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PRESSURE LOSSES AND HEAT TRANSFER FCR THE FLOW OF MIXTURES
OF IMMISCIBLE LIQUIDS IN CINCULAR TUBES

CHAPTER 1
INTRODUCT ION

The flow behavior of two-phase flulds has become
Inereasingly important to the process industries in recent
years, Modern developments in fluidized catalytic chemi-
ecal reactors and the resurgence of interest in liquide
liquld extraction brought about by the nuclear energy
program may be clted as well known examples,

There are several possible phase combinations in such
systems, The fluid may consist of liquid-vapor, liquid.
ligquid, liquid-solid, or vapor-solid mixtures, Extensions
of these catagories involving, for example, several solid
phases suspended in a 1liquid are also conceivable, All of
the above system types are of interest in current teche
nology,

Through the use of a two-phase mixture it may be posw
slble to obtain a combination of desirable properties not
readily attainable with a single phase, In heat transfer
applications the latent heat of vaporization may be utie
lized by permitting a portion of a ligquid cooling medium
to be vaporized, ©Such systems offer considerable promise
in high specifiec power output devices such as nuclear

reactors,



Pipe-line contactors, in which mixtures of two
immiseible liquids flow cocurrently through a pipe, are
of interest in the petroleum industry, In the design of
such equilipment an estimate of frictional pressure losses
1ls required in order to determine pumping power require
ments, Heat transfer characteristiecs may also be important,
particularly if a chemical reaction is invelved, In
addition, it is necessary to be able Lo measure flow rates
accurately and economiecally, so the flow behavior of mixe
tures in conventional metering devieces is of interest,

Considerable effort has been devoted to the study of
liguid-vapor, liquid-goclid and vapor-solid systems, Howe
ever, little attention has been given to the flow and heat
transfer characteristies of mixtures of immiscible liquids,
It was consldered desirable to undertake an extensive
investigation of sueh mixtures to obtain fundamental engi-
neering information and perhaps useful design relationships,

A flow system was designed and bullt to permit measure-
ment of frietion factore, film heat transfer coefficlents,
and orifice meter coefficients for mixtures of immiseidle
liquids flowing in e¢ireular condults, This thesis presents
the results of the initial phase of this investigation,



CHAPTER 2
LITERATURE SURVEY AND THECRETICAL DISCUSSION

Review of Previous Work on Two-Fhase Flow

Taken as a whole, the literature on flow and heat
transfer propertles of two-phase fluilds is quite extensive,
The literature concerning vapor-golid, vaper-liquid, and
liquid-so0lid systems will be revieved briefly, No attempt
at completeness has been made, the aim being merely to
indicate the scope of the work, Following this, liguid-
liquid systems will be considered,

The flow of gases containing golid particles is
important 1nlthe operatlion of fluldized catalytic chemical
reactorg and in pneumatic conveying of granular solids,
Hariu and Molstad [27, p, 1160] studied the flow of
closely sized sand particles in air and found that the
overall pressure drop could be considered as the sum of
a pressure drop due to carrier gas alone plus a solids
pressure drop, Farbar [16, p., 1184-1191] investigated
the lsothermal flow characteristiecs of air-solids mix-
tures in horizontal and vertical pipes, Heat transfer
in fluidized heds has been studied by Levenspiel and
Walton (43, p, 1-13] and by Mickley and Fairbanks [51,

P. 3T4-3841,



Vapor-liquid mixtures, flowing in pipes, have
recelved considerable attention in recent years, Heat
transfer and pressure drop characteristies of air-liguid
systems have been investigated by Alves [1, p. 449-4561,
Chenoweth and Martin [9, p. 1511551, Fried [18, p, A7-
511, Lockhart and Martinelli [44, p, 39-48}, and Reid
{63, p. 321-324], Hoopes [32, p, 26B-275] and others have
studied steamewater mixtures,

Zuspensions or slurries of s0lid particles in liquids
have been treated by Alves [2, p, 107-109], Binder and
Busher [5, p. 101-105], Bonilla, et sl [6, p, 127-135],
Happel [26, p., 11811186}, Orr and Dalla Valle [66, P
29-45], and Salamone and Newmen [71, p. 283-~288], Wany
of these systems have been found to be noneNewtonian in
character, that is, the viseosity of a given mixture
depended on the flow rate as well &3 on the temperature,
In one paper known to the writer [84, p, 1-14] a three-
rhase system, consisting of air and s non-Newtonian
suspenslion of elay in water, has been studied,

In the engineering research on liquid-liquid systems,
emphasls has been placed on studies of agitation in tanks,
mass and heat transfer between the two liquid phases, and
measurement of droplet sizes and interfacial areas, A4ll
of these considerations are important in the industrisl

operation of liquid extraction egquipment,



Miller and Mamn [53; p. T09«T745] and Olney and
Carlson [59, p., #73=480] have studied the agitation of
immiscible liquids in tanks, while the intarfaei&l area
produced by this type of mixing has been investigated by
Rodger, Trice, and Rushton [68, p, 515«520], Trice and
Rodger [79, p. 205-210], and Vermeulen, Willlams, and
Langlois (81, p, 85«94], |

The mechanisms of phase dispersion in liguid-liguid
systems and the settling and coalescence of unstable |
emulsions have been treated in papere by Hinze (31, p.
289-295] and by Meissner and Chertow [47, p., 856-8591,
respectively,

The flow of an immiscible oll-water system through a
porous medium such as sand is of importance in the
recovery of crude oil from the earth, Idealized mathe-
matical treatments of this problem have been presented by
Kidder {38, p. 866~869] and by Meyer and Garder [50, p.
1400-1406], Several authors have discussed the flow of
immiselble liquids through packed extraction towers [78,
P, 305-308; 11, vol, 2, p., 412-413],

Keulegan [37, p. 487-500] has treated the problem of
stratified flow of a light liguid over a body of heavier
liquid with which it is miscible, At low velocitles an
interface may be formed at which there is a sharp density
discontinuity, and thus the system behaves as an immiscible

one,
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Richardson [66, p, 369] and others have studiled the
laminar flow of stabillized emulsions in ecapillary tubes
in connection with viscosity determinations, Very exten
sive treatments of all aspects of stabilized emulsion |
technology have been given by Clayton [10] and Becher [4],

The only investigations known to the writer which
involve turbulent flow of immiscible liquide in pipes are
those of Grover [25], Roy and Rushton [70], and Clay [4,
p, 218}, Grover's work was concerned with heat transfer
between the liquid phases in concurrent flow, while the
cther two papers dealt with the influence of turbulent
pipe flow on droplet size distribution in liquid dis-
persions,

In most engineering analyses of fluid flow and con-
vection heat transfer problems, the fluild properties of
importance are the density, viscosity, specific heat, and
thermal conductivity, These properties, together with
the geometry of the system under consideration, determine
the flow and heat transfer behavior in a given applica-
tion, It 1s evident that when two phases are considered
the number of varisbles is greatly increased since, in
general, the propertiles of each of the phases would dbe
expected to influence the situation,

