 4.561 15.810 88.31

.040 12.54 4.561 15.810 88.31

.065 14.09 4.835 16.759 143.50

.090 15.81 5.121 17.752 198.70
.140 18.27 5.506 19.084 309.09
.140 18.27 5.506 19.084 309.09
.141 18.60 5.555 19.255 311.30
.190 19.14 5.635 19.533 419.48
.239 21.05 5.910 20.484 527.66
.239 21.05 5.910 20.484 527.66
.240 19.95 5.753 19.942 529.87
.290 21.64 5.992 20.769 640.26
.291 22.39 6.095 21.126 642.47
.339 23.95 6.304 21.850 748.45
.340 22.33 6.087 21.098 750.65
.388 23.20 6.204 21.505 856.63
.392 24.21 6.338 21.968 865.46
.415 23.96 6.305 21.854 916.24
.415 23.96 6.305 21.854 916.24



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .0850
FLOW RATE 3.625
F 1.2927
G 2.0308
H 5919.3
UAV, 15.6436
EMULSION DENSITY 61.684

YR U UMAX

.05 54 .7134

.0771 .7281

.1373 .7811

.1759 .8017

.2578 .8422

.2963 .8580

.3783 8869

.4168 .8992

.4987 .9227

.5349 .9282

.5397 .9342

.6192 .9519

.65 78 .9599

.7 397 .9794

.7783 .9860

.8602 .9897

.8987 .9970

.95 90 1.0000

.9807 .9978

.9999 1.0000



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

6.196 4.009 5.353 1.0601 1.0090

V

.023

.032

DELTA H

45.28
47.17

VELOCITY

13.788
14.073

U PLUS

17. 825
18. 194

Y PLUS MU

136 .14
189.42

.057 54.28 15.097 19.517 337.40

.073 57.18 15.495 20 .03 1 432 11

.107 63.10 16.277 21.043 633.37

.123 65.49 16.583 21.438 728.08

.157 69.99 17.143 22.162 929.34
173 71.93 17.379 22, .467 1024.05
.207 75.75 17.834 23.056 1225.31
.222 76.65 17.940 23. 192 1314.10
.224 77.64 18 .055 23.342 1325.94
.257 80.61 18.397 23 784 1521.28
.273 81.97 18.552 23 984 1615 99
.307 85.34 18 .930 24.472 1817.25
.323 86.50 19. 058 24. 637 1911.96
.357 87.15 19 .129 24. 730 2113.22
.373 88.44 19 .270 24.912 2207.93
.398 88.96 19 .327 2 4. 985 2355.91
.407 88.57 19.284 2 4. 93 1 2409 19
.415 88.96 19 .327 24. 985 2456.54



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .1680

FLOW RATE 1.299
F 3.1652
G 1.2658
H 2394.2
UAV, 5,6605
EMULSION DENSITY 61.088

YR U UMAX

.0361 .6603

.036 1 .6603

.0963 .7275

.0963 .7275

.2 168 .8128

.2168 .8128

.3373 .8642

.3373 .8642

.4578 .8995

.45 78 .8995

.5783 .9327

.5783 .9327

.6987 .9654

.6987 .9654

.8 192 .9816

.8192 .98 16

.9397 .9994

.9397 .9994

.9999 1.0007

.9999 1.0007



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

5.516 5.546 4.949 1.2462 1.0411

Y DELTA H VELOCITY U PLUS V PLUS MU

.015 12.34 4.629 14.654 35.91

.015 12.34 4.629 14.654 35.91

.040 14.98 5 100 16.145 95.76

.040 14.98 5.100 16.145 95.76

.090 18.70 5.699 18.039 215.48

.090 18.70 5.699 18.039 215.48

.140 21.14 6.059 19.180 335.19

.140 21.14 6.059 19.180 335.19

.190 22.90 6.306 19.962 454.90

.190 22.90 6 306 19.962 L54.90

.240 24.62 6.539 20.699 574.61

.240 24.62 6.539 20.699 574.61

.290 26.38 6.769 21.426 694.32

.290 26.38 6.769 21.426 694.32

.340 27.27 6.882 21.784 814.04

.340 27.27 6.882 21.784 814.04

.390 28.27 7.007 22.180 933.75

.390 28.27 7.007 22.180 933.75

.415 28.34 7.016 22.207 993.60

.415 28.34 7.016 22.207 993.60



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .1680
FLOW RATE 3.622
F 1.2786
G 2.0377
H 5927.7
UAV, 15.7806
EMULSION DENSITY 61.098

YR U UMAX

.0481 .7178

.0843 .7347

.1445 .7815

.1686 .7992

.2650 .8411

.2891 .8547

.3855 .8864

.4096 .8900

.5060 .9185

.5301 .9240

.6264 .9477

.6481 .9548

.65 30 .9648

.7469 .9858

.7710 .9792

.8674 .9917

.8915 .9949

.9517 .9992

.9879 1.0000

.99 99 1.0000



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

6.018 4.390 5.199 1.1279 1.0032

237

V DELTA H VELOCITY U PLUS Y PLUS MU

.020 46.48 13 937 17.822 118.55

.035 48.70 14. 266 18.242 207.47

.060 55.10 15 175 19.404 355.66

.070 57.63 1 5 5 1 9 19.845 414.94

.110 63,83 16.333 20.885 652.05

.120 65.90 16 596 21.221 711.33

.160 70.89 17 213 22.009 948.44

.170 71.46 17 .282 22.098 1007.72

.210 76.11 17 .835 22.805 1244.83

.220 77.03 17.943 22.943 1304.11

.260 81.03 18 40:3 23.531 1541.22

.269 82.25 18 541 23.708 1594.57

.271 83.98 18 735 23.956 1606.42

.310 87.68 19 14:3 24.478 1837.61

.320 86.51 19 015 24.314 1896.89

.360 88.72 19. 256 24.622 2134.00

.370 89.30 19 3 19 24.703 2193.27

.395 90.08 19.403 24.810 2341.47

.410 90.21 19.417 24.828 2430.39

.415 90.21 19 .417 24.828 2460.02



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .2700
FLOW RATE 1.556
F 2.7201
G 1.2740
H 2752.8
UAV, 6.8622
EMULSION DENSITY 60,359

YR U UMAX

.0795 .6755

.1132 .7156

.1397 .7423

.2337 .7747

.2602 .8017

.3807 .8506

.4144 .8705

.4168 .8708

.5011 .88 10

.5349 .9000

.6216 .9216

.62 16 .9216

.6554 .9360

.7421 .9627

.7758 .9667

.7758 9667

.8963 .9870

.9228 .98.74

.9566 1. 00 00

.9999 1.0000



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

7.501 1.514 6.263 .7367 1.1050

Y DELTA H VELOCITY U PLUS Y PLUS MU

.033 18.91 6.121 16.652 90.84

.047 21.22 6.485 17.640 129.38

.058 22.83 6.726 18.297 159.66

.097 24.87 7.020 19.097 267.02

.108 26.63 7.264 19.761 297.30

.158 29.98 7.708 20.967 434.94

.172 31.40 7.888 21.458 473.48

.173 31.42 7.89:1 21.465 476.24

.208 32.16 7.98:3 21.716 572.58

.222 33.56 8.155 22.183 611.12

.258 35.19 8.35:1 22.716 710.23

.258 35.19 8.351 22.716 710.23

.272 36.30 8.481 23.071 748.77

.308 38.40 8.723 23.729 847.87

.322 38.72 8.760 23.828 886.41

.322 38.72 8.760 23.828 886.41

.372 40.36 8.94:3 24.327 1024.05

.383 40.40 8.948 24.339 1054.33

.397 41.43 9.061 24.648 1092.87

.415 41.43 9.061 24.648 1142.42



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .2700
FLOW RATE 1.556
F 2.6649
G 1.2740
H 2809.7
UAV, 6.8622
EMULSION DENSITY 60.359

YR U UMAX

.0795 .67 55

.1132 .7156

.1397 .7423

.2337 .7747

.2602 .8017

.3807 .8506

.4 144 .8705

.4168 .8708

.5011 .8810

.5349 .9000

.6216 .92 16

.6216 .9216

.6554 .9360

.7421 .9627

.7758 .9667

.7758 .9667

.8963 .9870

.92 28 .9874

.9566 1.0000

.9999 1.0000



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

7.349 1.418 5.769 .8978 1.1050

Y DELTA H VELOCITY U PLUS V PLUS MU

.033 18.91 6.121 16.314 92.72

.047 21.22 6.485 17.282 132.06

.058 22.83 6.726 17.926 162.96

.097 24.87 7.020 18.709 272.55

.108 26.63 7.264 19.360 303.45

.158 29.98 7.708 20.542 443.94

.172 31.40 7.888 21.023 483.28

.173 31.42 7.891 21.029 486.09

.208 32.16 7.983 21.276 584.43

.222 33.56 8.155 21.734 623.77

.258 35.19 8.351 22.255 724.92

.258 35.19 8.351 22.255 724.92

.272 36.30 8.481 22.604 764.26
.308 38.40 8.723 23.248 865.41
.322 38.72 8.760 23.345 904.75
.322 38.72 8.760 23.345 904.75
.372 40.36 8.943 23.834 1045.24
.383 40.40 8.948 23.846 1076.15
.397 41.43 9.061 24.148 1115.48
.415 41.43 9.061 24.148 1166.06



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .2700
FLOW RATE 3.697
F 1.2586
G 2.0505
H 5949.9
UAV, 16.3032
EMULSION DENSITY 60.364

Y R U UMAX

.05 30 .7178

.0795 .7338

.1397 .7847

.1734 .8012

.1999 .8164

.2602 .8413

.29 39 .8586

.3807 .8832

.4144 .8964

.50 11 .9166

.50 11 .9219

.5349 .9283

.62 16 .9470

.65 54 .9555

.7421 .9680

.7758 .9749

.8626 .98 38

.8963 .99 36

.95 66 .9976

.9999 1.0000



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

6.071 4.605 5.565 .9743 1.0212

V DELTA H VELOCITY U PLUS V PLUS MU

.022 47.60 14.448 18.185 130.89

.033 49.74 14.769 18.589 196.34

.058 56.89 15.795 19.881 345.09

.072 59.30 16.127 20.297 428.39

.083 61.57 16.432 20.682 493.84

.108 65.39 16.934 21.314 642.59

.122 68.10 17.282 21.751 725.88

.158 72.06 17.777 22.375 940.08

.172 74.23 18.043 22.709 1023.38

.208 77.61 18.449 23.220 1237.58

.208 78.52 18.557 23.356 1237.58

.222 79.61 18.685 23.518 1320.88

.258 82.85 19.062 23.992 1535.07

.272 84.34 19.232 24.206 1618.37

.308 86.56 19.484 24.523 1832.57

.322 87.80 19.623 24.698 1915.87

.358 89.41 19.802 24.923 2130.07

.372 91.20 19.999 25.172 2213.36

.397 91.94 20.080 25.273 2362.11

.415 92.37 20.127 25.332 2469.21



VELOCITY PROFILE DATA PROCESSING

STANDARD WHITE OIL HEAVY
VOLUME FRACTION OIL .2700
FLOW RATE 3.697
F 1.2423
G 2.0505
H 6027.6
UAV. 16.3032
EMULSION DENSITY 60.364

YR U UMAX

.05 30 .7178

.0795 .7338

.1397 .7847

.1734 .8012

.1999 .8164

.2602 .8413

.2939 .8586

.3807 .8832

.4144 .8964

.5011 9166

.5011 .92 19

.5349 .9283

.6216 .9470

.65 54 .9555

.7421 .9680

.7758 .9749

.8626 .9838

.8963 .9936

.9566 .9976

.9999 1.0000



Y DELTA H

.022 47.60

.033 49.74

.058 56.89

.072 59.30

.083 61.57

.108 65.39

.122 68.10

.158 72.06

.172 74.23

.208 77.61

.208 78.52

.222 79.61

.258 82.85

.272 84.34

.308 86.56

.322 87.80

.358 89.41

.372 91.20

.397 91.94

.415 92.37

SLOPE INTERCEPT

VELOCITY

14.448
14 769
15.795
16 127
16.432
16.934
17.282
17.777
18.043
18.449
18.557
18.685
19.062
19.232
19.484
19 .623
19 .802
19.999
20.080
20.127

INTERCEPT 8

U PLUS

17 .950
18.349
19.624
20.035
20 .415
21.039
21.471
22.086
22 .416
22.921
23 .055
23. 214
2 3.682
23.894
24.206
24.379
24 .602
24 847
2 4. 947

2 5.006

VISCOSITY

Y PLUS MU

132 .60
198.91
349.60
433.99
500.29
650.99
735.37
952.37

1036.76
1253.76
1253.76
1338.14
1555.14
1639.53
1856.53
1940.91
2157.91
2242 30
2392.99
2501 .49

CORR

5.993 4.512 5.239 1.1097 1.0212



VELOCITY PROFILE DATA PROCESSING

246

Y/R U/UMAX

.0240 .6071
1445 . 7554

.2650 .8211

.2891 .8288
3855 . 8785
4096 . 8765

.5060 .9144
5301 .9244
5301 .9244

.6264 .9514

.6264 .9514

.6505 .9593
7469 . 9727

.7710 .9851

.8674 .9913

.8915 .9961
9276 . 9974

.9517 .9995

.9879 1.0000

.9999 1.0000

Shell Solv 360
Volume Fraction Oil 9410
Flow Rate 3. 275
F 1. 1397
G 2. 2570
H 5401. 1
UAV, 17. 5685
Emulsion Density 49. 623



SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR

6. 556 2.916 5.366 1.0547 1. 1315

= 6 microns.
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Y

010

DELTA H

27.00

VELOCITY

13. 271

U PLUS

15. 126

Y PLUS MU

54. 01

y/e*

16.7
.060 41.80 16.512 18.820 324.07 100

110 49.38 17. 947 20. 456 594. 13 183
120 50.32 18. 117 20. 649 648. 14 200
160 56. 53 19. 203 21. 887 864. 18 267
170 56. 27 19. 158 21. 836 918.20 283

.210 61.25 19.988 22.782 1134.24 350
220 62. 59 20. 206 23. 030 1188. 26 366

.220 62.59 20.206 23.030 1188.26 366

.260 66.30 20.796 23.703 1404.30 433

.260 66.30 20.796 23.703 1404.30 433
.270 67.41 20.969 23.900 1458.32 450
.310 69.30 21.261 24.233 1674.36 517
.320 71. 08 21. 532 24. 542 1728. 37 533
.360 71.98 21.668 24.697 1944.42 600
.370 72.67 21.772 24.815 1998.43 617
385 72. 87 21. 802 24. 849 2079. 45 642

.395 73. 17 21. 847 24. 900 2133. 46 658

.410 73.24 21.857 24.912 2214.48 683

.415 73.24 21.857 24.912 2241.49 692





DROP SIZE DATA

Table X lists all the conditions for which drop size data was

obtained. The average diameter (D1OX), the Sauter mean diameter

(D3ZX), and the 95th volumetric percentile (DV95) have been chosen

to summarize the drop size results and these have been included in

Table X.

Table XI gives the complete drop size distributions. It is

suggested that Table X be used as an index for Table XI. The distri-

butions are listed sequentially according to Roll number. The con-

tents of this table are discussed on page 83 of the Sample Calculations.

The symbols used are listed in the Nomenclature.

a 49
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Table X. Summary of drop size results.

Roll Run
Time

(minutes)
W

(lb/sec) Re x D1OX D32X DV95

1 SO5E 3 1. 20 2.9 70 113 171
2 505E 25 1. 20 2.9 60 91 124
3B SO5E 120 1. 20 2. 9 49 73 99
4 SO5B 200 1.96 4.7 32 45 66
5 SO5D 135 3.02 7.2 32 42 59
6A SO5A 3 1. 21 2.9 69 100 141
6B SO5A 25 1. 21 2.9 58 87 118
7 S05A 120 1. 21 2.9 52 69 93
8 SO5A 200 1. 21 2.9 45 65 93
9 SO5A 300 1. 21 2.9 37 59 79

10 S05C 3 4. 18 10. 0 64 90 197
11 S05C 25 4. 18 10. 0 55 74 102
12 SO5C 120 4. 18 10. 0 50 66 93
13 SO5C 200 4. 18 10. 0 50 62 85
14 SlOG 3 4. 04 8. 0 88 108 153
15 SlOG 25 4.04 8.0 80 99 135
16 SlOG 120 4.04 8.0 74 92 125
17L SlOG 200 4.04 8.0 66 86 119
17S SlOG 200 4.04 8.0 63 83 118
18 S1OGR 25 4. 00 7. 9 51 64 105
19 SO1G 3 4. 07 10,8 34 48 67
20 SO1C 25 4.07 10.8 30 39 59
21 SO1G 120 4.07 10.8 24 29 43
23 SO1G 300 4.07 10.8 10 23 40
24 S15G 25 3.88 7. 2 39 46 59
25 S15C 165 3.88 7.2 37 44 63
27 S95G 5 3. 27 63 102 182
29 S95C 120 3.27 56 101 216
30 S95C 200 3. 27 60 99 153
32 S86G 25 3. 34 97 138 225
33 S86G 120 3. 34 100 135 234
34 S86G 200 3.34 89 120 167
35 LO1G 25 3.86 10.3 19 24 30
36 LO1G 120 3.86 10.3 18 23 35
37 LO1G 200 3.86 10.3 17 24 49
38 LO5G 3 3.75 8.9 39 83 261
39 LO5G 25 3. 75 8.9 30 62 149
40 LO5C 120 3.75 8.9 31 51 88
42 LO5A 25 1. 22 2. 9 20 58 95
43 LO5A 200 1. 22 2. 9 25 50 77
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Table X. (continued)

Roll Run
Time

(minutes)
W

(ib/sec) Re x b"4 D1OX D32X DV95

44 LO5A 300 1. 22 2.9 21 51 78

46 LO5B 200 2. 56 6. 1 38 63 98

47 LO5B 300 2. 56 6. 1 28 50 94
50 L1OA 300 1. 25 2. 7 36 46 64
52 L1OB 300 2. 55 5. 5 40 58 135

55 L1OC 300 3. 98 8. 6 39 50 86

57A L2OC 300 3. 68 7. 0 40 64 90
57B L2OC 300 3. 68 7. 0 40 61 94
58A L2OB 300 2,51 4.8 42 125 214

58B LZOB 300 2.51 4.8 36 114 181

59A L2OA 300 1. 12 2. 1 78 102 156

59B L2OA 300 1. 12 2. 1 68 97 136

60 L35A 400 1.00 1.3 95 120 186

61A L35B 300 2. 38 3. 1 104 144 231

61B L35B 300 2. 38 3. 1 89 132 244
62 L3SC 420 3.72 4.9 71 117 209
63A L5OC 300 3. 57 3. 0 86 109 192

64 L5OA 300 1.09 0.9 107 144 237

65 SO5V 25 3. 24 7. 4 33 44 64
66 SO5V 300 3. 24 7. 4 31 40 53

67 SO5V 25 3. 26 7. 5 33 44 63

68 SO5V 300 3. 26 7. 5 33 44 63

69A SO5W 300 2. 16 5.0 31 44 64

69B SO5W 300 2. 16 5. 0 30 42 56

70A SO5Y 300 1. 18 2. 7 33 47 64
70B SO5Y 300 1. 18 2. 7 37 47 66

71 SO5X 300 4. 10 9.4 29 42 58

72A SO5Z 2 0.00 40 70 119

72B SO5Z 300 0. 00 29 44 65

74 H1OA 300 1. 18 (2. 4)* 35 154 327

75 H1OA 600 1. 18 (2. 4) 22 171 295

76 H2OA 300 1. 30 (2. 6) 58 369 696
77A H2OA 1000 1. 30 (2. 6) 23 296 555

77B H35A 300 1. 56 (3. 1) 42 272 741

78 H35A 1000 1. 56 (3. 1) 60 208 409

79 H1OB 300 3. 63 (7. 3) 44 157 335

80 H2OB 300 3. 62 (7. 3) 50 201 476

82 H35B 300 3.70 (7.5) 54 191 501

84 HO1C 400 3.95 (8.0) 17 59 106

85 HO5C 360 3.85 (7.8) 34 89 200



Table X., (continued)

Time W

Roll Run (minutes) (ib/sec) Re x i0 D1OX D32X DV95

*The Reynolds numbers for the heavy oil dispersions have been
calculated using an effective viscosity of 1. 36 centipoise. This
value has been determined from the friction factor data for the 5,
10, and 20 volume percent dispersions (see page 136).
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86 S2OA 250 1.18 1.9 49 63 86
87 S35A 200 1. 01 1. 1 68 80 109
88 S5OB 300 2. 14 1. 7 140 207 318
89 SO5R 25 3. 23 7. 4 39 57 77
90 SO5R 300 3. 23 7. 4 30 36 48



RUN ROLL TIME FLOW RATE REXTEN-4
SO5E 1 3 1.2 2.86

SCALE NMAX DINCR DMAX IMAX

2 3

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 69.7 D21X 96.6 DV1O 77.9
D2OX 82.0 031X 104.2 0V50 117.3
D3OX 91.1 032X 112.5 0V95 171.4

DN95 133.05 SUMD 13596. SUMOS 1313852. SUMDC 147877290.

INCR

1.00

DIAVG

195

FNUM

14.0 188.0

CUMFN

14

PAREA CUMFA FVOL CUMFV RECIP D

28.0 20.3 .1487 .2307 .0093 .0108 .0017 .0019 .04923
14.0 10,5 .0820 .0820 .0014 .0014 .0001 .0001 .09467
42.0 35.3 .1384 .3692 0260 .0368 .0084 .0103 .02827
56.0 48.6 .0666 .4358 .0236 .0604 .0103 .0207 .02053
70.0 64.6 0769 .5128 .0478 .1083 .0276 0484 .01546
84.0 78.0 .0820 .5948 .0743 .1827 .0518 .1002 .01282
98.0 92.4 .1487 .7435 .1889 .3716 .1557 .2559 .01081
112.0 106.4 .0666 .8102 .1122 .4839 .1063 .3622 .00939
126.0 119.1 .0717 .8820 .1514 .6353 .1606 .5229 .00839
140.0 132.4 .0666 .9487 .1737 .8090 .2047 .7277 .00754
154.0 146.6 .0307 .9794 .0982 .9073 .1281 8558 .00681
168.0 165.0 .0051 .9846 .0207 .9280 .0303 .8862 .00606
182.0 172.0 .0102 .9948 .0450 .9730 .0688 .9550 .00581
196.0 188.0 .0051 .9999 .0269 .9999 .0449 1.0000 .00531



RUN ROLL TIME FLOW RATE REXTEM-4
SO5E 2 25 1.2 2.86

SCALE NMAX DINCR DMAX IMAX
1.00 136 14.0 151.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 59.9 D21X 80.3 DV1O 68.2

02 ox 69.4 D31X 85.3 DV5O 87.8
D3OX 75.8 D32X 90.6 DV95 123.8

DM95 102.58 SUMO 8154. SUMDS 655562. SUMOC 59436084.

2 4

14.0 10.8 .1029 1029 .0026 .0026 .0003 .0003 .09210

28.0 21.6 .2132 .3161 .0212 .0239 .0053 .0057 .04617

42.0 31.9 .0735 .3897 .0155 .0395 .0055 .0112 .03134

56.0 49.8 .0588 .4485 .0305 0700 .0169 .0281 .02005

70.0 66,9 .0735 .5220 .0683 1384 .0506 .0787 .01494

84.0 79.3 .1764 .5985 .2311 .3695 .2032 .2820 .01259

98.0 91.5 .1764 .8749 3070 .6766 .3109 .5930 .01092

112.0 103.4 .0808 .9558 .1797 .8564 .2056 .7986 .00966

126.0 119.4 .0367 .9926 .1087 .9652 .1434 .9420 00837
140.0 133.0 0.0000 .9926 0.0000 9652 0.0000 9420 .00751

154.0 151.0 .0073 .9999 .0347 .9999 .0579 .9999 .00662



RUN ROLL TIME FLOW RATE REXTEN-4
505E 38 120 1.2 2.86

SCALE NMAX OINCR DMAX IMAX
1.00 135 14.0 110.0 8

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 49.1 D21X 63.0 DV1O 50.1
D2OX 55.6 D31X 67.6 DV5O 73.0
D3OX 60.7 D32X 72.5 DV95 98.5

DN95 86.50 SUMO 6632. SUNDS 417958. SUMDC 30342230.

