
PRESSURE DRO? AND HEAT TRANSFER FOR LIQUID-LIQUID
DISPERSIONS IN TURBULENT FLOW IN A CIRCUL1R TUBE

by

CHARLES HARRY WRIGHT

A THESIS

submitted to

OREGON STATE COLLEGE

in partial fulfillment of
the requirenierits for the

degree of

June 1960

MASTER OF SCIENCE



APPROVED:

Date thesis is pro
Typed by Barbara Wright

of Chemical Engineering

Charge of Major

ead of' Department of Chemical Engineerth

Chairman of School Graduate Committee

Dean of Graduate School

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWL)GMENTS

The writer is privilodged to riake the followIng

acknowledgments:

To the National Science Foundation for the financial
support in the form of a research grant.

To Dr Jsmes G. Knudsen, the authorts major professor,

for outlining the general problem and the type of equip-
ment which would be required, for obtaining the research
grant, and for the helpful guidance during the course of
the work.

To John A. Cengel, graduate student in Chemical

Engineering, for helping in the construction of the appa-
ratus which was used for both investigations.

Finally to my wIfe Barbara, who took care of our child,
maintained our household and typed this thesis, and to
whom this thesis is dedicated.



TABLE OF CONTENTS

Chapter

1 INTRODUCTION

2 LITERATURE SURVE! AND THEORETICAL
BACKGROUND

General Review
Heat Transfer - General
Heat Transfer to a Two-Phase

Fluid
Non-Newtonian Properties IS
Friction Losses - General 16
Friction Losses for Two Phase 20

Flow

EXPERIMENTAL EQUIPMENT 28
Supply Tank and Pump 30
Main Piping System 30
Orifice Meter 32
Test Section 33
Manometer System 37
Thermometers 1.0

14. EXPERIMENTAL PROCEDURE
Scope of the Investigation
Pressure Drop and Orifice

Measurements
Heat Transfer Measurements
Flow Rate Measurements
Summary of Experimental Procedure

CALCULATION PROCEDURE
Flow Rate 14.9

Fanning Friction Factor 50
Reynolds Number and Viscosity 53
Temperatures and Temperature Rise 55
Stanton Number and Prandtl Number 57
Heat Transfer Coefficient 6].
Heat Losses 62

6 SUNMARY AND ANALYSIS OF RESULTS 63
Friction Losses 63
Heat Transfer 68

7 CONCLUSIONS 75

6 RECOMMENDATIONS FOR FURTHER WORK 77

9 BIBLIOGRAPHY 78

L.2
14.2

144

145
14.6

14.7

3

3
14.

9



TABLE OF CONTENTS (continued)

Chapter aze

APPENDICES

A NOMENCLATURE 82

.B PROPERTIES OF PURE LIQUIDS 87
AND CALIBRATION CUBVES

Density 88
Specific Heat 88
Thermal Conductivitl 91
Viscosity 91
Thermocouples 93
Orifice Calibration 93

Curve

TABULATED DATA 97
Observed Data 97
Calculated Data 109



LIST OF FIGURES

SCHEMATIC FLOW DIAGRAM

PHOTOGRA PH C F EQrJI PMENT

A DIAGRAM OF THE RETJTIVE LOCATIONS OF
THE THERMOCOUPLS AND A DETAILED SJ(ETCH
OF A THERMOCOUPLE GROOVE

THERMOCOUPLE WIRING I)IAGRAM

CUTAWAY OF TEST SECTION

6 POWER SUPPLY SYSTEM TO HEATING COIL

7 MANOMETER BOARD ARRA1GEMENT

MANOMETER CONNECTED ACROSS A HORIZONTAL
TUBE

9 TEMPERATURE PROFILE OF THE TEST SECTION
FOR RUN NO. )5-1

10 FRICTION FACTOR DATA

Page

29

31

3ti

36

38

38

39

S

11 VISCOSITY VERSUS FIJOWRATE

12 EFFECT OF THERMAL CONDUCTIVITY ON HEAT
TRANSFER CORRELATION

3 HEAT TRANSFER CORRELATION 71

1L. HEAT TRANSFER COEFFICIENT VERSUS MASS 71j.
FLOW RATE

15 DENSITY OF WATER AND SOLVENT VERSUS 69
TEMPERATURE

16 EFFECTIVE DENSITY OF MANOMETER FLUIDS
VERSUS TEMPERATURE

17 THERMAL CONDUCTIVITY OF WATER AND SOLVENT 9
VERSUS TEMPERATURE

18 VISCOSITY OF WATER AND SOLVENT VERSUS 914.
TEMPERATURE

19 THERMOCOUPLE CALIBRATION CURVE S

20 ORIFICE CALIBRATION CURVE 96

66

67

70

90



Table

1

2

Range of Observed Data

Average Per Cent Deviations of Data
from t Theoretically Predicted
St(Pr)'/3 Group from Equation (10)

LIST OF TABLES

Page

6L.

72

3 Properties of "Shellsolv 360" 87

1i. Observed Data 97

S Calculated Deta 109



PRESSURE DROP AND HEAT TRANSFER FOR LIQUID-LIQUID
DISPERSIONS IN TUR13ULENT FLCW IN A CIRCULAR TUBE

CHAPTER 1

INTRODUCTION

For many years investigators have been studying the
flow behavior of single-phase tluds. Only recently has
attention been brought to the problems involved in two

phase systems. The design of modern fluidized catalytic

reactors and the problems of U.quidliquid extraction

have prompted much work in this field.

The types of two-phase systems are liquid-vapor,

liquid-liquid, liquid-solid, and vapor-solid mixtures.

All of the above types have been studied by investi.ators

and the work has also been extended to three-phase systems.

Much of the work has been done to evaluate the properties

of the systems under flow conditions.

Information on the various properties of a two-phase

system is necessary to solve the problems encountered in

industry. This is apparent when one considers that pump-

ing power requirements are directly dependent on the fric-
tional pressure losses; flow behavior is important when

the problem of measuring flow rates Is considered; and heat

transfer characteristics are nocossary In the design of

many pipe-line reactors.

The present work is concerned with heat transfer to



liquid-liquid dispersion in turbulent flow in a cir

oular tube, Equipment was designed to measure film heat

transfer coefficients and also the friction factor for

turbulent flow. The friction factor measurements were

necessary to evaluate some or the properties of the dis-

persion under flow conditions. This thesis presents the

experimental results of this investigation.



CHAPTER 2

LITERATURE SURV1Y AND THEORETICAL BACKGROUND

General Review

The need for experimental work in two-phase flow he

increased greatly during the past several years due to

the conversion of many batch processes to continuous or
flow processes. The use of the fluidizd bed has demon-

strated the need for considerable work in gas-solid, gas-
liquid, liquid-solid, and liquid-liquid systems.

There has been extensive investigation or gassolid,

gas-liquid, and liquid-solid systems, Relatively little

work has been reported on liquid-liquid systems. This re-

view will be confined to a consideration of work done on

solid-liquid and liquid-liquid systems since these two-

phase systems have similar characterIstics. The bulk of

the literature covered deals with turbulent flow in tubes,

Early work on friction losses was done by Dix and

Blair (12, p. 57Li) and Caidwell and Babbitt (7, p. 257) on
suspensions of muds and sludges. Due to the non-Newtonian

characteristics of these suspensions, Alves, Boucher, and
Pigford (1, p. 388) developed relations by which the prop-

erties of these suspensions could be accounted for in the

design of pipe lines. Recently work has been done on th8
heat transfer characteristics of water slurries of chalk,



sand, and several metals by Bontila, Cervi, Co].ven, and

Wang (5, p. 127), Orr and DallaValle (28, p. 29),

Salamorie and Newman (32, p. 283), and. Miller and Moulton

(25, p. 15).

The flow characterist1ca of an oil-water mixture

were investigated by Russell, }Iodgson, and Govier (39, p. 9)

and the thermal conductivity of several liquidijqujd emul4.

sioris was measured by Wang and Knudsen (L3, p. 1667),

Considerable work has been doris on the viscosity of emul

siona and suspensions and numerous equations have been
developed to extend the theoretical equation of Einstein.

Heat Transfer General

There are several types of heat transfer but the only

typo to be considered in the following work will be forced

convection during turbulent flow in tubes. Reynolds (1

proposed the following equation for the transfer of heat

through a pipe-.waii to water following through the pipe.

where

h = heat transfer coe dent =
Cp heat capacity

1' viscosity



D = inside diameter of pipe
G mass velocity in pipe

density or flowing fluid
n arid are constants

This equation was tested by Stanton arid Pannefl
(LO, p. 119); I3oussinesq (6) derived an equation by- dimen-

sional ana1yss which fairly well substantiated the pre
vious work by Stanton and fleynolda.

(2) h
D k

Independently Nusselt (33, p. 736) derived the equation

(3) 2k (DVpC fl
I) 'k /

and applied it to his data. Ho obtained a value of
n 0.785 for water. Grober (22, p. 231) later proposed
a similar equation for liquids and gases.

Heat transfer data for water and several oils were
measured by Norris and Whitman (26, p. 23L). Their data
was fairly well correlated by plotting 0.37

(DV.ø,u) for the heating of the liquids by steam.
Using the data of Morris and Whitman (26, p. 23L)

McAdarns and Frost (22, p. 23I, 23, p. 323) Dittus and
Boelter (11, p. 143) plotted the data in the form of the



following relation.

(Lv)

and obtained the equation

(S) U'D

(6)

was modified by Sherwood and Petrie (33, p. 736) Smith

(37, p. 8) and sevez'al other investigators and finally re
suited in the general equation:

(7) k
= 0.023 (DVP 0.8

xi 0.3 for cooling
for heating.

The equation is generally attributed to Dittus and
Boelter for the flow of single phase fluids in pipes.

Colburn (10, p. l7L) attempted to correlate forced
convectjo heat transfer data and compared It with fluid
friction. The two exponents on the Prandtl number could

/DVP
"U

where n = 0.3 for cooling and 0.L for hea' g

U' = overall heat transfer coeffIcient.
The basic equation of Nusseit



be eliminated by considering the properties of the fluid 
at the film temperature. The film temperature was de- 

fined as the average temperature of the laminar layer of 
the fluid at the pipe wall a1d it was evaluated by aver- 

aging the bulk temperature and the wall temperature: 

(8) 

where 

(9) 

film temperature 

tb = bulk temperature 

wall temperature. 

Colburn also related heat transfer data to pressure drop 
data by a 3-factor: 

If (Cj)2/3 
C,G Ic 

where 

Fanning friction facto 
(1 a mass velocity 

which gave a good correlation for the available data. The 

present form of Colburn's equation: 

ii /c1JAr\2/3 
(10) 3 ( ) 0.023 {) CG\kJ 

eliminates the variable eonent in quation (7). 

) 



In lator work the effect of dIfference between the

viacosity at the bulk temperature and wall temperature was

used to make Equation (7) more universal, Sieder and Tate

(3L, p. 11429) added a viscosIty correction factor which

gave a better correlation for the various fluids oori

siderod,

a\
/DG\ .O.2

= O.023L._

8

,Mw viscosity of wall temperature

viscosity at bulk temperature

Several investigators have attempted to derive the-

oretical equations to predict heat transfer rates and the

temperature distrIbution across the tube during turbulent

heat transfer. Bookers (1, p. 1147) and Sleicher and

Tribus (36, p. 769) derived purely mathematical formulae

to predict the heat transfer and temperature distribution

for the turbulent flow of a fluid in a circular tube.

Slccher presented tables of the first three eigenvalues
and constants for the problem of heat flow to a constant

property fluid in established turbulent flow In a round
pipe for all important values of Reynolds and Prandtl
moduli, The theoretical equation by Beckors agrees sat
isfactorily with the oerimental data sunarized by



Equation (7) for cooling.

Heat Transfer to a Two-Phase Fluid

The pioneering work done.by Winding, Dittman, and
Kranich on slightly non-Newtonian synthetic rubber latices

p. 125) was correlated by Equation (7). Only about
one-half of their data fell within t 10% of the equation
and several poInts deviated as much as 35% from the cor-
relating line. The investigators found that the suspen-
sion was pseudoplastic at the lower flow rates and be-

haved as a Newtonian fluid at high flow rates. The same

correlating equation was used by several other investi-
gators on suspensions or coal in water, calcium carbonate
in water, graphite in water, and graphite In kerosene.
Several of these systems were appreciably non-Newtonian
and the apparent viacosltie8 were calculated from pros-
sure drop data. Miller and Moulton (25, p. 15) correlated
their data o graphite in water and graphite In kerosene
by the equation:

(12) hjD 0.0 9(DG)0.8 /C
k"

where the thermal Conductivity of the continuous phase,
the specific heat of the mixture, and apparent viscosities
were used. He also correlated the data of severe], other
authors on coal In water and calcium carbonate In water
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;hth 15 per cent by h a equation.

Orr and DallaVallo (8, p. 29) made a rather extensive
study of the variables in the heat transfer equation.

Tareef (28, p. 29) formulated a relationship for the thor-
mel conductivity Qf a two-phase system based on the prop-
erties of the constituents and their concentrations, He

reasoned that the thermal field in a two-phase system was

entirely analogous to the electrical field in a similar
system. The following equations were then worked out for
thermal field by subsequent investigators.

2k1 + k - 2X (k1.k)
2k, + k + x

where

thermal conductivity of suspension,
liquid, and particles respectively.
weight fraction of dispersed phase.

This equation was satisfactorily used for suspensions o

powdered copper, graphite, and glass beads in water. Orr

and DallaVal].e concluded that the thermal conductivity was

independent of the deee of dispersion to a first approx-
imation.

A viscosity correlation was obtained by Orr and
1)allaVallo using an equation which gave very inaccurate

results.



wher

.8

As viscosity of the suspension
= viscosity of the liquid

xv volume fraction solids

Xlrb volume fraction solids In
8edtrneflted bed

The data was correlated by the above equat on 15% at
equal 0.2 and 85 at XV/Xvb equal 0.6. Thia

equation was not reconended for pipe-line design and in-
veatl.gatorws used experimentally determined viscosities.