There are two methods of approach which have been
used in the treatment of two-phase systems, In much of

the work on vapor-solid [27, p., 1160] and vapor-liquid



7

{44] systems the two phases have been considered as sepa-
rate and distinet flow streams, On the other hand,
slurries are generally considered as single fluid streams
with considerable effort devoted to determining suitable
means of combining the properties of the individual phases
to yield "effective" values for the mixture [5, p, 105;
71, p. 285-286],

The latter method appears to be the more suitable
one for dealing with liguid-liquid dispersions and it will
be used in this paper, The methods of obtaining effective
property values for dlspersions will be discussed in
detail in Chapter 6, At this point it seems appropriate
to consider briefly the conventional methods of calculation
and data correlation for flow and heat transfer in single-

phagse fluld systems,
Fluld Friction in Smooth Tubes

Congider the steady flow of a 1iquid between two
points in a conduit, the éiréctien of flow being taken
from point 1 to point 2, Two of the most powerful tools
used in analyzing flow problems are the general energy
equation and the continuity equation, The first of these
ie a statement of the law of conserwation of energy while
the continulty equation expresses the econservation of
mass, If the flow is approximately isothermal and if the

fluld may be considered incompressible, as is the case
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for most liquids, the energy equation may be written as

follows for a unit mass of flowing fluild:

2 .2 . |

X 2 "1 2 "1 2 - e

(1) R mesis e I W w LW,
e 2ag Bq

In this equation the symbols have the following meanings:
1b

P, is the pressure at point 1 1n‘-%, and similarly for
n rt°

Pe at peint 2, 1
€ is the density of the liquid in ——g,
£t

V is the average linear wvelocity in %%3,
£t
sec”

- & 18 the acceleration due to graviiy in
(1by) (r2)
(lbr)(s&c )

*

B = 32,17 s 8 converslon constant intro-

duced because of the common engineering practice of using

the pound as a unit both of force (1br} and of mass (1bm)‘
Z 18 the elevation above an arbiltrary datum plane in ft,

W 1s the work done by the fluid in passing between
points 1 and 2 in ifﬁ%%i?ﬁl (in the case of a pump in thé
m
system, work would be done by the pump on the fluld and W
would be negatlive by convention),
Iw 1s "lost work", i,e, energy that could have done

work but was dissipated in irreversibilities (friction)



| (ft)(lbf)

in the flowing fluild, 1n.-~§5;-~ ¢
When & fluid flows in a conduit, & frictional drag arises
in the region of the s0lid boundaries producing a veloclty
distribution across any section perpendicular to the flow
direction, The average linear veloeity (V) used in the
kinetic energy term of equation (1) 1s convenlently defined
as the ratio of the volumetric flow rate to the c¢ross-
sectional area of the conduit, The factor, a, in the ki-
netic energy term is a correction factor to account for
the fact that the velocity distribution varies with the
type of flow, For flow in a cireular conduit, it ecan be
shown that & 1z equal to 1/2 for lamlnar flow and &pproxi-
mately equal to 1 for turbulent flow [11, wvel, 1, p. 42,
46],

inspection of equation (1) reveals that each term

(££) (1b,) |
has units of T i,e, energy per unit mass of flov-

“m

ing fluid, It should also be noted that when w and 1w are
both zero, equation (1) becomes the familiar Bernoulll
equation, The units given above are not, of course, the
only ones that could be used, They are in wide use in
engineering work however, and will be applied consistently
throughout this report,

For one-dimensional flow in the x-direction, the
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continuity equation may be written

vhere A is the crogse-sectional area of the flow channel,
For a conduit with uniform crosgs-section, and since P 1is
eonstant, equation (2) reduces to vy = Vpe If, in
addition, no work is done on or by the fluié between
points 1 and 2, the energy equation becomes
(3) 4 . ﬁff = -Tw
vhere PQ«-P]_ and 22~31 have been replaee& by AF and AZ
respectively, To rsviéw the restrictions ﬁhaeh have been
placed on the general energy balance, equation (3) is
applieable to the steady isothermal flow of a liguid in
a uniform conduit econtaining no work-devices such as pumps
or turbines, It has slso been taclitly assumed that eleow
trical, magnetic, and chemical effects are negligible, an
agsumptlon which is good for most pipe flow problems,

A large amount of experimentsl work in eirecular tubes
has shown that the type of flow which will oceur in a
glven system may be characterized by a dimensionlese ratio

known as the Reynolds number, named in honor of Osborne
pve
e
1s the inslde dlameter of the tuve in which the fluld is

Reynolds, This quantity is defined as Re = where D

flowing and ¢ is the dynamie viscosity of the fluld, For
Reynolds numbers below about 2100 the flow is laminar, 1,e,
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the individual fluld particles all flow parallel to the
walls of the tube in smooth layers or lamina, As the
Reynolds number is increased above a value of about 2100
loecal eddies begin to develop and the flow pattern becomes
chaotie, This type of flow is called turbulent, Actually,
the transition from laminar to turbulent flow is not abrupt
but ecccurs over a range of Reynolds numbers from ab@ut 2100
to 3000, This range is known as the critieal region, In
most process applications turbulent flow is by farrthe
more important type and it will be emphaslized here,

A large number of experimental determinations of the
turbulent resigtance which a flowing fluld encounters have
led to the conclusion that thls resistance is proportional
to the fluid density and to the square of the average
veloeity and that it is only slightly affected by the
fluid viscosity. This relationship is known as the guade
ratic resistance law and may be expressed as follows [39,
p. 118]: ‘

2

e
where F is the resisting foree at the wall of the conduit,
A' ig the surface area of the wall at which F aets, and f
is a prgportianality factor known as the Fanning friction
factor,

For a circular tube of inside diameter D and length

L, A' is equal to nDL, The energy required to overcome
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the frictional force in moving the fluid through the tube
a distance 4§ L would be P §L, This energy would push out

: B
of the tube a volume of fluid Gf-ﬂgmﬁié or a mass of

2
~Q§§£—£L « Therefore, the energy required to overcome

friection (or dissipated as friction losses) per unit mass
of flowing fluid is

(5) T5 = BAFSL _ 2fLve
Fﬂﬁgj;L ﬁge

If this expression for 1w is substituted in the energy

equation (3) we obtain

2
542: _ =2fLY
) Eabi e
or
L gg Z _ 2L OV
(6a) AP # ~E§;-~

For the case of a horizontal pipe { AZ=0), thils becomes
the famlliar Fanning eguation,

, 2L 0 V2
{(7) - APf “”ﬁg;*"
vhere = APf is the pressure change due to frictional
effects alone, Thus the total pressure difference between

points 1 and 2 may be written as

(8) AP = AP, - LEBAZ
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It is evident from the above discussion that the
problenm of ealeulating the friectional pressure losa for
a2 liguid in turbulent flow in a pipe involves principally
the determination of the friction factor, Various rela-
tionships for evaluating this guantity wlll now be dis-
cussged,