14.0 11.6 0592 .0592 .0026 .0026 .0004 .0004 .08602
28.0 21.5 2074 .2666 .0322 .0348 .0102 .0106 .04643
42.0 33.4 .2296 .4962 .0840 .1189 .0396 .0503 .02986
56.0 49.5 .0740 5703 .0587 .1777 .0403 .0906 .02020
70.0 64.2 .1777 .7481 .2377 .4155 .2121 .3027 .01557
84.0 76.0 .1333 .8814 .2491 6646 .2616 .5644 .01315
98.0 90.7 .0962 .9777 .2565 .9212 .3215 .8860 .01101

112.0 104.6 .0222 .9999 0787 .9999 .1139 .9999 .00955



RUN ROLL TIME FLOW RATE REXTEN-4
5058 4 200 1.96 4.67

SCALE NMAX D!NCR DMAX IMAX
1.00 336 7.0 79.0 12

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 32.3 D21X 39.4 0V10 27.8
D2OX 35.7 D31X 42.1 DVSO 46.9
D3OX 38.5 D32X 45.0 DV95 66.0

DN95 55.64 SUMD 10869. SUMDS 428253. SUMDC 19283523.

7.0 6.0 0059 .0059 .0001 .0001 0.0000 0.0000 .16666
14.0 11.5 .1220 .1279 .0131 .0132 .0035 .0035 .08649
21.0 18.5 .1755 .3035 .0478 .0611 .0200 0236 .05388

28.0 24.6 .1339 .4374 .0640 1251 .0354 .0590 .04065

35.0 31.9 .1607 .5982 .1291 .2543 .0923 1514 03130
42.0 39.4 .1547 .7529 .1890 .4434 .1660 .3175 .02536

49.0 46.5 0952 .8482 .1621 .6055 .1683 .4858 .02149
56.0 52.2 .0744 .9226 .1594 7650 .1854 .6713 .01914
63.0 58.5 .0505 .9732 .1360 .9011 .1770 8484 .01708
70.0 66.4 0208 .9940 0721 .9733 .1066 .9550 .01505
77.0 72.0 .0029 9970 .0121 .9854 .0193 .9744 .01388
84.0 79.0 .0029 .9999 0145 .9999 .0255 .9999 .01265



RUN ROLL TIME FLOW RATE REXTEN-4
$OSD 5 135 3.02 7.20

SCALE NMAX DINCR OMAX IMAX
1.00 341 7.0 71.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 31.6 D21X 37.3 DV1O 26.2
020X 34.3 D31X 39.6 DV5O 42.8
D3OX 36.7 D32X 42.0 DV9S 58.6

DN9S 52.12 SUMD 10790. SUMDS 402804. SUMDC 16954598.

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 28571
34.0 11.8 0938 .0938 .0112 .0112 .0032 .0032 .08465
21.0 18.5 .1935 .2873 .0566 .0679 .0253 .0286 .05405
28.0 25.3 .1671 .4545 .0917 .1597 .0560 .0847 03939
35.0 31.2 .1583 .6129 .1315 2912 .0984 .1831 .03199
42.0 39.0 .1671 .7800 .2160 .5073 .2012 .3844 .02561
49.0 46.3 .1114 .8914 .2033 .7106 .2250 .6094 .02156
56.0 53.0 .0674 .9589 .1605 .8711 .2025 .8120 .01886
63.0 59.0 .0351 .9941 .1037 .9749 .1456 .9577 .01694
70.0 66.5 0.0000 .9941 0.0000 .9749 0.0000 .9577 .01503
77.0 71.0 .0058 .9999 .0250 .9999 .0422 .9999 .01408



D1OX 68.5 D21X 89.7 DV1O 76.3
D2OX 78.4 031X 94.9 DV5O 103.2
D3OX 85.1 032X 100.4 0V95 140.7

DN95

RUN ROLL TIME PLOW RATE REXTEN-4
SO5A 6A 3 1.21 2.88
RUN ROLL TIME PLOW RATE REXTEN-4

SO5A 6A 3 1.21 2.88

SCALE NMAX DINCR DMAX IMAX

120.98 SUMD 33667. SUMDS 3020503. SUMDC 303301690.

IAMETERS

120.98 SUMD 33667. SUMDS 3020503. SUMDC 303301690.

7.0 5.6 .0101 .0101 0.0000 0.0000 0.0000 0.0000 .17642
14.0 11.2 065]. 0753 .0013 .0014 .0001 .0001 .08896
21.0 17.4 .0773 .1527 .0038 .0052 .0006 .0008 .05733

28.0 24.1 .0835 .2362 .0079 .0132 .0019 .0027 .04142
35.0 30.6 .0549 .2912 .0084 .0216 .0025 .0053 .03267
42.0 39.8 .0346 .3258 .0089 .0306 .0035 .0089 .02507
49.0 46.5 .0407 .3665 .0143 .0449 .0066 .0156 .02148

56.0 51.4 .0244 .3910 .0105 .0554 .0053 .0210 .01945
63.0 59.7 .0244 .4154 .0142 .0696 .0084 .0294 .01673
70.0 66.8 .0509 .4663 .0370 .1067 .0247 .0542 .01495
77.0 74.4 .0468 .5132 .0421 .1489 .0313 .0855 .01344

84.0 80.9 .0549 .5682 .0585 .2074 .0472 .1327 .01236
91.0 86.7 .0712 .6395 .0871 .2946 .0753 .2080 .01153
98.0 93.3 .0835 .7230 .1183 .4130 .1101 .3182 .01071
105.0 101.3 .0875 .8105 .1464 .5594 .1480 .4662 .00986

112.0 108.7 .0651 .8757 .1254 .6848 .1360 .6022 .00919
119.0 115.0 .0448 .9205 .0964 .7813 .1104 .7127 00869
126.0 121.2 .0305 .9511 .0729 .8542 .0881 .8008 .00825

133.0 128.4 .0325 9837 .0874 .9417 .1119 .9128 .00778

140.0 135.7 .0081 .9918 .0243 .9661 .0329 .9457 .00736

147.0 143.5 0.0000 .9918 0.0000 .9661 0.0000 .9457 .00696

154.0 148.2 0020 .9938 .0072 .9734 .0107 .9565 .00674
161.0 154.7 .0020 .9959 0079 .9813 .0122 .9687 .00646
168.0 163.5 .0020 .9979 .0088 .9901 .0144 .9831 .00611

175.0 172.2 .0020 .9999 .0098 1.0000 .0168 1.0000 .00580



RUN ROLL TIME FLOW RATE REXTEN-4
SOSA 6B 25 1.21 2.88

SCALE NMAX DINCR DMAX IMAX
2.18 573 7.00 139.0 20

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 57.9 D21X 77.1 DV1O 64.4
D2OX 66.8 D31X 82.1 DV5O 90.0
D3OX 73.0 032X 87.3 0V95 118.0

DM95 105.44 SUMD 33205. SUMDS 2562200. SUMDC 223843940.

7.0 5,8 .0157 .0157 .0001 .0001 0.0000 0.0000 17201
14.0 11.2 .0593 .0750 .0017 .0018 .0002 .0002 .08861
21.0 17.5 1116 .1867 .0077 .0095 .0015 .0018 .05711
28.0 23.7 .1116 2984 .0141 .0237 .0038 .0057 .04212
35.0 29,7 .0610 .3595 .0121 .0358 .0041 .0098 .03358
42.0 38.8 .0314 .3909 .0106 .0465 .0047 .0146 .02572
49.0 45.9 .0366 .4275 .0173 .0638 .0091 .0238 .02174
56.0 52.0 .0401 .4677 .0243 .0882 .0145 .0383 .01921
63.0 59.5 .0383 .5061 .0304 .1186 .0207 .0591 .01679
70.0 66.9 .0802 .5863 .0806 .1993 .0619 .1210 .01493
77.0 73.2 .0471 .6335 .0565 .2558 .0474 .1685 01365
84.0 81.2 .0680 .7015 .1004 .3563 .0934 .2619 01231
91.0 87.3 .0890 .7905 .1520 .5083 .1522 .4141 .01144
98.0 93.1 .0907 .8813 .1761 .6844 .1879 .6021 .01073
105,0 101.0 .0453 .9267 .1036 .7881 .1200 .7222 .00989
112.0 108.3 .0383 .9650 .1007 .8889 1249 .8471 .00923
119.0 114.6 .0244 .9895 .0717 .9606 .0941 .9413 .00872
126.0 120.9 .0034 .9930 .0114 .9721 .0158 .9572 .00826
133.0 127.5 .0034 .9965 .0126 .9848 .0185 .9757 .00784
140.0 139.5 .0034 .9999 .0151 1.0000 .0242 1.0000 .00716



RUN ROLL TIME FLOW RATE REXTEN-4
SO5A 7 120 1.21 2.88

SCALE NMAX DINCR DMAX IMAX
1.00 178 7.00 99.0 15

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 51.8 D21X 62.4 DV1O 51.0
D2OX 56.8 D31X 65.7 DV5O 71.7
D3OX 60.6 D32X 69.1 DV95 92.6

DN9S 83.67 SUMD 9227. SUMDS 575937. SUMDC 39851939.

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 11.4 .0280 .0280 .0011 .0011 .0001 .0001 .08771
21.0 18.2 .1011 .1292 .0104 .0116 .0028 .0030 .05487
28.0 24.3 .1011 .2303 .0187 .0303 .0066 0096 .04100
35.0 31.0 .0674 .2977 .0201 .0504 .0091 .0188 .03225
42.0 39.1 0898 .3876 .0427 .0931 .0242 .0430 .02551
49.0 46.3 .0617 .4494 .0411 .1343 .0277 .0708 .02156
56.0 52.0 .0561 .5056 .0469 .1813 .0353 .1061 .01923
63.0 59.7 .1348 .6404 .1491 .3304 .1291 .2353 .01672
70.0 67.7 .0730 .7134 .1037 .4342 .1017 .3370 .01475
77.0 73.0 .1235 8370 .2039 .6381 .2156 .5527 .01369
84.0 79.7 .0955 9325 .1878 .8260 .2168 .7695 .01253
91.0 87.3 .0337 .9662 .0794 .9055 .1004 .8699 .01145
98.0 94.4 .0280 .9943 .0773 .9829 .1056 .9756 .01059

105.0 99.0 .0056 .9999 .0170 .9999 .0243 .9999 .01010



RUN ROLL TIME FLOW RATE REXTEN-4
SO5A 8 200 1.21 2.88

SCALE NMAX DINCR DMAX IMAX
1.00 227 7.00 105.0 15

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 45.4 D21X 57.0 DV1O 43.4
D2OX 50.9 D31X 60.9 DV5O 70.0
D3OX 55.2 032X 65.1 DV95 93.4

DM95 79.30 SUMO 10319. SUMDS 588297. SUMDC 38308415.

7.0 3,5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 11.6 .0792 .0792 .0042 .0042 .0007 .0007 .00571
21.0 18.4 .1233 .2026 .0163 .0205 .0047 .0054 .05415
28.0 26.1 .1145 .3171 .0302 .0508 .0122 .0177 .03829
35.0 31.6 0660 .3832 .0255 .0764 .0125 .0302 .03164
42.0 39.5 1057 .4889 .0639 .1403 .0389 .0692 .02528
49.0 46.8 .0925 .5814 .0783 .2187 .0565 .1257 .02136
56.0 53.7 .0792 .6607 .0885 .3072 .0732 .1989 .01859
63.0 59.8 .1013 .7621 .1400 .4473 .1289 .3279 .01671
70.0 67.2 .0616 .8237 .1077 .5551 .1114 .4393 .01486
71.0 72.7 0528 .8766 .1080 .6631 .1207 .5601 .01374
84.0 79.8 .0792 .9559 .1951 .8582 .2395 .7997 .01252
91.0 87.0 .0264 .9823 .0772 .9355 .1033 .9031 .01149
98.0 92.5 .0088 .9911 .0290 .9645 .0413 .9444 .01081
105.0 102.0 .0088 .9999 .0354 .9999 .0555 .9999 .00980



Diox
D2OX
D3OX

RUN ROLL TIME FLOW RATE REXTEN-4
SOSA 9 300 1.21 2.88

SCALE NMAX DINCR DMAX IMAX

1.00 92 7.00 83.0 12

INCR D!AVG FNUM CUMFM FAREA CUMPA PVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

37.3 D21X
43.3 D31X
48.1 D32X

50.2 DV1O 40.0
54.6 DV5O 65.5
59.4 DV95 78.7

DM95 72.44 SUMO 3432. SUMOS 172586. SUMDC 10251738.

262

7.0 5.5 .0217 .0217 .0003 .0003 0.0000 0.0000 .18181

14.0 12.0 .1413 1630 .0110 .0114 .0022 .0023 .08280

21.0 18.8 .2065 .3695 .0396 .0510 .0128 .0151 .05307

28.0 25.2 .0543 .4239 .0185 .0695 .0079 .0231 .03968

35.0 30.7 .1195 .5434 .0602 .1298 .0313 .0544 .03254

42.0 40.0 .0760 .6195 .0650 .1949 .0440 .0985 02500
49.0 45.9 .1086 .7282 .1223 .3172 .0948 .1934 .02178

56.0 52.0 .0326 .7608 .0470 .3642 .0411 .2346 .01923

63.0 59.3 .0326 .7934 .0612 4255 .0613 .2959 .01685

70.0 67.6 .0978 .8913 .2390 .6645 .2727 .5687 .01477

77.0 73.8 .0760 .9673 .2213 .8859 .2755 .8443 .01353

84.0 81.0 .0326 .9999 .1140 .9999 .1556 .9999 .01234



RUN ROLL TIME FLOW RATE REXTEN-4
SO5C 10 3 4.18 9.96

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 63.7 D21X 77.8 DV1O 58.6
D2OX 70.4 D31X 83.8 DV5O 85.0
D3OX 76.4 D32X 90.2 DV95 197.3

DM95 100.79 SUMD 29957. SUMOS 2333127. SUMDC 210627630.

263

INCR

2.18

DIAVG

470

FNUM

277.0 20

CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

14.0 11.3 .0106 .0106 .0002 .0002 0.0000 0.0000 .08821
28.0 22.1 .1680 .1787 .0169 .0172 .0043 .0043 .04518
42.0 34.4 .1042 .2829 .0253 .0425 .0099 .0143 02904
56.0 48.3 .1000 .3829 .0472 .0898 .0255 .0399 .02069
70.0 64.2 .1553 5382 .1296 .2195 .0929 .1328 .01556
84.0 77.4 .1808 .7191 .2187 .4383 .1884 .3213 .01291
98.0 90.1 1808 .8999 .2963 .7346 .2967 .6180 .01109
112.0 105.1 .0702 9702 .1565 .8912 .1828 .8009 .00951
126.0 116.7 .0276 .9978 .0759 .9671 .0982 .8992 .00856
140.0 133.0 0.0000 9978 0.0000 .9671 0.0000 .8992 .00751
154.0 147.0 0.0000 .9978 0.0000 .9671 0.0000 8992 00680
168.0 161.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00621
182.0 175.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00571
196.0 189.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00529
210.0 203.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00492
224.0 217.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00460
238.0 231.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00432
252.0 245.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00408
266.0 259.0 0.0000 .9978 0.0000 .9671 0.0000 .8992 .00386
280.0 276.8 .0021 .9999 .0328 1.0000 .1007 1.0000 .00361



RUN ROLL TIME FLOW RATE REXTEN-4
SO5C 11 25 4.18 9.96

SCALE NMAX DINCR DMAX IMAX
2.18 550 7.00 124.0 18

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 55.1 D21X 66.5 DV1O 52.8

D2OX 60.5 D31X 70.1 DV5O 75.8

D3OX 64.6 D32X 73.8 DV95 101.8

DN95 90.43 SUMD 30319. SUMOS 2018050. SUMDC 149007400.

264

7.0 6.5 .0054 .0054 0.0000 0.0000 0.0000 0.0000 .15290

14.0 11.3 .0272 .0327 .0009 .0010 .0001 .0001 08821
21.0 17.0 .0690 .1018 .0055 .0065 .0013 .0014 .05869

28.0 23.9 .1090 .2109 .0170 .0236 .0055 .0070 .04182

35.0 30.3 .0581 .2690 .0147 .0383 .0061 0131 .03291

42.0 39.4 .0490 .3181 .0208 .0591 .0111 0243 02537
49.0 46.4 .0854 .4036 .0502 .1094 .0316 .0559 .02153

56.0 51.4 0690 .4727 .0499 .1593 .0348 .0908 .01943
63.0 59.6 .0672 .5399 .0652 .2245 .0527 .1435 .01677
70.0 66.7 .1745 .7145 .2123 .4368 .1925 .3360 .01497
77.0 73.2 .0909 .8054 .1328 .5697 .1318 .4679 .01366
84.0 81.3 .0490 .8545 .0884 .6582 .0975 .5654 .01229

91.0 86.9 .0672 .9218 .1387 .7969 .1635 .7289 .01149
98.0 93.0 .0490 .9709 .1157 .9127 .1459 .8748 .01075

105.0 99.8 .0181 9890 .0494 .9621 .0669 .9418 .01001

112.0 107.9 0072 .9963 .0230 .9852 .0337 .9755 .00926

119.0 115.5 0.0000 .9963 0.0000 .9852 0.0000 .9755 .00865
126.0 122.0 .0036 .9999 .0147 1.0000 .0244 1.0000 .00819



RUN ROLL TIME FLOW RATE REXTEN-4
505C 12 120 4.18 9.96

26

AVERAGE AND CHARACTER!STIC DIAMETERS

D].Qx 49.9 D21x 59.3 DV1O 46.2
020X 54.4 D31X 62.4 DV5O 66.9
030X 57.9 D32X 65.8 DV95 92.8

DM95 81.77 SUMD 20085. SUMOS 1191189. SUMDC 78405697.

INCR

SCALE
1.24

DIAVG

NMAX
402

FNUM

DIMCR DMAX IMAX
7.00 112.0 16

CUMFN PAREA CUMFA FVOL CUMFV RECIP 0

7.0 3.5 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 13.3 .0373 .0373 .0022 .0022 .0004 .0004 .07513
21.0 16.4 .0696 .1069 .0064 .0086 .0016 .0020 06070
28.0 24.1 .0970 .2039 .0192 .0278 .0071 .0092 .04143
35.0 31.4 .0845 .2885 .0284 .0563 .0137 .0230 .03177
42.0 38.5 .0796 .3681 .0399 .0962 .0234 .0464 .02596
49.0 45.8 .0970 .4651 0689 .1652 .0482 .0946 .02181
56.0 52.0 .1019 .5671 .0932 2584 .0738 .1685 .01922
63.0 59.3 .1144 .6815 .1362 .3947 .1231 .2916 01683
70.0 65.2 .1119 .7935 .1610 .5558 .1599 .4516 .01531
17.0 73.5 .1169 .9104 .2137 .7696 .2393 .6909 .01359
84.0 80.6 .0323 .9427 .0709 .8405 .0869 .7779 .01240
91.0 87.1 .0398 .9825 .1019 .9425 .1350 .9130 .01147
98.0 93.6 .0099 .9925 .0294 9719 .0418 9548 .01068
105.0 99.2 .0024 .9950 .0082 .9802 .0124 .9673 .01008
112.0 108.5 .0049 .9999 .0197 1.0000 .0326 1.0000 .00921



RUN ROLL TIME FLOW RATE REXTEN-4
505C 13 200 4.18 9.96

0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 49.8 D21X 56.7 DV10 42.9
D2 OX 53.1 031X 59.2 DV 50 63.3
030X 55.9 D32X 61.8 DV 95 85.2

DM95 75.55 SUMD 22138. SUMDS 1255690. SUMDC 77720235.

INCR

SCALE
1.24

DIAVG

NMAX DINCR
444

FNUM

DMAX IMAX
7.00 97.0 14

CUMFN FAREA CUMFA FVOL CUMFV RECIP

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 13.3 .0090 .0090 .0005 .0005 .0001 .0001 .07501
21.0 16.5 .0495 .0585 .0048 .0053 .0013 .0014 .06055
28.0 24.9 .1013 .1599 .0223 .0277 .0091 .0105 .04014
35.0 31.2 .0788 .2387 .0274 .0552 .0141 .0246 .03196
42.0 38.9 .0968 .3355 .0520 .1072 .0329 .0575 .02568
49.0 45.9 .1328 .4684 .0992 2065 .0739 .1315 .02177
56.0 51. .1576 .6261 .1506 .3572 .1266 .2582 .01924
63.0 59.6 .0855 .7117 .1078 .4651 .1042 3624 .01675
70.0 65.1 .1283 .8400 .1930 .6581 2036 .5660 .01534
77.0 73.5 .1013 9414 .1939 .9520 .2307 .7967 .01359
84.0 79.3 .0247 .9662 .0551 .9072 .0708 8676 .01260
91.0 86.5 .0270 .9932 .0717 .9789 1004 .9680 .01154
98.0 93.8 0067 .9999 .0210 1.0000 .0319 1.0000 01065



RUN ROLL TIME FLOW RATE REXTEN-4
S1OC 14 3 4.04 7.97

SCALE NMAX DINCR DMAX IMAX
2.18 405 272.0 20

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 88.0 D21x 99.0 DV1O 76.6
D2OX 93.3 D31X 103.2 DV5O 104.2
D3OX 97.8 D32X 107.6 DV95 153.0

DN95 124.72 $UMD 35640. SUMDS 3528826. SUMDC 379806680.

27

14.0 10.9 .0024 .0024 0.0000 0.0000 0.0000 0.0000 .09174
28.0 23.2 .0493 .0518 .0031 .0031 .0006 .0006 .04307
42.0 34.4 .0592 .1111 .0082 .0113 .0027 .0034 .02904
56.0 49.9 0493 .1604 .0141 .0255 .0066 .0100 .02003
70.0 64.9 .0839 .2444 .0407 .0663 .0247 .0348 .01539
84.0 77.2 .1382 .3827 .0949 .1613 .0685 .1033 .01294
98.0 90.4 .2074 .5901 .1949 .3562 .1642 .2676 .01105
112.0 105.0 .1975 .7876 .2504 .6066 .2451 .5128 .00952
126.0 117.7 .1333 .9209 .2123 .8190 .2328 .7456 00849
140.0 132.6 .0617 .9827 .1247 .9437 1539 .8996 .00753
154.0 143.8 .0148 .9975 .0352 .9789 .0471 .9467 .00695
168.0 161.D 0.0000 .9975 0.0000 9789 0.0000 .9467 .00621
182.0 175.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00571
196.0 189.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00529
210.0 203.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00492
224.0 217.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00460
238.0 231.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00432
252.0 245.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00408
266.0 259.0 0.0000 .9975 0.0000 .9789 0.0000 .9467 .00386
280.0 272.5 .0024 .9999 .0210 1.0000 .0532 1.0000 .00366



RUN ROLL TIME FLOW RATE REXTEN-4
S1OC 15 25 4.04 7.97

SCALE NMAX DINCR OMAX IMAX

2.18 474 7.00 159.0 23

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 80.4 D21X 91.8 DV1O 74.5

D2OX 86.0 D31X 95.4 DV5O 101.4

D3OX 90.1 D32X 99.0 DV95 135.2

DM95 122.67 SUMD 38156. SUMDS 3506090. SUMDC 347381500.

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571

14.0 13.0 .0021 .0021 0.0000 0.0000 0.0000 0.0000 .07645

21.0 18.0 .0210 .0232 .0009 .0009 .0001 .0001 .05526

28.0 24.1 0632 0864 .0050 .0059 .0012 .0014 .04145

35.0 30.9 .0421 .1286 .0055 .0115 .0017 .0031 .03230

42.0 40.7 .0147 .1434 .0033 .0148 0013 .0045 .02451

49.0 45.7 .0253 .1687 0071 .0220 .0033 .0078 .02184

56.0 51.5 .0358 .2046 .0128 .0349 .0067 .0145 .01939

63.0 58.6 .0400 2447 .0186 .0535 .0110 .0256 .01705

70.0 65.7 .0886 .3333 .0518 .1054 .0345 .0601 .01520

77.0 73.7 .0632 .3966 .0465 .1519 .0347 .0948 .01355

84.0 80.7 .0632 .4599 .0557 .2077 .0454 .1403 .01238

91.0 86.9 .1244 .5843 .1272 .3350 .1117 .2521 .01150

98.0 93.2 .1033 .6877 .1216 .4567 .1146 .3667 .01071

105.0 101.2 .0907 7784 .1257 .5824 .1286 .4954 .00987

112.0 108.4 .0864 .8649 .1374 .7199 .1505 .6459 .00922

119.0 114.6 .0632 .9282 .1125 .8325 .1302 .7761 .00872

126.0 122.0 .0189 .9472 .0382 .8707 .0471 .8233 00819

133.0 129.9 .0358 .9831 .0818 9526 .1073 .9307 .00769

140.0 135.8 .0063 .9894 .0158 .9684 .0216 .9524 .o0735

147.0 141.7 .0042 .9936 .0114 .9798 .0163 .9687 .00705

154.0 150.4 .0042 9978 .0129 .9927 .0196 .9884 .00664

161.0 159.1 .0021 .9999 .0072 1.0000 .0116 1.0000 .00628



RUN ROLL TIME FLOW RATE REXTEN-4
S1OC 16 120 4.04 7.97

0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 73.6 D21X 85.0 DV1O 68.7
D2OX 79.1 D31X 88.5 DV5O 93.9
D3OX 83.2 D32X 92.2 DV9S 124.8

DN95 111.29 SUMO 31235. SUMDS 2657975. SUMDC 245076100.