Their heat transfer data was satisfactorily correlated
by quation (10) using the properties evaluated at the tUrn
temperature and the volume fraction for calculating the
density and the weight fraction for calculating the specific
heat. The data was also correlated by the equation of
Siedor and Tate:

0.027
As1 k5 I

with the physical properties evaluated by the previously
mentioned corro1ation The data was well correlated by
this equation for Reynolds numbers above 10,000. Good



results were obtained down to Re 3000 but were not
considered reli8ble. The maximum deviation of their data
was of the order of ± 30%.

Salamorie and Newman (32, p. 283) recommended the Co
relation:

(16)

hD
0.

'O.0S(D \0
/ d)

where subscripts

0. 3

12

solution
liquid

p particle
on the basis of their exerjnienta1 work on suspensions
copper, carbon, chalk, and silica In water and the oxper-
imental data of previous investigators. Their work had an
overall accuracy of about ± 10% and their experimental
data wore within this range.

Metzner, Vaughan, and Houghton (21j., p. 92) obtained
data for a sodium carboxymethy1cellulo0 solution. They
developed a method of deterruining the apparent viscosity
by equating the Newtonian Reynolds number to be a general-
ized one as follows:.



then

and accordingly

('9)

re

flow behavjor Index, dimensionleas,
Between zero and one for pseado.-

plastics and is defjned by
d fin DP

n'
d (in 8v/D)

2.n'fluid consistency, 1b/(ft)(sec)

They also developed a relation between Newtonian and non

Newtonian heat transfer rates which decreased in import-
ance as the flow became fully turbulent,

!= D'V2O

By substituting into the conventional Prandtl number one

obtains



(hD/k) nonNewtonian

(hD/k) Newtonian

They mel d a more gradual transition from laminar to tur-

bulent flow for the high1 pseudopiastic fluids,

Finnigan (16), using the same dispersion as in the

present work, attemptod to correlate the heat transfer data

for a mixture o two immiscible liquids, His data was

correlated by Equation (7) within about 30% above a

Reynolds number of 10,000. At the high flow rates exper-

iniental error became large due to the low wall temperatures

involved. The heat input was from an electrical coil

around the pipe and the heat flux was measured by the elec-

trical input to the coil. This method had the advantage

of not requiring a measurable amount of temperature rise

in the flowing fluid and the system operated nearly iso-

thermally. The density of the emulsion was computed from

the volume fraction of each component. A better correla-

tion was obtained when he used the heat capacity and

thermal conductivity of the continuous phase rather than

that of the emulsion in calculating the Prandtl number.

The viscosity was determined by pressure drop easurementa

on the same section of vertical pipe used for the heat

transfer measurements. An increase in viscosity with in-

crease in flow rate indicated a dilatant fluid and the

viscosity was best correlated by the Einstein equation



with an additional correction for higher concentra

and the effect of flow rate.

(21 Pm .0 + 1.o6w)#2]

Non..Newtorijan Properties

Fluids are classified into two main categories,

Newtonian or non-Newtonian, according to their behavior

at constant teutperature and prosaui'e under imposed shear

stresses. The Newtonian fluids are those which show a

linear variation between shear stress and the rate of

shear; the viscosity is constant in the equation:

(22) - (dV/dr)

where

'r the shear stress

dV/dr the rate of shear.

Non-Newtonian fluids are those in which the vicoaity

a iunctjon of the rate of shear. There are three clasit...

ficationa of non-Newtonian fluids; (1) Bingham plastics -

this typo has a constant viscosity but it requires a finite

stress before deformation occurs; (2) Pseudoplastic

fluids - most non-Newtonian fluid fall into this classi-

fication, They are characterized by a decrease in the



where

+
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the apparent viscosity as the rate of shear increases.

The term apparent viscosity is used because the fluid is

non-Newtonian, The apparent viscosity is the viscosity of
a non-Newtonian fluid at a given rate of shear1 This type

of definition is necessary because the viacosit often

changes with rate of shear; (3) Dilatant Fluids these

are characterized by a rheologica]. behavior opposite to

that of psoudoplastics in that the apparent vIscosity in-

creases with increasing rate of shear.

The flow behavior ifldex n' is used to characterize

the deviation of a fluid from Newtonian behavior as de-

fined on page 13.

Friction Losses a. General

The basis for all pressure drop calculations is the

general energy equation for steady isothermal, incom-

pressible flow:

he pressure at points 1 and 2,

lbs/ft

the density of the flowing fluid,
lb./ft3

V2 = the avorag lInear velocity, ft/sec
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the height above an arbritrax'y dat
t

g acceleration of gravity, ft/sec2
= conversion factor, 32*2(lbn)(ft4lb )

work done on fluid between 1 id 2,
ft)(lbt)/lbm
ork lost due to friction, (ft)(1b)/lbm

correction factor for type of flow, for
laminar, 1 for turbulent

The other useful equation is the continuity equation:

(2L.) d(flA\T j
dL

for onedinierisjona]. flow. A is the cross-sectional area
of the flow channel. For conduit of uniform oroas'aection,
Equation (23) can be reduced to

Equation (25 is applicable to the steady isothermal flow
of an incompressible fluid in a uniform conduit containing
no pumps or turbines

A dimensionless ratio known as the Reynolds number,
defined as Be = DVfu, is used to define the type of flow
in the syatem. Below Reynolds numbers of 2100 the flow is



usually laminar and above 1O00 it is usually turbulent

with a transition region in between.

A large number of experimental doterminationa on tur-

bulent flow of fluids have led to the following relation-

ship known as the quadratic resistance law

fpV'A'

2c

the resisting force at the wall of the conduit, A'

the surface area of the wall at which F acts, and I

a proportionality factor known as the Fanning friction

factor. If this relation is made equal to the lost work

term in Equation (2S) one obtains

£P ILV2
So

For a horizontal tube this becomes the familiar Fanning

equation:

2tLpV2

D

where P, he pressure drop due to friction, lb/ft
Some of the first turbulent flow pressure drop data

were obtained by Reynolds (18, p. 120), and his results

were reported as the pressure gradient along the tube and

not in terms of a friction factor. Blasius compiled all

of the available data from other investigators and



presented the following correlation between friction
factor and Reynolds number (19., p. 171)

f = 0.079 (Re)

This equation is accurate for Reynolds numbers from 3000

to 100,000, Stanton and Pannell (1.0, p. 119) conducted
experiments on air, water, and oil for Reynolds numbers up
to 500,000 and presented it on a friction factor versus
log Reynolds number plot. Nikuradse (19, p. 172) compiled
all the available data including his own on water for
Reynolds numbers up to 3,2L0,000 and derived the following

aemi- empirical equation:

= 14..O log (H I?)

which is recoimnended for determining friction factors in
smooth tubes. Other equations were those of Lees

(13, p. 56):

t = 0.00180 + 0.153 P.35

and Drew (13, p. 56)

£ O.O01l0 + 0.125 Re°'32

19

Various other equations which consider the roughness of the
tubes have been derived but will not be considered here,



Friction Losses for Two Phase Flow

The main problem encountered in predicting friction

loaes during two-phase flow in pipe lines is the deter-
mination of the viscosity of the flowing fluid, There

has been considerable theoretical study of the viscosity
of suspensions and emulsions. Measurement of the viacos..

ity is often difficult because the fluids are often non..

Newtonian and the viscosity is then very dependent upon

the method of measurement. Viscosities measured under

laminar flow conditions are often different from those

measured under turbulent flow conditions. Turbulent vis-

cosities are then obtained by determining the friction
loss during the turbulent flow of a two-phase fluid. An

apparent viscosity is calculated so that the data fit the

usual friction-factor Reynolds number curve for single
phase fluids,

The original theoretical work done on the viscosity
of suspensions was presented by Einstein (27, p. 396) for
the ideal case of spherical particles in an infInite

medium, This work was modified by Hatachek (17, p. 163)
to account for the viscosity of the dispersed medium.

Kunitz (5, p. 127) developed an empirical equation whIch
closely represents the relation between the volume of
solute and viscosity of the solution for solutions of

sugars, glycogen, casein, and rubber.

20



(33)

where

(31)

where

Be c her

the viscosity of the medium

= the viscosity of the continuous
phase

volume fraction of the dispersed
phase

Taylor (141, p. 141) developed an equation for spherical
droplets of a dispersed phase and arrived at the relation:

+ 2.5pd +

viscosity of the dispersed phas

, p. S7) presented several equations which were

modifications of Einstein's equation and Taylor's
equation;

(3S)

and

inW0) LVd + 2/JA0)/Vd +}A)]
(36) ll/3)

O.)/( 1

5ç6+ 2 + b4'3 +

21

Clayton (9) found that ne emulsions were more viscous



than coarse emulsions at equivalent values of and

the difference increases as #increases. This effect had
not been considered by most investigators.

As long as the emulsions were fairly homodisperse

the viscosity at high rates of shear varied thvorsely as

the mean globule size (30, p. 367). When the distrtb

ution was rather polydieperso the system was less viscous

than would be tndioated from the mean drop size and the

previous relationship. At lower concentrations the var

iatton of viscosity with rate of shear became less marked

and the overall viscosity also dlrdnished.

The actual flow of an emulsion must probably involve

the slipping or squeezing of small globules through the

spaces not occupied by larger ones. The observed. varia

tions of viscosity of a concentrated emulsion with

concentration and rate of shear could be explained as the

work done in distorting the globulos and sliding them past

each other.

Alvea, I3oucher, and Pigford (1, p. 388) studied

turbulent flow non-Newtonlari solutions and SU5pefl5OflS in

connection with pipe line design for these fluids. They

found the viscosity measured with small pipes and capillary

tubes generally agreed fairly well with rotational-

visoorneter measurements, The non-Newtonian fluids behaved



23

similarly to Newtonian fluids in the turbulentf1ow
region, in that they exhibited a relatively constant
apparent viscosity. The turbulent viscosity was com

puted from the turbulent-f1ow portion of the pipe-line
shear diagram, A value of D4P/LL wae selected and the
linear velocity, V, calculated from the corresponding
value of 8W/pD3. The friction factor was obtained from
the Panning equation

(28) f (D4?/t.L) (2g/fV)

The corresponding Reynolds number was then obtained from
the usual friction factor-Reynolds number chart and the
turbulent viscosity computed from this Reynolds number.

On data for sludges Csl.dwell and Babbitt (7, p. 2S)
round that if the viscosity of the dispersing medium were

substituted for the viscosity of the liquid in the Reynolds
number, the f vs. Re chart constructed will be almost the

me as that for water. This type of result has not been
rifled by other investigators on different types of

slurries, Alvea (2, p. 107) reported their data on clay
and sewage suspensions, Their systems acted as Bthgham
plastics and the usual friction factor versus Reynolds
number plot was used with viscosity of the continuous
phase and density of the slurry. They found the pressure
drop to be independent of the yield stress and coefficient



21.

of rigidity. Wilhelm, Wroiighton, and Looffe].( p. 07)

obtained apparent viscosities higher than that or water
in cement rock-water su.spensioná. Binder and Busher
(2, p. 107) found the same effect for grain-water euspen
alone, The following rnethod was recononded to obtain the
turbulent viscosity.

(37) f = (PD/LL)(2g0/

ReDV,Ojm.

I3onilla, et. al. p. 127) obtained the beat vie-
cosity correlation for a chalk water slurry with Hatschokts
equation above a Reynolds number of 100,000, An empirical
correlation factor was applied to give ± 10% results down
to eyno1ds number 10,000. The slurry behaved as a

Bingham body and it was noted that the effective viscosity
of the slurry did not decrease with rise in temperature as
rapidly as water. The viscosity data of Orr and

DallaValle (28, p. 29) was very inconsistent with any avail
able viecosity equations, Salamone and Newman (32, p. 283)
did not consider the variation of viscosity with flow rate
for a non-Newtonian suspension.

For sand and water slurries, Smith (37, p. 85) found
the pressure drop of the slurry was greater for the slurry
than would be obtained with a liquid of density equal to
that of the slurry, This became less apparent at higher



velocities. An equation was dertved but required that the

diaraeter of the particles be known and that they be closely

sized,

Spells (39, p. 79) correlated the data of sever&l in-

vestigators on slurries of sand in water and boiler ash
in water For a certain velocity range 5.rriediate1y above

the minimum velocity, where separation of phases begins,

the friction 1OSSOS were considerably greater than that
or the equivalent true fluid; this being a fluid of density

equal to that of the slurry and viscosity equal to that of

water. As the rate of flow increased the pressure gradi-

ent approached the equivalent true fluid value and even-

tually became identical with it. He defines a standard

velocity at which the pressure gradients for the slurry and

its equivalent true fluid became identical. Thus, at the

standard velocity the friction factor is the iame for the
slurry as fox' the equivalent true fluid. The values for

the minimum velocity (Vm) and the standard velocity (V3)

were developed by 801711-empirical means.

The variables are particle diameter, d, density of

the continuous phase, p density of the dispersed phase,

êd' and the acceleration duo to gravity, g. The appar-

ent weight of an 1uersed particle is proportion1 to

where d ande0 are the densities of the dispersed

and continuous phases respectively, Those variables
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The minimum velocities were obtained by noticing when
the particles in suspension began to settle out and the
standard velocities were the values at which the friction
factor became the same for the slurry as for the equiv
alent true fluid.

From the available data Spells formulated the fol
ing equations,

(39) Vml225 0.0251 gd Dj2 0,775
10d

and

= 0.0l gd 0.775
(°d Pc

100

inding (144, p. 527) investigated the flow properties
f pseudop].astjc fluids. For experimental data on GR-S

latices (aynthetic rubber) for flow in the turbulent region,
the use of the Fanning equation was recommended and the
graph of frIction factor against Reynolds number was used
with the limiting viscosity at infinite shear in the co
putation of the Reynolds number,

26

can be arranged into the dimensionless groups f V/gd
and °c"d p0). Since the flow in a pipe is concerned,

relationship with Reynolds nwnber is assumed. Thus the
following equation is developed.
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Finnigan (16, p. 92) found a linear increase in the
viscosity with increase in flow rate for a petroleum ao1
vent end water emulsIon. This type of variation would
indicate a
cosity was

tical test
putod from

determined

(30)

The apparen viscosity was determined from the Reynolds
number.

slightly dilatant type of fluid. The via-
calculated from pressure drop data on a ver-
880tion. The Fanning friction factor was corn-.

the pros sure drop data and the Reynolds number

from Nikuradse's equation for smooth tubes;

.O log (Re I? )



CHAPTER 3

EXPERIMENTAL EQ,tJI PMENT

TIie apparatus used Was designed to carry out simul-
taneous investigations of the heat transfer oharocter
istics and the viscosity of fluids, The general piping
layout was similar to that used by Finriigan (16, p. 28)
in his recent work on the same emulsion. Figure 1 pre-
sents a schematic diagram of the important features of the
equipment used. The work of the author did not include
laminar flow viscogttj or light tranarnittancy measure-
ment which were made simultaneously by Congol (8) and
this portion of the equipment will be mentioned only
briefly.