It has been found experimentally that the friection
factor £ depends only on the Reynolds number for flow in
smooth tubes with a lengthe-to-dlameter ratlio Gﬂ exceed-
Ing about 50 {8, p. 138}, A smooth tube iz defined as
one without appreciable surface roughness, ‘Thig condition
is well satisfied by commerclally available tubing of
glass, copper and brass, for example, If the surface
roughness 1s appreciable, 28 i the case with some comw
mereial pipe, an additional variable known as the relative
roughness is involved in the determination of the frietion
factor, This case will not be treated here since the
experimental work deseribed in this paper was done in a
amooth brass tube,

The theoretical studies of turbulent flow in emooth
tubes by Prandtl {62, p, 105~114] and von Earman [36, p.
58«76] have given rise to an equation of the following
form:

(9) - = B log (e \F) 4 E
\E3

vhere B and E are constants, Thils equation has aleo been
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derived in an independent manner by Millikan [54, p, 386~
392}, Nikuradse [57, p. 30-31] conducted experiments on
the flow of water in smooth tubes for a range of Reynolds
numbers from 4000 to 3,200,000, Using his own results as
well as the earlier extensive data of Stanton and Pannell
[74, p. 217-224], Nikuradse found equation (9) valid over
the entire range of Reynolds numbers investigated, Insert
ing his values of the constants B and E, equation (9)
becomes
(10) N 4,0 log (Re \f) - 0,40,

\E
The constants determined by von Kearmdn were based on an
enalysis of veloeity distribution and differed only
slightly from those given by Nikuradse, Equation (10)
has been widely used in determining friction factors and
convenient charts of Reynolds number versus friction fac-
tor, based on thls equation, have been presented by Moody
(55, p. 672] and others,

A number of empirical expressions relating friotion
factor and Reynolds number have also been developed, In
1913 Blasius analyzed the data then available and proposed
the following relationship (39, p., 122]:

(11) £ = 0,079 (re)"0+25,

This equation is applicable for Reynolds numbers from 3000
to 100,000 but 1e not accurate beyond this range, Later,
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Drew, Koc and MeAdams {13, p, 61] analyzed over 1300

experimental points and recommended
(12) £ = 0,00140 + 0,125 (Re)~0+32,

This equation reproduced the experimental data within |
25 per cent for Reynolds numbers from 3000 to 3,000,000,
Another empirical relationship, due to Miller [52, p. 253])
is
1
(13) e
y2f

The results of using all of the above equations to calecu-

= 2,54 log (Re) - 2,17,

late frietion factors are compared at several values of
the Reynolds number in Table 1, taken largely from Knudsen

and Katz [39, p, 123},

Iable 1

Comparison of Frietion Factors
Calculated from Variaua Equationsg

Reynolds Nikuradse Blaaius, Irew et al, 1Miller
Number eq, 10  eq, 11 eqy 12 = eq, 13
3,000  0.,0109 0.0107 0,0110 0.0113
10,000 0,00772 0,00790 0.00797 0,00783
100,000 0,00448 0.00444 0.00454 0.00451
1,000,000 0.00291 0,00250 0.00290 0,00293
10,000,000 0.00204 0,00140 0,00212 0,00205
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It will be noted that all of the equatlons agree
closely up to a Reynolds number of 100,000, The devi-
ation of the Blasius equation for Reynolds numbers larger
than 100,000 is evident, In the present work the experi-
mental results were compared with equation (10) because
of its basis in theory and its wide use in engilneering,

The above dlscussion has been confined to the
important case of turbulent flow in smooth tubes, For
the case of laminar flow in eirecular pipes, it 1s shown
in textbooks on fluid mechanies [39, p., 118] that a
'partieularly simple relationship exists between the
Reynolds number and ths frictlon factor, Thls relatlion-
ship is

(14) f = s for Re < 2100,

alon

Flow Measurement with Orifice Meter

Whenever a fluid in steady flow in a condult encount-
ers a constriction the velosity, and thus the kinetie
energy, increases in accordance with the continuity
equation, This increase in velocity occurs at the expense
of the pressure and thus there is a pressure 4rop across
the constriection, The flow rate may be obtalned in terms
of this pressure difference by application of the energy
and continuity equations, There are a number of types of

flow meters based on this principle (82, p, 51-70]. The



17
simplest of thege devices is the orifice meter which cone-
gsists of a plate containing & hole of smaller dlameter
than the tube in which it is placed, Two pressure taps
are provided, one on the upstream side and one on the
downstream side of the orifice plate, and the pressure
drop aeross the orifice is meassured by means of & manome
eter,

FPigure 1 shows a sketeh of an orifice plate installed
in a cirecular pipeline, The contraction of & stream flow-
ing through an orifice is quite pronounced es indicated
by the curved lines in the sketech, The polnt of minimum
eross-sectionsl area occurs & short distence downsireanm
from the orifice and 1s known as the vena contracta,

This is indicated as point 2 in Figure 1,

As in the previous section, the general energy equau‘
tion for steady, isothermal, incompressible flow with no
work done between points 1 and 2 may ﬁe written as

v5 \

AP
(15) ""3“*5'&'5%; 'ﬁ-&;---l-ﬁ-énznr

Be
In thils case the ecross-sectional areas of the flow streanm
are not the same at points 1 and 2 and the continuity

equation glves

where Al is the cross-sectional area of the conduit and

&2 is the cross-sectional area of the vena contracta,
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Substituting (16) in (15) and solving for

o
2

(17)

ht4
¥

Multiplying by f’AE gives the mase rate of flow W, in

racnaggp(- -ﬁ%-é-% - AP - PTw
(18) W a,&a : IR - S g
o (4
1 e B (B
% (7‘I>
| _

19

Va we obtain

o
sec’

1
%

Expreasing the friection losses as a fraction of the prese

sure difference,

wAPnggAﬁz-*Pﬁﬁcz

¢

we may write

(.,

(19)

W oz éAQ

-
zz%gcp( - AP -

AP =

e

%a

P

%

8

o S

_L&A%) ,

o

1
2

The area of the vens contracts ag is difficult to measure,

It may be conveniently expressed ae a fraction of the area

of the orifice opening AO by defining a coefficlent of
ceontraction as
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\ éa
{20) !;‘}O = o
Thus
[ 42— %
v - 4 ‘\\ﬁﬁﬂ.‘uﬂ
2a,¢ @p( AP - & )

{21) W o= Gﬁoﬁﬂ —— .
2 a2 Q
1*“6
ﬁl 0

For the circular condult the cross-sectlonal area ratio
may be expressed in terms of the dlameters, Making this
substitution and defining a coefficlent of discharge cB
to comblne the effects of C, CG, dy and Gyy We obtain

B &
2%(’( -~ AP - —-f-‘-é-é-%) ¢
(22) W= CpAy ~—-ﬁége
P
8
where N
- @
a, | %t " \Z
(23) oy = ¢ K;f 5 =
L R %Y

It is evident from consideration of equation (23)
that the coeffilelent of dlscharge is az rather complex
funetion of the Reynolds number and the ratio of crificel
diameter to plpe diameter, and is not readily calculable,

Convenient plots of discharge coefficient versus Reynolds
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number with the diameter ratio as a parameter are avail-
able in the literature (8, p. 158], These curves, deter-
mined experimentally, show a marked dependence on both
Heynolds number and dlameter ratic for low values of the
Reynolds number, However, for Reynolds numbers through
the orifice greater than 30,000 all of the curves converge
to a constant value of the dlscharge coefficient, This
value is approximately 0,61 and is conveniently used in
estimating the orifice size required for a given metering
problen,

In order to confidently use the curves described
above for evaluating the discharge coefficient it is
necessary that the orifice meter be fabricated and
installed according to certain specifications (64, p.
236~243], These deal prineipally with the thickness of
the orifice plate, the sharpness of its edges, and the
placement of the pressure taps in the pipeline, In
practice an orifice meter 1s usually callibrated experi- |
mentally after installation, After the dlscharge coefw
flelent has been determined, & simple measurement of the
pressure drop across the orifice plate suffices to give
the mass flow rate for a fluid of density P .