INCR

SCALE
2.18

DIAVG

NMAX
424

FNUM

DINCR DMAX IMAX
7.00 144.0 21

CUMFN FAREA CUMPA FvOL CUMFV RECIP

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 8.7 .0023 .0023 0.0000 0.0000 0.0000 0.0000 .11467
21.0 17,4 .0306 .0330 .0014 .0015 .0002 .0002 .05733
28.0 24.1 .0731 .1061 .0068 .0083 .0017 .0020 .04145
35.0 29.5 0377 .1438 .0052 .0136 .0016 0037 .03382
42.0 40.9 .0471 .1910 .0126 .0262 .0056 .0094 .02439
'#9.0 46.2 .0424 .2334 .0145 .0407 .0072 .0166 .02161
56.0 52.2 .0448 .2783 .0195 .0602 .0110 .0277 .01915
63.0 58.9 .0377 .3160 .0209 .0812 .0134 .0412 .01695
70.0 66.7 .0778 .3938 .0553 .1365 .0401 .0813 .01498
77.0 73.1 .0872 .4811 .0744 .2110 .0591 .1404 .01367
84.0 81.0 .0825 .5636 .0866 .2976 .0762 .2166 .01233
91.0 87.1 .1320 .6957 .1601 .4577 .1515 .3681 .01147
98.0 93.2 .0849 .7806 .1178 .5756 .1192 .4874 .01072
105.0 102.3 .0919 .8726 .1537 .7293 .1708 .6582 .00977

112.0 109.0 .0660 .9386 .1251 .8545 .1480 .8063 .00917

119.0 115.2 .0306 .9693 .0649 .9195 0811 .8875 .00868
126.0 119.9 .0070 .9764 .0162 .9357 .0210 .9086 .00834
133.0 128.0 .0188 .9952 .0493 .9851 .0686 .9772 .00780
140.0 137.3 .0023 .9976 .0070 .9922 .0105 .9878 .00728
147.0 143.8 .0023 .9999 .0077 1.0000 .0121 1.0000 .00695



RUN ROLL TIME FLOW RATE REXTEN-4
S1OC 17L 200 ,04 7.97

SCALE NMAX DINCR OMAX IMAX
2.18 506 7.00 159.0 23

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

270

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 65.7 D21X 78.1 DV1O 63.4

D2OX 71.7 D31X 82.0 DV5O 87.7

D3OX 76.2 D32X 86.2 DV95 119.4

DM95 105.45 SUMD 33290. SUMDS 2602421. SUMOC 224382990.

7.0 6.5 .0019 .0019 0.0000 0.0000 0.0000 0.0000 .15290

14.0 13.0 .0039 .0059 .0001 .0001 0.0000 0.0000 .07645

21.0 17.9 .0454 .0513 .0028 .0030 .0006 .0006 .05582

28.0 24.2 .0770 .1284 .0088 .0118 .0025 .0031 .04122

35.0 29,9 .0849 .2134 .0148 .0267 .0052 .0083 .03343

42.0 39.7 .0494 .2628 .0152 .0419 .0070 .0153 .02514

49.0 46.1 .0671 .3300 .0278 .0698 .0149 .0303 02166
56.0 52.5 .0316 .3616 .0170 .0868 .0104 .0407 .01901

63.0 59.0 .0494 .4110 .0334 .1203 .0229 .0637 .01693

70.0 66.6 .0928 .5039 .0802 .2005 0621 .1258 .01501

77.0 73.1 .0830 .5869 0864 .2870 .0734 .1993 .01366

84.0 81.3 .0889 .6758 .1144 .4015 .1080 .3074 .01229

91.0 .86.8 .1146 .7905 .1680 .5695 .1693 .4767 .01151

98.0 92.9 .0889 .8794 .1494 7190 .1612 .6380 01075
105.0 100.8 .0494 .9288 .0976 .8167 .1143 .7524 .00992

112.0 108.6 .0355 .9644 .0816 8984 .1029 .8553 .00920

119.0 115.1 .0197 .9841 .0509 .9493 .0680 .9234 .00868

126.0 121.6 .0098 .9940 .0284 .9777 .0401 .9635 .00822

133.0 127.5 .0039 .9980 .0124 .9902 .0184 .9820 .00784

140.0 136.5 0.0000 .9980 0.0000 .9902 0.0000 9820 .00732

147.0 143.5 0.0000 .9980 0.0000 .9902 0.0000 .9820 .00696

154.0 150.5 0.0000 .9980 0.0000 .9902 0.0000 .9820 .00664

161.0 159.1 .0019 .9999 .0097 1,0000 .0179 1.0000 .00628



RUN ROLL TIME FLOW RATE REXTEN-4
S1OC 17S 200 4.04 7.97

SCALE NMAX DINCR DMAX IMAX
2.18 269 7.00 133.0 19

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 63.1 D21X 76.0 DV1O 62.7
D2OX 69.3 D31X 79.6 DV5O 84.7
D3OX 73.7 D32X 83.4 DV95 118.2

DM95 99.76 SUMD 16993. SUMDS 1292140. SUMDC 107851430.

271

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 10.9 .0185 .0185 .0004 .0004 0.0000 0.0000 .09174
21.0 16.8 .0520 .0706 .0030 .0035 .0006 .0007 .05946
28.0 23.0 .1189 .1895 .0132 .0167 .0037 .0044 04342
35.0 31.2 0557 .2453 .0113 .0281 .0042 .0086 .03200
42.0 38.6 .0297 .2750 .0092 .0374 .0043 .0130 02584
49.0 44.2 .0520 .3271 .0212 .0586 .0112 .0242 .02261
56.0 53.8 .0483 .3754 .0291 .0878 .0188 .0431 .01857
63.0 59.9 .0223 .3977 .0167 .1045 .0120 .0551 .01668
70.0 66.7 .1486 .5464 .1381 .2426 .1106 .1657 .01497
77.0 75.6 0743 .6208 .0886 .3312 .0803 .2461 .01321
84.0 81.8 .0966 .7174 .1347 .4660 .1322 3783 .01221
91.0 87.3 .1375 .8550 .2186 .6846 .2289 .6073 .01144
98.0 92.4 .0557 .9107 .0992 .7838 .1099 .7172 .01081
105.0 100.0 .0408 .9516 .0853 .8691 .1024 .8196 .00999
112.0 108.7 .0334 .9851 .0824 .9515 .1074 .9270 .00919
119.0 113.3 .0037 .9888 .0099 .9615 .0135 .9405 00882
126.0 122.0 .0037 .9925 .0115 9730 .0168 .9574 .00819
133.0 131.8 .0074 .9999 .0269 1.0000 .0425 1.0000 .00758



RUN ROLL TIME FLOW RATE REXTEN-4
S1OCR 18 25 4.00 7.86

SCALE NMAX OINCR DMAX IMAX
2.18 484 7.00 153.0 22

NCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 50.7 021x 57.9 DV1O 43.9
D2OX 54.2 D3IX 60.9 DV5O 63.0
D3OX 57.2 D32X 64.0 DV95 104.7

DM95 76.76 SUMD 24540. SUMDS 1422589. SUMOC 91073401.

272

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 11.7 .0206 0206 .0009 .0009 .0001 .0001 .08494
21.0 17.8 .0413 .0619 .0045 .0055 .0012 .0014 .05594
28.0 24.1 .0826 .1446 .0164 .0219 .0062 .0077 .04141
35.0 30.2 .0723 .2169 .0225 .0445 0107 .0185 .93310
42.0 39.6 .1095 .3264 .0585 .1031 .0363 .0548 02524
49.0 45.9 .1280 .4545 .0923 .1954 .0665 1214 .02174
56.0 52.0 .1219 5764 .1125 .3079 .0917 .2131 01920
63.0 59.1 .1363 .7128 .1624 .4704 .1503 .3634 .01690
70.0 66.2 .1611 .8739 .2410 .7115 .2500 .6135 .01509
77.0 73.3 .0557 .9297 .1022 .8138 .1173 .7309 .01362
84.0 80.9 .0454 9752 .1013 .9151 .1283 .8592 .01235
91.0 86.6 .0082 .9834 .0211 .9363 .0285 .8878 .01154
98.0 92.1 .0082 .9917 .0238 .9601 .0343 .9221 .01085
105.0 98.1 .0020 .9938 .0067 .9669 .0103 .9325 .01019
112.0 109.0 .0041 .9979 .0167 9836 .0284 .9609 .00917
119.0 115.5 0.0000 .9979 0.0000 .9836 0.0000 .9609 .00865
126.0 122.5 0.0000 .9979 0.0000 .9836 0.0000 .9609 .00816
133.0 129.5 0.0000 .9979 0.0000 .9836 0.0000 .9609 .00772
140.0 136,5 0.0000 .9979 0.0000 .9836 0.0000 .9609 .00732
147.0 143.5 0.0000 .9979 0.0000 .9836 0.0000 .9609 .00696
154.0 152.6 .0020 .9999 .0163 1.0000 .0390 1.0000 O065



RUN ROLL TIME L0W RATE REXTEM-4
SO1C 19 3 4.07 10.83

SCALE NMAX DINCR DMAX IMAX

2.18 550 7.00 76.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

273

AVERAGE AND CHARACTERISTiC DIAMETERS

D1OX 34.1 D21X 41.8 DV1O 29.3

D2OX 37.7 031X 44.6 DV5O 48.3

030X 40.7 D32X 47.5 DV95 66.6

DN95 60.76 SUMD 18765. SUMDS 785607. $UMDC 37369240.

7.0 5.6 .0345 .0345 .0007 .0007 .0001 .0001 .17786

14.0 11.3 .0690 .1036 .0063 .0071 .0015 .0016 08848
21.0 17.5 .1309 .2345 .0284 .0356 .0107 .0124 .05704

28.0 24.4 .1727 .4072 .0725 .1081 .0376 .0500 .04091

35.0 30.2 .1418 .5490 .0917 .1998 .0591 .1092 .03300

42.0 39.6 .1127 .6618 .1243 .3242 .1040 .2132 02521
49.0 45.7 .1381 .7999 .2027 .5270 .1955 .4088 .02185

56.0 51.3 .0963 .8963 .1779 .7049 e1923 .6012 .01948

63.0 59.5 .0418 .9381 .1038 8087 .1301 .7313 01680
70.0 64.8 .0509 .9890 .1500 .9588 .2050 .9364 .01541

77.0 73.3 .0109 .9999 .0411 1.0000 .0635 1.0000 .01362



RUN ROLL TIME FLOW RATE REXTEN-4
SO1C 20 25 4.07 10.83

SCALE MMAX DINCR OMAX IMAX
2.18 517 7.00 74.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 30.2 D21X 34.9 DV1O 23.4
020X 32.5 D31X 36.9 DV5O 39.5
D3OX 34.5 D32X 39.0 DV95 58.5

DM95 47.21 SUMD 15648. SUMOS 547398. SUMDC 21393440.

7.0 5.8 .0174 .0174 .0005 .0005 0.0000 0.0000 .17201
14.0 11.8 .0541 .0715 .0072 .0078 .0022 .0023 .08450
21.0 17.2 .1237 .1953 .0349 .0428 .0156 .0180 .05813
28.0 23.9 .2611 .4564 .1425 .1853 .0882 .1063 .04170
35.0 30.4 .2108 .6673 .1860 .3713 .1471 .2534 .03282
42.0 38.8 .1528 .8201 .2180 .5894 .2175 .4710 .02575
49.0 45.4 .1199 .9400 .2344 8239 .2736 .7447 .02199
56.0 51.5 .0348 .9748 .0876 .9115 .1159 .8606 .01938
63.0 59.0 .0193 .9941 .0638 .9753 .0966 .9573 .01692
70.0 63.2 .0038 .9980 .0146 .9899 .0236 .9809 .01581
77.0 74.1 .0019 .9999 .0100 1.0000 .0190 1.0000 .01349



RUN ROLL TIME FLOW RATE REXTEN-4
SO1C 21 120 4.07 10.83

SCALE NMAX DINCR OMAX IMAX
2.18 474 7.00 52.0 8

!NCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 23.9 D21X 26.8 DV1O 18.3

D2OX 25.3 031X 28.1 DV5O 27.0

030X 26.6 D32X 29.4 DV95 43.1

DM95 35.67 SUMD 11338. SUMOS 304315. SUMDC 8955314.

7.0 5.1 .0168 .0168 .0007 .0007 .0001 .0001 1314
14.0 11.5 .1097 .1265 .0232 .0240 .0094 .0096 08673
21.0 17,4 .1856 .3122 .0888 .1128 .0537 .0634 .05733

28.0 23.5 .3607 .6729 .3143 .4272 .2545 .3180 .04237

35.0 30.1 .2362 .9092 .3367 .7639 .3497 .6677 .03316

42.0 38.7 .0632 .9725 .1481 .9120 .1958 .8636 .02581

49.0 44.1 .0232 .9957 .0706 .9827 .1063 9699 .02262

56.0 51.2 .0042 .9999 .0172 1.0000 .0300 1.0000 .01951



RUM ROLL TIME FLOW RATE REXTEN-4
SOiC 23 300 4.07 10.83

SCALE NMAX DINCR OMAX IMAX
2.18 377 7.00 43.6 7

INCR DIAVG FNUM CUMFM FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 9.9 D21X 17.1 DV1O 12.1
D2OX 13.0 D31X 19.6 DVSO 21.5
D3OX 15.6 D32X 22.5 DV9S 39.7

0N95 22.94 SUMD 3745. SUMDS 64242. SUMDC 1449926.

7.0 4.0 .5888 .5888 .0639 .0639 0143 .0143 .24837
14.0 10.7 .1246 .7135 .0861 .1500 .0430 .0573 .09333
21.0 17.2 .1379 .8514 .2428 .3929 .1893 .2467 .05803
28.0 23.3 .1061 .9575 3421 .7350 .3581 .6048 .04277
35.0 30.3 .0344 .9920 .1873 .9224 .2546 8594 .03294
42.0 39.2 .0053 .9973 0479 .9704 .0833 .9428 02548
49.0 43.6 .0026 .9999 .0295 1.0000 .0571 1.0000 .02293



RUN ROLL TIME FLOW RATE REXTEN-4
S1SC 24 25 3.88 7.20

SCALE NMAX DINCR DMAX IMAX
1.00 547 7.00 72.0 11

INCR DIAvG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

277

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 39.1 D21X 42.9 DV1O 32.6

D2OX 41.0 D31X 44.3 0V50 44.1
D3OX 42.5 D32X 45.7 0V95 59.3

DN95 54.57 SUMD 21417. SUMDS 920447. SUMDC 42064761.

7.0 6.0 0054 .0054 .0001 .0001 0.0000 0.0000 .16666
14.0 11.4 .0438 .0493 .0034 .0036 .0009 .0009 .08727
21.0 18.5 .0457 .0950 .0094 .0130 .0039 .0048 .05387
26.0 25.5 .0895 .1846 .0350 .0481 .0198 .0247 .03910

35.0 32.4 .1553 .3400 .0975 .1456 .0696 .0943 .03080
42.0 39.2 .2449 .5850 .2246 .3703 .1937 .2881 .02548
49.0 45.9 .2285 .8135 .2878 .6581 .2909 .5790 .02174
56.0 51.8 .1151 .9287 .1842 .8424 .2094 .7885 .01928
63.0 59.5 .0603 .9890 .1272 .9696 .1660 .9546 .01679
70.0 66.5 .0073 .9963 .0192 .9888 .0279 .9826 .01503

77.0 71.5 .0036 .9999 .0111 .9999 .0173 .9999 01398



RUN ROLL TIME PLOW RATE REXTEN-4
S15C 25 165 3.88 7.20

27

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 36.8 D21X 41.1 DV1O 29.4
D2OX 38.9 031X 42.7 DVSO 43.3
D3OX 40.6 D32X 44.2 DV95 62.5

DM95 51.87 SUMD 17118. SUMOS 704792. SUMDC 31222158.

INCR

SCALE
1.00

DXAVG

NMAX DINCR OMAX
464 7.00 73.0

FNUM CUMFN

IMAX
11

PAREA CUMPA FVOL CUMPV RECIP 0

7.0 6.0 0086 .0086 .0002 .0002 0.0000 0.0000 16666
14.0 11.5 .0603 .0689 .0054 .0056 .0014 .0014 .08641
21.0 18.9 .0474 .1163 0113 .0169 '0049 0064 .05275
28.0 24.9 .1120 .2284 0460 .0630 .0262 .0327 .04015
35.0 32.0 .2133 .4418 .1447 .2078 .1054 .1382 .03120
42.0 39.5 .2241 .6659 .2311 .4389 .2068 .3451 .02528
49.0 46.0 .1831 .8491 .2566 .6956 .2683 .6134 .02170
56.0 52.1 .1056 .9547 .1891 .8848 .2230 .8365 .01917
63.0 58.8 .0323 .9870 .0736 .9584 .0978 .9344 .01700
70.0 68.7 .0086 .9956 .0268 .9852 .0416 .9760 .01454
77.0 72.0 .0043 .9999 .0147 .9999 .0239 .9999 .01388



RUN ROLL TIME PLOW RATE REXTEN-4
$95C 27 5 3.275 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 436 200.0 15

INCR DIAVG PNUM CUMN PAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

Diox 63.0 021X 85.0 DVIO 63.1

D2 OX 73.2 031X 93.2 DV5O 102.8

D3OX 81.8 D32X 102 1 0V95 181.8

DN9S 126.33 SUMD 27507. SUMDS 2340475. SUMOC 239072360.
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14.0 9.8 .0573 .0573 .0010 .0010 .0001 .0001 .10148

28.0 21.8 .1674 .2247 .0153 .0163 .0034 .0035 .04568

42.0 35.3 .1215 .3463 .0280 .0452 .0103 .0138 .02830

56.0 48.0 .1123 .4587 .0485 .0937 .0229 .0366 .02081

70.0 63.9 .1376 .5963 .1052 .19e9 .0664 .1033 .01564

84.0 76.7 .1284 .7247 .1414 .3403 .1069 .2102 .01302

98.0 90.9 .1055 .8302 .1627 .5031 .1453 .3556 .01099

112.0 105.0 0802 .9105 .1650 .6682 .1699 .5256 .00952

126.0 116.6 .0229 .9334 .0581 .7264 .0665 .5922 .00857

140.0 132.7 .0275 .9610 .0905 .8169 .1179 .7101 .00753

154.0 147.2 .0252 9862 .1019 .9188 .1470 .8571 .00679

168.0 163.5 .0045 .9908 .0228 .9417 .0365 8937 .00611

182.0 171.1 .0045 .9954 .0250 .9667 0419 .9357 .00584

196.0 194.0 .0022 .9977 .0160 .9828 .0305 .9662 .00515

210.0 200.5 ,0022 .9999 .0171 1.0000 .0337 1.0000 .00498



RUN ROLL TIME FLOW RATE REXTEN-4
S95C 29 120 3.275 0.00

SCALE NMAX DINCR OMAX IMAX
2.18 416 248.0 18

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 56.1 D21x 80.6 DV1O 58.0
020X 67.3 D31X 90.2 DV5O 106.9
D3OX 77.0 D32X 100.8 0V95 216.1

DN95 114.90 SUMD 23376. SUMDS 1886373. SUMDC 190266710.

14.0 9.3 .1057 .1057 .0021 0021 .0002 .0002 .10735
28.0 22.1 .2115 .3173 .0233 .0255 .0053 .0055 .04510
42.0 36.4 .1009 .4182 .0301 .0557 .0112 .0168 .02740
56.0 47.6 .1201 .5384 .0606 .1163 .0289 .0457 .02096
70.0 64.8 .1490 .6874 .1387 .2550 .0897 .1355 .01541
84.0 77.0 .0865 .7740 .1137 .3687 .0873 .2229 .01297
98.0 90.0 .0961 .8701 .1721 .5409 .1541 .3771 .01110
112.0 106.3 .0432 .9134 1079 6489 .1140 .4911 .00940
126.0 115.9 .0408 .9543 .1211 .7701 .1394 .6305 .00862
140.0 132.4 .0312 .9855 .1210 .8911 .1592 .7897 .00754
154.0 152.6 .0024 .9879 .0123 .9034 .0186 .8084 .00655
168.0 161.3 .0048 .9927 .0276 .9311 .0443 .8527 .00619
182.0 172.2 .0024 .9951 .0157 9468 .0268 .8796 .00580
196.0 189.0 0.0000 .9951 0.0000 .9468 0.0000 8796 .00529
210.0 196.2 .0024 .9975 .0204 .9672 .0396 .9193 .00509
224.0 217.0 0.0000 .9975 0.0000 .9672 0.0000 9193 .00460
238.0 231.0 0.0000 .9975 0.0000 .9672 0.0000 .9193 .00432
252.0 248.5 .0024 .9999 .0327 1.0000 .0806 1.0000 .00402



RON ROLL TIME FLOW RATE REXTEN-4
595C 30 200 3.275 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 518 166.0 12

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 59.8 D21X 83.4 DV1O 60.8
D2OX 70.6 D31X 91.0 0V50 104.4
D3OX 79.1 032X 99.3 DV95 153.0

DN95 122.49 SUMD 31008. SUMDS 2588881. SUMOC 257321720.

14.0 9.1 .0830 .0830 .0015 .0015 .0001 .0001 .10897

28.0 20.3 .1795 .2625 .0154 .0170 .0033 .0035 .04903
42.0 35.3 .1158 .3783 .0294 .0465 .0108 .0143 .02825

56.0 47,7 .1351 .5135 .0618 .1083 .0299 .0443 .02094
70.0 64.8 .1312 .6447 .1109 .2193 .0729 .1172 .01541
84.0 76.5 .0849 7297 .0998 .3192 .0773 .1946 .01306
98.0 90.7 .0888 .8185 .1465 .4657 .1342 .3288 .01101

112.0 105.9 .0791 .8976 .1778 .6436 .1899 .5188 .00944
126.0 118.0 .0386 .9362 .1077 .7514 .1282 .6471 .00847

140.0 133.0 .0463 .9826 .1643 .9157 .2204 .8675 .00751

154.0 149.5 .0096 .9922 .0432 .9589 .0650 .9325 .00668

168.0 162.9 .0077 .9999 .0410 1.0000 .0674 1.0000 .00613



RUN ROLL TIME FLOW RATE REXTEN-4
S86C 32 25 3.342 0.00

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 96.9 021x 122.3 DV1O 93.3
D2OX 108.8 031X 129.9 DV5O 137.9
D3OX 117.7 032X 138.0 DV95 224.5

DN95 166.48 SUMD 37602. SUMDS 4601234. SUMOC 635098020.

22

INCR

2.18

DIAVG

388

FNUM

277.0 20

CUMFN FAREA CUMFA FVOL CUMFV RECIP D

14.0 10.4 .0541 .0541 .0005 .0005 0.0000 0.0000 .09537
28.0 21.0 .0798 .1340 .0030 .0036 .0004 .0005 .04740
42.0 34.8 0257 .1597 .0027 .0063 .0007 .0012 .02866
56.0 48.5 .0747 .2345 .0149 .0212 .0052 .0065 .02059
70.0 65.3 .0618 .2963 0223 .0435 .0106 .0171 .01531
84.0 76.6 .0927 .3891 .0460 0895 .0256 .0428 .01305
98.0 91.1 0979 .4871 0686 .1582 .0454 .0882 .01097
112.0 105.9 .1082 .5953 .1027 2609 .0791 .1674 .00943
126.0 118.0 .0902 .6855 .1061 .3671 .0910 .2584 .00846
140.0 1.33.9 .1391 .8247 .2109 .5780 .2052 .4636 .00746
154.0 147.7 .0644 .8891 .1186 .6967 .1271 .5908 .00676
168.0 160.5 .0489 .9381 .1064 .8031 .1239 .7148 .00622
182.0 174.7 .0283 .9664 .0730 .8762 .0926 .8074 .00572
196.0 187.4 .0154 .9819 .0458 .9221 .0623 .8698 .00533
210.0 198.3 .0051 .9871 .0171 .9392 .0245 .8944 .00504
224.0 220.1 .0077 .9948 .0316 .9708 .0504 .9448 .00454
238.0 231.0 0.0000 .9948 0.0000 .9708 0.0000 .9448 .00432
252.0 239.8 .0025 .9974 .0124 .9833 .0217 .9665 .00417
266.0 259.0 0.0000 .9974 0.0000 .9833 0.0000 .9665 .00386
280.0 276.8 0025 .9999 .0166 1.0000 .0334 1.0000 .00361



RUN ROLL TIME FLOW RATE REXTEM-4
S56C 33 120 3.342 0.00

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 99.7 D21X 120.0 DV1O 88.9
D2OX 109.4 D31x 127.4 DV5O 135.9
030X 117.3 D32X 135.2 DV9S 233.5

DN95 166.22 SUMO 39610. SUMDS 4755160. SUMOC 643148520.