The fluid was drawn out of a supply tank by a pump
arid to the horizontal test section whoro the heat transfer
and pressure drop measurements were made. A orifice
meter w installed between the pump and the test secticn.
A baffled mixing tank and a heat exchanger were on the
downatresm side of the test section and from the heat ox.-

changer the fluid was carried back to the supply tank. The

supply tank, agitator, and pump were the same as those used
by Finnigari (16) and are described in detail by him.
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Sunply Tank and Puin

A atathiesa steel supply tank was used to charge and
mix the liquids. The instability of the emulsions made it
necessary to install a propellor..type egttator on the edge
of the tank. A bypass line on the discharge side of the
pump allowed the flow rate of fluid through the test see.
tion to be varied without increasing the pressure in the
yetem. The bypass line also contributed greatly to the

circulation and mixing of the fluid in the tank. Figure
2 is a photograph of the test equipment,

The pump waø a Fairbariksorse bronze turbine pump
driven by a three horse power electric motor,

In the piping system used the maximum achievable
water flow rate obtainable was about 214 gallons per minute.

Main Piping System

The entire piping system was constructed of copper
and brass piping with the exception of a stainless steel
supply tank, a flexible length of rubber hose and a short
sight glass, The piping between the supply tank and the
pump inlet wa nominal 2inch red brass pipe. A 2inch
gate valve (No. 1) was installed in this line to allow for
separate draining of the system. Downstream from the pump
the piping was léinch brass pipe with a short piece of
synthetic rubber hose on the exit of the pump to dampen

30





vibrations, Al]. threaded pipe connections wore sealed
with "Cyl-Seal" high pressure sealant manuractured by the
West Chester Cheniical Company, This was effective in
preventing leakage and was inert to the solvent.

Eight brass unions were placed strategically for ease
sombly and disassenibly of the system. A plug was in

ed below the emulsion evaluator for ease in draining
show in Figure

The measurements of the mass flow rate were made by
mthg the flow of a predetermined weight of fluid by a

stopclock.

tfice Meter

The brass orifIce meter used In all of the expori-
mental runs was made and accurately calibrated by Finnigen
(16, p. 96) In previous work. It was necessary to make

spot calibration checka on the meter, The calibration
curve of the orifice is given in Appendix B.

The average pipe diameter wee 1.366 0.002 incho
and the orifice opening was 0,695 Inches. The plate wa
made of l/l6Ioh brass and the edge of the orifice was
1/6LInch thick, The orifice taps were 0.237 feet apart,
Other details of the construction and calibration of the
orifice meter are given in the thesis by FInnigan (16, p.$)



Test Section

The test section was a horizontal 10-root length.of
mooth-wall copper condenser tubing, 7/8tnch 0.D., 16 BWG

wall, and 0.7145 ± 0.003 inches I.D.

Two brass nipples were brazed onto the tubing 6 feet
(or 97 diameters) apart and 1/32inch holes bored through

the tubing. Any burrs were removed by passing an emery

cloth through te test section. This defined the length

of the test section for pressure drop measurements. A

calming section of 3 feet (or L.8 diameters) preceded the

test section and a length of one foot (or 16 diameters)

followed the second pressure tap.

The heating was accomplished by a Nichrome ribbon

having an effective length of 17.1 feet. The ribbon was

1-inch wide, 0.005 Inches thick, and had an overall resist-

ance of about 1.77 ohms. Nine thermocouples were used to

measure the tube-wall temperature, three near each pressure

tap and the remaining three equally spaced between. The

relative locations and the numbering arrangerient of the

thermocouple junctions are shown in Figure 3. The thermo-

couples were møde of number 30 B and S gauge copper and

constantan wires supplied by the Leeds and Northrup Com-

pany. The thermocouples were positioned Into grooves which
had been previously tinned with solder. The ends of the

loads were enameled with General Cement Insulating and
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Dipping Varnish. About 1/6-inch was scraped clean on the

ends and the wires were twisted tightly together. The

junction was then warmed and thrust into a pool of solder
in the groove. The area around the junction was painted

with the insulating varnish and a piece of "Saran" wrap
was placed under the lead wires near the junction, another
layer of varnish was applied and a large piece of Saran
wrap covered the pipe for a length of about LI-inche8. A

laler of asbestos paper was placed over the whole section
to be heated. The Nichrome heating ribbon was wound over

this and a multilayer corrugated insulation was used to
cover the section to reduce heat losses. A cutaway model

of the teat section is shown in Figure 5.
The nine thermocouple leads and another thermocouple

in the flow system (designated as thermocouple c) were con-

nected to a 2-pole 12-position non-shorting steatite
rotary switch as shown in Figure 14. The coidjunction
loads wore brought from the selector switch to a thin
glass tube filled with oil and immersed in a thermos bottle
filled with crushed ice in equilibrium with water. The

thermocouple voltages were measured with a Leeds and

Northrup potentiometer and a very sensitive Leeds and

Northrup No. 21430 galvanometer. The thermocouples were
then calibrated within about 0.2°F with a standard ther-
mometer.

The heater coil was connected to a "Varlac" and then
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to a constant voltage traneformex' which reduced the line

voltage of 220 volts to 110 volts. This made it possbie

to supply about 3200 watts to th4 heating coil without

overloading the equipment. An A C. voltmeter and an am-

meter were used to measure the t4tal power input to the

test section. Figure 6 shows th teatsection power

supply.

Manometer System

The pressure differences oss the orifice meter arid
the teat section were measured with U-tube differential

manometers. Two manometers woreprovided for each pressure

drop measuring section. One of those manometers contained

mercury and the other contained arbon tetrachioride, The

carbon tetrachioride contained asmal1 amount of iodine to

give a sharp meniscus for ease ii reading. The pressure

transmitting medium in all cases was water and a flushing

system was arranged so that if aiy of the emulsion from the

piping system moved into the pre5suro transmitting lines it

could be easily flushed out.,

The manometers were made ofheavy-wall "Pyrex" glass
tubing and were about 3*feet in length. The manometers

were connected to the brass sealpota by short lengths of
rubber tubing snd wore securely wired down to prevent any
leaks. Motor ticka were fastened to the panel to serve
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as length scales for the manoeters as shown in Figure 7.
The pressure transmisaio lines

inch copper tubing. These lie wør

used to mea3Ur

test section.
The thermometer wells we

inch hole in a l-.sich pIpe :

inch piece of 3/L..inch copper

positions shown in Figure 3

re made of i/1

un horizontally
for at least three feet to prevent transfer of the less
dense two-phase fluid to the vertical portions of the lines.
A series of é-inch brass needle valves allowed the flushing
water to be admitted to the lines either individually or
in pairs.

Thermometers

A pair of Beckman thermometers with 0.01°C scale
divisions were used to moasur the change in bulk temper-
ature of the fluid as it pas4a through the heated test
section. The Beckman thermometers were calibrated in a
constant teiiperature bath usig a standard thermometer with

0.02°C. The Beckman thermorieter designated as rj was
the temperatue of the fluid entering the

o made by drilling a

ug and brazing on a 2 3
tubing. A thin sheet of

copper was brazed to the bot9m of the well. The thermom-

eter wells wore filled with ight oil and placed In the
measure the bulk temper-

ature. Magnesia Insulation was packed around the pipe
near the thermometers to prevent effects due to ambient

0



temperature.

Although the tests were run only under turbulent flow

conditions, a baffle tank was buIlt Into the piping be-

tween the end of the test section and the second Beckman

therraometer ) as shown In Figure 3. The baffle tank
was constructed from an 8-inch piece of 2-Inch copper pipe.

Two-Inch brass elbows were brazed onto the ends after the

five thin copper baffles had boon thtal1ed, The baffles

were circular with one side cut away and placed such that

the fluid was continuously changing direction.

Downatream from the second Beckman a heat exchanger

was installed to cool the fluid to the bulk temperature of

the fluid in the tank. The exchanger was a small Rosa

"BCF" exchanger and the fluid flowed through the tubes with

cooling water flowing co-currentiy In the Jacket. The

water rate through the heat exchanger was used to control

the system at the desired temperature and maintain it at

steady-state.

The description of the capillary tubes, used to meaa.

ure the laminar flow viscosity, and the Pnulsion Evaluator,

which was used to compare the light transmitted by the

various emulsions, can be found in the thesis by Cengel

(8).



CHAPTER

EXPERIMENTAL PROCEDURE

Scope of the Investigation

The investigation was made to determine the p
drop and heat transfer characteristics of a dispersion of
two immiscible liquids flowing in a circular tube. The

investjatjon was confined to the turbulent region because
of the probleu encountered when the phases begin to sop-
rate during laminar flow.

The liquids used wore water and a petroleum solvent
known as "Shellsolv 360" manufacttu'ed by the Shell Oil
Company. These two liquids are insoluble in each other and
no tendency toward stable emulsion formation was noted
during the tests, The compositions to be used dui'ing the
tests were charged to the tank before each series of runs
and during the runs samples were taken in SO0 ml. grad-
uated cylinders to determine the actual composition of
the mixture. The samples were sealed tightly and allowed
to stand overnight and then the volume of each component
after separation was measured to calculate the actual
compositions. All samples were taken at a location up-
stream from the test section.

The physical properties of water were taken from the
ature and the properties of the petroleum solvent,



which had not been supplied b the manufacturer, were
measured by Wang and Knudsen (143, p. 1667) and Finnigan
(16, p. 129). The individual properties of the liquids
are presented in Appendix B.

The mixtures were prepared by charging a weighed
amount of water to the suppir tank and allowing this to
irculate for several minutes through the entire piping
yatem. The required amount of solvent was then added to

the supply tank and the creamy white color of the emulsion
became immediately apparent. The emulsion was considered
wel]. mixed when the light transmittancy became constant,
no layer of solvent was evidenced in the tank, and con-
secutive pressure drop readings became constant. This re-
quired from about one to five hours depending on the corn-
position. The compositions investigated were:

1, Pure water

5% solvent in water

20% solvent in water
14. 35% solvent in water

50% solvent in water'

Pure solvent
In the composition range between about 65% solvent in
water and 15% water in solvent, Finnigan (16) found it
very difficult or impossible to maintain a uniform and
sufficiently stable composition. No measurements were



attempted in this range.

At the end of a series of runs the liquids were
allowed to separate in the supply tank and the clear sol-
vent decanted off and reused. The water and a layer of

dirt which collected at the interface were flushed out. A

small amount of contamination seemed to be present at the

interface after every series of runs but their reziioval

each time prevented a build-up which might affect the
propertie8 of the emulsion.

Pressure Dro. and Orifice Measur

After each series of runs the manometer lines wer

flushed with water and closed until the next series of

runs had begun. When beginning a run the globe valve on

the return line was closed but a positive gauge pressure

of about 5 pig was maintained in the system by adjusting

the bypass valve, The needle valves were opened on the
manometer lines and the manometers were allowed to come to

zero, The manometers on the orifice meter did not balance

at the zero point except when pure water was being used

and a small computation was required to compute the actual

zero point. Since the test section was horizontal, no

effect was caused by the various fluIds present in the

test section, The return lIne was then opened, closed,
and a check made to see if the manometers returned to their
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zero pOit1ona, The manometer lines were flushed and this
procedure repeated until consistently sati3factory readings
were riiade,

The valve at the end of the discharge line was open-
ed partially and by adust1ng the bypass valve and the
return line valve the desired rate of flow and pressure in
the system could be obtained0 For the low flow rates the
carbon tetrachioride nanometers were used and these were
closed off and mercury manometers for the high range were
used. In the inteniediate range of flow both manometers
were used. The manometer readings ranged from about I
centimeter of carbon tetraohlorjde to about 14.0 centimeters
of mercury.

Any fluctuations which were present in the manometer
columns ware usually dampened by throttling down the needle
valves on the manometer board, The air temperature was
always taken to be used in calculating the effective den
sitie3 of the manometer fluids.

Heat Transfer Measurements

The power Input to the heating ribbon was usually ad.-
justed by the "Variac" 80 that *bout 5°F difference was
obtained between thermocouples No. 1 and No. 3. This is
the approximate driving force. The cooling water to the
heat exchanger was then adjusted to remove the heat nd



return the fluid to the tank at the temperature of the
tank. The systeni was considered at thermal equilibriwn

when the temperature at Beckman r1 changed by no more

than O.01°F in 10 minutes and the wall temperatures show-

ed no measurable change. The total power input was meas-

ured by a voltmeter and ammeter in the power supply

system. AU. of these readings wore converted into power

units and compared with the power as measured by the tem-

perature rise in the fluid passing through the test section.

Since the application of the general energy equation
requires isothermal conditions, the properties of the fluid
wore evaluated at an average bulk tempertu.re. This as-
umption was considered accurate enough for the calculations

involved.

.ow Rate Measurements

The mass flow rate was calculated from the doter
minationa of Finnigan (16, p. 9) on the orifice coeffi-
cient and his graph of flow rate in lb/sec versus

+

where

= density of the emulsion, lb/ft3
the pressure drop acro8 the orifice,
lb/ft2

1.6



= height correction for the orifice
tape,

= density of the continuous phase,
lb/ft3.

At each concentration several checks wore made by using a

Stopwatch to time the dIscharge of predetermined weight of

the solution into a weighing tank, These value8 checked

within about S% of the values given by Finnigari's curve.