The prinecipal disadvantage of the orifice meter is
its large permanent pressure loss, For example, in the
case of an orifice-to-pipe dlameter ratio of 0,5, the

permanent pregssure loss amounts to approximately 75 per
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cent of the measured pressure difference across the oril-
fice plate [8, p, 1611, In spite of this disadvantage
the orifice meter is widely used in industrial flow
neasurements becausgse of 1its reliability and its simplicity
and economy of fabrication,

tiany other types of flow messurement devices are
avallable, These are deseribed in standard engineering
texts [64, p. 186=337; 61, p, 396-412] and will not be

considered here,

Forced Convection Heat Transfer

'Heat transfer between a solid surface and a fluld
flowing past this surface is a common method of heating
and cooling of fluilds, Canyegtien involves the transfer
of heat by a mixing motion ;fidirfarant parts of the fluild,
Thé motion of the fluid may be entirely due to density
differences resulting from temperature differences, In
this case the process is known as natural convection, In
forced convection the motion is produced by mechanieal
means, a8 in pumping a fluid through a condult, Foreed
convection 1s by far the more impartant‘ease in process
applications,

For heat transfer from the surfage of a solid at a
temperature t_ to a fluld at a temperature t, Newton's

law of cooling is usually written
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£ op - WA (4 o ; -
(24 g = ha (ta t) or h K’T%;:ET

where ¢ is the heat transfer rate in %%E,

4' 3g the area of the solild-fluid interface across
2

which the heat transfer takes place in ft°,
ts end 1 are temperatures in GF, and
h 1s the film eocefflcient of heat transfer in

(hr) (££2) (°F)

This equation is deceptively simple and, as pointed out
by HecAdams [46, p. 51, it serves merely to define the
heat transfer cceffielent,

It i1s now recognized that the Tilm coefficlent depends
both on the fluld properties and on the flow variables in
& complicated way, !Much of the effort in the study of
heat transfer by convection hag been devoted to methods
of predlcting film coefficients,

Becauge of the large number of variables involved in
the determination of heat transfer coefficlentz, mathew
matieal analysis of convection problems is difficult and
in many cases prohibitive, It has been customary to apply
the prineciples of dimensional analysis to determine cone
venlent dimensionless quantities which may be used in
correlating experimental data,

Consider the case of forced conveection heat transfer

without phase change involving a liquid flowing in a
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eircular tube, The following factors are generally cone
gldered to be involved in the determination of the film
coefficient [46, p, 129],

the density of the fluid, ' 1n~«~3 ’

Eh
the dynamie viseosity, m , in T“"QTT?"T

the thermal conductivity of the fluild, k, in TEFT%%%TF?T'
; ___Btu

the specifie heat of the fluid, ep, in‘TT%;TT??T s

the length of the tube, L, in ft,

the diameter of the tube, D, in ft,

the average veloelty, ?, in ige
We may therefore write
(25) ’V/{/A, ky Dy V, P, ep, hy L} =0

where Y represents a funetion of undetermined form, Usw
ing mass, length, time and temperature as fundamental
dimensions, and noting that eight variables are involved
in equation (25), the Buekingham pil theorem states that
these variables may be combined into four dimensionless
products, Designating these dimensionless products as
Tye Toy s Tus it is possible to write

(26) @V’(ﬂl, Mas Ty ﬂa) = 0,
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If we choose 1o combine the visecosity, thermal conduetive
ity, diameter, and velocity with each of the other varle

avles 1in turn, the results are:

_ Dve
ﬂl“* /4 »
2 TR e

T z4§§, and
ﬂi}""z}!

The first of these dimensionless groups is the Reynolds
number (Re) as defined previously, The second group is
known as the Prandtl number (Pr) and the third group lis
called the Nusselt number (Nu),

Dimensional analysis is incapable of providing the
form of the funetion in equation (25) 86 experimental
work is required to earry the analysis further, It has
been found that the data may be satisfactorily correlated
by expressing the Nusgselt number as the product of the

other threé groups, each raised to an appropriate power:
b e (L 4
(27} Hu = a(Re) " (Pr) R

where a, b, ¢, and 4 are constants, For the units used
here it should be noted that a conversion factor ls
required in the Prandtl number in order to bring the

time units into agreement,
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It has been found that for highly turbulent flow
(Re » 10,000) and for length~to-diameter ratlos greater
than 60, the exponent on the (%g term in equation (27)
is negligible, One of the well known forms of equation

(27} is the Dittus-Boelter equation [46, p. 219],
(28) Nu = 0,023(Re) 08 (pr) 04,

In thies equation all of the fluid properties are‘evnlup
ated at the bulk temperature of the fluld stream, Equa-
tion (28) is very useful for cases of moderate tempera-
ture differences between the wall of the conduit and the
flowing fiuld, However, the fluid temperature actually
varies across the stream and several relationships have
been proposed which consider the effect of thls tempera-
ture variation in an empirical manner, OCne of the most
convenient of these 1s the equation due to Sleder and
Tate [73, p. 14331,

(29) Nu = 0.923(&&)0'8(Pri%Q%;;

vhere Mg in the visecosity ratlo 1s evaluated at the sure

)0‘1&

face temperature of the conduit, and the rest of the
properties are evaluated at the bulk fluld tempsrature,

HYethods for evaluating film coefficlents in laminar
flow and for the trangition region between laminar and
turbulent flow are also available in the literature (39,
p. 181-183] but will not be eonsidered here,
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CHAPTER 3

EXPERIMENT AL EQUIPMENT

General Description

An spparatus has been designed and constructed to
permit an investigation of the flow and heat transfer
properties of mixtures of immiscible liquids, Figure 2
is a schematic flow dlagram showing the essential features
of the piping system, A stainless steel supply tank was
provided in which the liquid mixtures could be prepared,
The liquids were pumped to0 & vertieal test section where
the pressure drop and heat transfer measurements were
made, A bypass was provided at the pump outlet so that
the flow rate through the test section could be controlled
by diverting a portion of the fluild back to the supply
tank, 1In addition an orifice plate was installed in the
pipeline between the pump and the test section, From the
test section the fluld was conducted through the return
line back to the supply tank thus completing the eircuit,
By means of a short flexible hose at the end of the return
line the liquid could be diverted to a welghing tank for
measurement of the mass flow rate, The important indi-
vidual components of the system will now be deseribed
in detall,
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Supply Tank and Pump