INCR

2.18

DIAVG

397

FNUM

14.0 268.0 20

CUMFN FAREA CUMFA FVOL CUMFV RECIP D

14,0 9.9 .0176 .0176 .0001 .0001 0.0000 0.0000 .10034
28.0 22.0 .0629 .0806 .0026 .0027 .0004 .0004 .04532
42.0 38.0 0403 .1209 .0049 .0076 .0014 .0018 .02630
56.0 47.7 .0528 .1738 .0101 .0177 .0036 .0054 .02094
70.0 65.0 .0780 .2518 .0277 .0455 .0134 0189 .01537
84.0 76.9 0856 .3375 0424 .0879 .0242 .0432 .01299
98.0 90.4 .1385 .4760 .0946 .1826 .0635 1067 .01106

112.0 106.6 .1410 .6171 .1340 .3167 .1059 .2126 .00937
126.0 117.6 .1183 .7355 .1370 .4537 .1194 .3321 .00849
140.0 132.0 .0957 .8312 .1394 .5931 .1364 .4685 .00757
154.0 147.5 .0629 .8942 .1144 .7076 .1250 .5935 .00677
168.0 161.5 .0428 .9370 .0934 .8011 .1117 .7052 .00618
182.0 172.4 .0302 .9672 .0750 8761 .0956 .8009 .00580
196.0 188.5 .0100 .9773 .0299 .9060 .0417 8427 .00530
210.0 201.6 .0100 9874 .0342 .9402 .0510 .8937 .00495
224.0 211.4 .0025 .9899 .0094 .9496 .0147 .9084 .0Q472
238.0 232.1 .0050 .9949 .0226 .9723 .0389 .9473 .00430
252.0 244.1 .0025 .9974 .0125 .9848 .0226 .9700 .00409
266.0 259,0 0.0000 .9974 0.0000 .9848 0.0000 .9700 .00386
280.0 268.1 .0025 .9999 .0151 1.0000 .0299 1.0000 .00372



RUN ROLL. TIME FLOW RATE REXTEN-4
586C 34 200 3.342 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 392 14.0 196.0 15

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 89.2 D21X 108.4 DV1O 82.6
D2OX 98.3 D31X 114.0 DV 50 120.8
D3OX 105.0 D32X 119.8 DV 95 166.9

DN95 145.89 SUMD 34982. SUMOS 3793478. SUMDC 454698320.

284

14.0 13.0 .0051 .0051 0.0000 0.0000 0.0000 0.0000 .07645
28.0 22.5 .1250 .1301 .0066 .0067 .0013 .0013 .04442
42.0 35.1 O586 1887 .0076 .0144 0023 .0036 .02843
56.0 48.6 .0484 .2372 .0119 .0263 .0048 0085 .02055
70.0 64.1 .0867 .3239 .0370 .0634 .0200 .0285 01558
84.0 76.9 .0969 .4209 .0595 .1229 .0385 .0670 .01298
98.0 91.2 .1250 .5459 .1075 .2305 .0820 .1491 .01096
112.0 106.1 .1096 .6556 .1278 .3584 .1135 .2626 .00942
126.0 117.6 .1275 .7831 .1826 .5410 .1797 .4424 .00850
140.0 132.0 .1275 .9107 .2299 .7709 .2537 .6961 .00757
154.0 148.2 .0459 .9566 .1043 .8753 .1291 .8253 .00674
168.0 158.7 .0255 .9821 0664 .9417 .0879 .9133 .00630
182.0 174.4 .0153 .9974 .0481 .9898 .0700 .9833 .00573
196.0 189.0 0.0000 .9974 0.0000 .9898 0.0000 .9833 .00529
210.0 196.2 .0025 .9999 .0101 1.0000 .0166 1.0000 .00509



RUN ROLL TIME FLOW RATE REXTEN-4
LO1C 35 25 3.86 10.27

SCALE NMAX DINCR DMAX IMAX
1.00 372 7.0 40.0 6

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 18.7 D21X 21.4 DV1O 13.1
D2OX 20.0 D31X 22.5 DV5O 22.2

D3OX 21.1 032X 23.6 0V95 30.1

DM95 27.98 SUMO 6966. SUMOS 149572. SUMDC 3538938.

RUN ROLL TIME FLOW RATE REXTEN-4
LO1C 36 120 3.86 10.27

SCALE NMAX DINCR DMAX IMAX

1.00 303 7.0 43.0 7

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

285

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 18.2 D21X 21.0 DV1O 12.6

D2OX 19.5 031X 22.1 DV5O 22.0
D3OX 20.7 032X 23.3 DV95 34.7

DM95 27.54 SUMD 5519. SUMDS 116031. SUMOC 2714399.

7.0 6.6 .0528 .0528 .0061 .0061 .0017 .0017 .15094
14.0 11.2 .3168 .3696 .1068 .1129 .0537 .0555 .08913

21.0 18.9 .3135 .6831 .2959 .4088 .2428 .2983 .05277
28.0 24.1 .2112 .8943 .3236 .7325 3387 .6371 .04142
35.0 30.0 .0957 .9900 .2252 9578 2898 .9269 .03333
42.0 39.0 .0066 .9966 .0262 .9840 0437 .9707 .02564
49.0 43.0 .0033 .9999 .0159 .9999 .0292 .9999 .02325

7.0 5.8 .0430 .0430 .0037 .0037 .0010 .0010 17204
14.0 11.3 2983 .3413 .0975 .1013 0485 .0495 .08802
21.0 18.6 .2983 6397 .2615 .3629 .2104 .2600 .05351
28.0 24.3 .2446 .8844 .3624 .7253 3785 .6385 .04113
35.0 30.4 .1102 .9946 .2552 .9806 3301 .9687 .03280
42.0 38.0 0053 .9999 .0193 .9999 .0312 .9999 .02631



RUN ROLL TIME FLOW RATE REXTEN-4
LO1C 37 200 3.86 10.27

SCALE NMAX DINCR OMAX IMAX
1.00 309 7.0 53.0 8

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 17.3 021X 20.6 DV1O 12.3
D2OX 18.9 D31X 22.0 0V50 21.6
D3OX 20.3 032X 23.5 DV95 48.6

DN95 27.03 SUMD 5375. SUMDS 110743. SUMDC 2608499.

26

7.0 4.7 .0711 .0711 .0049 .0049 .0011 .0011 .20952
14.0 11.3 3300 .4012 .1213 .1262 .0608 .0620 .08808
21.0 18.9 .3559 .7572 .3599 .4861 2943 .3564 .05275
28.0 24.3 .1618 .9190 .2698 .7559 .2839 .6403 .04108
35.0 30.8 .0744 .9935 .1978 .9538 .2601 .9005 .03244
42.0 38.5 0.0000 .9935 0.0000 9538 0.0000 .9005 .02597
49.0 48.0 .0032 .9967 .0208 .9746 .0423 .9429 .02083
56.0 53.0 .0032 .9999 .0253 .9999 .0570 .9999 .01886



RUN ROLL TIME FLOW RATE REXTEN-4
LO5C 38 3 3.75 8.94

SCALE NMAX DINCR DMAX IMAX
2.18 493 14.0 283.0 21

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

27

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 38.8 021X 58.2 DV1O 44.6

D2OX 47.6 031X 69.4 DV5O 76.5

D3OX 57.2 D32X 82.7 DV95 260.5

DN95 78.18 SUMD 19177. SUMDS 1117755. SUMDC 92537075.

14.0 10.6 1805 .1805 .0094 .0094 .0013 .0013 .09385

28.0 20.2 .2961 .4766 .0551 .0646 .0142 .0155 .04931

42.0 36.3 .1217 .5983 .0722 1368 .0328 .0484 .02752

56.0 47.7 .1196 .7180 .1209 .2577 .0704 .1188 .02094

70.0 63.3 .1582 .8762 .2807 .5385 .2163 .3351 .01579

84.0 76.1 0669 .9432 .1715 .7100 1586 .4938 .01314

98.0 89.1 .0425 9858 .1496 .8596 .1617 .6555 .01121

112.0 102.4 .0101 .9959 .0470 .9067 .0583 .7139 .00975

126.0 119.0 0.0000 .9959 0.0000 .9067 0.0000 .7139 .00840

140.0 133.0 0.0000 .9959 0.0000 .9067 0.0000 .7139 .00751

154.0 147.0 0.0000 .9959 0.0000 .9067 0.0000 .7139 .00680

168.0 154.7 .Q020 .9979 .0214 9281 .0400 .7540 .00646

182.0 175.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00571

196.0 189.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00529

210.0 203.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00492

224.0 217.0 0.0000 .9979 0.0000 9281 0.0000 .7540 .00460

238.0 231.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00432

252.0 245.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00408

266.0 259.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00386

280.0 273.0 0.0000 .9979 0.0000 .9281 0.0000 .7540 .00366

294.0 283.4 .0020 .9999 0718 1.0000 .2459 1.0000 .00352



RUN ROLL TIME FLOW RATE REXTEN-4
LO5C 39 25 3.75 8.94

SCALE NMAX DINCR OMAX IMAX

0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 29.7 D21X 48.0 0V10 35.0
D2OX 37.7 031X 54.3 0V50 57.4
D3OX 44.4 032X 61.5 DV95 148.7

DM95 61.90 SUMD 14525. SUMDS 697246. SUMOC 42892925.

INCR

2.18

DZAVG

488

FNUM

14.0 176.0 13

CUMFN FAREA CUMFA FVOL CUMFV RECIP

14.0 6.8 .3442 .3442 .0138 .0138 .0021 .0021 .14567
28.0 20.6 2028 .5471 .0627 .0766 .0224 .0245 .04831
42.0 34.5 .1372 .6844 1173 .1939 .0686 0932 .02891
56.0 48.4 .1598 .8442 .2640 .4580 .2097 .3030 .02062
70.0 62.2 .1086 .9528 .2959 .7540 .3019 .6049 .01605
84.0 75.4 0348 .9877 .1390 8930 .1714 .7764 .01326
98.0 89.3 .0081 .9959 .0458 9389 0667 .8432 .01118
112.0 106.8 .0020 .9979 .0163 .9552 .0284 .8716 .00936
126.0 119.0 0.0000 .9979 0.0000 .9552 0.0000 .8716 .00840
140.0 133.0 0.0000 .9979 0.0000 .9552 0.0000 .8716 .00751
154.0 147.0 0.0000 .9979 0.0000 .9552 0.0000 .8716 .00680
168.0 161.0 0.0000 .9979 0.0000 .9552 0.0000 .8716 .00621
182.0 176.5 .0020 .9999 .0447 1.0000 .1283 1.0000 00566



RUN ROLL TIME FLOW RATE REXTEN-4
LO5C 40 120 3.15 8.94

SCALE NMAX DINCR DMAX IMAX

0

AVERAGE AND CHARACTERISTIC DIAMETERS

O1OX 31.1 021X 43.4 DV1O 33.4
D2OX 36.7 D31X 47.2 DV5O 50.7
D3OX 41.0 032X 51.3 0V95 87.5

DN95 61.97 SUMD 15312. SUMOS 664839. SUMDC 34125881.

INCR

2e18

DIAVG

492

ENUM

7.0 109.0 16

CUMFN FAREA CUMFA FVOL CUMFV RECIP

7.0 5.3 1280 .1280 .0029 .0029 .0003 .0003 18525
14.0 10.4 .1280 .2560 .0107 .0136 .0023 .0026 .09537
21.0 17.0 .0873 .3434 .0189 .0325 .0064 .0090 .05870
28.0 23.3 .1443 .4878 .0582 .0908 .0267 .0357 04291
35.0 30.1 .0772 .5650 .0521 .1429 .0309 0667 .03320
42.0 39.0 1036 .6686 .1170 .2600 .0893 .1560 02562
49.0 45.7 .1361 .8048 .2112 .4713 .1889 .3450 .02185
56.0 51.0 .0853 .8902 .1649 .6362 .1643 .5093 .01957
63.0 59.4 .0365 .9268 .0958 .7320 .1112 .6205 .01681
70.0 65.6 .0569 .9837 .1815 .9136 .2326 .8532 .01523
77.0 71.9 .0040 .9878 0155 .9292 .0218 .8750 .01390
84.0 81.2 .0081 .9959 .0396 .9689 .0628 .9379 .01231
91.0 87.5 0.0000 .9959 0.0000 9689 0.0000 .9379 .01142
98.0 93.7 .0020 .9979 .0132 .9821 .0241 .9620 .01066
105.0 101.5 0.0000 .9979 0.0000 .9821 0.0000 .9620 .00985
112.0 109.0 .0020 .9999 .0178 1.0000 .0379 1.0000 00917



RUM ROLL TIME FLOW RATE REXTEN-4
LO5A 42 25 1.224 2.94

SCALE NMAX DINCR OMAX IMAX
2.18 449 7.0 107.0 16

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 20.2 D21X 41.4 DV1O 37.1
D2OX 28.9 D31X 49.0 DV5O 64.3
D3OX 36.4 D32X 58.0 0V95 95.0

DN95 63.32 SUMD 9077. SUMOS 375998. SUMDC 21817306.

29)

7.0 4.8 .3719 .3719 .0113 .0113 .0011 .0011 .20704
14.0 10.3 .1781 .5501 .0235 .0348 .0044 .0056 .09682
21.0 17.1 .1224 .6726 .0433 .0781 .0130 .0186 .05840
28.0 23.3 .0957 7683 .0625 .1407 0254 .0440 .04287
35.0 30.5 .0378 .8062 .0424 .1832 .0226 0667 .03276
42.0 38.0 .0334 .8396 .0579 .2411 .0381 .1049 .02626
49.0 45.1 .0378 .8775 .0922 .3333 .0719 .1768 .02215
56.0 51.4 .0267 .9042 .0844 .4178 .0749 .2517 .01945
63.0 59.1 .0289 .9331 .1212 .5390 .1238 .3756 01689
70.0 65.7 .0267 .9599 .1382 .6772 .1571 .5327 .01520
77.0 72.2 .0155 .9755 .0971 .7744 .1210 6538 .01384
84.0 81.0 .0133 .9888 .1048 8792 .1465 .8003 .01234
91.0 87.2 .0022 .9910 .0202 .8995 .0303 .8307 .01146
98.0 93.7 .0066 .9977 .0701 9696 .1133 .9441 .01066
105.0 101.5 0.0000 .9977 0.0000 .9696 0.0000 .9441 .00985
112.0 106.8 .0022 .9999 .0303 1.0000 0558 1.0000 .00936



RUN ROLL TIME FLOW RATE REXTEN-4
LO5A 43 200 1.224 2.92

SCALE NMAX DINCR DMAX IMAX
2.18 471 7.0 87.0 13

INCR DIAVG FMUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 25.1 D21X 41.2 DV1O 32.3
D2OX 32,2 031X 45.5 DV5O 52.7
D3OX 37.3 D32X 50.2 0V95 77.2

DM95 58.08 SUMD 11854. SUMDS 489419. SUMDC 24597222.

291

7.0 4.8 .3036 .3036 .0073 .0073 0008 .0008 .20692
14.0 11.0 .1082 .4118 .0132 0205 .0031 .0039 .09032
21.0 17.1 .0891 .5010 .0256 .0461 .0089 0128 .05820
28.0 23.6 .1104 .6114 .0597 .1059 .0284 .0413 .04229
35.0 30.9 .0785 .6900 .0729 .1788 .0456 0869 .03232
42.0 39.0 .0636 .7537 .0935 .2724 .0730 .1600 .02562
49.0 45.6 .0891 8428 .1789 .4513 .1629 .3229 .02191
56.0 51.5 .0509 .8938 .1301 .5815 .1335 .4565 .01941
63.0 59.2 .0658 .9596 .2223 .8038 .2624 .7190 .01688
70.0 66.8 .0254 .9851 .1096 .9135 .1461 .8652 .01495
77.0 73.0 .0084 .9936 0435 .9571 .0633 9286 .01369
84.0 81.7 .0042 .9978 .0273 .9844 .0444 .9730 .01223
91.0 87.2 .0021 .9999 .0155 1.0000 .0269 1.0000 .01146



RUN ROLL TIME FLOW RATE REXTEN-4
LO5A 44 300 1.224 2.92

SCALE NMAX DINCR DMAX IMAX
2.18 586 7.0 85.0 13

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 20.9 D21X 39.8 DV1O 34.4
D2OX 28.8 D31X 45.1 DV5O 54.4
D3OX 34.9 D32X 51.2 DV95 77.8

DN95 58.24 SUMD 12258. SUMDS 488539. SUMDC 25022505.

292

7.0 4.9 .4232 .4232 .0127 .0127 .0013 .0013 20350
14.0 10.5 .1092 5324 .0150 .0278 .0032 .0046 .09470
21.0 16.9 .0802 6126 .0279 .0558 .0094 0140 .05890
28.0 23.4 .1109 7235 .0737 .1295 .0341 .0482 .04259
35.0 30.5 .0409 .7645 .0460 .1755 .0278 .0760 .03276
42.0 39.5 .0375 .8020 .0705 .2460 0546 .1306 .02529
49.0 45.6 .0648 8668 .1624 .4085 .1452 .2758 .02189
56.0 51.0 .0392 .9061 .1229 .5314 .1228 .3987 .01957
63.0 59.1 .0494 .9556 .2079 .7394 .2406 .6393 .01690
70.0 65.8 .0307 .9863 .1601 .8996 .2065 .8459 .01517
77.0 74.1 0051 9914 .0337 .9333 .0489 8948 01349
84.0 79.5 .0068 .9982 0518 .9852 .0805 .9754 .01256
91.0 85.0 .0017 .9999, .0147 1.0000 .0245 1.0000 01176



RUN ROLL TIME FLOW RATE REXTEN-4
LO5B 46 200 2.558 6.10

SCALE NMAX DINCR DMAX IMAX
2.18 466 7.0 109.0 16

INCR DIAVG FNUM CIJMFN FAREA CUMFA FVOL CUMFV RECIP D

293

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 37.8 D21X 54.4 DV1O 42.9

D2OX 45.3 D31X 58.6 DV5O 63.8
D3OX 50.6 D32X 63.1 DV95 97.7

01495 75.77 SUMO 17636. SUMDS 960201. SUMDC 60671406.

7.0 4.9 .1802 .1802 .0022 .0022 .0001 .0001 .20068

14.0 10.5 .0472 .2274 .0026 .0048 .0004 .0006 .09520
21.0 17.3 .0772 .3047 .0114 .0163 .0032 .0038 .05753
28.0 23.6 .1094 .4141 .0299 .0462 .0113 .0151 .04222

35.0 30.7 0708 .4849 .0328 .0790 .0162 .0314 .03248
42.0 38.9 .0493 .5343 .0364 .1154 .0225 .0539 .02567

49.0 45.7 .1072 .6416 .1092 .2247 0793 .1333 .02184

56.0 50.9 .0751 .7167 .0946 .3194 .0764 .2098 01962
63.0 59.4 .0901 .8068 .1548 .4743 .1460 .3558 .01681

70.0 66.3 1008 .9077 .2158 .6901 .2272 5830 .01506

77.0 73.1 .0343 .9420 .0892 .7794 .1033 .6864 .01366
84.0 80,2 0214 .9635 .0670 .8464 .0852 .7716 e01246

91.0 86.6 .0171 .9806 .0625 .9090 .0858 .8574 .01154
98.0 93.7 .0107 9914 .0457 .9548 .0679 .9254 .01066

105.0 102.4 .0064 .9978 .0328 .9876 .0532 .9786 .00975
112.0 109.0 .0021 .9999 .0123 1.0000 .0213 1.0000 .00917



RUN ROLL TIME FLOW RATE REXTEN-4
LO5B 47 300 2.558 6.10

SCALE NMAX DINCR OMAX IMAX
2.18 455 7.0 107.0 16

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 28.4 D21X 41.3 DV1O 31.1
D2OX 34.2 D31X 45.4 DV5O 49.0
030X 38.8 D32X 50.0 DV95 94.1

DM95 56.82 SUMO 12933. SUMDS 534591. SUMDC 26746326.

29..

7.0 5.1 .2109 .2109 .0048 .0048 .0005 .0005 .19571
14.0 11.3 .0835 .2945 .0094 .0143 .0022 .0027 .08803
21.0 17.1 .0747 .3692 .0190 .0333 .0066 .0094 .05819
28.0 23.2 .1538 .5230 .0712 .1045 .0334 .0429 .04298
35.0 30.6 .1010 .6241 .0812 .1858 .0505 .0935 .03266
42.0 38.8 .1010 .7252 .1302 .3161 .1016 .1951 .02573
49.0 45.2 .1340 .8593 .2342 .5503 .2126 .4077 .02208
56.0 50.9 .0615 .9208 .1363 .6867 .1391 5469 .01960
63.0 58,4 0373 .9582 .1088 .7955 .1273 .6743 .01710
70.0 66.3 0263 9846 .0988 .8943 .1314 .8058 .01508
77.0 .73.0 .0043 .9890 .0199 .9143 .0291 .8349 .01369
84,0 80.5 0.0000 .9890 0.0000 .9143 0.0000 .8349 .01242
91.0 87.2 .0021 .9912 .0142 .9285 .0247 .8597 .01146
98.0 94.4 0065 .9978 .0501 .9786 .0946 .9544 .01058

105.0 101.5 0.0000 .9978 0.0000 .9786 0.0000 .9544 .00985
112.0 106.8 .0021 .9999 .0213 1.0000 .0455 1.0000 .00936



RUN ROLL TIME FLOW RATE REXTEN-4
L1OA 50 300 1.253 2.69

SCALE NMAX DINCR OMAX IMAX
1.00 188 7.0 72.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 36.4 021X 42.1 DV1O 29.9
D2OX 39.1 D31X 43.9 DV5O 46.8
D3OX 41.2 D32X 45.8 0V95 63.9

DN95 52.41 SUMD 6853. SUMOS 288775. SUMDC 13234471.

295

7.0 5.6 .0265 .0265 .0005 e0005 0.0000 0.0000 .17857
14.0 11.0 .0691 0957 .0055 .0061 .0013 0014 .09090
21.0 18.6 .0851 .1808 .0195 .0256 .0081 .0096 05351
28.0 25.4 .0851 .2659 .0360 .0617 .0201 .0298 .03931
35.0 32.7 .2234 .4893 .1565 .2182 .1129 .1427 .03056
42.0 39.8 .1542 .6436 .1596 .3779 .1390 .2818 .02508
49.0 45.9 .1170 .7606 .1611 .5390 .1619 .4438 02176
56.0 51.5 .1861 .9468 .3229 .8619 .3647 .8086 .01939
63.0 60.0 .0319 .9787 .0747 .9367 .0979 .9065 01666
70.0 66.0 .0159 .9946 .0452 .9820 .0652 .9717 .01515
77.0 72.0 .0053 .9999 .0179 .9999 0282 .9999 .01388



RUN ROLL TIME FLOW RATE REXTEN-4
L1OB 52 300 2.546 5.47

SCALE NMAX DINCR OMAX IMAX
1.00 259 7.0 150.0 22

111CR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

296

AVERAGE AND CHARACTERISTIC DIAMETERS

OlOX 40.2 D21X 47.7 DV1O 32.6
D2OX 43.8 D31X 52.3 DV5O 54.4
D3OX 47.9 032X 57.5 DV9S 134.6

DN95 64.99 SUMD 10426. SUMDS 497338. SUMDC 28615768.