Summary of Lxperimontal Procedure

At each flow rate of each seri;s of runs the

lug data collecting procedure was used:

Manometers zeroed and flushed if necessary,

Estab1jh an approximately determined flow ra

through the system by adjusting the bypass valve

and return line valve.

Adjust the Varjac to give the approximate temp-

perature rise desired,

(d) Stabilize the Beckman temperature readings; read

and record them,

Read and record all thermocouple readings of test

section wall temperatures and air teniperatur

Read and record the orifice and test section

manometer readings.

Read and record the power input and the system
pressure.
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At least twice during a series of runs check

the flow rate and take a composition sample.
The above procedure was repeated for each flow rate

during a series of runs, Steady-.tate'ws usually reached
from 20 minutes to two hours after changing the flow rate.
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The equation usod to determine the flow rate was

(L.0)

where

C1 = the orifice coefficient, dimensionless
the distance between orifice tape, ft

A0 croas-sectiorial area of orifice opening,
= diameter of the orifice, ft

diameter of the pipe, ft

All, of the constants were determined by Finnigan (16, p. 98)
and verified by the author with a final result of

(14)

CALCULATION PROCEDURE

- 6?

CHAPTER

The data was plotted as log w versus log
£.. L (p1 fc)J and gave a straight line.

I

A sample calculation could be illustrated by using



50

the data of rim No. 1, 35% solvent in water (35-1) for a

3L..2% emulsion of solvent In water at 710?

Pm = e 71°F [(s.a )(vol.fr.w)+(S.G,j(vol.rr

= 62.31 [1.00.6 (o.78L) 311.2)] = 57.70 lb

)=
2.2

(0.237)(62.31 - 57.70)
" 32.2

1.09 lb/ft2

4p: - O999)(62.li3) ibWft3 (irn g)

(30.8 rnxn/ft)

(2.568)(L5) = 115.6 lb

(f _p )Jz 57.59 (115.6 1.12) = 6720 lb2mc

From Figure 20 w = 1.08 lbdsec

Fanning Friction Factor

The general energy equation presented in Chapter 2 was

reduced to:

(28) 4P =P

for the horizontal test section which was used for pr

sure drop measurements, The pressures at P1 and P a



shown in Figure 8 must be calculated and the difference
taken to obtain the pressure change between points 1 and
2. By suining the pressures in each leg and taking the
difference, the following equation results:

b fb P0

where

ID'lb (c
The effective density of mercury and carbon tetra.

chloride under water Is given in Figure 16 in Appendix B.

The Fanning friction factor is given by the relationship,

(t3
)

which can be altered to give

71 g0DS pP

since

L

32.2 lbmft/lbtsec
D 0.062 ft
L 6.o ft
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who:

(32) (6.0) w2J

(L3..b) = 1.516 x io-6r!

A sample calculation for Fanning friction factor on run
35.M1 is givon below.

1,516 x 1o_6 (577)(38)(2.568)

0.007319

Pm * 57.70 lb/ft
b = 38mmHg
0 = 2.568 1b/tt/mm Hg

1.08 lb/soc

Reynolds Number and Viscosity

The Reynolds number was given by:

and can be altered by using:

53



giving:

(t4-a)

and

(tI.-b)

= (1çwfrtft)

DO.062ft
1L.88 centipoise/(lbm)(ft)(sec

,= viscosity, contipoise

The viscosity was calculated from the relation be-
tween friction factor and Reynolds number as given by
Nikuradse.

(30) i.O log (Re JY) 0.L.o

By substituting the equation for the Reynolds number from
Equation (t4b), this equation can be altered to give

(30a) = L.O log wff L.0 log,p + L..0 log 3O,60o-O.Lo

The graph of l/IY versus log wff (Figure 10) gives various
parameters for the different emulsions, On this graph a
straight line parallel to the line drawn for pure water
would indicate a constant viscosity. The only series of
data showing this tendency wore the pure solvent and pure

= 30,600 w



water. As the eomposttis croaaed the lines becaie
more curved and had s slope tncreasngly different from
that of cure solvent and pure water. P1rom Fire 10 srbi
trarily chosen values of friction factor were used to
determine flow rate. The vaivas of £lo rate wero subøti
tuted into Equation (30-a) to calculate vIscosities for
ziaking Figu2'e 11. Fron this figure the vlscos.Lty could be
determined for tiny given flow rate at tven compost on,

A sample calculation of hajnolda number on run 3 1

yen below.

.Ou lb

From Fiuz'e

* 3.1.9 oentipoise
Le (30,600)(l.o

1o,36o

Temperatures and Teperaturese

The wall temperatures in the test section were meas

tired by thermocouples anä th buflc temperature of the
fluid wai ioasured by cckraan therHometers as shown in
Figures 2 and j..

The temperature drivIng force was computed by using
the integrated averaoof therm000u?,les No. 3, S, and
These thermocouplea had been properly embedded and gave
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consistent readings. Thermocouples No. 1 and 7 gave torn

perature readings which were high. This error was prob
ably due to the junction contact being made outside of the
groove. The therznocop10 calibration curve Is given In
Appendix B. The bulk temperature was calculated from the
average of the two Beckman thermometer readings.

The average wall, temperature was given by tLle aqua..
tion

(16) !s i +

where

, t6 = temperatures measured by thermi

couples No. 3, , and 6, °F

lengths between thermocouples No.

3 and and and 6, In.
33,8 in.

12 17.7 in.

(3318) (76 1

103.0

An example of this calculation for the previously used
example is:

+77,76) + 17.7 (77.76+77.76)
103.0

(1.6-a) 33.8 (t3+t5) + 17,7



(14.7)

77.23°F

t +0.38

0.62

(The value of 0,36 was used to give the bulk temperature

at the position of the average wall temperature.)

tb (0.62)(7l.o6)(0,38)72.29)

71.53°F

77.23 71.53

5.70°F

72.29 71.06

= 1.23°F

The temperature profile for run 35-1 is given in Figure 9.

Stanton Number and Prandtl Number

The general heat ba: ation might be given as

57

The definition of the Stanton number is

St =

and the relation for evaluatthg the Stanton number is ro-

rrangod to give
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where the tox

Since

then

(L8-a)

re defined as:

temperature of the pipe vail,
the u1k tenipereture, O

= the bulk temperature at the be-
ginning and end of the heat section,

G mass velocity, lb<ft2)(s)
heat capacity, l3tu/(ib)(°F)

= the mean heat transfer coefficien
Btu/(ft2)(hr)(°p')

D = 0.062 ft
L 6.0 ft

The Prandtl number is defined as

Pr =

59



where

Pr the Prandtl number, dimensionless

k the thermal conductivity,
Btu/(lb) (°F)(ft2)/ft
(C)(wt.fr.w) + (Cr)

calculated from Figure 11 knowing the flow rate.

the thermal conductivity of the continuous
phase.

A sample calculation involved the Stanton number and Prandtl

number for the Drevioualy used example is:

The avera!:;e wall temperature, t = 77.23 °F

The average bulk temperature, tb = 71.53 0F

The temperature rise of the fluid 1.233 °F

Viscostty,>p.= 3,19 centipolse

Thermal conductivity at 71.5 0F O.3t1.6 Btu/(lb)(°FXft)
= 0.711 + (O.289)(o.L676)

o.8t.6 Btu/(ib)(°F)

St

St = o.8 x io'3

60

(0 .81.6 ) ( 3. 19 ) ( 2d.2 )
Pr 2

O.3I.6
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18.88

St(Pr)2/3= (0.5S8 x io)(i8,8e 2/3

0.00396

Heat Transfer Coefficient

The heat transfer coefficient is the individual co

efficient between the surface of the pipe and the fluid.
Although the temperatures measured were the temperature of
the outside wall of the pipe, the resistance of the pipe
wall is negligible arid the temperatare of the outside and
inside of the pipe are the same within the accuracy of the
measuring instruments. The defining equation for heat
transfer coefficient is given in Equation (147), A more

workable form can be made by incorporating some of the
terms into the Stanton number which gives:

frn (V) (8 t)

which upon rei rangemont becomes

14C (w)(St) I

Substituting conversion factors and numerical constants
gives the working equation:

see
(14)(3600

IT (.062) 2



(L9)

A sample calculation for the previously used example is:

h (1.192 106 o,8I6)(1.o8)(o,58 x iO"3)
= 607.7 Btu/(hr)(ft)(°F)

iat Losses

The electrical power input was measured and tabulated.
The power transferred to the fluid as measured by temper
ature rise and flow rate was computed and compared with
the electrical power input. For the run 351, these era
compared as:

Electrical Powex (L1.7.0 volts)(27.0 amps)

= 1270 watts 15 watts,
Input to Fluid (1.08 lb/s ) (1.233°F) (0.81i.6

Btu/tI.b) (°F) 3600 sec/hi')

Power Loss

1ç056 Btu/bi'

= 1189 watts,

= (1270 - 1189)(loo)
1270

= 6.38% 1.1%.

62



(30)

CHAPTER 6

SUARY AND ANALYSIS OF RESULTS

A summary of nominal and measured compositions stud-

ied, the range of Reynolds numbers, and the approxiniate

stream temperature are presented in Table 1. Detailed

observed and calculated data are presented in Appendix C.

Friction Losses

The pressure drop data was correlated by Nikuradso
.ction factor equation for smooth tubes.

Ii.0 log (Re /?) 0.14.0
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The friction factors for each run were calculated by the
method given in equation (28) and 1/if plotted versus
wJr for all of the data, Although the pressure drop meas-
urements were made under non-isothermal conditions, no cor-
rection factor was applied. Each run within a series was
made at nearly the same bulk temperature (within about 2°F).
The viscosity, heat capacity, and thermal conductivity of
the fluids were determined at the overall average bulk
temperature during the run. Since the power was increased
at a proportional rate with the flow rate, any variation
duo to the wall temperature was incorporated into the values
of viscosity which wore obtained. The plot of i/if versus



Table 1

Range of Observed Data

61t.

5% solvent
in water 95,000 70,9

20% 8olvent
in water l9.39

18.20
58,000 71.6

35% solvent
in water

31,2 37,000 72.8

50% solvent
in water L.9.l9 17,500 70.6

Pure
solvent

ioo 95,500 72.0

Measured

Nominal
Coniposit tons,
% Solvent by

Largest
Reynolds

1Average Finid
Temporature,Composjtjon Volume Nun2bex' °F

Pure
water 102,000 71.Ii.
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wff is shown in Figure 10 for the various fluids studied.
The viscosity was calculated by the following equa

tion for each fluid arid was plotted versus flow rate as
shown in Figure 11.

(30-b) logj.L= log wff

The viscosities given in Figure 11 were used to calculate
the Reynolds number and Prandti number in the analysts of

the heat transfer data.

The two lines on Figure 10 for the water arid solvent

were drawn with a slope of L.0 in accordance with Nilcurada&s

equation for Newtonian fluids and the experimental results

agree satisfactorily with the lines. Viscosities obtained
from these lines agree well with the experimental values

for water. The line for pure solvent was obtained by

least squares analysis with a slope of I.o. This line gia

a viscosity of 0.9S oenttpoise for solvent at a temperature
of 72°F. This agrees fairly well with the value of 0.97
centipoise measured by Finnigan (16) for the same temper-
ature,

All of the mixtures of solvent in water behave as

pseudoplastic fluids approaching Newtonian behavior at

high rates of shear. The limiting viscosity at these high

rates of shear has been used by several authors to corre-

late their data throughout the entire turbulent flow

og 30,600 0.10
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FIGURE II

VISCOSITY VERSUS FLOWBATE
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range, The results of this investigation gave a contin-
ual change in viscosity with a flow rate for a given com-
position although all of the measurements were in the
turbulent range. The viscosities near the transition
zone were erratlo and the lines on Figure 10 wore extrap-
olated into this region. The viscosities at the high.
flow rates tend to approach a constant value.

The broken lines on Figure 11 show the viscosity data

obtained independentlr by Cengel (8) for isothermal flow
of the same fluid in the sme test section, Good agree-

ment exists between the two sets of data and the viscosity
of the dispersions may be predicted within ± 10% by an
empirical equation derived by Cengol.

(Lji) = 1 + 2.c6.. ii.o12 +

Heat Transfer

The heat transfer data was correlated by Colburn's
equation,

(10)

The various properties of the fluid to be used in this
equation were found by fitting the data as closely as pos
sible to the equation for single-phase fluids. This was
done to determine whether the properties of the mixture,

0.023 (.)
'-'"Jr
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the continuous phase, or the diapers.d phase should be

used. It is assumed that heat capacity and density U's
additive properties and nay be calculated knowing the
valums and/or weight fractions of the components in the
dispersion. In Figure 12 the term St (Cp)23 was p1ot
ted versus Re and compared to the theoretical quations
ror pure water end solvent. This means of plotting was dc.
signed to determine the effect of concentration on the
effective thermal conductivity of the dispersion. The beat

capacity of the mixture was used and the vtsaosity d.ter-.
mined from Figure 11 The data for water and ail the
ispersiona ii. in one group about the line representing

Iquation (10) for water. The solvent data form another group
which also agree with Equation (10) for pure solvent. These

results indicat, that the effectiv, thermal conductivity of
the dispersion di.u'i turbulent heat transfer is the eon4uo
tl.vity of the ocntinuoua phase. Therefore all heat trans
fer data are plotted in ?igur* 13 where St (Pr)2/3

plotted versus Rs using th. thermal conductivity of the
continuous phase, Th. line represents Equation (10). The

verage deviation of all the data on the dispersions was
J. from the equation. The average devtations of each

series of runs from Equation (10) are given in Table 2.
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Av.rsg, Per Cent D.viation of the Data from the
Theoret i

Nominal Composition,
% by Volume

Th. consid.rabi. scattering of the heat transfer data
is probably due to arrora in temperature measurement Thars

a small rise in bulk temperature in passing through the
section but the temperatures wue measured to 0.01°C

he per cent error is of the order of l. Larger errors
may be ezp.ct.d in measuring wall temperature; although th
thermocouple. wars accurate to 0.1°?, difficulty in position.
ing the wall thermocouples in the relatively thin tubs wall
probably caused considerably larger errors. These errors
Sr. asgniti.d since the teperturi difference between wall
and fluid was usually of th. order el 40p The wall thsrmo-
couples war, placed nuder the heating ribbon and the
thermocoupl. reading could possibly be affected by the

Predicted

ribbon temperatur. and the

Table
2

3 arou from ustion 10

Cent Dsviatt
Theoretical Values

;h heat flux. Further work is

72

Pure water ls.0S% solvent in water 16.0
20% solvent In water 17.03% solvent In water 8.0
5O solvent in water 12.0Pure solv.nt 9.0
Averags of Disp.x'sions 14.0Overall Average 14.0
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recommended with a thick-walled tube eo that the thermo

couples may be placed deeper' in the tube wall. Seventy-

five per cent of the data shown in Figure 13 lie within

20% of the line. The best correlation by Finnigan

(16, p. 106) was obtained using the heat capacity of the
contInuous phase. MIller and Moulton (25, p. 15) and

l3onIlla, et a).. (5, p. 127) used C and 1c0 for their cal-

culations on solid in liquid suspensions. Several other

authors have used the thermal conductivity of the medium

in theIr calculations.