The stainless steel supply tank was cylindrical in
shape with a hemigpherieal bottom and had a total capacity
of 80 gallons, The hemispherical portion had a volume of
approximately 35 gallons and was jacketed to provide a
means of heatling or cooling the contents of the tank, 1In
the pregent work eocling water wasg cireulated through the
Jacket to keep the tank temperature somewhat below ambient,
During operation it wasg found possible to keep the tank
temperature uniform and as low as about 609F, This
greatly reduced the problem of the odor of the petroleum
solvent which was used as one of the liquids, and also
prevented appreciable loss of solvent or water by evap-
oration, The temperature of the mixture in the supply
tank was measured with a calibrated mercury-in-glass
thernometer,

A propellor-type agltator with a variable speed
drive was mounted on the edge of the tank, Part of the
mixing action was provided by this agitator and part by
cireulat;yg the liquids through the system with the pump.
A perforated plate placed over the outlet opening at the
bottom of the tank assisted in preventing vortex formation
durlng operation of the agltator, Filgure 3 ig an inside
view of the supply tank showing the relative locations
of the agitator, return line and bypass line.
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FIGURE 3
INSIDE VIEW OF SUPPLY TANK
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The pump used was a Falrbanks-Morse "Westco" turbine
pump driven by & three horsepower electric motor, The
pump was made of bronze with mechanical seals and was
well sulted to service with organic solvents, This type
of pump delivers a steady flow, but requires & bypass line
for flow control since excessive pressure is bullt up in
the casing 1f the discharge line 1s closed, A brief sum-
mary of pump characteristics, as supplied by the manue

facturer, is given in Table 2,

Material ~ Bronze

Model Number -~ I615

Speed - 1750 rpm

Total head,
Delivered flow, gpm fegt of water at 80OF

10 420
20 < 250
30 110
40 10

In the present system the maximum achievable water
flow rate was approximately 30 gallons per minute, A
gagge was installed in the line immediately beyond the
pump 4o indiecate the pump discharge pressure, In order
to assure a positive pressure at all points in the system,

the discharge pressure was kept at 2 minimum value of
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about 10 psig by partially c¢loesing the valve at the end of
the return line (shown as valve number 4 in Figure 2),
This was done to prevent leakage of alr into the systenm
during ageration; Figure 4 shows the supply tank and the
punp as well as & portion of the plping systen, |

Main Pining System

The entire piping system was fabricsated of copper or
brass, with the exception of the short length of flexible
hose at the end of the return line, The plping bhetween
the supply tank and the pump inlet was nominal 2-inch red
brass pipe, 4 2~inch gate valve was inserted in this line
to make it possible to drain the system Iindependently of
the tank, This is shown as valve nunber 1 in Flgure 2,
where the other gate valveg are also numbered for con-
venlence of reference, Downstream {rom the pump the pipe
ing loop was made of nominal l-1/4-inch brass pipe except
for the test section which was of 7/8~inch brass tubing,
The flexible hosge was & 2-foot length of heavy-wsll syn-
thetie rubber tubing designed for gasoline service, Tests
on this material showed it to be highly resistant to the
petroleum solvent used as one of the liquids 1n this
Investigation, All threaded connections were made with
the assistance of "Cyl-Seal® high pressure sealant manuw
factured by the West Chester Chemical Company, Thils
material is a highly inert pipe dope which acts as a
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lubricant during assembly of threaded Jjoints and then
hardens to prevent leakage,

A considerable effort was made to insure a clean
system, As each plping section was assembled it was
thoroughly washed with solvent to remove traces of dirt,
cutting oll, and sealant, This was done to prevent con-
tamination of the liquids with any material which might
have promoted the formatlon of stable emulsions, Five
brass unions were used for ease in assembly and dlsassemw
bly of the system, A plug wes inserted at the low point
of the loop to permit draining by gravity, This is indi-
cated at the bottom of Figure 2 jJjust ashead of the vertical
test sectlion, The volume of the entire piping loop was
approximately 4-1/2 gallons,

A 15~gallon aluminum welghing tank was placed at
approximately the same height as the supply tank so the
flow stream could be diverted from supply tank to weigh
tank by means of the flexible hoge, The weigh tank was
nounted on a Fairbanks-liorse platform scale with a capac
ity of 250 pounds and with scale graduations down to 1/16
of a pound, The accuracy of the scale was checked by
welghing known volumes of water, It was found that 50
pounds of water could be welghed with an accuracy of
¥0.25 per cent, Measurements of the mass flow rate were
made by timing the flow of a predetermined weight of fluid
(usually 50 pounds) with a stopwatceh,



Orifice Meter

A brass orlfice plate was mounted between flanges in
a vertical section of nominal 1«1/4~inch pipe., The flanges
were threaded onto the pipe and were fastened together with
four bolte, Gaskets of 1/16-inch thieck "Durabla" asbestos
peper were used on either gside of the orifice plate ta
ereate a leak-~tight seal, Figure 5 shows the dimensional
detalls of the orifice plate, It was made from 1/16-inch
thick brass plate with smooth faces, A hole approximately
half the dlameter of the pipe was machined in the center
of the plate perpendicular to its faces, In addition the
downstream face was beveled as indicated in the Skateh,
Several micrometer measurenents were made of the pipe
dlameter lmmediately upstreem and downstream of the oriw
fice plate, The average pipe dlameter was found to be
1,366 £ 0,002 inches, The dimensions given in‘?igure 5
are within the recommended design specifications for thine
rlate or sharp-edged orifices as given by Rhodes [64, p.
237-238].,

Plezometer openings were made upstream and downstrean
of the plate by drilling holes perpendicular to the pipe
wall and soldering short lengths of 1/4-inch copper tube
ing in place, The inslde surface was carelfully rubbed
with emery cloth to assure an opening free from burrs and

flush with the inside pipe wall, The ﬁpatream plezometer
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tap was located two inches (or about 1-1/2 pipe diameters)
from the orifice plate while the downstream tap was placed
approxim&tely 2/3 of a pipe diameter from the plate, The
location of the downstream tap corresponds closely to the
position of the vena contracta for an orifice-~to-pive
diameter ratio of 1/2, and these taps are known as vena
contracta taps, Since the vena contracta is the position
of minimum pressure, the uge of taps placed in this way
yields the largest obtainable pressure drop readings,
Gther pressure tap positions in common uge are discussed
by Perry [61, p. 404-405],

Flow irregularities caused hy bhends or fittings near
an orifice installation can have unpredictable effects on
the dlscharge ccefflcient, In the present installation
the orifice was located in a stralght vertical run of pipe
about 6 feet long, The plate was separated from any bends
or fittings by 45 pipe diameters on the upstream side and
by 10 pipe dlameters on the downstream side, These dis-
taneces are considered adequate for stable operation [64,
D. 2401,