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 10.0 .0038 .0038 .0002 0002 0.0000 0.0000 .10000
21.0 19.3 .1235 .1274 .0241 0243 .0082 .0082 .05177
28.0 24.6 .1158 .2432 .0366 .0610 .0157 .0240 .04065
35.0 32.3 .2355 .4787 .1287 .1897 .0730 .0970 .03094
42.0 40.2 .1235 .6023 .1042 .2939 .0729 .1700 .02484
49.0 45.5 .0926 .6949 .0999 .3939 .0791 .2491 .02197
56.0 50.8 .1853 .8803 .2503 .6442 .2220 .4711 .01964
63.0 60.4 .0386 .9189 .0733 .7176 .0771 .5483 .01655
70.0 67.2 .0463 .9652 .1092 .8269 .1280 .6763 .01486
77.0 75.0 .0038 .9691 .0113 .8382 .0147 .6910 .01333
84.0 80.0 .0115 .9806 .0386 .8768 .0536 .7447 .01250
91.0 87.5 .0077 .9884 .0308 .9076 .0469 .7917 .01142
98.0 95.0 .0038 .9922 .0181 .9258 .0299 .8216 .01052
105.0 101.5 0.0000 .9922 0.0000 .9258 0.0000 .8216 .00985
112.0 108.5 0.0000 .9922 0.0000 .9258 0.0000 .8216 00921
119.0 115.5 0.0000 .9922 0.0000 .9258 0.0000 .8216 .00865
126.0 120.0 .0038 .9961 .0289 .9547 .0603 .8820 .00833
133.0 129.5 0.0000 .9961 0.0000 .9547 0.0000 .8820 .00772
140.0 136.5 0.0000 9961 0.0000 .9547 0.0000 .8820 .00732
147.0 143.5 0.0000 .9961 0.0000 .9547 0.0000 .8820 .00696
154.0 150.0 .0038 .9999 .0452 .9999 .1179 .9999 .00666



RUM ROLL TIME FLOW RATE REXTEM-4
L1OC 55 300 3.982 8.56

SCALE NMAX DINCR OMAX IMAX
1.00 162 7.0 95.0 14

INCR DIAVG FNtJM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 39.4 D21X 45.4 DV1O 31.6
020X 42.3 D31X 47.8 Dv50 49.6
D3OX 44.8 D32X 50.3 0V95 85.6

DM95 59.36 SUMD 6391. SUMDS 290615. SUMDC 14645251.

297

7.0 5.5 .0246 .0246 .0004 .0004 0.0000 0.0000 .18181
14.0 11.0 .0555 .0802 .0038 .0042 0008 .0009 .09090

21.0 19.0 .0370 .1172 .0075 .0117 .0028 .0037 .05263

28.0 24.5 .0432 .1604 .0145 .0263 .0071 .0109 .04069
35.0 32.4 .2592 .4197 .1525 .1789 .0992 .1101 .03085
42.0 40.0 2283 .6481 .2037 .3826 .1617 .2718 .02500
49.0 45.0 .0925 7407 .1045 .4871 .0933 .3652 .02222
56.0 51.9 .1296 .8703 .1951 .6822 .2018 .5670 .01926
63.0 60.0 .0864 .9567 .1734 .8557 2064 .7735 .01666
70.0 68.3 .0185 .9753 .0482 .9039 .0655 .8391 .01463

77.0 73,5 0.0000 .9753 0.0000 .9039 0.0000 .8391 .01360
84.0 79.3 .0185 9938 .0649 .9689 .1023 9414 .01260

91.0 87.5 0.0000 .9938 0.0000 .9689 0.0000 .9414 .01142
98.0 95.0 .0061 .9999 .0310 .9999 .0585 .9999 .01052



RUN ROLL TIME FLOW RATE REXTEN-4
L2OC 57A 300 3.678 6.97

SCALE NMAX DINCR DMAX IMAX
2.18 308 7.0 98.0 15

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 39.8 D21X 57.0 DV1O 42.3
D2OX 47.6 D31X 60.4 0V50 64.4
D3OX 52.5 032X 64.1 0V95 89.5

DN95 80.96 SUMD 12262. SUMOS 699253. SUMDC 44831063.

2 93

7.0 4.4 .2337 .2337 .0023 .0023 .0002 .0002 22315
14.0 10.3 .0259 .2597 .0012 .0035 .0002 0004 .09657
21.0 17.0 .0324 .2922 .0041 .0077 .0011 .0015 .05880
28.0 24.2 .0584 .3506 .0152 .0229 .0058 .0073 .04128
35.0 32.0 .0454 .3961 0207 .0437 .0104 .0178 .03117
42.0 38.6 .0681 .4642 .0448 .0885 .0271 .0449 .02589
49.0 45.6 .1590 .6233 .1459 .2345 .1042 .1492 .02192
56.0 53.2 .0876 .7110 .1097 .3443 .0914 .2406 .01876
63.0 59.6 .0714 .7824 .1120 .4563 1043 .3450 .01676
70.0 66.3 .1071 .8896 .2077 .6641 .2152 .5603 .01507
77.0 74.9 .0324 .9220 .0804 .7446 .0942 .6545 .01333
84.0 80.6 .0259 .9480 .0744 .8190 .0937 .7483 .01239
91.0 87.2 .0422 .9902 .1414 .9604 .1924 .9407 .01146
98.0 91.5 0032 .9935 .0119 .9724 .0171 .9578 .01092
105.0 98.1 0064 .9999 .0275 1.0000 .0421 1.0000 .01019



RUN ROLL TIME FLOW RATE REXTEN-4
L2OC 578 300 3.678 6.97

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 40.2 D21X 54.0 DV1O 41.2
D2OX 46.6 D31X 57.5 DV5O 62.3
D3OX 51.0 D32X 61.3 0V95 93.8

DM95 75.01 SUMD 8496. SUMDS 458948. SUMOC 28168728.

INCR

1.00

DIAVG

211

FNUM

7.0 110.0 16

CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

7.0 3.3 1469 .1469 .0009 .0009 0.0000 0.0000 .30097
14.0 9.7 0189 .1658 .1)008 .0017 .0001 .0002 .10256
21.0 18.2 .0947 .2606 .0147 .0164 .0044 .0046 .05479
28.0 24.2 .0189 .2796 .4)051 .0216 0020 .0067 .04123
35.0 32.8 1421 .4218 .0709 .0926 .0384 .0451 .03042
42.0 40.3 .0900 .5118 .0673 .1600 .0443 .0895 .02480
49.0 45.4 .0805 .5924 .0766 2366 .0568 .1463 .02199
56.0 51.7 1895 .7819 .2340 .4707 .1982 .3446 01931
63.0 60.2 .0710 .8530 1184 .5892 .1163 4609 .01661
70.0 68.1. .0616 .9146 .1317 .7209 .1466 .6075 .01467
77.0 .73.5 .0331 .9478 .0825 .8035 .0990 .7066 .01359
4.0 80.0 .0094 .9573 .0278 .8314 .0363 .7429 .01250

91.0 88.0 .0236 .9810 .0844 9158 .1212 .8642 .01136
98.0 94.0 .0142 .9952 .0577 .9736 .0885 9527 .01063
105.0 101.5 0.0000 .9952 0.0000 9736 0.0000 .9527 .00985
112.0 110.0 .0047 .9999 .0263 .9999 .0472 .9999 .00909



RUN ROLL TIME FLOW RATE REXTEN-4
L2OB 58A 300 2.512 4.76

SCALE NMAX DINCR DMAX IMAX
2.18 585 14.0 240.0 18

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 42.1 D21X 107.9 DV1O 84.1
D2OX 67.4 D31X 116.3 0V50 121.4
D3OX 82.8 D32X 125.4 DV95 213.5

DN9S 128.12 SUMO 24640. SUMDS 2658910. SUMOC 333482770.

:300

14.0 3.1 .5763 .5743 .0017 .0017 .0001 .0001 .32177
28.0 20.1 .0410 .6153 .0038 .0055 .0006 .0007 .04959
42.0 31.1 .0119 .6273 .0025 .0081 .0006 .0014 .03211
56.0 49.3 .0188 .6461 .0101 .0182 .0040 .0054 .02026
70.0 64.7 .0290 .6752 .0269 .0451 .0140 .0194 .01544
84.0 78.0 .0495 .7247 0665 .1117 .0416 .0610 .01281
98.0 89.7 .0581 .7829 .1031 .2149 .0740 .1350 .01114
112.0 105.4 .0837 .8666 .2054 .4203 .1734 .3085 .00947
126.0 119.2 .0547 .9213 .1711 .5915 .1629 4714 .00838
1.40.0 130.3 .0358 .9572 .1343 .7259 .1398 .6112 .00766
154.0 147.2 .0188 .9760 .0898 .8157 .1056 .7169 .00679
168.0 159.1 .0085 .9846 .0476 .8633 .0605 .7774 .00628
182.0 175.8 .0051 .9897 .0348 .8982 .0489 .8264 .00568
196.0 189.0 0.0000 .9897 0.0000 .8982 0.0000 .8264 .00529
210.0 199.8 .0051 9948 .0450 .9433 .0719 .8983 .00500
224.0 215.8 .0034 9982 .0350 .9783 0603 .9586 .00463
238.0 231.0 0.0000 .9982 0.0000 .9783 0.0000 .9586 .00432
252.0 239.8 .0017 .9999 .0216 1.0000 .0413 1.0000 .00417



RUN ROLL TIME FLOW RATE REXTEN-4
L2OB 58B 300 2.512 4.76

SCALE NMAX DINCR DMAX IMAX
1.00 316 14.0 190.0 14

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

OlOx 36.1 D2].X 98.9 DV1O 80.4
D2OX 59.7 031X 106.2 DV5O 111.7
D3OX 74.1 D32X 114.2 DV95 180.5

DM95 117.59 SUMD 11423. SUMDS 1129745. SUMDC 129052770.

14.0 2.5 .5791 .5791 .0019 .0019 .0001 .0001 .39956
28.0 20.4 .0854 .6645 .0102 .0122 .0019 .0020 .04891
42.0 37.3 .0094 .6740 .0037 .0159 .0012 .0032 .02678
56.0 52.3 .0189 .6930 0145 .0305 .0067 .0100 .01910
70.0 63.0 .0316 .7246 .0353 .0659 .0196 .0297 .01587
84.0 78.3 .0411 .7658 .0706 .1365 .0484 .0781 .01277
98.0 91.4 .0727 .8386 1706 .3071 .1371 .2153 .01093
112,0 104.9 .0569 .8955 .1758 .4829 .1621 .3774 .00952
126.0 119.6 .0632 .9588 .2537 .7367 .2662 .6437 .00835
140.0 134.2 .0158 .9746 .0797 .8164 .0938 .7376 .00745
154.0 146.3 .0094 .9841 .0568 .8733 .0728 .8105 .00683
168.0 157.6 .0094 .9936 .0660 .9393 .0911 .9016 .00634
182.0 180.0 .0031 .9968 .0286 9680 .0451 .9468 .00555
196.0 190.0 .0031 .9999 .0319 .9999 .0531 1.0000 .00526



RUN ROLL TIME FLOW RATE REXTEN-4
L2OA 59A 300 1.119 2.12

SCALE NMAX DINCR OMAX IMAX
2.18 309 7.0 181.0 26

INCR DZAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 78.1 021X 93.4 DV1O 79.5
D2OX 85.4 D31X 97.7 DV5O 102.5
D3OX 90.7 D32X 102.3 DV95 155.7

DM95 124.16 SUMD 24150. SUMDS 2256611. SUMDC 230873880.

7.0 6.5 .0032 .0032 0.0000 0.0000 0.0000 0.0000 .15290
14.0 11.6 .0355 .0388 .0006 .0006 0.0000 0.0000 .08552
21.0 16.1 .0323 .0711 .0011 .0018 .0001 .0002 .06198
28.0 23.3 .0647 .1359 .0048 .0067 .0011 .0013 .04287
35.0 31.7 .0291 1650 .0040 .0107 .0012 .0026 .03151
42.0 38.1 .0064 .1715 .0012 .0120 .0004 .0031 .02621
49.0 44.9 .0420 .2135 .0116 .0236 .0051 .0082 .02225
56.0 53.8 .0453 .2588 .0180 .0417 .0095 .0177 .01856
63.0 59.9 .0388 .2977 .0191 .0608 .0112 .0289 .01668
70.0 65.3 .0906 .3883 .0529 1137 0338 .0628 .01530
77.0 75.2 0420 .4304 .0326 .1464 .0240 .0869 .01328
84.0 82.3 .0291 .4595 .0270 .1735 .0217 .1086 .01214
91.0 87.2 .1553 .6148 .1619 .3354 .1380 .2467 .01146
98.0 92.7 .0291 .6440 .0343 3697 .0311 .2779 .01077
105.0 100.1 .1229 .7669 .1688 .5386 .1655 .4434 .00998
112.0 109.0 .1165 8834 .1895 .7281 .2019 .6453 .00917
119.0 114.4 .0194 .9029 .0348 .7630 .0389 .6843 .00873
126.0 120.3 .0323 .9352 .0641 .8272 .0755 7598 .00831
133.0 130.4 .0388 .9741 .0904 .9176 .1153 .8752 .00766
140.0 137.3 .0064 .9805 .0167 .9344 .0224 .8976 .00728
147.0 141.7 0097 .9902 .0266 .9610 .0369 .9346 .00705
154.0 150.5 0.0000 .9902 0.0000 .9610 0.0000 .9346 .00664
161.0 156.9 .0032 .9935 .0109 .9720 .0167 .9513 .00637
168.0 164.5 0.0000 .9935 0.0000 .9720 0.0000 .9513 .00607
175.0 174.4 .0032 .9967 .0134 .9854 .0229 .9743 .00573
182.0 180.9 .0032 .9999 .0145 1.0000 .0256 1.0000 .00552



RUN ROLL TIME FLOW RATE REXTEN-4
L2OA 598 300 1.119 2.12

SCALE NMAX DINCR DMAX IMAX
1.00 146 14.0 150.0 11

INCR DIAVG FMUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 68.4 D21X 88.2 DV1O 67.7
D2OX 77.7 D31X 92.6 0V50 94.1
D3OX 83.6 032X 97.1 DV9S 136.0

DN95 114.35 SUMD 9988. SUMOS 881648. SUMDC 85687192.

14.0 9.3 .1369 .1369 .0021 .0021 .0002 .0002 10752
28.0 20.2 .0821 .2191 .0057 .0078 .0012 .0014 .04938
42.0 35.7 .0684 .2876 .0146 .0225 .0055 0070 .02801
56.0 48.2 .0342 .3219 .0132 .0358 .0067 .0137 .02074
70.0 66.3 .1506 .4726 .1103 .1462 .0760 .0897 .01506
84.0 78.3 .1095 .5821 .1116 .2578 .0903 .1800 .01275
98.0 89.4 .1712 .7534 .2269 .4848 .2094 .3895 .01118
112.0 103.4 .1712 .9246 .3037 .7886 .3245 .7140 .00967
126.0 121.1 .0410 9657 .0999 .8886 .1248 .8389 .00825
140.0 137.5 .0273 .9931 .0858 .9744 .1217 9606 .00727
154.0 150.0 .0068 .9999 .0255 .9999 .0393 .9999 .00666



RUN ROLL TIME FLOW RATE REXTEN-4
L35A 60 400 1.003 1.32

SCALE NMAX DINCR DMAX IMAX
2.18 230 14.0 216.0 16

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

304

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 94.9 021X 110.1 DV1O 80.8
020X 102.3 D31X 115.1 DV5O 120.3
D30X 107.9 D32X 120.2 DV95 186.0

DM95 150.69 SUMD 21847. SUMDS 2407036. SUMDC 289506710..

14.0 9.1 0608 .0608 .0005 .0005 0.0000 0.0000 .10884
28.0 19.6 .0173 .0782 .0006 .0012 .0001 .0001 .05096
42.0 32.7 0043 .0826 .0004 .0016 .0001 .0002 .03058
56.0 51.5 .0391 .1217 .0100 .0116 .0043 .0046 .01938
70.0 65.8 .0869 .2086 .0360 .0477 .0197 .0244 .01518
84.0 76.4 .1043 .3130 .0583 1061 .0372 .0616 .01307
98.0 87.9 .1869 .4999 .1382 .2443 .1012 .1628 .01136
112.0 105.2 .2304 .7304 .2446 .4890 .2151 .3779 .00949
126.0 119.6 .0826 8130 .1130 .5021 .1126 .4906 00835
140.0 131.4 .0869 .8999 1436 .7457 .1569 .6476 .00760
154.0 144.9 .0434 .9434 .0874 .8331 .1056 .7532 .00689

168.0 160.2 .0173 .9608 .0426 .8758 .0569 .8101 .00624
182.0 174.7 .0304 9913 .0887 .9646 .1290 .9391 .00572

196.0 189.0 0.0000 .9913 0.0000 .9646 0.0000 .9391 .00529
210.0 196.2 .0043 .9956 .0159 .9806 .0260 .9652 .00509
224.0 215.8 .0043 .9999 .0193 1.0000 .0347 1.0000 00463



RUN ROLL TIME FLOW RATE REXTEN-4
L35B 61A 300 2.376 3.12

SCALE NMAX DINCR DMAX IMAX
2.18 251 14.0 251.0 18

.INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

305

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 103.6 D21X 128.9 DV1O 93.9
D2OX 115.5 D31X 136.0 DV5O 140.4
030X 124.1 032X 143.5 0V95 230.9

DN95 179.34 SUMD 26016. SUMOS 3353883. SUMOC 481385660.

14.0 8.3 .0956 .0956 .0005 .0005 0.0000 0.0000 .11966
28.0 20.3 .0239 .1195 .0007 .0012 .0001 .0001 .04914
42.0 36.5 .0159 .1354 .0016 .0028 .0004 .0005 .02738
56.0 48.7 0517 .1872 .0093 .0122 .0032 .0037 .02049
70.0 66.2 .0398 .2270 0131 .0253 .0060 .0098 .01508
84.0 78.6 .0517 .2788 .0240 0493 .0132 .0230 .01271
98.0 88.3 .1195 .3984 .0698 .1192 .0430 .0661 .01131
112.0 105.5 .1673 .5657 .1397 2589 .1031 .1692 .00947
126.0 118.3 .0836 .6494 .0877 .3467 .0724 .2417 .00845
140.0 130.4 .1075 .7569 .1371 .4838 .1247 .3665 .00766
154.0 147.3. .1354 .8924 .2203 .7041 .2267 .5932 .00678
168.0 1.60.5 .0239 .9163 .0461 .7503 .0516 .6449 .00622
182.0 175.3 .0278 9442 .0641 .8145 .0784 .7234 .00570
196.0 186.3 .0159 .9601 .0414 .8559 Q538 .7772 .00536
210.0 199.8 .0119 .9721 .0357 8916 .0498 .8270 .00500
224.0 215.2 .0159 .9880 .0552 9469 .0829 9099 .00464
238.0 231.0 0.0000 .9880 0.0000 .9469 0.0000 .9099 .00432
252.0 243.4 .0119 .9999 .0530 1.0000 .0900 1.0000 .00410



RUN ROLL TIME FLOW RATE REXTEN-4
L358 618 300 2.376 3.12

SCALE NMAX DINCR DMAX IMAX
1.00 94 14.0 265.0 19

INCR DIAVG FNUM CIJMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 89.2 D21x 116.6 DV1O 85.7
D2OX 102.0 031X 124.2 0V50 125.0
D3OX 111.2 D32X 132.3 0V95 243.5

DM95 158.12 SUMD 8389. SUMDS 978651. SUMDC 129523500.

14.0 4.8 1595 .1595 .0004 .0004 0.0000 0.0000 .20547
28.0 21.0 0.0000 .1595 0.0000 .0004 0.0000 0.0000 .04761
42.0 41.0 0212 1808 .0034 .0038 .0010 .0010 .02439
56.0 51.0 .0531 .2340 .0133 .0172 .0052 .0062 .01960
70.0 62.5 .0212 .2553 .0079 .0252 0037 .0100 .01600
84.0 79.2 .1063 3617 .0641 0893 .0384 .0484 .01262
98.0 90.0 .1595 .5212 .1243 .2137 .0848 .1333 .01111
112.0 104.8 .1914 .7127 .2025 .4162 .1610 .2943 .00953
126.0 119.1 .1276 8404 .1742 .5905 .1572 .4516 .00839
140.0 135.7 0744 .9148 .1318 .7223 .1354 .5870 .00736
154.0 150.0 .0212 .9361 0459 .7683 .0521 .639.2 .00666
168.0 162.5 .0212 .9574 .0539 .8223 .0663 .7055 .00615
182.0 172.5 .0212 .9787 .0608 .8831 .0793 .7848 .00579
196.0 189.0 0.0000 9787 0.0000 8831 0.0000 .7848 .00529
210.0 210.0 .0106 9893 .0450 .9282 .0715 .8563 .00476
224.0 217.0 0.0000 .9893 0.0000 .9282 0.0000 .8563 .00460
238.0 231.0 0.0000 .9893 0.0000 9282 0.0000 .8563 .00432
252.0 245.0 0.0000 9893 0.0000 9282 0.0000 .8563 .00408
266.0 265.0 .0106 .9999 .0717 .9999 .1436 1.0000 .00377



RUN ROLL TIME FLOW RATE REXTEN-4
L35C 62 420 3.721 4.88

SCALE NMAX D!NCR DMAX IMAX
2.18 241 14.0 216.0 16

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 71.2 021X 99.2 DV1O 71.4
D2OX 84.1 D31X 107.7 DV5O 118.1
D3OX 93.8 D32X 116.8 DV9S 208.7

DM95 132.94 SUMD 17180. SUMDS 1705921. SUMDC 199313450.

307

14.0 8.4 .1576 .1576 .0017 .0017 .0001 .0001 .11857
28.0 20.3 .0663 .2240 0039 0056 .0006 .0008 .04925
42.0 34.2 .0539 .2780 .0089 .0146 .0026 .0035 .02923
56.0 50.3 .0788 3568 0284 .0431 .0124 .0160 .01985
70.0 64.1 .1266 .4854 .0748 .1180 .0412 .0572 .01559
84.0 76.5, .1327 .6182 .1099 .2279 .0721 .1293 .01307
98.0 88,5 .0871 .7053 0966 .3245 .0733 .2027 .01129
112.0 102.2 .1037 .8091 1536 .4782 .1351 .3378 .00977
126.0 117.6 .0788 .8879 .1541 .6323 .1553 .4931 .00850
140.0 130.4 .0580 .9460 .1398 .7721 .1563 .6495 .00766
154.0 148.5 .0290 .9751 .0906 .8628 .1154 .7650 .00673
168.0 163.5 .0041 .9792 .0156 .8784 .0219 .7869 .00611
182.0 180.9 .0041 .9834 .0191 .8976 .0297 .8166 .00552
196.0 189.0 0,0000 .9834 0.0000 .8976 0.0000 .8166 .00529
210.0 201.6 .0082 .9917 0477 .9453 .0824 .8991 .00495
224.0 215.8 .0082 .9999 .0546 1.0000 .1008 1.0000 .00463



RUN ROLL TIME FLOW RATE REXTEN-4
L5OC 63A 300 3.568 3.04

SCALE NMAX DINCR DMAX IMAX
2.18 337 14.0 216.0 16

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 85.9 D21X 99.1 DV1O 76.3
D2OX 92.3 D31X 104.1 DV5O 103.5
D3OX 97.6 D32X 109.3 DV95 192.1

DN95 129.40 SUMD 28963, SUMDS 2871836. SUMDC 313998080.

14.0 10.4 .0267 .0267 .0003 .0003 0.0000 0.0000 .09601
28.0 20.4 0445 .0712 .0022 .0026 .0004 .0004 .04879
42,0 33.9 .0207 .0919 0028 .0055 .0009 .0014 .02945
56.0 47.3 .0712 .1632 .0188 .0243 .0083 .0097 .02113
70.0 65.4 .1364 2997 .0686 .0930 .0411 .0509 .01527
84.0 77.7 1097 .4094 .0780 .1711 .0557 .1066 .01285
98.0 88.5 2314 .6409 .2132 .3843 .1729 .2795 .01129
112.0 104.8 .1928 .8338 2493 .6336 .2400 .5196 .00953
126.0 118.7 .0563 .8902 .0933 .7270 .1015 .6212 .00842
140.0 131.4 0712 .9614 .1443 .8714 .1736 .7948 .00760
154.0 146.3 .0207 .9821 .0522 .9236 .0701 .8649 .00683
168.0 161.0 0.0000 .9821 0.0000 .9236 0.0000 .8649 .00621
182.0 174.4 .0089 .9910 .0317 .9554 .0506 .9156 .00573
196.0 189.0 0.0000 .9910 0.0000 .9554 0.0000 .9156 .00529
210.0 201.6 .0059 .9970 .0283 .9837 .0523 .9679 .00495
224.0 215.8 .0029 .9999 .0162 1.0000 .0320 1.0000 .00463



RUN ROLL TIME FLOW RATE REXTEN-4
L5OA 64 300 1.087 .92

SCALE NMAX DINCR DMAX IMAX
2.18 159 14.0 251.0 18

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 106.7 D21X 127.7 DV1O 91.8
D2OX 116.7 D3IX 135.6 DV5O 139.9
030X 125.2 D32X 144.1 DV9S 236.5

DN95 190.89 SUMD 16975. SUMOS 2168824. SUMDC 312551250.