The heat transfer coefficient for the inside of the

pipe was cslcuiate from Equation (1.9) and the results are

shown in Figure 14. The values of h for water at the high

flow rates tend to fall below those predicted from Equation

(Li.9).

The electrical power input to the heating coil is

tabulated in Appendix C. The heat input used by Pinnigan

(16) was the electrical input. These values can be com-

pared with the measured power input as tabulated in

Appendix C. The average power loss was 6 per cent and the

maximum about 13 per cent.
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CHAPTER

CO NC L1J S

Apparent viscosities of liquid-liquid dispersions

were measured under non-isothermal conditions of turbu-

lent flow in a smooth tube. Thece turbulent viscosities

were calculated by substituting, a measured friction

factor into Nikuradse's friction factor equation and

solving for the viscosity. As the concentration of the

dispersed phase (petroleum solvent) increased the viscos-

ity increased. The results agree with an independent study
made by Cengel (8) on the same system but under isothermal

conditions. The agreement between the two sets of data

should be good since the non-isothermal data were obtained
at almost the same average bulk temperature as t he iso-

thermal data and relatively siall temperature differences

were employed. His equatton is applicable for turbulent

flow rates above 1.0 lb/sec with an accuracy of ± 10%.

The empirical equation proposed by Cengel to predict tur-

bulent viscosities from composition of the dispersIon may

be employed to calculate the viscosity term used In subse-

quent heat transfer correlations.

(147) 1/,P0 I + 2.5 - ii.012 + 52.62#

Forced convection heat transfer coefficients were

measured for turbulent flow in a circular tube for varI

ous dispensions and for the pure components.

7S



(10)

The heat capacity was the weighted average of the two

components; the apparent viscosity was calculated from
Figure 11 and the thermal conductivity of the continuous
phase gave the beat results. All data show an average
deviation of

Ii
LCpmG j r

c1 nt 'm

rom the equation.

= 0.02
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The heat transfer data were satisfa only correlated
by the following equation:

The heattranafer coefficients of the dispersions were

intermediate between those for the pure solvent and pure
water, The % and 20% solvent in water dispersions had very
nearly the same heat transfer coefficient as that for pure
water.



CHAPTER 8

RECOMMENDATIONS FOR FURTHER WORK

The results obtained in this thesis give a good

correlation for turbulent flow pressure drop and heat

transfer for a liquid..liqujd dispersion flowing In a

circular tube. During this investigation, many ideas

were formed on further work which could be done. Some of
the specific recommendations are gtven below:

The investigation of other pairs of scible
liquids. These liquids could have similar densities but

widely different heat transfer coefficients or widely
differing viscosities.

The use of a heavy wall tube, The embedding of
the thermocouples deep in the wall and covered with an
electrically insulating material to permit more accurate
measurements of the wall temperatur

The use of various length and diameter tubes
determine the effects of settling during the passage of
the fluid through the horizontal section.
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APPENDIX A

NOWNC LATURE

ny of the equations in this paper involve dimen-
niese ratios, and any consistent system of units

might be used. The units given below are those chosen by
the author for this work.

Latin Letter Smbol

Symbo i

A

b

Co

Cp

D

d

Meaning

Cross sectional area of flow
channel

Surface area of wall of flow
channel

Manometer readIng

Orifice discharge coefficient
Specific heat at constant pressure Btu

ibm)(OF)
ftInside diameter of tube

Inside diameter of pipe
Diameter of orifice

Diameter of particle in dispersed
phase

Base of natural logarithm

Frictional resistance force
wall of conduit

Fanning friction fec

82

Units

ft



g

1

p

t
t
tj,

Mass volo

Gravitational acceleration

Conversion constant = 32,17Z.

Thermal conductivity

Constant in orifice equation

Length of conduit

Vertical distance between orifice
pressure taps
Length between thermocouples

Constant on heat transfer equation
Flow behavior index

Static pressure

Power input to heater coil
Steady state heat transfer rate

Temperature

Temperature of flowing fluid
Temperature of tube wall under
heating coil

ft
see

(

Btu

mbol Meariin

h heat er coefficient Btu

lb

watts
Btu
hr



Symbol

V. Average linear velocity ol

Me ant

aid
sec

Overall heat transfer coefficient

Mass flow rate

Work done by flowing fluid

Volume traction

Weight fraction
z Height above a datum plane

Greek Letter Synibola

Correction factor in expression
for kinetic energy of fluid
A function of, used in corre-
lating dimensionless quantities

r Fluid consistency

Btu

ibm

4 FinIte difference
9 Constant in some equations

1, Dynamic viscosity Con

Viscosity of continuous phase Centipoise
Viscosity of dispersed phase Centipoise
Apparent Viacoalty ot mixture CentIpoie

qr Constant, 3.1416
0 Density ibm

8L.



Symbol Meanin

Conversion factor, 1L88

Shear stress

Volume fraction of dispersed
phase

Function of undetermined form in
expression for heat transfer
coeffic tent

Composjt Symbols

BWG Birmingham wire gauge

in U.S. gallons per minute

log Common logarithm (base 10)

Lost work due to friction in aflowing fluid

Nuselt number

Prandtl number

Roynolde number

tnton number

Pressure difference between twopoints in a flowing fluId

(lbm)(ft)(SE

ibm

Units

c.p

gal
mth

(lb )

Os

Nu
k

C
Pr

k
DG

St h
CG



d

f

0

2

Pressure difference due to fluid
friction

Subscripts

Bulk, the flowing fluid
Continuous phase

Dispersed phase

Effetjv
Force (as in lbf), or friction
(as in Pr), or film
Mass (as in ibm) or mixture
Orifice

Tube wall under heating coil
Refer to positions in a flowing system

86

Symbol Meaning Uit



Gray: 14.9.1

% Recovered 98.S

60°F

87

APPENDIX B

PROPERTIES OF PURE LIQUIDS AND CALIBRATION CTJIWES

The solvent used as the organic component of the pair
of iimiscibi.e liquids in this investigation was a commer
cial cleaning solvent manufactured by the Shell 011
Company under the name "Shellsolv 360t1. This liquid
clean and colorless, and is readily evailable in SS gallon
drum quantities at reasonable cost. The properties of
this solvent are presented in Table 3.

Table 3

Properties of "Shellsolv 360"
(Data from Company Specifications)

Initial Boiling Point 3014.

nal Boiling Point 362

10% Recovered 317

o% Recovered 323

90% Recovered 3142

Spec
y., API,
o Gravity, 60/60°F 0.783

Color, Saybolt 26+
Flash Tag, O.C., °F 110

Flash Tap', C.C., 0F 103
Aromatics, Stoddard, % v 2

A,S.TSM. Distillation, 0F:
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Table 3 indicates that the solvent is low in aromatic
hydrocarbon content and a fairly high paraffthic content

(16, p. 130). Finnigan decided the composition was in the

nonanedocane range. He also estimated that the molecular

weight Was about l3L.

The solubilities of hydrocarbons in water are quite

low and Finnigan estimated a solubility of 0.0 mole p

cent water in petroleum solvent at 70°F. This system

consists of a pair of practically inuniscible liquids.

De

The densities of the water, mercury, carbon tetra-

chloride, and solvent change slightly with a change in
temperature. The values used were taken from the Chemical

Engineers' Handbook (29, p. 175) and the meaurenients made

by Finnlgan (16. p. 132). The specific gravity of the

carbon tetrechioride was determined by weighing the volume

delivered from a buret. The iodine coloring used had no

effect on the specific gravity. The densities of water

and solvent are plotted versus temperature in Figure 15.

The effective densities of mercury under water and carbon

tetrachloride under water are given in Figure16,

Specific Heat

The specific heat of the petroleum solvent was measured

by Finnigan (16, p. 13L) and a value of 0.L72 Btu/(lb)(0F)
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at 79°F wat measured. Using the known variation of heat

capacity with temperature, the value of 0.Li68 Btu/(lbm)(0P

was obtained at 710F. The variation with temperature was

small and the value of 0.L68 Btu/(lbm)(°F) was used

throughout the present work.
The specific heat of water is 1.0 Btu/(lbrn)(°F)

0.1 per cent between 50 and 80°F and this value was used

in all of the calculations.

Thermal Conductivtty

Wang (14.3, p. 1667) has measured the thermal conductiv

ity of a petroleum solvent with properties practically
identical to those of the solvent used in this investi-.
gation. The thermal conductivity of hydrocarbon mixtures

change slowly with changes in composition at a given tem

perature and Wang's values were applied to the present

work.

The thermal conductivity of water is given by McAdams

(21, p. 8614.), Van der Held and Van Drunen (142, p. 865),

and the Chemical Engineers' Handbook (29, pi 1459).

The thermal conductivity of water and solvent are

plotted versus temperature in Figure 17.

Viscos

The dynamic viscosity of the petroleum solvent was
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measured in an Ostwald visoometer by Finnigan (16, p. 140).
He found a very slight change in viscosity after the sol
vent had been used several times, The values of viscosity
versus temperature are plotted in FIgure 18.

The values for the variation of the viscosity of
water with temperature (29, p. 37t) were obtained from
literature values and plotted in Figure 18.

Thermocouples

The thermocouples were calibrated by graphing the
temperature measured on the previously standardized Beckman

thermometers versus the millivolt readings of the thermo..
couples during several isothermal runs on pure water. The

differences between the various thermocouple readings was
negligible and the same calibration curve was used for all
thermocouples. The calIbration curve is presented in
Figure 19.

Orifice Calibration Curve

The orifIce calibration curve, as given by Firinigan
(16, p. 96) and used in the present calculations, is ahoin
in Figure 20.
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APPENDIX C

TABULATED DATA

Teble t

Observed Data

97

(i)*
Run
No.

(2)
Entering
Temp.,r1

(3)
Air

t,°F
(Ii.) (5) (6) (7)

Wail temperature readings
t1,°F t2,°P t3,°F t11,0F

w..1
2

71.69
70.66

71.33
70.37

71.60
70.65

76.56
75.55

77.99
77.99

3 70.16 78.0 70.12 70.143 76.28 79.67
70.75 78,0 70.60 70.70 74.85 77.55

6
71.67
71.65

71.37
71.22

71.99
71.86

75.86
76.1L.

79.)4j.
79.00

7
8

71.46
71.13

75.3
75.2

71.00
70.17

71.17
70.88

74.80
73.98

77.01
76.56

9
10
11
12
:1.

1
15
16
17
18
19
20
21
2
23
214.

25
26
27

5-'
2
3

69,76
70.20
69.4?
69.1411.
70.02
71.51
70.21
'70.78
70.89
68.97
71.13
69.71
72.614.
72.90
70.50
69.95
69.86
70.03
70,90
70.51
70.36
70.33

71.1..9
77.7
71.9
77.6
77.7
76.1
77.7
80.0
82.1
78.2
83.9
85.7
78.6
77.7
90.0
92.9
93.6
93.6
94.2
82.7
79.4
79.9

68.76
68.80
67.07
67.88
67.60
71.04
70.13
70.38
70.38
67.71
71.32
69.73
71.95
71.55
70.43
69.95
69.90
70.17
71.27
68.80
68.18
67.92

69.07
69.51
68.84
68.27
68.27
71.68
70.52
70.66
70.96
68.18
71.68
71.32
73.05
71.86
70.65
70.25
70.OIi.
70.30
71.33
69.39
68.64
68.36

73.05
73.10
76.80
73.65
72.60
76.88
73.70
74.45
714.96
72.02
76.00
79.18
80.27
76.79
74.36
73.89
73.65
74.23
76.52
74.10
72.73
72.30

75.34
76.40
85.00
77.13
75.06
80.07
75.90
76.65
77.
74i07.9i
83.70
84.81
80.17
75.55
74.89
75.25
75.90
79.23
76.43
73.05
74.8571.14 79,7 68.64 69.02 73.65 7b.

6
70.614.
71.03

7.9
70.2

67.30
70.00

68.18
68.84

73.05
75.90

75.9
79.32
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* The run number code is as'follows: the first number (or
symbol) represents the nominal composition and the
second number represents the run number within the series,
Thus, W-]. is the first water run, 50.'Z is the second runwith 50 per cent solvent in water, etc.

Table 14. Continued

Observed Data

(l)*
Run
No.

(8) (9) (10)
Wall temperature readin

tS,op t6,0F t7,op
(1:

t8 ,°p
(12)

OF

2
3

77.23
76.56
77.145

78.11
77.76
78.70

82.10
81.89
84.6o

75.11
74.28
74.36

73.89
72.52
72.48

7
8
9

10
11
12
13
14.
15
16
17
18
19
20
21
22
23
24
25
26
275l

2
3

75.25
76.48
77.01
75.56
714..58
73.84.
73 62
85.12
77.22
74.. 93
78.60
74.05
74.05
75.60
75.16
76,6S
83.35
84.37
77.86
71. .93
74.10
74.Li.5
71j..23
79.18
74.. 85
73.80
73.00
74.23
75.16
78,60

76.4.3
77.14.5
78.11
76.4.0
75.142

82.59
84. 81
83.58
80.70

80
84..i5
90
81.89
79 18
86.37
82.29
83.35
84.214
78.39
90.2
91.0
92 0
93
82.
82.