In practice orifice meters are ususlly calibrated
after installation, A very serviceable meter may be cone
structed without following all of the detailed specifica-
tlons outlined above, In the pregent work it was desived
t0 compare the experimentally determined orifice coel-

ficients for two-phase nixtures with the published values
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for single-phase flulds as given by Brown [8, p, 158] and
others, For this purpose striet attention to the details

was required,

Test Section

The vertical test section was made of smoothewall
brass condenser tubing, The outslde dlameter was 7/8 of
an inch and the inside dlameter was found by several
micrometer measurements at various positions 1o be
0.7005 T 0,0005 inches. The section was made vertical
to prevent the settling-out of the unstable ligquild mix-
tures along the length of the tube, If the tube had been
placed in a horizontal position, the gravitatlional force
favoring settling would have acted in a direction perpen-
dicular to the net flow direction,

Two pilezometer taps similar to those deseribed in
the preceding section were installed 6 feet apart, thus
defining the length of the test section for pressure drop
measurements, The overall length of the 7/8-inch brass
tube was 9-1/2 feet, leaving 3-1/2 feet for calming
sections to eliminate entrance and exlt effeets, A calme
ing section 35 inches (or S50 diameters) in length preceded
the test section and 7 inches (or 10 dlameters) were
allowed beyond the upper pressure tap (see Figure 2), In
addition to the two pressure tape, a third tap was pProw

vided two feet below the lower pressure tap, A brass
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needle valve allowed access to this tap for sampling to
determine the composition of the liquid mixture entering
the test section,

In order to measure film heat transfer coefficlents
& heater coll approximately two inches long was wound on
the test section tubing two feet above the lower pressure
tap, Six iron-constantan thermocouples were used to
measure the tube wall temperature, three directly under
the heater co0ll and three at various distances from the
coll, The relative iaeaticns of heater coil and thermo-
couples are indicated in Figure 6, The thermocouples
were all made from the same matched spools of number 30
B €5 gauge wire supplled by the Leeds and Northrup comp=
any, The temperature-voltage characteristics of these
thermocouplesg were found to check closely with the values
supplied by the manufacturer [42, p., 6-9], Slots 1/8-inch
wide were milled in the outside tube wall to a depth of
about 0,030 of an inch, The thermocouple Junctions were
soldered to the tube in the positions shown in Figure 6,
The leads were run along the slots parallel to the tube
for a distance of about one inch or more before belng
brought out to the measuring instrument, This procedure
1s recommended in order to reduce the error due to ootne
duetion along the wires [46, p., 199].

In addltion to those described above, another thermo-

couple was installed in s temperature well which was
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mounted in the drain plug at the bottom of the pipe loop
(see Figure 2)., This temperature well consisted of a 5=
inch length of 1/2-inch diameter copper tubing closed at
one end, The thermocouple jJunction was soldered to the
inside of the closed end of the tube, The temperature
well wee approximately centered in the flow stream to
indicate the temperature of the fluid entering the test
sectlion, Each of the seven thermocouples was connected,
through & multieposition selector switeh, to a cold jJunc-
tion thermocouple and thence t¢ a potentiometer, The c¢old
Junetion thermocouple was inserted in a thin glass tube
filled with oil and the glass tube was immersed in a bath
of crushed ice to insure & constant %aferenee Junetion
temperature of 32°F, Thermocouple voltages were measured
with a Leeds and Northrup Type K-2 portable precision
potentiometer, Thils instrument permits readings to be
made to % 0,001 millivelt, A thermocouple wiring diagram
is shown in Flgure 7, This arrangement ¢f thermocouples
and selsctor switch made it possible to read the seven
temperaturss in any desired order without making or break-
ing connectlons at the potentiometer,

After installation of the thermocouples in the tube
wall 1t was necessary to insulate & 2«inch length of the
test section before winding the bare heater wire coil,

A coat of clear "Krylon" was sprayed on the tube and a

double layer of "Saran Wrap" was appllied., This was
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follewed by another coat of "Krylon" and an additional
single layer of "Saran Wrap", This procedure was found
to be satisfactory in produeing a thin insulating layer
which would not tear when the coil was wound,

The heater wire used was number 18 B £S5 gauge bare
nichrome wire with a resgistance of 0,4 ohm per foot,
Approximately 10 feet of wire were used giving a total
e¢oll resistance of about 4 ohms, Power was supplied by
a gelenlum rectifier battery charger with 115 volt a,e,
input and a rated d,e, output of 12,0 volts at 75 amperes,
A Raytheon voltage stabilizer was used to reduce fluetuae-
tions in the line voliage and thus assure a conatant
input to the rectifier, A "Powerstat" variable trans-
Tormer was also installed to pernmit control of the voltage
to the heater coil, Connections betwsen the rectifier and
the heater c¢oll were made with number 10 eopper wire %o
provide negliglible resistance, With this arrangement the
maximum d,c, voltage across the heater o0ll was found to
be about 13 volts, This voltage remained constent within
30.5 per cent for periloeds as long as & week, A 4,c¢,
ammeter was installed in the cirecuit to give continuous
current readings, and connections were available at the
heater coil to permit periodic voliage measurements,

The heater coil and a portion of the test section
above and below it were covered with 85 per cent magnesia

pripe insulation in order to reduce heat losses to the
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room, This insulation was approximately one inch thick
and 26 inches long, extending for a distance of one foot
above and below the heater coil, Figure 8 shows the heate
ing seetlon with half of the insulation removed to expose
the coil,

Manometer System

The pressure differences across the orifice and the
test sectlion were measured with double~liguid U=tube
manometers, Identical pairs of manometers were provided
for the orifice and the test seection, Flgure 9 shows the
manometer beoard arrangement, One manometer of each pair
used water over carbon tetrachloride as the maaéuring
fluid and the other used water over mercury, These combie
natlons glve effective specific gravities for the manometer
fluids of 0,6 and 12,6 respectively, thus permitting a
rather wilde range of pressure measurements to be made,

The carbon tetrachloride was colored with a small amount
of lodine to0 increase contrest and thus make these manome-
ters easier to use,

The manometers were made of heavy-wall "Pyrex" glass
tublng and were 3 feet in length, Connections ta‘the brass
seal pots were made with short lengths of rubber tubing
secured with wire clamps, Shellae was used as a sealant
for these Joints, Individual meter atlcks were fastened

securely to the board to serve as length scales for esach
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manometer, A thermometer was also located at the board
to indicate the tempersture of the manometer flulds,

The lines connecting the pressure taps t0 the manomee-
ters were made of 1/4-inch copper tubing, These lines
were filled with water as the presgure transmission
medium, Congiderable care was taken to avold leaks since
& small amount of air could cause serious errors in the
pressure measurements, The lines were run horizontally
for a dlstance of about two feet from each pressure tap
before being bent for vertical travel to the manometer
board, This was done to prevent transfer of two-phase
material from the flow system to the vertical portions
of the lines due to movement of the manometer columna,
Before operation and between runs the manometer lines
were flushed with water to remove traces of air and any
two-phase fluld which might have migrated into the verti-
cal lines leading to the manometers, Thils flushing was
accomplished with the aid of a series of 1/4-inch brass
needle valves indicated in Figures 2 and 9, This valving
was arranged so the manometer legs eould be flushed indiw
vidually or in palrs as desired,