14.0 11.9 .0251 .0251 .0002 .00Ô2 0.0000 0.0000 .08340
28.0 21.3 .0566 .0817 .0019 .0021 .0002 .0003 .04691
42.0 32.7 .0125 .0943 .0009 .0031 .0002 0005 .03058
56.0 47.0 .0440 1383 .0071 .0103 .0023 .0029 .02126
70.0 64.0 .0628 .2012 .0189 .0293 .0084 .0113 .01560
84.0 77.3 .0377 .2389 .0165 .0458 .0089 .0202 .01292
98.0 87.5 .1320 .3710 .0741 .1200 .0450 0653 .01142
112.0 107.2 .2515 .6226 .2122 .3322 .1582 .2236 .00932
126.0 117.7 0440 .6666 .0447 3770 .0365 2601 .00849
140.0 130.8 .1320 .7987 .1656 5426 .1503 .4105 .00764
154.0 147.8 .1006 8993 .1614 .7041 .1659 .5765 .00676
168.0 161.0 0.0000 .8993 0.0000 .7041 0.0000 .5765 .00621
182.0 173.7 .0440 .943 .0974 .8015 .1175 .6940 .00575
196.0 189.0 0.0000 .9433 0.0000 .8015 0.0000 .6940 .00529
210.0 196.2 .0251 .9685 .0709 .8725 0966 7907 .00509
224.0 215.8 .0125 .9811 .0429 .9155 0643 .8550 .00463
238.0 231.0 0.0000 .9811 0.0000 9155 0.0000 .8550 .00432
252.0 247.0 .0188 .9999 0844 1.0000 .1449 1.0000 .00404



RUN ROLL TIME FLOW RATE REXTEN-4
SO5V 65 25 3.235 7.40

SCALE NMAX DINCR OMAX IMAX
2.18 445 7.0 72.0 11

INCR DIAVG FNLJM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

310

AVERAGE AND CHARACTERISTIC DIAMETERS

O1OX 32.6 D21X 39.2 DV1O 27.4
D2OX 35.7 D31X 41.4 DV5O 42.8
030X 38.2 D32X 43.7 DV95 63.6

0N95 52.62 SUMO 14514. SUMDS 570201. SUMDC 24926211.

7.0 4.8 .0651 .0651 .0013 .0013 .0001 .0001 .20465

14.0 11.6 0404 .1056 .0043 .0056 .0011 .0013 .08600
21.0 16.8 .0966 .2022 .0216 .0273 .0085 .0099 .05941
28.0 23.3 .1910 .3932 .0818 .1091 .0442 0542 .04280
35.0 32.2 .1640 .5573 .1334 .2425 .0990 .1532 .03103
42.0 39.3 .1483 7056 .1790 .4216 .1614 .3147 .02544
49.0 44.9 .1797 .8853 .2844 .7061 .2937 .6084 .02222
56.0 52.6 .0651 .9505 .1414 .8475 .1710 .7795 .01897
63.0 59.2 .0247 .9752 .0677 .9153 .0920 .8715 .01687
70.0 65.6 .0224 .9977 0755 .9909 .1135 .9850 .01523
77.0 71.9 .0022 .9999 .0090 1.0000 .0149 1.0000 01390



RUN ROLL TIME FLOW RATE REXTEN-4
SO5V 66 300 3.235 7.40

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D10x 30.5 D21X 36.8 DV1O 25.1
02 ox 33.5 D31X 38.6 DV5O 41.0
D3OX 35.6 D32X 40.4 0V95 53.3

DN95 47.02 SUMD 10041. SUMDS 369888. SUMDC 14963075.

311

INCR

2.18

DIAVG

329

FNUM

7.0 61.0

CUMEN

9

FAREA CUMFA FVOL CUMFV RECIP D

7.0 4.7 .0820 .0820 .0018 .0018 .0002 .0002 .20992
14.0 10.1 .0638 .1458 .0060 .0078 0016 .0018 .09829
21.0 17.5 .0577 .2036 .0159 .0238 .0070 .0089 .05696
28.0 23.2 .2188 4224 .1056 1294 .0614 0703 .04306
35.0 31.7 .1854 6079 .1670 .2965 .1320 .2024 .03147
42.0 39.0 .1033 .7112 .1403 4369 .1359 .3384 .02560
49.0 44.4 .2188 .9300 3845 .8214 .4233 7617 .02251
56.0 51.9 .0577 .9878 .1389 .9604 .1790 .9407 .01923
63.0 60.4 .0121 .9999 .0395 1.0000 .0592 1.0000 .01653



RUN ROLL TIME FLOW RATE REXTEM-4
SO5V 67 25 3.261 7.45

SCALE NMAX DINCR DMAX IMAX
2.18 331 7.0 74.0 11

IMCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV REçIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

DiOX 33.1 D21X 40.0 DVTO 28.2
D2OX 36.4 D31X 42.0 DV5O 43.1
D3OX 38.8 D32X 44.1 0V95 62.5

DM95 52.26 SUMD 10956. SUMDS 438997. SUMDC 19372908.

7.0 4.2 .0785 .0785 .0012 .0012 .0001 .0001 .23385

14.0 10.4 .0453 .1238 .0038 .0051 .0009 .0011 e09556

21.0 17.5 .0634 .1873 .0148 .0200 .0060 .0071 .05700

28.0 23.3 .1842 .3716 .0760 .0960 .0406 .0478 .04285

35.0 32.0 .1631 .5347 .1269 .2230 .0930 .1409 .03119
42.0 38.9 .1087 .6435 .1249 .3480 .1109 .2518 .02564
49.0 44.6 .2235 .8670 3370 6851 .3422 .5941 .02237

56.0 52.6 .0876 9546 .1836 .8688 .2199 .8141 .01897
63.0 58.3 .0271 .9818 .0699 .9387 .0925 .9066 .01713
70.0 65.4 0151 .9969 .0487 .9874 .0722 .9789 .01529

77.0 74.1 .0030 .9999 .0125 1.0000 0210 1.0000 .01349



RUN ROLL TIME L0W RATE REXTEN-4
SO5V 68 300 3.261 7.45

SCALE NMAX DINCR OMAX IMAX
2.18 364 7.0 65.0 10

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

DiOX 33.3 D21X 39.6 DV1O 27.3
D2OX 36.3 D31X 41.7 DV5O 42.8
D3OX 38.7 D32X 43.9 DV95 63.1

DN95 53.84 SUMD 12149. SUMDS 481384. SUMDC 21165322.

7.0 4.5 .0357 .0357 .0006 .0006 0.0000 0.0000 .22086
14.0 11.0 .0741 .1098 .0070 .0076 .0018 .0019 .09040
21.0 17.4 0576 .1675 .0133 .0210 .0053 .0073 .05733
28.0 23.5 .2115 .3791 .0892 .1102 .0484 .0557 .04250
35.0 31.8 .1703 .5494 .1311 .2413 .0956 .1514 .03139
42.0 38.6 .1071 .6565 .1214 .3627 .1072 .2586 .02585
49.0 44.6 .2252 .8818 .3399 .7027 .3461 .6048 .02240
56.0 53.2 .0659 9478 .1414 8441 .1716 .7764 .01878
63.0 9.4 .0219 .9697 .0587 .9028 '0794 .8559 .01683
70.0 65.2 .0302 .9999 .0971 1.0000 1441 1.0000 .01533



RUN ROLL TIME FLOW RATE REXTEN-4
505W 69A 300 2.164 4.95

SCALE NMAX DINCR DMAX IMAX
2.18 312 7.0 76.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

Diox 31.3 D21X 38.9 DV1O 27.3
D2OX 34.9 D31X 41.4 DV5O 44.0
D30X 37.7 032X 44.2 DV95 63.7

DN95 54.30 SUMD 9786. SUMDS 380946. SUMOC 16849459.

7.0 4.9 0512 .0512 .0011 .0011 .0001 .0001 20387
14.0 11.6 .0929 1442 .0105 .0116 .0028 .0030 .08582
21.0 17.2 .1185 .2628 .0292 0409 .0116 .0147 .05792
28.0 23.3 .1987 .4615 .0889 .129 .0474 .0621 .04289
35.0 31.4 .1314 .5929 .1071 .2370 .0769 .1391 .03176
42.0 39.7 .1153 .7083 .1494 .3865 .1348 .2739 .02517
49.0 44.6 .1570 .8653 .2569 .6435 .2602 .5341 .02238
56.0 52.4' .0705 .9358 .1588 .8023 .1887 .7229 .01907
63.0 58.8 .0480 .9839 .1365 .9389 .1820 .9049 .01698
70.0 63.9 .0096 .9935 .0322 .9711 .0465 .9515 .01563

77.0 74.1 0064 .9999 .0288 1.0000 0484 1.0000 .01349



RUN ROLL TIME FLOW RATE REXTEN-4
SO5W 698 300 2.164 4.95

SCALE NMAX DINCR DMAX IMAX
1.00 37 7.0 60.0 9

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 29.5 D21X 37.4 DV1O 26.9
D2OX 33.2 D3IX 39.6 DV5O 46.5
030X 35.9 D32X 42.1 0V95 56.4

DM95 50.22 SUMD 1094. SUMDS 40922. SUMDC 1723214.

315

7.0 4.0 .0540 0540 .0008 .0008 0.0000 0.0000 .25000
14.0 10.7 .1891 .2432 0203 .0211 .0055 .0056 .09333
21.0 18.3 .0810 .3243 .0247 .0459 .0108 .0165 .05454
28.0 25.0 .0810 .4054 .0462 .0921 .0279 .0444 .04000
35.0 31.8 .2702 .6756 .2484 .3406 1896 .2341 .03144
42.0 39.4 1351 .8108 .1898 .5304 .1779 .4120 .02538
49.0 45.5 0.0000 .8108 0.0000 .5304 0.0000 .4120 .02197
56.0 51.0 .1621 .9729 .3815 .9120 .4625 .8746 .01960
63.0 60.0 .0270 .9999 .0879 .9999 .1253 .9999 .01666



RUM ROLL TIME FLOW RATE REXTEN-4
SO5Y 70A 300 1.179 2.70

SCALE NMAX DINCR DMAX IMAX
2.18 382 7.0 72.0 11

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 33.3
D2OX 37.2
030X 40.2

7.0 5.0 .0549 .0549 .0011 .0011 .0001 .0001 .19659
14.0 11.0 .0628 1178 .0056 .0067 .0013 .0015 .09023
21.0 16.8 .1151 .2329 .0238 .0306 .0087 .0102 .05936

28.0 23.4 .2015 .4345 .0803 .1110 .0405 0508 .04270
35.0 31.9 .1151 .5497 .0852 .1962 .0582 .1091 03129
42.0 39.0 .1020 .6518 .1123 .3086 .0935 .2026 .02563

49.0 45.1 .1675 .8193 .246J .5554 .2374 4400 .02215
56.0 53.1 .0916 .9109 1869 .7423 .2115 .6515 .01882

63.0 59.1 .0340 .9450 .0861 .8284 .1084 .7600 .01689
70.0 65.4 .0523 .9973 .1617 .9902 .2249 .9850 .01529

77.0 71.9 0026 .9999 .0097 1.0000 .0149 1.0000 .01390

D21X 41.5 OViD 30.6
D3].X 44.2 DV5O 47.3
D32X 47.0 DV95 64.4

DM95 59.78 SUMD 12742. SUMDS 529126. SUMOC 24900291.



RUN ROLL TIME FLOW RATE REXTEN-4
SO5V 70B 300 1.179 2.70

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 36.7 D21X 43.0 DV1O 30.5
020X 39,7 D31X 45.1 DV5O 47.6
D3OX 42.1 D32X 47.3 DV95 66.1

DN95 58.11 SUMD 2830. SUMDS 121830. SUMDC 5773996.

317

INCR

1.00

OIAVG

77

FNUM

7.0 71.0

CUMFN

11

FAREA CUMFA FVOL CUMFV RECIP D

7.0 5.0 .0129 .0129 .0002 0002 0.0000 0.0000 .20000
14.0 10.8 .0779 .0909 .0058 .0060 .0013 .0013 .09230
21.0 17.4 0909 .1818 0177 .0237 .0067 0081 .05737
28.0 24.8 .1038 .2857 0407 .0645 .0215 .0296 .04020
35.0 33.0 .2077 .4935 .1442 2088 .1015 .1312 .03024
42.0 40.0 .1428 .6363 .1451 .3539 .1227 .2540 .02494
49.0 44.5 .1428 .7792 .1792 .5331 .1685 .4225 02244
56.0 52.8 .1038 .8831 .1839 .7170 .2059 .6285 .01891
63.0 60.0 .0909 .9740 .2068 .9239 .2618 .8904 .01666
70.0 65.0 .0129 .9870 .0346 9586 .0475 .9380 .01538
77.0 71.0 .0129 .9999 0413 .9999 .0619 .9999 .01408



RUN ROLL TIME FLOW RATE REXTEN-4
SO5X 71 300 4.099 9.36

SCALE MMX DINCR DMAX IMAX
2.18 376 7.0 65.0 10

INCR DIAVG FMUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

31

AVERAGE AND CHARACTERISTIC DIAMETERS

010X 29.4 D21x 37.9 DV1O 27.3
D2OX 33.4 D31X 39.9 DV5O 41.5
D3OX 36.0 D32X 41.9 DV95 58.4

DN95 48.82 SUMD 11078. SUMDS 420158. SUMDC 17641708.

7.0 3.9 .1515 .1515 0024 .0024 .0003 .0003 .25385
14.0 11.5 .0452 .1968 .0054 .0079 .0015 .0018 .08664
21.0 16.8 .0824 .2792 .0212 .0292 .0087 .0106 .05925
28.0 23.6 .1702 .4494 .0854 .1146 .0487 .0593 .04236
35.0 31.2 .1250 .5744 .1097 .2244 .0827 .1420 .03203
42.0 39.4 .1382 .7127 .1933 4178 .1826 .3246 .02532
49.0 44.2 .2154 .9281 .3787 .7965 .4003 .7250 .02257
56.0 53.1 .0425 .9707 .1076 .9041 .1364 .8615 .01881
63.0 59.5 .0239 9946 .0761 .9803 .1083 .9698 .01678
70.0 64.3 .0053 .9999 .0196 1.0000 .0301 1.0000 .01554



RUN ROLL TIME FLOW RATE REXTEN-4
SO5Z 72A 2 0.000 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 308 7.0 131.0 19

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 40.3 D21X 57.8 DV1O 43.9
D2OX 48.3 D31X 63.6 DV5O 75.5
D3OX 54.6 D32X 70.0 0V95 118.8

DN95 85.37 SUMD 12430. SUMDS 718856. SUMDC 50346384.

319

7.0 5.8 .0909 .0909 .0013 .0013 .0001 .0001 .17125
14.0 10.1 .0714 .1623 .0031 .0045 .0004 .0005 .09893
21.0 16.8 .1038 .2662 .0126 .0172 .0030 .0036 .05942
28.0 23.1 .1396 .4058 .0321 .0494 .0107 .0144 .04325
35.0 31.7 .0974 .5032 .0422 .0916 0192 .0337 .03149
42.0 39.6 .0714 .5746 .0481 .1398 .0273 .0611 .02522

49.0 45.3 .0909 .6655 .0804 .2202 .0523 .1134 .02203
56.0 53.0 .0551 .7207 .0667 2869 .0507 .1641 .01883
63.0 .60.0 .0519 .7727 0804 .3673 .0690 .2332 .01664
70.0 66.2 .0844 .8571 .1587 5261 .1503 .3835 .01509
77.0 74.7. .0422 .8993 .1012 .6273 .1082 .4917 .01337
84.0 82.5 0259 .9253 0758 .7032 .0894 .5812 .01211

91.0 87.3 .0422 .9675 .1380 .8413 .1722 .7534 .01144
98.0 93.7 .0064 .9740 .0244 .8657 .0327 .7861 .01066

105.0 98.1 .0097 .9837 .0401 .9059 .0562 .8424 .01019

112.0 107.9 .0064 .9902 0324 .9383 .0499 .8923 00926
119.0 113.3 .0032 .9935 .0178 .9562 o289 .9213 .00882
126.0 119.9 .0032 .9967 .0199 .9762 .0342 .9555 .00834

133.0 130.8 .0032 .9999 .0237 1.0000 .0444 1.0000 .00764



RUN ROLL TIME FLOW RATE REXTEN-4
SO5Z 728 300 0.000 0.00

SCALE NMAX DINCR OMAX IMAX

320

AVERAGE AND CHARACTERISTIC DIAMETERS

O1OX 28.9 D21X 38.4 DV1Q 26.6
D2OX 33.3 D31X 41.2 DV5O 43.8
030X 36.6 032X 44.3 DV95 64.8

DM95 55.12 SUMD 8015. SUMDS 307969. SUMDC 13670525.

!NCR

2.18

DIAVG

277

FNUM

7.0 72.0

CUMFN

11

FAREA CUMFA FVOL CUMFV RECIP D

7.0 4.7 .1263 .1263 .0028 .0028 .0003 .0003 .21125
14.0 10.8 .1046 .2310 .0112 .0141 .0028 .0032 .09238
21.0 18.1 .0938 .3249 .0281 0423 .0117 .0149 05496
28.0 23.6 .1841 .5090 .0932 .1355 .0503 .0653 .04230
35.0 32.3 .1444 .6534 .1362 .2717 .0999 .1653 .03094
42.0 39.0 .0938 .7472 .1291 .4009 .1141 .2795 .02559
49.0 44.5 .1407 .8880 .2516 .6525 .2532 .5327 .02244
56.0 53.1' .0541 .9422 .1379 .7905 .1657 .6985 .01879
63.0 59.4 .0252 .9675 .0804 .8710 .1079 .8065 .01681
70.0 65.6 .0288 .9963 .1121 .9831 .1662 .9727 01522
77.0 71.9 .0036 .9999 .0168 1.0000 .0272 1.0000 .01390



RUN ROLL TIME FLOW RATE REXTEN-4
H1OA 74 300 1.180 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 414 14.0 349.0 25

!MCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 34.6 D21X 104.0 DV1O 85.6
D2OX 60.0 031X 126.4 0V50 183.2
D3OX 82.0 D32X 153.5 DV95 327.4

DN95 121.88 SUMO 14340. SUMDS 1492735. SUMOC 229212130.

321

14.0 3.3 .5193 .5193 0025 .0025 .0001 .0001 .29528
28.0 21.4 .1449 .6642 .0190 .0216 .0028 .0029 .04664
42.0 33.9 .0410 .7053 .0132 .0349 .0029 0059 .02942
56.0 46.6 0676 .7729 .0411 .0760 .0127 .0186 .02144
70.0 64.6 .0362 .8091 .0421 .1182 .0179 .0365 .01546
84.0 80.4 .0217 .8309 .0390 .1572 .0205 .0570 .01243
98.0 89.0 0555 .8864 .1221 .2794 .0709 .1279 .01123
112.0 104.0 .0338 .9202 .1017 .3811 .0692 .1972 .00961
126.0 117.0 .0241 .9444 .0918 .4730 .0701 .2674 .00854
140.0 131.7 .0169 .9613 .0814 .5544 .0698 3372 .00759
154.0 148.6 .0120 .9734 .0740 .6285 0718 .4091 .00672
168.0 161.0 0.0000 .9734 0.0000 .6285 0.0000 .4091 .00621
182.0 178.7 .0024 .9758 .0214 .6499 0249 .4340 .00559
196.0 186.3 .0096 .9855 .0931 .7430 .1130 .5470 .00536
210.0 196.2 .0024 .9879 .0257 .7688 .0329 .5800 .00509
224.0 215.8 .0048 .9927 .0624 .8312 .0877 .6677 .00463
238.0 228.9 .0024 .9951 .0351 .8663 .0523 .7200 .00436
252.0 245.0 0.0000 9951 0.0000 .8663 0.0000 .7200 .00408
266.0 259.0 0.0000 .9951 0.0000 8663 0.0000 .7200 00386
280.0 279.0 0024 .9975 .0521 .9185 .0947 .8148 .00358
294.0 287.0 0.0000 .9975 0.0000 .9185 0.0000 .8148 .00348
308.0 301.0 0.0000 .9975 0.0000 9185 0.0000 .8148 .00332
322.0 315.0 0.0000 .9975 0.0000 .9185 0.0000 .8148 .00317
336.0 329.0 0.0000 .9975 0.0000 .9185 0.0000 .8148 .00303
350.0 348.8 .0024 .9999 .0815 1.0000 .1851 1.0000 .00286



RUN ROLL TIME FLOW RATE REXTEN-4
H1OA 75 600 1.180 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 546 14.0 305.0 22

INCR DIAvG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 21.8 D21x 105.2 DV1O 96.8
D2OX 47.9 D31X 134.1 0V50 196.6
D30X 73.1 D32X 170.8 DV95 294.5

DN95 100.97 SUMD 11911. SUMOS 1254084. SUMOC 214218780.

14.0 4.0 .6996 .6996 .0078 .0078 .0003 .0003 .24507
28.0 19.3 .1190 .8186 .0201 .0280 .0024 .0028 .05158
42.0 32.5 .0421 .8608 .0195 .0475 .0038 .0066 .03075
56.0 48.2 0293 .8901 .0299 .0775 .0086 .0152 .02073
70.0 67.0 .0146 9047 .0286 .1062 .0112 .0265 .01491
84.0 76.9 .0128 .9175 .0330 .1393 0149 .0414 .01300
98.0 90.6 .0128 .9304 .0458 .1852 0244 .0658 .01103

112.0 104.1 .0256 9560 .1213 .3065 .0742 .1401 .00959

126.0 116.6 0036 .9597 0217 .3283 .0148 .1550 .00857

140.0 132.9 .0073 .9670 .0564 .3847 .0439 .1989 .00751
154.0 148.9 .0054 .9725 .0531 .4378 .0464 .2454 .00671
168.0 161.0 0.0000 .9725 0.0000 .4378 0.0000 .2454 .00621
182.0 175.2 .0091 .9816 .1224 .5603 .1256 .3711 .00570

196.0 185.3 .0018 .9835 .0273 .5877 .0297 .4008 .00539
210.0 197.6 .0054 .9890 .0934 .6811 1081 .5089 .00505

224.0 215.8 .0018 .9908 .0371 7183 .0469 .5559 .00463

238.0 231.0 0.0000 9908 0.0000 .7183 0.0000 .5559 .00432
252.0 239.8 .0036 .9945 .0917 .8100 .1287 .6846 .00417

266.0 261.6 .0018 .9963 .0545 .8646 .0835 .7682 .00382
280.0 276.8 .0018 .9981 0611 .9257 .0990 .8672 .00361
294.0 287.0 0.0000 .9981 0.0000 .9257 0.0000 .8672 .00348
308.0 305.2 .0018 .9999 .0742 1.0000 .1327 1.0000 .00327



RUN ROLL TIME FLOW RATE REXTEN-4
H2OA 76 300 1.299 0.00

SCALE NMAX DINCR OMAX IMAX
2.18 384 28.0 719.0 26

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 58.4 D21X 180.2 DV1O 161.9

D2OX 102.6 D31X 257.9 DV5O 539.6

D3OX 157.2 D32X 369.1 0V95 695.7

0N95 170.05 SUMD 22456. SUMDS 4048209. SUMDC 1494210900.

28.0 11.5 .5026 .5026 .0089 .0089 .0004 .0004 .08671

56.0 39.8 .1458 .6484 .0225 0314 .0025 .0030 .02511

84.0 68.2 .0937 .7421 .0417 .0732 .0078 .0108 .01465

112.0 96.4 .1250 .8671 .1112 .1844 .0295 .0404 .01036

140.0 126.8 .0390 .9062 .0597 .2442 .0206 .0610 .00788
168.0 151.2 .0338 .9401 .0736 .3179 .0303 .0914 .00661

196.0 180.9 .0156 .9557 .0485 .3664 .0238 .1152 .00552
224.0 210.3 .0104 .9661 .0437 .4102 .0250 .1402 .00475

252.0 237.0 .0104 .9765 .0556 .4658 .0358 .1761 .00421

280.0 261.6 .0026 .9791 .0169 .4827 .0119 .1881 .00382

308.0 294.3 .0026 .9817 .0213 5041 .0170 .2051 .00339

336.0 316.1 .0026 .9843 .0246 .5288 .0211 .2263 .00316

364.0 350.0 0.0000 .9843 0.0000 5288 0.0000 .2263 .00285
392.0 378.0 0.0000 .9843 0.0000 .5288 0.0000 .2263 .00264

420.0 403.3 .0052 .9895 0804 .6092 .0879 .3142 .00247

448.0 434.0 0.0000 .9895 0.0000 .6092 0.0000 3142 .00230

476.0 462.0 0.0000 .9695 0.0000 .6092 0.0000 .3142 .00216

504.0 490.0 0.0000 .9895 0.0000 .6092 0.0000 .3142 .00204
532.0 523.2 .0026 .9921 .0676 .6768 095,8 .4101 .00191

560.0 542.8 .0026 .9947 .0727 .7496 .1070 .5171 .00184
588.0 574.0 0.0000 9947 0.0000 .7496 0.0000 .5171 .00174

616.0 602.0 0.0000 .9947 0.0000 .7496 0.0000 .5171 .00166

644.0 630.0 0.0000 .9947 0.0000 7496 0.0000 .5171 .00158

672.0 658.0 0.0000 .9947 0.0000 .7496 0.0000 .5171 .00151

700.0 686.0 0.0000 .9947 0.0000 .7496 0.0000 .5171 .00145

728.0 711.7 .0052 .9999 .2503 1.0000 .4828 1.0000 00140



RUN ROLL TIME FLOW RATE REXTEN-4
H2OA 77A 1000 1.299 0.00

SCALE NMAX DH4CR DMAX IMAX
2.18 414 28.0 578.0 21

.INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CLJMFV RECIP 0

324

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 23.4 D21X 144.5 DV1O 134.8
020X 58.2 031X 206.6 DV5O 397.6
030X 100.0 D32X 295.6 DV95 555.4

DM95 110.60 SUMD 9714. SUMDS 1403757. SUMDC 415019520.