86.56
85.79
811.. 19
84.60
83.75
88.0
81.68
86.36

72.60
73.70
74.36
7.3. 4
72.39
71.27
70.60
80.93
74.58
12.82
75.47
71.55
72.16
72.56
73.40
73.15
79.144

71.73
72.39
73.05
72.35
71.45
69.90
69 68
75.81
71.82
70 8
73.5
70.52
71.13
71.17
71.17
72.12
79.414.
77.55
73.75
71.64
70.84
70.60
71.04
7.02
70.48
69.51
69.51
69.81
70.37
72.144

74.40
74. 36
86.32
78.16
76.00
79.53
74.58
75.51
76,24
76.24.
77.45
45.08
85.65
78.711.
75.60
714.36
74.68
75.02
79 95
75.51
73.98
73.05
74.54.
75.614.
79 68

80.70
74.63
72 .82
72.20
71.27
71.50
76.09
71.77
70.43
70.04
70.75
71.73
75.51



Note Temperatures above 87°F and all air temperatures
are given only to the nearest 0,1°F.

Table 14 Continued

Observed Data

(1)* (13) (14) (15)
Ru Orifice Manometer Test Sect
No. mm mm Menorneto

CC1j Hg nirri CC11

99

(16) (17)
on QIE,

watts

217 10 166 8 1075
150 8 118 7 1037
329 16 247 12 1612

100 59 1850
198 100 22236 600 140 26 1672

7 29 360 18 1222
8 163 88 16O1
9 46 655 30 152310 292 ].48 238311 10 10 84212 29 1 211. 2 724

13 55 3 2 7214.
14. 297 14 221 10 154815 185 98 176716 93 55 177817 65 40 176718 19 15
19 259 133 284220 142 31 12614.21 53 4.3 127822 308 153 315223 607 28 4.21 20 119124. 6]. 39 139125 206 110 192026 386 204 224327 85 4 70 4. 9955..]. 4.2 29 1.22 166 92 218
3 239 130 2188
4. 311 160 2862324 15 250 12 13486 9 L. 77 14. 1353
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(i)* (2) (3) (LiP) 5) 6) (7)
5-7 70.05 7I.3 67.11.7 68.55 75.1,6 78.91

8 70,140 71.6 69.07 69.73 75.06 77.81
9 69.97 73.6 69.15 69.60 714.19 76.86

10 70.07 70.0 69.07 69.63 714.76 77.6311 69.26 81.1 69.15 71.27 77.27 90.2
12 69.17 80.6 68.814 69.51 714.114 77.8113 68.95' 80.8 68.55 68.81i. 72.60 714.80
it1. 68.81 82.3 68,31 68.31 71.6L. 73.15
15 69.o14 81,7 68.36 68.68 72.25 73.9816 69.09 80.3 67.96 68.18 72.12 71.1..36
17 69.02 81.5 69.07 69,39 73.28 75.6018 69.111. 82.1 69.11.7 69,11.7 73.28 75.5519 69.55 82.9 69,68 69.90 73.89 76.5620
21

69.55
69.69

79.11.
78.8

69.20
68.8Li

69.20
70.37

73.98
76.52

76.11.0
79.9022 70.22 79.8 69.90 70.37 7t1.58 76.9223

211.
70.37
70,08

80.6
So,y

70,Oti
69.60

70.L3
69,95

7ti.58
7L.8o

77.55
77.9025 70.05 79,9 69.73 70.65 79.23 83.7126 71.67 86.0 71.73 71.95 76.L0 78.3527 71,14i. 87.6 71.17 71.611.. 75.11.7 77.1828

29
71.17
71.01

89.11.
91.0

71.37
71.014

71,37
71.27

75.25
75.06

76.97
76.6130 70.90 92.5 70.811 71,115 711.80 77.2331 70.75 93.2 70.81i. 71.22 75.06 77.0132 71.53 96.0 71.55 72.39 77.23 79.6633 71.99 92.0 71.95 72.52 78.07 60.79

311. 71.95 93,14. 72.16 73.19 78.91 82.IL720-1 69,L.7 78.6 68.59 69.11 71.77 73.052 69.58 79.9 68.811. 69.39 73.1.1.8 7,.383 69.53 79.9 68.80 69.51 711.58 77.99
11. (0.22 77.7 69.25 69.30 7LL.36 76.525 69.98 78.L. 68.59 69.07 73.05 7k.896 69.98 75.3 70.05 68.31 71.82 714.367 70.014. 78.1 68.5o 68.89 72.65 714.508 70.39 80.8 68.93 69.147 73.58 75.699

10
70.141
70.147

82.1
78.6

69.30
70.143

69.35
70.h3

73.80
714.76

76.114
77.2311 70.53 78.1 70.35 70.60 714.89 77.6312

13
70.79
70.814

77.7
78.6

70.65
70.60

70.75
70.79

75.314
75.55

77.67
78.21114.

15
16

71.10
71.15
71.014

78.].
77.5
77.7

70.65
70.70
70.814

71.00
71.27
71.50

75.30
75.01
75.21

78.35
79.27
77.1817

18
70.92
72.31

79.7
80.3

71.37
72,07

72.82
72.65

79.71
75.90

85.33
77.8119 72.26 01.2 72.16 72.86 76.140 78.21
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(1)* ç8) (9 (10.) (11) (12)

5-7 78.91 79.71 81..55 75.90 72.56
8 77.67 78.30 83.85 7L.8O 72.65
9 76.32 76.80 83.00 73.53 71.86

10 76.52 77,13 85.03 73.Lai. 71.73
11 96.0 98.1 100.3 90.5 83.27
12 77.76 78.11 51.6I. 76.09 73.32
13 7li.l. 75.21 78.25 73.28 (1.27

72.30 72.65 77.99 70.37 69.60
15 72.69 72.82 80.60 70.37 69.51
16 72.82 73.05 81.89 70.35 69,39
17 714..02 73.80 83.23 71.09 70.17
18 73.80 73.98 81L.78 70.96 70.25
19 7L.Li5 7L.1L! 87.2 71.L5 70.56
20 75.6b. 76.lLi. 83.00 73.2I 71.50
21 79.32 79.99 86.L5 76.32 72.82
22 75.I7 75.73 85.57 72.56 71.27
23 75.25 75.3i. 89.L. 72.02 71.17
21. 75.77 75.77 89.8 72.16 71.00
25 83.18 W..32 92.6 79.L0 75.25
26 77.81 78.11 86.io 7L..85 73.53
27 76.21i, 76.56 8L1..55 73.7 72.60
28 75.86 7.00 85.03 73.28 72.16
29 75.69 76.32 86.L5 72.82 71.95
30 75.77 76.05 87,00 72.69 71,60
31 75.51 75,73 88.9 72.20 71.13
32 78.56. 79.18 85,92 75.69 73.70
33 80.L7 81.36 87.3 77.23 7L..63
31j. 82.59 83.80 87.7 79.27 76.L10

20-1 72.56 72.86 76.56 71.01. 69.73
2 75.02 7S.L.7 79.1Li 73.28 70.96
3 77.67 78.30 81.93 75.t.7 72.25

75.17 (5.77 82.85 72.82 70.96
5 73.93 7L..28 81.10 71.14 70.17
6 73.58 7I.10 80.38 70.79 69.81
7 73.L.8 73.70 81.93 70.8!. 69.73
8 7I..36 7i.36 83.9I. 71.27 70.08
9 7t.63 7L..63 86.5L. 71.14 69.99

10 75.Ij.7 75.t.7 86.5L 72.39 71.68
11 75.90 76.00 88.L. 72.60 71.7312 76.1t. 76.32 89.8 73.05 72.16
13 76.52 76.56 90.2 73.28 72.12
1L1. 76.19 76.35 90.0 72.91 72.20
15 76.97 77.0! 92.L. 73.26 72.2516 76.00 76.2Li 8L1..86 73.32 72.20
17 85.92 86.53 89.6 81.89 77.90
18 76.13 (6.61 85,79 7L1.02 72.90
19 77.05 77.23 86.32 7L.28 73.10



34
20-1

2
3

(13)

7
8
9

10
11
12
13
14
is
16
17 23
18
19

(16) (17)

5-7
8 i46

295
10 571
11 6
12 18
13 47
lIj. 597
15
16

1959
5 1139

10 1296
19 16L.6

547

2 5914.
19 996
39 1500
45 1736

17
18
19
20
21
22
23
214.

67 1879
107 2175
158 2581

13 1356
5 1130

53 1932
194 2720
191 2720

15914.
12 1280
23 1278
41 1513
68 1797

115 2034
202 2.35

9 1148
5 1026

766
lii. 726

6 726
3 726

20 1385
33 1385

25
26
27
28
29
30
31
32
33

46 138583 68 1579
105 70 1901
147 91i. 2272
191 118 2272
213 130 2525242 1414. 2796
285 167 2882
320 185 2886
383 217 3360
103 71 1784

27 685
170 107 1872
125 83 1872

102

120
193
301

329 16 257
89 4 74

88
387
212

82 5 6t.
332 16 259
654 30 472

60
118
203
387

202 10 165
90 4 80
31 30

390 18 337
127 6 129

69 67
556 456

(14)

7 120
14 231
28 4214.

12
2 36

28 435
61
75
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(7
20-20

21
22
23
2L.
25
26
27
28
29

3S1

79.90
78.21
78.21
76.97
76.52
76.09
76.48
75.51
77.67
77.94
78.352

- 78.52
77.86
77.81

5
6
7
8
9

10
11
12
13
14
1.5
16
17
18

81.o
81.45
80.84
80.65
81.27
81.14
80.75
79.99
83.80
83.00
83.75
83.27
78.35

19
20

So-i

80.70
75.25
7ti.10
80.12

2
3
4
5
6
7
8

78.56
77.59
78.16
77.90
77.72
78.56

9
77.9
77.3'10

11
12
13
124.

15
16
17
18

82.29
82.29
83.53
82.34
84.4i
63.89
82.06
80.33

9 77.94
77.S9

(2) ç4) 5) (6)

72.314. 79.9 72.25 73.10 77.90
72.2 80.3 71.99 72.82 76.24
72,23 79.9 71.90 73.15 76.80
71.72 86.3 71.33 71.50 75,47
71.35 87.3 70.96 71.13 75.0271.13 86.5 70.60 71.04 74.5870.77 86.8 70 48 70.79 74.8571.00 88.1 70.56 70.84 74.4o71.32 87.0 70.60 71.04 75.47
71.29 88.0 70.52 71.04 75.31i.71.06 85.7 70.92 71.Li]. 76.14
71.35 87.0 71.37 71.68 76.65
71.27 88.6 71.50 71.68 76.1370.92 88.4 70.75 71.04 75.69
73.30 87,6 73.36 73.36 78.07
73.45 88.0 73.48 73.80 78.56
73.53 90.1 73.58 74.10 77.76
73.54 86.8 73.70 73.70 78.0373.83 83.2 73.28 73.62 78,56
73.98 80.3 73.48 73.89 78.L8
74.03 84.4 72.82 74.19 78.11
73.99 85.7 73.36 73.53 77.81
74.44 64.3 73.93 74.80 80.84
73.67 83,7 72.86 74.23 60.21
73.00 85.0 72.86 73.70 79.66
73.92 85.7 73.70 74.50 79.00
69.16 85.0 69.30 69.73 73.98
68.9L 87.6 6.84 69.95 74.8969.40 88.1 69.35 69.99 72.2569,37
68.88

88.4
76.8

69.07
69.07

69.73
69.35

72.44
76.1L68.86 79.9 69.07 69.07 75.2568.80 79.9 68.80 69.30 74.7668.90 80.6 69.02 69.30 75.3868.8 80.3 68.93 69. 3 75.2569.06 83.0 68.84 69.69 75.3469.06 80.8 68.80 68.64 74.5469.42 84.3 69.77 69.95 75.4771.44 82.6 71.14 71.55 75.3871.16 80.3 70.84 71.22 78.1171.22 83.4 70.84 71.60 77.8671.29 84.8 71.00 71.73 77.5070.52 85.7 71.04 71.50 77.0970.58 85.7 71.00 71.86 77.3270.52 80.8 70.21 71.50 77.0970.29 82.1 70.12 70.84 75.5170.57 85.0 70.60 71.99 75.14.271.56 81.8 71.13 71.73 75.7371.424. 77.7 70.84 71.33 7.77



10L

(1)*
(ffi) (9) (10) (11) J12)

7L1..02
73.28
7L.19
72.73
72.20
71.73
71.17
71.73
72.69
73.05
72.60
72.78
72.16
7i..55
714.36
714.50
714.140
714.11.0
714.63
714.63
714.56
714.68
76.35
714.76
75.77
76.52
73.21i

75.142
71.86
70.17
71.37
70.70
70.148

70.37
70.37
70.37
70.17
70.52
72.16
73.98
714.111.
75.02
75.25
75.90
76.1L1.
76,143
75.55
72.39
72.16

20-20 78.65 79.00 87.10 75.69
21 77.32 77.50 85.21 7L.58
22 77.67 78,03 83.67 76.09
23 76.143 77.05 83.00 73.98
214. 75.93 76.19 53 05 13.32
25 75.51 75.86 82.77 72,79
2 75.51 75 51 37.5 71.99
27 75.21 75.69 79.76 73.58

77.50 78.25 32.10 714.514.
29 77.81 78.11 81,72 75.02

35-1 77.76 77.76 87.1 73.8L2 77.90 77.67 86.145 714.50
3 77,145 77. 5 86.75 73.70

76.80 76.5 89,8 73.15
79.L9 79.66 38.5 75.77

6 79.1 79.99 90.2 75.69
7 79.27 79.95 89.8 75.69
6 79.00 79.140 89.5 75.147
9 79.53 79.76 89.7 75.69

10 79.9 79.66 89.0 75.61i.
11 78.j5 79.114 h8.7 75.51
12 79.36 79.144 88.9 75.25
13 83.00 83.30 38.11. 78.56
114. 82.29 83.00 89.1 77.86
15 83.23 83.80 37.5 79.3216 '82.81 83.23 86.10 78.96
17 78.83 79.66 81.140 75.60
18 81,10 32.36 814,95 78.03
19 75.142 75.81 76.148 73.65
20 73.70 7Li..140 76.6 71.9050-1 79.11.0 79.95 87.Ij. 71.80
2 77.90 78.07 85.35 73.65
3 77.01 77.13 814.69 72.65
11. 77t5 77.76 85.65 72.86
5 76.61 77.05 35.65 72.39
6 76.70 77.13 86.75 72.20
7 77.55 77.86 89.1 72.65
6 76.61 76.80 87.8 72.39
9
10

76.2L
81.72

76.61
82.10

85.148
87.14.