A summary of important equipment dimensions is given

below in Table 3,



Crifice dlameter, Ainches

Pipe dlameter, inches
Orifice<~to-pipe dlameter ratio
Orifice cross gection, square feet

Vertical dlstance between orifice
pressure taps, feet

Length of test section, feet

Inside dlameter of test section, feet
Length-to«diameter ratio

Inside cross section, square feet

Cutglde dlameter of test seection, feet

0.695
1,366
0,5088
0,002634

0.2370
6,003
0,05838

102.8
0.002676
0,07292



49
CHAPTER &

EXPERIMENTAL PROCEDURE

Scope of Investigation

The liguids used in this investigation were water and
"Shellsolv 360", a petroleum solvent manufactured by the
Shell Oil1 Company, Initial tests indicated that mixtures
of these liquids separated rapidly into two layers upon
cessation of mixing, There appeared to be no tendency
toward stable emulsion formation, The purposs of this
work was to study the properties of unstable liquid dis-
perslions, and stable emulsions were deliberately avoided,

It was necessary to measure gome of the physical
properties of the solvent since the manufacturer's speci-
ficatlons 4id not include them, The properties of water
were taken from the literature, Appendix B gives the ’
individual properiies for water and solvent, and the
properties of mixtures are considered in Chapter 6,

It was initially planned to cover the complete range
of compositions, 1i,e,, from 100 per cent water to 100 per
cent solvent, However, the instability of the dlspersions
limited the composition range which could be investigated
in the present equipment, Ten series of experimental runs
were attempted and these are listed below with the nominal

mixture composition of each seriles:
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l, FPure water
2, 50 % solvent in water
3., 20 % solvent in water
4, Pure water
5. 25 % solvent in water
6., (75 % solvent in water)
7. 65 @ solvent in water
8. Pure solvent
9, (20 § water in solvent)
10, 10 @ water in solvent
The nominal compositions lisgted above were based on the
relative amounts of solvent and water charged to the supe
ply tank, Actual measured compositions deviated slightly
from these values, The phrase "solvent in water" indi.
cates that water was the continuous phase (solvent dise
perged in water) while "water in solvent” indicates that
golvent wag the continuous phase,

Serles 6 and 9 were unsuccessful, In the case of
the nominal 75 per cent solvent in water uixture & sgingle
run was made at a measured composition of 75 per cent,
After the following run the measured composition was about
61 per cent, This mixture was evidently too unstable to
last through a series of runs, Yhen water was added to
pure solvent in an attempt to create a 20 per cent water
in solvent mixture, no such mixture was obtalined even

after mixing for about 8 hours,
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In each successful serles of runs the flow rate was
varied from the minimum to the maximum attainable values,
In the case of pure water this range was from approxie
mately 1 gpm to 30 gpm, At each flow rate measurements
- were made of pressure drop across the test seetion, heat
transfer, and orifice pressure drop,

Before any data were collected, pure water was charged
to the supply tank and pumped through the piping to check
the integrity of the system and the operabllity of the
mancgetara, Several leaks were detected in this way and
repaired, Following thils procedure the apparatus was
drained and pure solvent was pumped through the piping
as a further check on lesks and to assure a c¢lean systenm

free from oll and grease,

Preparation and Analysis of Mixtures

The preparation for a series of runs consisted of
charging the required amounts of water and solvent to
the supply tank and then mixing the liguids to obtain a
uniform dlspersion, Mixing was carried out by using the
agitator in the supply tank and by pumping the mixture

around the loop, Both of thesge mixing actions appsared

able length of time, Mixing times from 2 to 5 hours were
required, the longer times corresponding to the higher

concentrations, In all but the single geries of water
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in solvent runs, the mixture was prepared by adding the
solvent to the water during mixing, Uniformity of compo-
gition was indicated by steady manometer readings, by
constant thermocouple readings, and by visual observatlon,
During mixing the appearance of the material in the tank
chenged gradually from clear liquid to the typleal creamy
white emulsion color,

Mixture compositions were measured volumetrilecally.
Samples were collected in 500 milliliter graduates, The
graduates were covered with watch glasses and set aside
to permit separation of the two 11qu1d phases,

Meisener and Chertow (47, p, 857-859] have studied
settling and coalescence of unstable emulsions, These
writers recognized two distinet periods in the complete
phase separation process which they have labeled "primary
break" and "secondary break", Primary break occurs rapide
ly and results in two separate layers, a clear dispersed-
rhase layer and a c¢loudy continucus-phase layer, Seconde
ary break was found to occur about 10 times slower than
primary break and resulted in a clear continuous-phase
layer,

These phenomena were clearly evident in the present
work with solvent-water mixtures, VWhile accurate measure
ments were not made, it was noted that primary break
oceurred in 1 or 2 hours while secondary break required 10

to 15 hours, The samples were always allowed to stand
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overnight before volume measurements were made, ZEven
after settling was complete, large drops of dispersed-
phase liquid were observed clinging to the wall of the
graduate in the continuous-phase layer, It was necessary
to dislodge these drops by gentle stirring with a glass
rod before accurate volume measurements could be made,

In aggregate thaae‘drcpa represented as much as 2 per
cent of the dispersed-phase volume,

As mentioned previously, cooling water was supplied
to the double~walled supply tank to keep the temperature
of the mixtures below ambient, Feriodle adjustments of
the cocling water flow rate were made to keep the tank
temperature at about 60°F, The valumetrié gnalyses of
the samples were actually made at room tempersture since
the sanmples were allowed t0 stand overnight, A tempers.
ture correction was therefore applied to the volume compo-
sltlons, based on the known temperature-dsnsity relastion-
ship for each of the liquids, These corrections were
always small but were made in every case,

After mixing of the nominal 50 per cent dlispersion
for about 4 hours, samples were taken from various loca-
tions throughout the system to determine uniformity of

composition, The results are shown in Table 4,
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Table &
Compositions of Samples from Various logstions

Location ; solvent by volvme
Test Ssction 49,1
Bypass Line 49,4
Return Line 49,5
Supply Tank 49,3

Since these compositions were so néarly equal it wase
decided that sampling from the return line would be suf-
ficlent to indicate the composition of the mlxture passing
through the piping system, All further sampling was done
from the return line to the supply tank,

At the end of a geries of runs the mixture in the
supply tank was allowed to settle into two layers, In
spite of the care taken to maintain a clean system, a
small emount of contamination was noted at the lnterface
between the liquid layers, The solvent, which was always
clear, was decanted and saved for future runs, The water,
together with a small amount of solvent at the interface,
was discarded and replaced with fresh water vhich was used
in making a new mixture. Initial runs were made with dis-
tilled water, but it was found that the use of eity water
had no apparent effect on settling times or the amount of
contamination at the interface, Therefore, after the 50
per cent runs, city water was used for the balance of the

work,
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After preparation of a two-phase mixture ag des-
eribved above, all manometer lines were flushed with water
before data were taken, Following thls the valve at the
end of the return line was closed and no-flow manometer
readings were taken (all flow through bypass line),
Because both test section and orifice installatlon were
vertical, these readings were zero only for the casge of
the pure water runs,