28.0 6.6 .8309 .8309 .0199 .0199 .0012 .0012 .15071
56.0 37.4 .0555 .8864 .0239 .0439 .0033 .0045 .02671
84.0 66.6 .0289 .9154 .0381 .0820 .0086 .0131 .01499
112.0 97.0 .0241 .9396 .0675 1496 .0225 .0357 .01030
140.0 125.4 .0217 .9613 .1012 2508 .0631 .0789 .00796
168.0 151.9 .0169 .9782 .1153 .3662 .0594 .1384 .00657

196.0 185.3 .0048 .9830 .0489 .4151 .0306 .1690 .00539
224.0 198.3 .0024 .9855 .0280 .4431 .0188 .1878 .00504
252.0 234.3 .0048 .9903 .0782 .5214 .0621 .2500 .00426
280.0 261.6 .0024 .9927 .0487 .5702 .0431 .2931 .00382
308.0 294,0. 0.0000 .9927 0.0000 .5702 0.0000 .2931 .00340
336.0 3.27.0 .0024 .9951 .0761 .6463 0842 .3773 .00305
364.0 350.0 0.0000 .9951 0.0000 .6463 0.0000 .3773 .00285
392.0 378.0 0.0000 .9951 0.0000 .6463 0.0000 .3773 .00264
420.0 403.3 .0024 .9975 .1158 .7622 .1580 .5354 .00247

448.0 434.0 0.0000 .9975 0.0000 .7622 0.0000 .5354 .00230
476.0 462.0 0.0000 .9975 0.0000 .7622 0.0000 .5354 .00216
504.0 490.0 0.0000 .9975 0.0000 .7622 0.0000 .5354 .00204
532.0 518.0 0.0000 .9975 0.0000 .7622 0.0000 .5354 00193
560.0 546.0 0.0000 .9975 0.0000 .7622 0.0000 .5354 .00183
588.0 577,7 .0024 .9999 .2377 1.0000 .4645 1.0000 .00173



RUN ROLL TIME FLOW RATE REXTEN-4
H35A 77B 300 1.556 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 315 28.0 774.0 28

INCR DIAVG FNUM CUMFN FAREA CUMPA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 41.7 D21X 196.0 DV1O 181.0
D3OX 145.6 D32X 378.2 DV95 770.5
020X 90,4 D31X 272.3 0V50 741.3

DN95 168.09 SUMD 13147. SUMOS 2577980. SUMDC 975231490.

32

28.0 7.5 .7142 .7142 0092 .0092 .0004 .0004 .13181
56.0 42.6 .0698 .7841 .0158 .0251 .0018 .0023 .02346
64.0 69.2 .0444 .8265 .0262 .0513 .0048 .0072 .01443
112.0 98.6 .0603 .8888 .0723 .1237 .0191 .0264 .01013
140.0 130.2 .0253 .9142 .0526 .1764 .0181 .0445 .00767
168.0 150.1 .0285 .9428 .0788 .2552 .0313 .0758 .00665
196.0 182.0 .0126 .9555 .0514 .3067 .0248 .1007 .00549
224.0 207.1 .0095 .9650 .0500 .3567 .0274 .1282 .00482
252.0 238.3 .0095 .9746 .0662 .4229 .0418 .1700 .00419
280.0 279.0 .0063 .9809 .0604 .4833 .0445 .2146 .00358
308.0 296.4 .0063 .9873 .0682 .5515 .0535 .2681 .00337

336.0 322.0 0.0000 9873 0.0000 .5515 0.0000 .2681 .00310
364.0 359.7 .0031 .9904 .0501 .6017 .0477 .3159 .00278
392.0 378.0 0.0000 .9904 0.0000 .6017 0.0000 3159 .00264
420.0 392.4 .0031 9936 .0597 .6614 .0619 .3778 .00254
448,0 434.0 0.0000 9936 0.0000 .6614 0.0000 .3778 .00230
476.0 462.0 0,0000 .9936 0.0000 .6614 0.0000 .3778 .00216
504.0 490,0 0.0000 .9936 0.0000 .6614 0.0000 .3778 .00204
532.0 523.2 .0031 .9968 .1061 .7676 .1468 .5247 .00191

560.0 546,0 0.0000 .9968 0.0000 .7676 0.0000 .5247 .00183
588.0 574.0 0.0000 .9968 0.0000 .7676 0.0000 .5247 .00174

616,0 602,0 0.0000 .9968 0.0000 7676 0.0000 5247 .00166
644.0 630.0 0.0000 .9968 0.0000 .7676 0.0000 .5247 .00158
672.0 658.0 0.0000 .9968 0.0000 .7676 0.0000 5247 .00151
700.0 686.0 0.0000 .9968 0.0000 7676 0.0000 .5247 .00145
728.0 714.0 0.0000 .9968 0.0000 7676 0.0000 .5247 .00140
756.0 742.0 0.0000 .9968 0.0000 .7676 0.0000 .5247 .00134
784.0 773.9 .0031 .9999 .2323 1.0000 .4752 1.0000 .00129



RUN ROLL TIME FLOW RATE REXTEN-4
H35A 78 1000 1.556 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 178 28.0 418.0 15

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 59.5 021X 135.1 DV1O 99.4
D2OX 89.6 D31X 167.5 DV5O 303.9
D3OX 118.5 032X 207.6 DV95 408.8

DM95 171.04 SUMO 10592. SUMOS 1431671. SUMDC 297329860.

326

28.0 11.4 .4775 .4775 .0118 .0118 .0011 .0011 .08761
56.0 44.7 .1235 .6011 .0317 .0436 .0072 .0084 .02232
84.0 70.8 .1292 7303 .0810 1247 .0280 .0364 .01412

112.0 97.6 .1011 .8314 .1210 .2457 .0580 .0944 .01024
140.0 126.9 .0730 .9044 .1466 .3924 .0900 .1845 .00787
168.0 148.2 .0280 .9325 0768 4692 .0549 .2395 .00674
196.0 177.6 .0224 .9550 .0882 .5575 .0756 .3152 .00562
224.0 206.6 .0280 .9831 .1494 .7070 .1493 .4645 .00483

252.0 238.0 0.0000 9831 0.0000 .7070 0.0000 .4645 .00420
260.0 266.0 0.0000 .9831 0.0000 .7070 0.0000 .4645 .00375
308.0 294.0 0.0000 .9831 0.0000 .7070 0.0000 .4645 .00340
336.0 327.0 .0056 .9887 .0746 .7817 .1175 5821 .00305

364.0 350.0 0.0000 .9887 0.0000 7817 0.0000 .5821 .00285
392.0 370.6 .0056 .9943 .0959 .8776 .1711 .7533 .00269
420.0 418.5 .0056 .9999 .1223 1.0000 .2466 1.0000 .00238



RUN ROLL TIME FLOW RATE REXTEN-4
H1OB 79 300 3.625 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 339 14.0 349.0 25

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 44.0 D21X 89.8 DV1O 79.2
D2OX 62.9 D31X 118.9 DV5O 233.2
D3OX 85.3 032X 157.3 0V95 334.6

DN95 124.45 SUMD 14935. SUMDS 1342160. SUMDC 211254380.

327

14.0 5.6 1828 .1828 .0020 .0020 .0001 .0001 .17664
28.0 22.3 .2684 .4513 .0344 .0364 .0050 .0051 .04474
42.0 34.8 .1681 6194 .0521 .0886 .0118 O169 .02870
56.0 47.3 .1563 .7758 .0892 .1778 .0272 .0442 .02112
70.0 63.2 .0737 .8495 .0746 .2525 .0301 .0744 .01581
84.0 77.2 .0265 .8761 .0401 .2926 .0197 .0942 .01294
98.0 88.5 .0294 .9056 .0584 .3510 .0329 .1271 .01129
112.0 104.1 .0265 .9321 .0728 .4239 .0484 .1755 .00960
126.0 121.5 .0117 .9439 .0440 4679 .0340 .2095 .00822
140.0 130.0 .0176 .9616 .0756 .5436 .0625 .2721 .00768
154.0 152.6 .0147 .9764 .0867 .6303 0841 .3562 .00655
168.0 165.6 .0029 .9793 .0204 .6508 .0215 .3777 .00603
182.0 180.9 .0029 .9823 .0243 .6752 .0280 .4058 .00552
196.0 189.0 0.0000 .9823 0.0000 .6752 0.0000 .4058 .00529
210.0 201.6 .0058 .9882 .0606 .7358 .0777 .4835 .00495
224.0 217.0 0.0000 .9882 0.0000 .7358 0.0000 .4835 .00460
238.0 231.0 0.0000 .9882 0.0000 7358 0.0000 .4835 .00432
252.0 239.8 .0029 .9911 .0428 7787 .0652 .5488 .00417
266.0 261.6 .0029 .9941 .0509 .8296 .0847 .6336 .00382
280.0 273.0 0.0000 .9941 0.0000 .8296 0.0000 .6336 00366
294.0 287.0 0.0000 .9941 0.0000 .8296 0.0000 6336 .00348
308.0 301.0 0.0000 .9941 0.0000 .8296 0.0000 .6336 .00332
322.0 315.0 0.0000 .9941 0.0000 .8296 0.0000 .6336 .00317
336.0 327.0 .0029 .9970 .0796 9093 .1655 .7991 .00305
350.0 348.8 .0029 .9999 .0906 1.0000 .2008 1.0000 .00286



RUN ROLL TIME FLOW RATE REXTEN-4
H2OB 80 300 3.622 0.00

SCALE NMAX DIMCR DMAX IMAX

2.18 370 14.0 501.0 36

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

328

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 49.6 D21X 115.0 DV1O 94.5

D2OX 75.5 031X 152.0 DV5O 265.2

D3OX 104.6 032X 201.0 DV95 476.0

DM95 141.76 SUMD 18357. SUMDS 2112289. SUMDC 424624610.

14.0 6.7 .3108 .3108 .0031 .0031 .0001 .0001 .14859

28.0 21.2 .1648 .4756 .0133 .0165 .0014 .0016 .04710

42.0 34.4 .0864 .5621 .0181 .0345 .0031 .0048 .02906

56.0 48.0 .0918 .6540 .0375 .0721 .0091 .0139 .02079

70.0 63.6 1270 .7810 .0904 .1626 .0288 .0427 .01570

84.0 75.7 .0297 8108 .0299 .1925 .0113 0540 .01320

98.0 88.0 .0540 8648 0734 .2660 .0322 .0863 .01135

112.0 105.1 .0351 .8999 .0681 .3342 .0358 .1221 .00951

126.0 118.3 .0270 .9270 0664 .4006 .0391 1613 .00844

140.0 131.6 .0135 .9405 .0410 .4417 .0268 .1882 .00759

154.0 148.9 .0162 .9567 .0631 .5048 .0468 .2351 .00671

168.0 160.2 .0054 .9621 .0243 .5291 .0193 .2545 .00624

182.0 174.4 .0027 .9648 .0143 .5435 .0124 .2670 .00573

196.0 185.3 .0027 .9675 .0162 .5598 .0149 .2819 .00539

210.0 198.3 .0054 .9729 .0372 .5970 .0367 .3187 .00504

224.0 215.0 .0081 .9810 .0657 .6627 .0703 .3890 .00464

238.0 228.9 .0054 9864 .0496 7123 .0564 .4455 .00436

252.0 239.8 0027 .9891 .0272 7396 0324 .4780 .00417

266.0 259.0 0.0000 .9891 0.0000 .7396 0.0000 .4780 .00386

280.0 272.5 .0027 .9918 .0351 .7747 .0476 .5257 .00366

294.0 287.0 0.0000 .9918 0.0000 .7747 0.0000 5257 .00348

308.0 301.0 0.0000 .9918 0.0000 .7747 0.0000 .5257 .00332

322.0 320,4 .0027 .9945 .0486 .8233 .0775 .6032 .00312

336.0 329.0 0.0000 .9945 0.0000 .8233 0.0000 .6032 .00303

350.0 348.8 .0027 .9972 .0575 .8809 .0999 .7031 .00286

364.0 357.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00280

378,0 371.0 0.0000 .9972 0.0000 8809 0.0000 7031 .00269

392.0 385.0 0.0000 .9972 0.0000 8809 0.0000 .7031 .00259

406.0 399.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00250

420.0 413.0 0.0000 .9972 0.0000 .8809 0.0000 7031 .00242

434.0 427.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00234

448.0 441.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00226

462.0 455.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00219

476.0 469.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00213

490.0 483.0 0.0000 .9972 0.0000 .8809 0.0000 .7031 .00207

504.0 501.4 .0027 .9999 .1190 1.0000 .2968 1.0000 .00199



AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 54.0 021X 104.8 DV1O 86.5
D2OX 75.3 D31X 141.6 0V50 293.8
D3OX 102.7 D32X 191.3 DV95 501.3

DM95 125.79 SUMD 18176. SUMOS 1905702. SUMDC 364589350.

INCR

2.18

DIAVG

336 14.0

FNUM

528.0 38

CUMFN FAREA CUMFA FVOL CUMFV RECIP D

14.0 8.7 .1994 .1994 .0030 .0030 .0001 .0001 .11425
28.0 20.9 .1994 .3988 .0159 .0190 .0018 .0020 .04764
42.0 35.3 .0833 .4821 .0185 .0375 .0035 .0055 .02829
56.0 47.7 .1309 .6130 .0530 .0906 .0134 0189 .02095
70.0 63.4 .1130 7261 .0805 .1711 0268 .0458 .01576
84.0 76.9 .0654 .7916 .0685 .2397 .0277 .0735 .01298
98.0 88.9 .0505 8422 .0707 .3104 .0330 .1066 .01123

112.0 105.3 .0625 .9047 .1225 4330 .0677 .1743 .00949
126.0 118.6 .0267 .9315 .0665 .4996 .0413 .2156 .00842
140.0 130.1 .0297 .9613 0869 .5885 .0605 .2762 .00768
154.0 144.9 .0119 .9732 .0441 .6326 .0334 .3097 .00689
168.0 163.5 .0029 .9761 .0140 .6466 .0119 .3216 .00611
182.0 174.4 0O59 .9821 .0319 6786 .0290 3507 .00573

196.0 189.0 0.0000 .9821 0.0000 .6786 0.0000 .3507 .00529
210.0 209.2 .0029 .9851 .0229 .7015 .0251 .3759 .00477

224.0 215.8 0029 .9880 0244 .7260 .0275 .4035 .00463

238,0 231.0 0.0000 .9880 0.0000 .7260 0.0000 .4035 .00432
252.0 239.8 0029 .9910 .0301 .7562 .0378 .4413 .00417
266.0 259.0 0.0000 .9910 0.0000 .7562 0.0000 .4413 .00386
280.0 273.0 0.0000 .9910 0.0000 .7562 0.0000 .4413 .00366
294.0 287.0 0.0000 .9910 0.0000 .7562 0.0000 .4413 .00348
308.0 305.2 .0059 .9970 .0977 .8539 .1559 .5972 .00327

322.0 315.0 0.0000 .9970 0.0000 8539 0.0000 .5972 .00317
336.0 329.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00303
350.0 343.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00291
364.0 357.0 0.0000 .9970 0.0000 .8539 0.0000 5972 .00280
378,0 371.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00269
392.0 385,0 0.0000 .9970 0.0000 .8539 0.0000 5972 .00259
406,0 399.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00250
420.0 413.0 0.0000 .9970 0.0000 8539 0.0000 .5972 .00242
434,0 427.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00234
448.0 441.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00226
462,0 455,0 0.0000 .9970 0.0000 8539 0.0000 .5972 .00219
476.0 469,0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00213

490.0 483.0 0.0000 .9970 0.0000 8539 0.0000 .5972 .00207
504,0 497.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00201
518.0 511.0 0.0000 .9970 0.0000 .8539 0.0000 .5972 .00195
532.0 527,5 .0029 .9999 .1460 1.0000 .4027 1.0000 .00189

RUN ROLL TIME FLOW RATE REXTEN-4
H35B 82 300 3.697 0.00 329
SCALE NMAX DINCR OMAX IMAX



RUN ROLL TIME FLOW RATE REXTEN-4
HO1C 84 400 3.950 0.00

SCALE NMAX DINCR DMAX IMAX
2.18 394 7.0 109.0 16

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 17.2 D21X 40.2 DV1O 32.5
020X 26.3 D31X 48.8 0V50 68.3
030X 34.4 D32X 59.3 DV95 105.9

DN95 57.10 SUMD 6777. SUMDS 273028. SUMDC 16190626.

330

7.0 3.6 .5025 .5025 .0116 .0116 .0009 .0009 .27193
14.0 10.7 .0761 .5786 .0128 .0245 .0023 .0033 .09298
21.0 16.5 .0913 .6700 .0362 .0608 .0102 .0136 .06048
28.0 23.4 .1395 .8096 .1117 .1726 .0449 .0585 .04261
35.0 31.6 .0482 .8578 .0700 .2426 .0377 .0962 .03157
42.0 39.2 .0228 .8807 .0507 .2934 .0336 .1299 .02548
49.0 45.7 .0431 .9238 .1307 .4242 .1013 .2313 .02184
56.0 51.7 .0203 .9441 .0786 .5029 .0689 .3002 .01931
63.0 61.0 .0101 .9543 .0545 .5575 .0561 .3564 .01638
70.0 65.7. 0].77 .9720 .1107 .6682 .1227 .4791 .01521
77.0 .76.3 .0076 .9796 .0639 .7322 .0823 .5614 .01310
84.0 82.8 .0025 .9822 .0251 .7573 .0351 .5965 .01207
91.0 87.2 .0076 .9898 .0835 .8408 .1228 .7194 .01146
98.0 94.5 0.0000 .9898 0.0000 .8408 0.0000 719'# .01058
105.0 99.1 .0050 .9949 .0720 .9129 .1205 .8400 .01008
112.0 109.0 .0050 .9999 .0870 1.0000 .1599 1.0000 .00917



RUN ROLL TIME FLOW RATE REXTEN-4
HO5C 85 360 3.850 0.00

SCALE NMAX DINCR DMAX IMAX

331

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 33.8 021X 62.0 DV1O 42.3
D2OX 45.8 D31X 74.4 DV5O 96.6
D3OX 57.2 D32X 89.4 DV95 200.0

0N95 84.96 SUMD 13945. SUMDS 865187. SUMDC 77398444..

INCR

2.18

DIAVG

412

FMUM

14.0 216.0 16

CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

14.0 6.4 .3058 .3058 .0076 .0076 .0008 .0008 .15537
28.0 20.9 .2378 .5436 .0515 .0592 .0128 .0136 .04762
42.0 33.1 .1189 .6626 .0632 .1224 .0240 .0377 .03013
56.0 47.7 .1650 .8276 .1808 .3033 .0984 .1361 .02094
70.0 65.4 .0679 .8956 .1387 .4420 .1018 .2380 .01529
84.0 77.0 .0218 .9174 .0617 .5037 .0532 .2912 .01298
98.0 87.6 .0436 .9611 .1600 .6638 .1570 .4483 .01140
112.0 106.8 .0169 .9781 .0924 .7562 .1106 .5589 .00936
126.0 122.0 .0048 .9830 .0344 .7907 .0470 .6060 .00819
140.0 130.8 0048 9878 .0395 .8302 .0578 .6638 00764
154.0 152.6 .0072 .9951 .0807 .9110 .1377 .8015 .00655
168.0 161.0 0.0000 .9951 0.0000 9110 0.0000 8015 .00621
182.0 174.4 .0024 .9975 .0351 .9461 .0685 .8701 .00573
196.0 189.0 0.0000 .9975 0.0000 .9461 0.0000 .8701 .00529
210.0 203.0 0.0000 .9975 0.0000 .9461 0.0000 .8701 .00492
224.0 215.8 0024 .9999 .0538 1.0000 .1298 1.0000 .00463



RUN ROLL TIME FLOW RATE REXTEN-4
S2OA 86 250 1.181 1.91

SCALE NMAX DINCR DMAX IMAX
2.18 242 7.0 105.0 15

INCR DIAVG FNLJM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 49.2 D21X 58.4 0V10 44.3
D2OX 53.6 D31X 60.7 DV5O 63.0
D3OX 56.6 032X 63.2 DV95 86.4

DN95 76.70 SUMD 11907. SUMOS 695522. SUMDC 44001402.

332

7.0 4.9 .0743 .0743 .0006 .0006 0.0000 0.0000 .20138
14.0 10.0 .0206 .0950 .0007 .0014 .0001 .0001 .09972

21.0 .17.4 .0123 .1074 .0013 .0027 .0003 .0005 .05733
28.0 23.8 .0537 1611 .0106 .0134 .0040 .0046 .04199
35.0 32.1 .0909 .2520 .0327 .0461 .0167 .0213 .03114
42.0 39,3 .0702 .3223 .0379 .0840 .0236 .0450 .02540
49.0 45.5 .1322 .4545 .0957 .1797 .0691 .1141 .02194
56.0 53.0 .1239 5785 .1215 .3013 .1021 .2163 .01885
63.0 59.9. .1239 .7024 .1551 .4564 .1471 .3634 .01668
70.0 .65.8 .1652 8677 .2498 .7062 .2605 .6240 .01517

77.0 74.3 .0743 .9421 .1432 .8494 .1685 .7926 .01344
84.0 81.7 .0247 .9669 .0576 .9071 .0745 .8672 .01223

91.0 86.8 .0247 .9917 .0650 .9722 .0893 .9565 .01151

98.0 91.5 .0041 .9958 .0120 .9842 .0174 .9739 01092
105.0 104.6 .0041 .9999 .0157 1.0000 .0260 1.0000 .00955



RUN ROLL TIME FLOW RATE REXTEN-4
S35A 87 200 1.007 1.10

SCALE NMAX DINCR DMAX IMAX
2.18 245 7.0 131.0 19

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP D

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 67.8 021X 74.5 DV1O 60.4
D2OX 71.0 D31x 77.1 0v5o 82.6
D3OX 73.8 D32x 79.9 DV95 108.6

0N95 99.87 SUMD 16615. SUMDS 1238120. SUMDC 98955420.

7.0 3.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .28571
14.0 10.9 .0081 .0081 .0001 .0001 0.0000 0.0000 .09174
21.0 19.6 .0081 .0163 .0006 .0008 .0001 .0001 .Q5096
28.0 24.6 .0204 .0367 .0026 .0032 0007 .0009 .04095
35.0 32.1 .0448 0816 .0091 .0124 .0037 .0046 .03114
42.0 39.2 .0163 .0979 .0049 .0174 .0024 .0071 .02548
49.0 45.0 .1142 .2122 .0458 .0632 .0259 .0330 .02222
56.0 54.3 .0653 .2775 .0381 .1014 .0259 .0590 .01839
63.0 60.1 .0612 .3387 .0438 .1453 .0330 .0921 .01662
70.0 66.0 .2367 .5755 .2041 .3495 .1687 2608 .01515
77.0 74.8 .1265 .7020 .1402 .4898 .1315 3923 .01336
84.0 82.1 .0612 7632 .0817 .5715 0839 .4763 .01217
91.0 87.1 .1306 8938 .1962 .7677 2139 .6902 0].147
98.0 92.6 .0163 .9102 .0277 .7954 .0321 .7224 .01079

105.0 100.0 .0408 .9510 .0809 .8764 .1014 .8239 .00999
112.0 109.0 0408 .9918 .0959 .9723 1308 .9547 .00917
119.0 115.5 0.0000 .9918 0.0000 .9723 0.0000 .9547 .00865
126.0 122.5 0.0000 .9918 0.0000 .9723 0.0000 .9547 .00816
133.0 130.8 .0081 .9999 .0276 1.0000 0452 1.0000 .00764



RUM ROLL TIME FLOW RATE REXTEN-4
S50B 88 300 2.140 1.66

SCALE NMAX DINCR DMAX IMAX
2.18 256 14.0 338.0 25

INCR DIAVG FNUM CUMFN FAREA CUMFA FVOL CUMFV RECIP 0

AVERAGE AND ChARACTERISTIC DIAMETERS

D1OX 133.9 021x 181.9 DV1O 159.4
D2OX 156.0 D31X 194.0 DV5O 212.1
030X 171.4 D32X 206.9 DV95 318.0

DM95 243.61 SUMD 34282. SUMDS 6237847. SUMDC 1291051900.