73.148
77.27

11 81.36 82.29 87.0 77.32
12 82.90 83.114 87.8 78.60
13 83.00 83.18 86.9 78.35
114. 83.80 83.89 37.8 79.90iS 82.95 82.85 86.2 79.3216 82.29 82.314 814.11 78.h8
17 8i.oi. 81.27 82.85 77.3
18 76.75 76.97 86.62 73.3619 75.90 76,80 86.31 73.05
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(13) (1L) 5) (16) (17)
20-20 36 282 1621

21 73 52 1613
22 390 19 314.9 17 1125
23 1423 19 3L.0 17 1012
214. 680 32 5146 25 1191
25 514. 14.0 126
26 213 129 220
27 229 11 208 10 700
28 109 98 697
29 65 614 573

35-1 14.5 38 1269
2 ji 38 1339

65 14.8 1320
82 58 1580

107 82 1808
6 1143 106 2128
7 192 1314. 2128
8 211 lIt8 21614.
9 239 165 227310 289 188 227311 319 207 227312 392 214 2273

13 19 380 17 1126
iL'. 557 26 536 23 1275
15 169 8 116 14. 77716
17
18
19
20

50-i
2
3

81.i.

91
59
78

232

14

5
3
1.ii

57
69

102
75
36
57

227

3
14.

2
10
50
63
73

513
390
390
153
387

1273
1268
1255

85 85 11914.
110 103 15756 139 125 18214.

7 157 139 19778 212 177 2028
9 2143 197 166210 30 36 1000

11 558 26 603 32 93912 1410 20 517 214. 814713 307 1L. 3814. 18 715
114. 219 10 261 12. 595
15
16

16].
118

211
172

1455
140117 71 126 30818 297 236 173719 331 260 1737



lo6

S2) (3).., ( (6) (7)

73.90 89.3 73.89 7Z..68 81.10 83.14472.86 89.2 72.65 73.1.8 78.48 80.07
73.09 88.9 72.60 73.48 79.23 80.97
70.58 80.ij. 70.14.8 71.00 76.61 78.3570.68 80.b 70.70 71.04 76.56 78.11
70.41 81.0 70.52 70.84 76.56 77.99
70.90 79.7 70.37 71.00 75.11 76.5670.81 84.9 70.60 71.95 76.1l. 77.99

9 70.93 81.8 70.65 71.27 75.3LL 77.3610 71.08 80.1 70.88 71.90 76.4 79.18
11 71.46 80.3 71.27 71.99 75.21 77.18
12 71.42 77.7 71.13 71.82 74.68 76.56



(8) (9) (10) (U)

2

6
7
8
9

10
11
12

107

62.85 83.27 88.9 77.81 75.69
79.14k. 80.17 86.15 75.69 73.93
80.38 80.70 87.1 75.73 7Lkl40
77.50 77.81 85.57 73.28 71.77
77.13 77.36 85.92 73.15 71.50
76.97 77.36 85.65 72.82 71 17
76.52 77.50 79.90 73.93 71,82
78.03 78.L 80.79 7t.14.0 72.12

77.8677.27 79.90 7L..28 72.39
79.3.0 79.90 81.22 75.L7 73.15
77.67 77.81 78.70 7L.72 73.10
77.01 77,59 77.76 7L..58 73.19



got

6tttII
so1L
99C9tLtt 98Cootciiz

Lllit16?LI69C
911i1

O919L1
51111oo66
01215t 9WtiSLot 166696
16605

(Li)(91)(51)(ti!)(i)



TAI3U

14.81
1;. 79
f.3i
14-. .19

14.14.3
14.74
3.Sb.
3.14
3.47
3.01

10 8
5.5
3.145
5.87
') r-') ./
3 68
L.i8

10.70
9O3
4.37
3.91
3.78
4.09

e .52
3.69
2.76
2.19
., ,c_.
3.22
5.66
6.8
5.08
5.39

18.59

)

109

(5) (6)
Driving Temp.

Force Rise

1.737
2.052
2.133
0.999
0.882
1.377
1.188
0.690
1.179
0.963
6.o814.
3.132
2.313
2.133
0.711
0.972
1.13
2.71
0.963
4.730
4. 131
0.963
1.170
0.927
r s)

U

0.630
2.6614.
1.530
0.963
0.810
0.918
1.85
3.27.
3.465
2.286
1.872
1.674
7.281

W-1 0.528 72.35 77.16
2 0.1455 71.144 76.1.3
3 0.628 70.97 77.28
14. 1.66 71.13 75.32
6

2.35
1.05

72.01
72.17

76.144
76.91

7 0.38 71.91 75.145
8 2.13 71.39
9 1.13 70.21 73.6810 2.814. 70.57 73.5811 0.115 71.76 82.5912 0.192 70.63 76.21

13 0.266 70.90 7L..35
114. 0.62 72.32 78.19
15 2.25 70.14.8 7L.0316 1.59 71.15 7L.83
17 1.359 71.32 75.5018 0.180 70.01 71j.31
19 2.72 71.50 7b.57
20 0.231 71.51 82.21
21 0.260 714,.21 83.222 2.92 73.27 77.6W23 0.88 70.95
214. 1.295 70,30 714..08
25 2.140 70.114. 714.2326 3.27 70.27 7.3727 0.3143 71.92 7.)4i.

1.08 71.09 74.522 2.14 70.73 73.23
3 2.59 70.614. 72.57
14 2.93 71.49 73.87
S 0.6145 71.35 74.316 0.343 72.28 77.68
7 0.21i.O 71.37 77.59
8 0.35 71.27 76.72
9 0.blO 70.68 75.5010 0 855 70.71 75.8LiU. 72.014. 90.37

Calculated Data

(1) (2) (3) (4)
Run Average Average
No. ibm

sec
tb, tw,



Table 5 continued

Calculated Data

110

(1) (7)
Run Stx 3
No.

(8)fxlO3 (9)
}A

centipoise
(10)

Re z 10
(11) ,

St(C )2f3
X 10

W..1 0.9314. 6,690 0.9k9 17.03 1.632 1.0614. 6.14014 0.960 114.51 1.87
3 0.8714
14 0.617

7.036
!,.227

0.966
0.9614

19.79
52.66

1.5
1.0

S
6

0.515
0.752

14.14.21
5.758

0.953
0.951

714.914
33.78

0.90
1.31

7
8

0.868
0.568

5223
14,735

0.9514
0.961

28.21
67.75

1.52
1 00

9 0.879
10 0.828
:ii 1.1453

5.763
14.1480
8,1495

0,976
0.971
0.956

35 .141
69.140
3.71

1.56
1.146
2. Sli12 1.1452 7.31t. 0.970 6.07 2.56

13 1.7314.
114. 0.9LjO
15 0.518
16 0.683
17 0.702
18 1.635
19 0.1491

6.669
6.1459
14.. 726
5.311
5.288
5,1814
LL.389

0.967
0.9147
0.972
0.9 61.
0.961
0.978
0.959

8.143
20.00
70.71
So. 14i.
143.22
5.65

86.65

3.06
1.614
0,92
1 20
1.23
2 90
0 8620 1.11414.

21 1.183
22 o.S67

.527
7.1146
14.381

0.959
0.926
0.937

7.141
8.62

95.20

2.01
2,03
0.98

23 0.778
214. 0.638
25 0.1469
26 0.1400
27 1.062

6,107
5.678
14.662

.658

.677

0.966
0.975
0.977
0.975
0.9514

27.80
140.53
75.00

102.35
10.98

1 37
1,13
0.83
0.71
1.655-i]. 1.073 6.057 1.235 26.69

2 0.903 14.893 1.138 57.39
3 0.957
14. 0.900

14.721
14.5140

1.10].
1.076

71.79
83.105 1.1490 6.657 1.255 15.686 1.1497

7 1.383
8 1.036

7.338
6.1425
7,036

1.255
1.255
1.25

8.314

10.58

3.10
2.87
2.1

9 0.953
10 0.803
11 1.013

6.900
6.14140

1.255
1.250

114.83
20.87

1.9
1,66



17
18
19
20
21
22
23
214.

25
26
27

5..'
2
3

7
8

3
4
S

(12)2
St(Pr)

x

3.30
3*79
3 13
2.19
1.82
2 66
3.08
2.02
3 17
2.97
5.16
5.21
6 21
3.32
1.66
2,44
2.50
5.69
1.75
4.07
Ii.. 12
1.99
2.78
2 30
1.69
1.41
3.7

Table 5 Continued

Calculated.)ata

(13)

Bt / ( hr)
(ft2) (°F)

586
575
652

1220
1438

938
907

1L437
1180
27914.

199
331
514.8

692
1385
1290
1133

350
1587

31
36!

1967
813
982

1337
15514.

14.33

i39
2250
2885
3069
1119
598
386
525
677

1565

(14)

wC At1
t ta

966
985

1413
1750
2187
1525
1103
1551
1406
2685

738
634
649

1395
1688
1630
1626
516

2763
115,3
1133
2967
1086
1266
1869
2173

9614.

1582
213].
2169
2781
1237
1161
859

1026
1]. 8].
148o

12.23 0.043
12.50 0.036
11.92 0.053
13.83 0.120
15.04 0.156
13.16 o.o8o
13.84 0.064
14.53 0.147
13.17 0.086
14.914. 0.190
10.85 0.011
11.69 0.016
12.25 0.022
12.44 0.050
14.55 0.155
13.72 0.116
13.75 0.099
13.89 0.013
15.09 0.180
12.38 0.019
11.83 0.022
15.11 0.193
12.80 0.069
13.27 0.098
14.65 0.164
14.65 0.223
12.24 0.028
12.85 0.084
14.29 0.150
14.55 0.178
14.84 0.198
12.08 0.053
11.67 0.029
12.48 0.019
11.92 0.037
12.04 0.051
12.46 0.069

6
7
8
9

10
1i
12
13
u4.

15
16

(15) (16)
wff

4.25
3.92
3.30



(2) (3) (Li) (5) (6

5-12 0.157 70.37 76.9 6.28 3.114
13 0.2L.7 69.75 73.0 L.31 2.106
1L 0.875 69.25 71.92 2.93 1.1L3
15 1.30 69.J5 72.35 3.16 1.071
16 1.4.3 70.20 72.L0 2.20 2.898
17 1.82 69.39 73.t9 t1.36 0.972
16 2.31 69.L8 73.39 L..17 0.900
19 2.80 69.88 fl4.13 Lt.51 0.855
20 0.650 70.25 7 .95 t.76 1.827
21 0.338 70.80 78.30 7.76 2.90722 1.56 70.66 75.00 14..60 1.15223 3.27 70.69 714.82 L1.39 o.8L1.6
214. 2.LJ. 70.50 75.27 .03 1.098
25
26

0.327
0.650

71.67
72.35

81.81
77.140

10.30
5.05

14.257
1.773

27 0.910 71.92 76.014. 14.12 1.269
28 1.295 71.59 75.68 14.09 1.089
29
30

1.80
2.38

71.37
71.21

75.59
75.50

L.22
14.29

0.9L4.5
0.81931 3.27 71.03 75.Lj.0 14.37 0.73832 0.505 72.31 78.23 5.92 2.0L.

33 0.350 73.03 79.83 6.80 2.71
31j. 0.202 73.32 81.59 3.27 3.58220-i 0.6a5 69.814. 72.12 2.514 0 972

2 0.14.03 70.20 714.38 14..l4 1.629
3 0.303 70.14.7 76.514. 6.33 2.14.75

0.825 7O.81. 714..95 14..37 1.620
5 1.09 70.145 73.7 3.28 1.2336 1.30 70.38 72.6 2.714 1.053
7' 1.Lj9 70.14.14. 73.05 2.87 1.062
8 i.9 70.83 73.89 3.32 1.152
9

10
1.98
2.25

70.85
70.86

714.16
75.02

3.51
14.142

1,114.3
1.0171]. 2.39 70.93 75.40 14.73 1,OL4Lj.