14.0 7.0 .0156 .0156 0.0000 0.0000 0.0000 0.0000 .14114
28.0 22.1 .0937 .1093 .0019 .0019 .0002 .0002 .04511
42.0 34.2 .0585 .1679 .0028 .0048 .0004 .0006 .02915
56.0 48.5 .0898 .2578 .0087 .0135 .0020 .0027 02060
70.0 64,3 .0820 .3398 .0139 .0275 .0043 .0071 .01553
84.0 76.3 .0039 .3437 .0009 .0284 .0003 .0074 .01310
98.0 88.2 0390 3828 .0125 .0409 .0053 .0128 .01132
112.0 106.8 0390 .4218 .0183 0593 .0094 .0223 .00936
126.0 120.6 .0234 .4453 .0139 .0733 .0081 .0304 .00829
140.0 129.7 .0468 .4921 .0323 .1056 .0202 .0507 .00770
154.0 151.1 .O585 .5507 .0549 .1606 .0401 .0909 .00661
168.0 163.5 .0156 .5664 .0171 .1777 .0135 .1044 .00611

182.0 173.4. .0859 .6523 .1060 .2838 .0888 .1933 .00576
196.0 186.1 .0585 .7109 0833 .3672 .0749 .2683 .00537
210.0 198.0 .1132 8242 .1824 .5496 .1747 .4431 .00504
224.0 218.0 .0390 .8632 .0761 .6258 .0802 .5234 00458
238.0 229.2 0273 .8906 0589 .6848 .0652 .5887 .00436
22.O 242.9 0585 9492 1420 .8268 .1668 7556 .00411

266.0 261.6 .0234 .9726 .0658 .8927 .0831 .8388 .00382
280.0 272.5 .0039 .9765 .0119 .9046 .0156 .8544 .00366
294.0 287.0 0.0000 .9765 0.0000 .9046 0.0000 .8544 .00348
308.0 305.7 .0156 .9921 .0599 .9645 .0885 .9430 .00327

322.0 315.0 0.0000 .9921 0.0000 .9645 0.0000 .9430 .00317
336.0 327.0 0039 .9960 .0171 .9816 .0270 9701 .00305
350.0 337.9 .0039 1.0000 .0183 1.0000 .0298 1.0000 .00295



RUN ROLL TIME FLOW RATE REXTEN-4
SO5R 89 25 3.229 7.37

SCALE NMAX DINCR DMAX IMAX

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 39,4 D21X 51.0 DV1O 39.7
020X 44.8 D31X 53.9 0V50 61.5
D3OX 48.5 D32X 57.0 DV95 76.6

0N95 66.70 SUMD 12572. SUNDS 641473. SUMDC 36569104.

335

INCR

2.18

DIAVG

319

FNUM

7.0 87.0

CUMFN

13

FAREA CUMFA FVOL CUMFV RECIP 0

7.0 4.8 .1128 .1128 .0014 .0014 .0001 .0001 .20642
14.0 9.9 .0438 .1567 .0022 .0036 .0004 .0005 .10034
21.0 17.0 .0532 .2100 .0077 .0114 .0023 .0029 .05863
28.0 23.1 .1191 .3291 .0318 .0433 .0131 .0160 .04325
35.0 31.7 .0815 .4106 .0410 .0843 .0230 .0390 .03146
42.0 38.9 .0815 .4921 .0614 .1457 .0419 .0810 .02570
49.0 45.2 .1849 .6771 .1888 .3345 .1505 .2315 .02209
56.0 53.6 .0783 .7554 .1121 .4467 .1056 .3372 .01864
63.0 60.6 .0532 8087 .0975 .5442 1037 .4410 .01648
70.0 65.9 .1379 .9467 .2984 .8427 .3456 .7867 .01516
77.0 75.2 .0407 .9874 .1149 .9577 .1520 .9387 .01328
84.0 80.6 .0094 .9968 .0304 .9881 .0431 .9818 .01239
91.0 87.2 .0031 .9999 .0118 1.0000 .0181 1.0000 .01146



RUN ROLL TIME FLOW RATE REXTEN-4
SO5R 90 300 3.229 7.37

SCALE NMAX DINCR DMAX IMAX
2.18 416 7.0 59.0 9

INCR DIAVG FNUM CUMEN FAREA CUMFA FVOL CUMFV RECIP D

33()

AVERAGE AND CHARACTERISTIC DIAMETERS

D1OX 29.5 D21X 32.7 DV1O 21.2
D2OX 31.1 D31X 34.1 DV5O 34.9
030X 32.5 D32X 35.5 DV95 48.3

DN95 42.56 SUMD 12299. SUMDS 403192. SUMDC 14315830.

7.0 6.1 .0120 .0120 .0004 .0004 0.0000 0.0000 .16382
14.0 10.9 .0240 .0360 .0030 .0034 .0009 .0010 .09174
21.0 16.9 .1105 1466 .0330 .0365 .0161 .0172 .05910
28.0 24.0 .3341 .4807 .2009 2374 .1380 .1552 .04156
35.0 31.5 .2331 .7139 .2414 .4789 .2170 .3723 .03164
42.0 38.13. .1586 .8725 .2470 .7260 .2711 .6435 .02576
49.0 .44.2 .1129 .9855 .2289 .9549 .2862 .9297 .02257
56.0 52.3 .0096 .9951 .0271 .9821 .0401 9698 .01911
63.0 59.9 .0048 .9999 .0178 1.0000 .0301 1.0000 .01668





C VELOCITY PROFILE DATA PROCESSING
DIMENSION Y120) ,V(20) .8)20) ,UP(20),YPt20),UD)20),P(20)',X(20)

21 READ 20, KIND
IF (KIND)27,27,26

26 CONTINUE
DO 1 I1,20

1READ1O,YCI),V(I)
READ 11, VFRO.TM,TS, INDEX,W.FF.VMAX
RHOW62. 3520.0075*( TS63 .0)
PUNCH 9
GO TO (22.23,24).KIND

22 RHOO49.O2O.O3O*(TS*63,O)
PUNCH 29
GO TO 25

23 RHOO53.853O.O215*( TS63.0)
PUNCH 30
GO TO 25

24 RHOO55,18O.O153*(TS64.4)
PUNCH 31

25 RHOEVFRO*RHOO+) 1.O-VFRO)*RHOW
GO TO )6,7.26),INDEX

6 RHOM:49.16-O.O355*TM
GOTO 8

7 RHOM=125.80-O.O719*TM
GO TO 8

26 RHOM=786.67_O.O60*TM
8 G1.45295*SQRTF(RHOM/RHOE)

RFO2=SORTF C FF*O. 5)
UAVG = (266.2*W),RHOE
F 1.O/(UAVG*RFO2)
H = 33024.*W*RFO2
PUNCH 12,VFRO,W
PUNCH 13,F,G,H,UAVG
PUNCH 14,RHOE
DO 3 11.20
P(I)2.4096*Y( I)
UD) I )=SORTF(V( I )/VMAX)

3PUNCH1S,PU),UD(I)
PUNCH 16
RW 0.415
AREA = 0.
R = 0.
T = 0.
DO 2 1=1,20
BCI) =G*SQRTF(V(I))
s = (RW- Y(I))*B(I)
A = O.5*CS+T)
AREA = AREA+A*(Y(I)-R)
1=5
R = Y(I)



2 CONTINUE
UC 11.61*AREA
CORR = UAVG/UC
DO 4 1=1,20
B(t,) = CORR*B(I)
UP(I) = B(1)*F
YP(I) =Y(I)*H

4PUNCH17øY(I),V(I),B(I).UP(I),YPN)
SUMX SO.
SUMY = 0.
SUMXY = 0.
SUMXS = 0.
DO 5 1=1,20
XII) O.43422*LOGF(YP(I))
SUMX = SUMX+X(I)
SUMY = SUMY+UP(I)
SUMXY = SUMXY+X(I)*UP(I)
SUMXS = SUMXS+X(I)*X(I)

5 CONTINUE
C = 5UMXY- 0.05*(SUMX*SUMY)
D = SUMXS- 0.05*(SUMX*SUMX)
SLOPE = (/D
ENTCP = (SUMY*SUMXS_SUMX*SUMXY)/(20.*D)
ENTCB = Q.Q5*(SUMY_(5.75*SUMX))
VISC = EXPF(O.4*(5.50_ENTCB))
PUNCH 18
PUNCH 19, SLOPE,ENTCP,ENTCB,VISC ,CORR
GO TO 21

9 FORMAT (33H VELOCITY PROFILE DATA PROCESSING/I
10 FORMAT (F4.3,2X F4.2)
11 FORMAT (F5.O.2X F4.0,2X F4.O,2X Ii,2X F5.O,2x F8.O,2X F5.0)
12 FORMAT (20H VOLUME FRACTION OIL,9X F7.4/1OH FLOW RATE,19X F6.3)
13 FORMAT (2H F,27X F7.4/2H G,27X F7.4/2H H,24X F7.1/5H UAV.23X F8.4)
14 FORMAT (17H EMULSION DENSITY.11X F7.3///11X 4H Y R, 8X 7H U UMAX/)
15 FORMAT (9X F7.4.7X F7.4)
16 FORMAT (//ÔX 46H Y DELTA H VELOCITY U PLUS Y PLUS MU/I
17 FORMAT (4X F6.3,2X F6.2,3X F7.3,4X F7.3,4X F8.2)
18 FORMAT (//49H SLOPE INTERCEPT INTERCEPT B VISCOSITY CORR/)
19 FORMAT (F7.3,3X F7.3,5X F7.3,SX F8.4.2X F7.4//////)
20 FORMAT (Ii)
29 FORMAT (15H SHELLSOLV 360 I

30 FORMAT (24H STANDARD WHITE OIL NO 1)
31 FORMAT (25H STANDARD WHITE OIL HEAVY)
27 CONTINUE

STOP
END
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C PARTICLE SIZE DATA PROCESSOR JOHN P WARD
1 DIMENSION R(80O)SMN(38).SMD(38) SMDS(38) ,SMDC(38),FNUM(38),
1FDIAM(38),FAREA(38),FVOL(38),CUWFN(38),CUMFA(381,CUMFV(38),
2DIAVG(38 ) ,RECIP(38 I ,T(38

26 READ 1O4,SCALE,NMAX,DINCR,DMAX,IMAX,INDEX
READ 102,RE
IF (INDEX)150,150,2

2 NDATA=(NMAX/19 + 11*19
DO 3 N=1,NDATA,19

3 READ 105,R(N),R(N+1),R(N+2) ,R(N+3),R(N+4),R(N+5),R(N+6),R(N+7),
1R(N+8),R(N+9),R(N+10),R(N+11),R(N+12),R(N+13),R(N+141,R(N+15),
2R(N+16),R(N+17),R(N+18)
TZERO'O.
SUMN=O.
SUMDO.
SU MD S = 0

SUMDCO.
DO 4 I=1,IMAX
SMN( I )O.
SMD( I )0.
SMDS( I )O.
SMDC(I )0.
T( I )=TZERO+DINCR

4 TZERO=T (I)
DO 7 N1,NMAX
D=R (N) *SCALE
DSQARD*D
DCUBEDSOAR*D
SUMNSUMN+1 .0
SUMDSUMD+D
SUMDSSUMDS+DSQAR
S UM D C = SU MDC+ DC UB E

DO 6 I=1,IMAX
IF (D-T( I) )5,5,6

5 SMN(I)SMN(I)±1.O
SMD( I )SMD( I )+D
SMDS( I )=SMDS( I )+DSQAR
SMDC(I)SMDC(I) + DCUE
GO TO 7

6 CONTINUE
7 CONTINUE
A0.
B0.
C=0.
TEST1O.
K1
A2=D I NCR*0



00 19 1=1,I1AX
8 FNUM(I)=SN(1)/SUMN

FDIAM( I) SMO( I )/SUNID

FAREA( I =SMDS( I )/SUMDS
EVOLI I )SMDC( I )/SUDC
IF (SMN( I) )20,20.21

20 DIAVG(I)=T(I)--DINCR*0.5
GO 10 22

21 DIAVG(I)SMD(I)/SMN(I)
22 CUMFN( I I FNUM( I I + A

CLIMFA (I) =FAREA (I) +B

CUMFV( I) =FVOL( I
IF (TEST1)9,9,11

9 A1=CLJMFN(I)-0.95
IF (A1)11,10,10

10 DM95=DIAVG(I)_((DIAVG(I)A2)*A1)/ICUMFN(I)A)
TEST 11 .0

11 GO TO (12,14,16,18).K
12 A3=CUMFV(I)-0.10

IF (A3)18,13.13
13 DV1O=DIAVG4I)-UDIAVG( I)_A2)*A3)/(CUMFV(I)-C)

K2
GO TO 18

14 A3=CUMFV(I)-0.50
IF 1A3)18,15,15

15 DV50DIAVG( I)-( (DIAVG(I}_A2)*A3)/(CUMFV(I)C)
K=3
GO TO 18

16 A3CUMFV(I)-0.95
IF (A3)18,17,17

17 DV9ODIAVG(L)-((DIAVG( 1)_A2)*A3)/(CUMFV(I)C)
K4

18 ACUMFN(I)
BCUMFA( I)
C=CUMFV( I)
A20IAVG( I)

19 RECIP(I)1.0/A2

341



342

D1OXSUMD/SUMN
D2OX=SQRTF( SUMDS/SUMN)
D30X (SUMDC/SUMN) **0 .3 333
D21X=SUMDS/SUMD
031X=SQRTF( SUMDC/SUMD)
D32X=SUMDC/SUMDS
PUNCH 101
PUNCH 102,RE
PUNCH 103
PUNCH 113,SCALE,NMAX,DINCR,DMAX , IMAX
PUNCH 106
DO 25 I=1,IMAX

25 PUNCH 107,1(I) ,DIAVG( I) ,FNUM( I) .CUMFN( I) ,FAREA( I) ,CUMFA( I
1FVOL( I) .CUMFV( I) .RECIP( 1)
PUNCH 108
PUNCH 109,D1OX.D21X,DV1O
PUNCH 110.D2OX.D31X,DV5O
PUNCH 111,D3OX,D32X.DV9O
PUNCH fl2,DN95,SUMD,SLMDS,5UMDC
GO TO 26

101 FORMAT (9X 36HRUN ROLL TIME FLOW RATE REXTEN-4)
102 FORMAT (8X 29HL50A 017 300 3.333 ,F6.2)
103 FORMAT (/9X 31HSCALE NMAX DINCR DMAX IMAX I

104 FORMAT (9XF5.O,2X I4,2X F5.O,2XF4.O,2X 13.13)
105 FORMAT (19F4.1)
106 FORMAT (//48H INCR DIAVG FNUM CUMFN FAREA CUMFA I)

107 FORMAT (F6.1.F8.1 .F8.4.F8.4,F8.4,F8.4,F9.4.F8.4.F9.5)
108 FORMAT (//4X 37H AVERAGE AND CHARACTERISTIC DIAMETERS I)
109 FORMAT (9H D1OX ,F8.1,6X ÔHD21X ,F8.16X 6HDV1O .F8.1)
110 FORMAT (9H D2OX .F8.1,oX 6HD31X ,F8.1.6X 6HDV5O ,F8.1)
111 FORMAT (9H D3OX ,F8.1,6X 6HD32X .F8.]..GX ÔHDV95 ,F8.1/)
112 FORMAT (9H DM95 ,F9.2,7H SUMD,F9.O,7H SUMDS,F9.O,7H 5UMDC,

1F12.0////)
113 FORMAT (9X F5.2,2X 14.2XF5.1,F6.1,2X 13)
150 CONTINUE

STOP
END



343

C THIS PROGRAM COUNTS THE NUMBER OF INPUT DROPS, FINDS THE

C MAXIMUM DROP SIZES AND GIVES THE NUMBER OF INCREMENTS FOR

C INCREMENT WIDTHS OF 7 AND 14 MICRONS. INPUT DATA REQUIRED ARE

C THE ROLL NUMBER, SCALE FACTOR, NUMBER OF CARDS ON WHICH THE

C MEASURED VALUES ARE TO BE ENTERED, AND THEN THE ACTUAL DATA CARDS.

1 DIMENSION R8O0)
26 READ 1Q1,MROLL,SCALE,NCARD

IF (NROLL)25,25,2
2 NDATANCARD*19
DO 3 N=1,NDATA,19

3 READ 105,R(N),R(N+1) ,R(N+2) ,R(N+3) ,R(N+4),R(N+5),R(N+6) ,R(N+7)

lR(N+8),R(N+9),R(N+10),R(N+11),R(N+12),R(N+13),k(N+14)$(N4S)
2R(N+16),R(N+17),R(N+18)
DO 4 J1,20
KNDATA+1-J
IF(R(K) )5,4,5

4 CONTINUE
5 NMAX=K
DMAXO.
DO 7 M=1,NMAX
DSCALE*R( N)
IF(DMAX-D)6,7,7

6 DMAXD
7 CONTINUE

Z=DMAX/7 .0
LZ
YL
IF(Z-Y)8.89

8 IMAX7L
GO TO 10

9 IMAX7L+1
10 Z=DMAX/14.0

L=Z
Y=L
IF (Z-Y ) 11,11 ,12

11 IMAXF=L
GO TO 13

12 IMAXFL+1
13 PRINT 102,NROLL,SCALE,NMAX,DMAX,IMAX7, IMAXF

GO TO 26
101 FORMAT ( 12,F7.O,3X 12)
102 FORMAT (I2,F7.2,3X 14,F7.1,3X 14,3X 14/)
105 FORMAT (19F4.1)
25 CONTINUE

STOP
END





Table XII. Concentration profile data.

Total Weight Volume
y Flask + Sample Tare at 18. 0° C Vp vp/(v)max yIr

vo lurne
inches grams grams milliliters percent (Vp)max 54. 1

0.035 129.8281 41.8474 99.05 51.853 0.9584 0.0843
0. 045 130. 9129 42. 9940 99. 38 53, 531 0. 9895 0. 1084
0. 095 136. 0835 48. 1618 99. 475 53. 915 0.9966 0. 2289
0. 195 131. 7459 43. 8940 99.43 54. 057 0. 9992 0.4698
0. 295 133. 0997 44. 9725 99. 71 53. 926 0. 9968 0. 7108
0.395 128. 1351 40. 2687 99. 50 54. 281 1. 0033 0. 9518
0. 385 133. 9560 46. 0979 99.43 54. 027 0. 9986 0. 9277
0. 335 130. 21175 42. 1347 99. 69 54. 079 0. 9996 0.8072
0. 285 130. 40365 42. 3883 99. 66 54. 244 1. 0026 0. 6867
0. 235 131. 9386 43. 5679 99. 99 53. 944 0. 9971 0. 5662
0. 135 131. 64185 43. 5820 99. 58 53. 701 0. 9926 0. 3253
0. 035 131. 5368 43. 7265 99. 12 52. 956 0.9788 0. 0843
0. 020 138. 2600 49. 4068 99. 80 50. 882 0. 9405 0. 0482
0. 020 137. 37135 48. 5692 99. 78 51. 038 0. 9434 0. 0482
0. 025 132. 1945 43. 5388 99. 65 51, 184 0. 946 0. 0602
0. 060 132. 2264 44. 0024 99. 72 53. 511 0. 9891 0. 1446





NOMENCLATURE

The fundamental dimensions are represented by the following

letters: F = force, L = length, m mass, t = time.

Roman Symbols

Symbol Meaning Dimensions

a droplet radius L

cross sectional area of conduct

An a function of n, see Equation (ZO)

A1 a function of n,see Equation (ZZ)

B a constant,see Equation (8)

Bn a function of n, see Equation (ZO)

B' experimental constant in the logarithmic
velocity profile

a function of n, see Equation (ZZ)

drop diameter L

collision diameter L

d average drop diameter L

d32 Sauter mean diameter, see Equation (60) L

D tube diameter L

total derivative
Dt

e height of roughness element L

f friction factor, defined by Equation (12)
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NWe

Nvj

p

LP

Weber number

viscosity group
Pd0 d

pressure

static pressure difference

pressure difference due to friction
los s e S

F

F
LZ

F
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Symbol Meaning Dimensions

force-mass conversion factor mL

G mass flow rate m
L

LHT deflection of friction loss manometer L

deflection of velocity probe manometer L

K proportionality constant see Equation (Z)

K conversion factor cm/ft

Kolomogorov length see Equation (37) L

11 dimension of a region of viscous flow L

1 Prandtl mixing length L

L the macroscale of turbulence, e. g. a pipe
diameter L

L length of test section L

m mass

n exponential constant-see Equation (Z)

N constant-see Equation (88)



Symbols

friction velocity

Meaning Dimensions
F

total pressure difference

L
t

L
t

L
t

L
t

L2

t2

L3

m
t

L
t

m
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r radial coordinate L

r tube radius L
w

Re Reynolds number DpU

Re
C

Reynolds number of continuous phase

u point velocity in x direction L
t

Lmaxlmum velocity -

+ U
U

u

u mean velocity fluctuation in x direction

U average fluid velocity

U characteristic velocity in a region of
viscous flow

V z mean square velocity fluctuation

V volume

w mass flow rate

critical collision velocity

W weight of concentration sample



Symbols Meaning

x, y, z direction coordinates

+ yu*p
y dimensionless distance

Greek Symbols

dimmensionless velocity, see Equation (33)

a function of n, see Equation (Z8)

5 finite differential

measure of shear rate see Equation (44)

energy per unit mass

Em eddy diffusivity

K proportionality constant, Equation (8)

coefficient of viscosity

1c viscosity of continuous phase

viscosity of dispersed phase

effective viscosity of a dispersion

viscosity at low shear rates

V kinematic viscosity

V
p

volume percent of organic phase

v ' coalescence frequency
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FL
m

L2
t

m
Lt

m
Lt

m
Lt

m
Lt

m
Lt

t

Dimensions

L



Symbols

p

p0

pw

'I

T..
13

Tt

Txx

4)

fL

ax

density

density of dispersed phase

density of dispersion

density of manometer fluid

density of oil

density of water

interfacial tension

shear stress acting on a plane perpendicular
to i in a direction 3

laminar shear stress

mean turbulent shear stress

shear stress at the wall

normal stress =Px

volume fraction of dispersed phase

potential of the field per unit mass

partial derivative with respect to x

Meaning Dimensions

dimensionless length, see Equation (33) L

m
L3

m
L3

m
L3

m
L3

F
L

F

F
L2

F
L2

F
L2

F

351

lb
ft3
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Symbols Used in the Computer Printouts
Symbols Meaning Dimensions

CORR ratio of measured average velocity to the
calculated velocity (Equation 66)

CUMF_ cumulative numeric (N), area (A) or volu-
metric (V) fraction

D X mean diameters (Equation 69) microns

DIAVG average diameter of the i' interval microns

DINCR width of the diameter intervals microns

DMAX largest observed drop size microns

DN95 ninety-fifth numeric percentile microns

DV volumetric percentile; 10, 50 or 95th microns

F l/UJf/z r
FAREA fraction of total area of the dispersed droplets

contributed by drops in the th interval.

FNUM numeric fraction as above

FVOL volume fraction as above
1/

G (2 gc Pm'Pe) 2

H Re (Ike) t'12

IMAX total number of diameter increments

INTERCEPT intercept (Equation 72)

INTERCEPT intercept of logarithmic velocity profile with
B slope set at 5. 75.

NMAX total number of drops measured

RECIP D reciprocal of DIAVG (microns -1

m
Lt



Symbols

REXTEN-.4

SCALE
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Meaning Dimensions

Reynolds number times

1. 00 designates ZOX lens; 2. 18 designates
ZOX lens. This value converts measured
drop sizes to actual drop size in microns

minutes

feet
sec

SUM sum of all diameters; DS, sum of the
square of all diameters; DC, sum of the mi c ron s
cube of all diameters

TIME time at which drop size photographs were
taken, measured from the time the pump was
started

UAV average velocity