12 2.53 71.21 75.67 14..72 1.08913 2.714. 71.23 76.00 5.03 1.035
114. 2.92 71.147 75.69 tj..L48 0.981
15 3.20 71,55 76.L.0 5.11 1.05316 1.66 71.14.5 75.56 14.37 1.071
17 0.199 72.39 83.98 11.59 3.861
18 2.12 72.65 76.09 3.70 0.882
19 1.83 72.614. 76.65 14.27 0.99020 0.98 72.93 78.23 5.56 1.53721 1.39 72.60 76.75 L4..1.1 1.1314.
22 0.695 72.82 77.2L. li.b8 1.55723 0.72 72.25 76.22 3.97 1.386



(1) 7) (8) (9) (10) (

5-12 1.2914. .Lj59 1.2% 3.82 2.68
13 1.2614. 6.615 1.2% 6.00 262
114. 1.009 6.370 1.2149 21.38 2.09
15 0.877 5.622 1.2114. 32.68 1.77
16 0.902 5.361 1.202 36.31 1.81
17 0.577 14.927 1.166 147.63 1.114.
18 0.558 14.885 1.1214. 62.72 1.07
19 0.14.90 14.910 1.085 78.75 0.92
20 0.953 6.820 1.2% 15.81 1.97
21 0.969 7,26 1.255 3.22 2.0].
22 0,614.8 5.306 1.190 140.01 1.30
23 0.1499 14.1t19 1.053 r))t77 0.92
214 0.565 14.991 1.115 65.96 1.08
25 1.069 6.710 1.255 7.95 2.22
26 0.908 6.873 1.255 15.81 1.88
27 0.797 6.390 1,214.7 22.27 1.65
28 0.680 5.956 1.215 32.53 1.140
29 0.579 5.113 1.168 147.03 1.114
30 0.14914 14.9146 1.127 614.145 0.95
31 0,1437 14.602 1.053 914.77 0.81
32 0.893 7.253 1.255 12.28 1.85
33 1.0314 7.317 1.255 8.51 2.114
314. 1.121 8.259 1.2% 14.91 2.32

20-1 0.990 7.1455 1.952 10.87 2.61
2 0.9149 8.5143 2.013 6.11 2.5
3 1.012 7.8314 2.033 14.55 2.76
14. 0.959 1.925 13.08 2.53
5 0.973 6.1487 1.869 17.80 2.51
6 0.9914 6,357 1.822 21.77 2.53
7 0.957 7.153 1.763 25.50 2.140
8 0.898 5.7214 1.7143 29.59 2.2].
9 0.828 5.600 1.687 35.82 2.00

10 0.595 S.Li.1414. 1.639 141.89 2,22
11 0.571 5.315 1.612 145.25 1.314
12 0.597 5.2514 1.590 148.56 1.38
13 0.532 5.195 1.556 53.714 1.22
114 0.567 5.067 1.530 58.214 1.28
15 0.533 14.9149 1.1496 65.28 1.19
16 0.6314 6.017 1.750 28.90 1,57
17 0.862 7.328 2.055 2.96 2,37
18 0.617 5.560 1.660 38.97 l.1i7
19 o.600 5.789 1.716 32.514 1146
20 0.715 6.809 1.890 15.82 1.86
21 0,665 6.286 1.803 23.53 1.68
22 0.861 7.765 1.952 10.87 2.29
23 0.903 7.253 1.9146 11.29 2.14



(1) (12) (13) (114.) (15) (16)

512 5.32 236 510 13.5t. 0.012
13 5.20 363 538 12.30 0.020
114. 14.114. 1028 10311. 12.53 0.070
15 3.52 1327 1141.0 13.314. 0.098
16 3.60 1502 1623 13.66 0.105
17 226 1222 1829 114.25 0.128
18 2.13 1500 21t9 114.31 0.162
19 1.83 1597 211.75 lIt.27 0.196
20 3.91 721 1228 12.11 O.O51.
2]. 3.98 381 1016 11.73 0.029
22 2.58 1177 1858 13.73 0.1114.
23 1.82 1900 2861 15.011. 0.217
21i 2.15 1585 2736 iI1..16 0.170
25 1.1ê.0 11.07 114.39 12.20 0.027
26 3.73 688 1192 12.06 O.OSLt
27 3.27 81i$ 11914. 12.51 0.073
28 2.78 1o10 111.58 12.96 0.100
29 2.27 1211i. 1759 13.99 0,129
30 1.89 1370 2015 ]4.22 0.167
31 1.60 1665 214.95 114.711. 0.222
32 3.67 526 1067 11.71i. 0.014.3
33 h.25 11.22 9814. 11.69 0.030
31. 14.61 2614. 7L.8 11.00 0.018

20.-i 5.23 711.8 653 11.58 0.060
2 5.12 1.16 6311. 10.82 0.037
3 5.17 333 721 11.30 0.027

860 1291
L1..98 1153 1298 12.32 0.089

6 5.01 111.06 1322 12.511. 0.101.
7 1,75 1551 1528 11.82 0.126
8 L1..38 1650 1880 13.22 0.128
9 3.96 178I. 2186 13.37 0,111.8

10 1.10 111.57 2210 13.55 0.166
11 2.65 2011.8 211.10 13.72 0.1711.
12 2.714. 1611.2 2661 13.79 0.183
13 2.14.1 1586 2739 13.87 0.198
111. 2.514. 1799 2767 111..05 0.208
15 2.36 1855 3255 114.23 0.225
16 3.10 1111.5 1717 12.88 0.129
17 L1..70 187 7142 11.68 0.017
18 2.92 111.22 1806 13.39 0.158
19 2.90 11914. 1750 13.111. 0.139
20 3.69 762 114.55 12.12 0.081
21 3.33 1006 1523 12.61 0.110
22 14.511. 650 1014.5 11.35 0.061
23 14.82 723 985 11.714. 0.061



(5) 

115 

(1) (2) (3) (1)_ 
20-214. 0.91 71.83 75.66 
25 1.20 71.53 75.26 
26 2.39 71.13 75.29 
27 0.5514. 71.14.8 75.03 
28 0.375 72.03 76.96 
29 0.2914. 72.014 77.05 
30-]. 1.08 71,53 77.23 
2 1.07 71.814 77.145 
3 1.29 71.76 77.11 
14 i.I.6 71.37 76.14j. 
5 1.65 73.73 79.05 
6 1.93 73,90 79.14.3 
7 2.21 73.91 78.89 
8 2.32 73.91 78.75 
9 2.149 714,20 79.25 
10 2.73 714.32 79.19 
11 2.86 714.36 78.66 
12 309 71i..30 78.86 
13 0.70 75.05 82.14.3 
iii. 0.818 714.214. 81.73 
15 0.146 73.71 82.15 
16 0,333 714..50 81.63 
17 0.276 69.77 76,08 
18 0.082 70.08 79.28 
19 0.223 69.77 714.1414. 
20 0.521 69.70 73.141 
50-1 1.05 69.140 78.142 
2 1.20 69.32 77.06 
3 1,30 69.23 76.29 
14. 1.1455 69.36 76,78 
5 1.65 69.28 76.214 
6 1.85 69.50 76.33 
7 1.985 69.52 76.61 
8 2.39 69.02 76.27 
9 2.14.6 71.76 76.02 
10 0.865 71,65 80.60 
11 0.0]. 71.70 80.37 
12 0.7314. 71,81 81.17 
13 0.635 71.01 81.09 
114. 0.536 71.07 81,69 
15 0.14714. 70.97 81.01 
16 0.1420 70.714 80.07 
17 0.332 71.01 79.22 
18 2.71 71.87 76.145 
19 2.86 71.73 76.01 
S-i 1.05 714.53 82.35 

3.83 1.251 
3.73 1.053 
14.16 0.9145 
3.55 1.260 
14.93 1.8514. 
5.01 1.971 
5.70 1.23 
5.61 1.287 
5.35 1.080 
5.07 1.179 
5.32 1.1314 
5.53 1.170 
14.98 0.999 
14,81i. 0.981 
5.05 0.981 
14.87 0.891 
14.30 0.855 
14.56 0.801 
7.38 1.611 
7.149 1.503 
8.144 1.872 
7.13 1.521 
6.31 1.602 
9.20 2.988 
14.67 0.972 
3.71 0.855 
9.02 1.377 
7.7Lj. 1.206 
7.Ob 1.116 
7.14.2 1.197 
6.96 1.152 
683 1.161 
7.09 1.197 
6.15 1.062 
14..26 0.828 
8.95 1.296 
5.67 1.269 
9.36 1.359 
10,08 1.287 
10.62 1.278 
10.Ob 1.179 
9.33 1.170 
8.21 1.152 
14.58 0.801 
14.28 0.765 
7.82 1.656 



116

(1) (7) (8) (9) (1o) (ii
20-214. 0.8145 7.082 1.905 11.4.58 2.214.

25 0.730 6.1486 1.8143 19.87 1.90
26 o.580 5.2714. 1.612 tiS.25 1.39
27 0.918 7.290 1.981 8.514. 2.50
28 0.973 7.14.98 2.020 5.66 2.69
29 1.018 7,959 2.035 14.14.1 2.82

35-1 0.560 7.350 3.1.9 10.33 1.96
2 0.593 7.1488 3.20 10.20 2.08
3 0.522 6.508 3.11 12.66 1.80
14. 0.602 6.139 3.Oli. lb.66 2.014
5 0.551 6.795 2.97 16.95 1.814
6 0.5147 6.1420 2.07 20,52 1.78
7 0.519 6.190 2.78 214.26 1.65
8 O.521. 6.203 2.75 25.75 1.66
9 0.503 6.0014. 2.70 28.1. 1.57

10 0.1473 5.691 2.63 31.6 1.146
11 0.5114. 5.709 2.60 33.57 1.57
12 0.14514. S.69Li. 2.55 36.98 1.37
13 0.565 8.051 3.30 6.14.7 2.02
114. 0.519 8.317 3.28 7.62 1.85
15 0.572 5.691 3.33 14.22 2.06
16 0.552 9.550 3.33 3.05 1.99
17 0.657 10.259 3.314 2.52 2.37
18 0.8140 3.35 0.75 3.014
19 0.539 11.900 3.314 2.014 1.914.
20 0.596 8.689 3.32 14.79 2.11450-1 0.395 9.872 7.514. 14.25 2.30

2 0.1403 9.5214 7.2 5.02 2.30
3 0.1409 9.1403 7.. 5.58 2.29
14. 0.1417 8.7140 6.87 6.146 2.26
5 0.1428 8.236 3.53 7.71. 2.26
6 0.1440 7.951 6.214 9.05 226
7 0.1437 7.680 6.05 10,01 .20
8 0.1426 6.7146 5.28 13.81 1.96
9 04503 7.087 5.141 13.87 2.36

10 0.375 10,14714 7.88 3.35 2.25
11 0.379 10.306 7.97 3.10 2.28
12 0.376 9.608 8.10 2.77 2.29
13 0.330 9,555 8.29 2.314 2.05
114 0.311 9.0914. 8.145 1.914 1.96
15 0.3014 9.1412 8.55 1.69 1.92
16 0.325 9.759 8.66 1.148 2.08
17 0.363 11.142 8.83 1.15 2.36
18 0.1452 6.996 5.114 16.09 2.89
19 0.1462 6.920 5.00 17.146 2.05s-i. 0.5148 6.073 0.9146 33.86 0.5714



(16)
0.077
0.097
0,1711.
0.0L.7
0.033
0.C26
0.03
0.093
0.1011
0.11
0.13
0.155
0.1714
0.183
0.193
0.206
0.216
0.233
0.063
0.075
0.035
0.033
0.028
0.019
0.O2Li.
0.0149
0.1011.
0.117
0.126
0.136
0.150
0.165
0.17
0.19..
0.207
0.089
0.082
0.072
0.062
0.051
0.0146
0.0142
0.036
0.227
0.238
0.082

17

(1) 12) i.3) (lLij (15)

20-214 855 1121i. 11.88
3,7625 97Li. 1211.8 12.11.2

26 2.76 1561 2230 13.77
27 14.96 566 689 11.71
28 5.32 11.05 686 11.55
29 5,59 333 572 11.21

35-1 3.89 607 1188 11.67
2 638 1229 11.56
3 3.56 677 1211.3 12.140

14.05 883 1536 12.76
3.65 9111. 1670 12.13

6 3.SIi. 1062 2015 12.11.8
7 3.28 1152 1970 12.71
8 3.29 1222 2031 12.70
9 3.12 1257 2180 12.91

10 2.89 1298 2171 13.26
11
12

3.11
2.72

11479
1141

2182
2209

13.214.
13.25

13 L1..00 397 1006 11.15
111. 3.66 1427 1097 10.97
15 14.08 2614. 768 13.2616 3.914. 185 1452 10.23
17 14.70 182 395 9.37
18
19

6.03
3.85

69
121

219
193

14.214.
9.17

20
50-1

14.23
14.58

312
379

398
1175

10.73
10.06

2 14.57 14143 1176 10.25
3 14,55 11.86 1179 10,31

5
14.11.9 555

6146
11415
15145

10.70
11.02

6 14.149 7144 17145 11.21
7
8

14.37
3.90

793
931

1931
2063

11.142
12.18

9 14.66 1131 1655 11.88
10 14aL1.6 296 911 9.7811 14.53 281 835 9.8512 14.55 252 811 10.20
13 14.06 192 6614. 10.23
114

15
16

3.89
3,82
14.13

153
132
125

557
14514.

399

10.148
10.31
10.12

17
18
19

14.69
5.714
14.07

110
1121
1210

311
17614
1778

9.36
11.96
12,022.63 320 858 12.02



(1) (2) (3) (Lv) (5) (6)

1.14.6 73.32 79.25 5.93 1.215
3 1.69 73.53 80.06 6.53 1.1143

2.2 70.99 77.26 6.27 1.071
5 2.96 71.014. 76.98 5,914. 0.9514.
6 2.73 70.79 76.90 6.11 0.990
7 0.78 71.33 76.22 14.89 1.116
8 0.628 71.32 77.14.8 6.16 1.350
9 0.5214. 71.1)5 76.7L 5.29 1.377

10 0.14k 71.75 78.38 6.63 1.7146
11 0.31t5 71.99 76.89 14.90 1.386
12 0.252 71.92 76.314 14.142 1.3114



119

(1) (7) (8) (9) (10) (1].)
S-2 0.530 5.295 O.91i.6 I7.O8 0.555

3 0.1i53 5.023 O.916 5Ii.50 0.L7Lj.O.12 L.723 O.9L6 72.56 0.L63
5 o.h16 1.366 0.91,6 95.L6
6 o.I19 1.568 0.91j6 88.o1. O.i39
7 0.590 6.26L. 0.916 25.15 0.618
8 0.567 6.561 0.9LL6 20.25 0.591
9 0.673 6,Lio O,9L6 16.90 0.70510

Ii
0.681
0.732

6.L82
6.L37

O.9L.6
O.91j6

13.3
10.2o

0.713
0.76612 0.769 6.o8L1 o.916 8.lLt. 0.805



J16)
0.106
0.120
0.155
0.196
0.185
0.062
0.051
0.014.2
0.033
0.026
0.020

20

(1) (12) (1) (1L) tj)
5-2 2.5 L30 675 13.73

3 2.17 L25 953 1L.12
2.12 552 1189 114.53

5 2.00 683 1393 15.11
6 2.01 636 1333 114.79
7 2.83 256 1429 12.61
8 2.72 198 ti8 12.33
9 3.23 196 356 12.14.8

10 3.27 157 357 12.142
11 351 129 217 12.14.7
12 3.69 108 163 12.81