The valve at the end of the diacharge line was then
partially opened to establish flow through the system,
and pressure drop measurements were ‘taken acroszs orifice
and test section, The carbon tetrachloride manometers
were used Tor low flow rates and the mercury manometers
Tor high flow rates, At intermediate flow rates both
manometers were often read to permit intercomparison
between them, Pressure measurements covered the range
from about 1 centimeter of carbon tetrachloride to 60
centimeters of mercury,

Some fluctuation in the height of the manometer
columns was observed, In most cases these fluctuations
were reduced by elosing down on the needle valves at the
Pressure taps and at the manometer sesl pots until these
valves were open about 1/2 turn from the fully eclosed

position, It was Observed that movement of the liguid
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columns occurred about an equilibrium position and no dif=-
ficulty was encountered in obtaining satisfactory read-
ings, At low flow rates, however, the fluctuations
were generally more serious, In these cases several read-
ings were taken and averaged, In addition te the manomee
ter readings the temperature indicated by the thermometer

mounted at the manometer beoard was read and recorded,

Heat Transfer Measurements

The measgurements associated with the heating section
were the seven thermocouple voltages and the power sup-
plied to the heating c¢oil, Normally thermocouple voltages
were read at intervals of a few minutes until successive
readings differed by no more than 0,002 millivelts, It
was then presumed that steady state conditions had been
attained, As in the case of the pressure 4drop mMeagulr'cew
ments, there were cases of erratic behavior where steady
voltages were not attained,

In each run measurements of current in the heating
coil and voltage drop across the coll were taken to
establish the power input, For a given setting of the
"Powerstat" variable transformer, the power input was
steady, varying by about 1 per cent throughout an entire
series of runs,

The application of the general energy equation in

Chapter 2 was regtrieted to isothermal flow conditions,
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Since the liquid mixtures were actually heated in passing
through the test section, this assumption is not strietly
valld, Practically, however, the temperature risge was 8o
small that the assumption of isothermsal flow was applicable,
The maximum attainable power input was about 44 watts glve

Btu .
(hr) (££°)

the temperature rise due to the heating coll was less than

ing a maximum heat flux of 4,800 In most cases

0,1°F, 1In the extreme case of pure solvent at the lowest
flow rate encountered, the tempersture rise was 0,65°F,
As a consequence of the low power input, tenmperature dif-
ferences between tube wall and flowing fluld were usually
less than 10°F, limiting the accuracy attainable in the

heat transfer measurements,

Heasurement of Flow Rate

The mass flow rate was determined for each run by
diverting the flow stream from the supply tenk to the
welgh tank and timing the collection of a predetermined
amount of fluld with a stopwateh, This measurement was
performed by starting and stopping the stopwatch as the
welght of the tank plus sample passed through two prew
determined values, In this way momentary flow irregue-
larities caused by movement of the flexible line were not
ineluded in the sample collection period, In most cases

50 pounds of liquid were collected in the weigh tank,
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At low flow rates 10 to 20 pounds were collected in order
to keep collection times below 120 seconds, At high flow
rates collection times were as low as 13 seconds, Succeés-
sive measurements at a given flow rate generally agreed
within 1 per cent,

The total volume of 1liquid charged to the supply
tank was ébcut 50 gallons, which provided a suctlon head
on the pump of about 3 feet, DIuring collection of a
sample in the welgh tank this suction head changed by
less than 10 per cent, Changes of about 0,5 millimeter
in menometer levels often occurred during the sample col-

lection period, These changes were noted and recorded,

Summary of Experimental Procedure

At each flow rate of each series of runs the follow
ing data collection procedure was used:

(a} Flush manometer lines with water,

{(b) Take and record no-flow manometer readings,

(¢) Establish a flow rate through system by adjust-
ing valves 2 and 4 (Figure 2, Chapter 3).

(d) Record valve settings and pump discharge
pregsure,

(e} Read and record manometer levels for orifice
and test sectlon,

(f} Read and record temperature at manometer board,

(¢) Read and record seven thermocouple voltages,
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(h) Read and record current and voltage through
heater coil,
(1) YMeasure mass flow rate, recording masgs of fluid
collected and collection time,
(J) THecheck manometer readings during collection
in weigh tank,
(k) HKead and record temperature of liquid in supply
tank,
{1) wWithdraw sample from return line for measurement
of volume composition,
When the data had been recorded, the flow rate was changed
and the above procedure was repeated, Steady state cone
ditions at the new flow rate were apparently achleved
very rapidly, A period of 10 to 15 minutes was always

allowed before data were taken,
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CHAPTER 5

EQUATICNS FOR EVALUATING FRICTION FACTOH,
ORIFICE CCEFFICIENT AND HEAT TRANSFER COEFFICIENT

Fanning Frietlon Factor

The expression for the pressure difference bhetween
two points in & vertical cireular tube carrying a single-
phase liquid was derived in Chapter 2 as equation (8),
This equation may be written for a two-phase 1iquid mixe
ture as
(30) ~Ame-AP--§;- P AZs
where Pn is the density of the two-phase fluid and the
other symbols have the same meaning as given previously,

It is now necessary to consider what the manometer
actugally indicates, Figure 10 is a sketch of a manometer
connected between points 1 and 2 in a vertlcal emnduit.

A reference level 1s indicated in the sketech, at whieh
the pressure 1s Pr' This reference level pressure may

be expressed in terms of either Pl or PE:
(31) Py + gs;(ew) P, =P,

or

(32) ?zds-g-;apw#%;bf’b::?r.
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Equating these expressions and solving for the pressure

difference between points 1 and 2,
(33) By = Py==4P= %;(a.-e) Pyt é-;b(/ab.. )

But (a-c¢) 1s equal to the length L of the vertiecal section
and ('Db“fow) ls the effective density A, for the two-
fluid manometer, The sign convention which has been
adopted is that a manometer reading as indicated in Figure
10 is to be considered positive, 1,e,

b = (right leg reading) - (left leg reading),
If equation (33) is solved for the pressure equivalent of

the manometer reading, equation (34) is obtained:

: ‘&0 = o "T«,,,ﬁ.,'
(34) 5 b P, AF & LA

Comparison of equations (34) and (30) shows that the manom
eter does not give the friection pressure drop directly,
except vhen the fluid flowing through the system is pure

water, For other cases the quantity 8- L2 -« 2 ) nust
y g, w {m

be added to¢ the manometer reading to gilve

(35) g-;b Py + %L(pw- Pg) = =4P = %;me = = AP,

This added term (or rather ite negative) 1s what the manom-
eter indicates under no-flow conditions, 7Thus the differ-
ence between the manometer readings under flow and no-flow

conditions ls required for evaluation of the friction prese

sure drop,
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After the friction pressure loss has been evaluated,
it may be used to compute the friction factor from the

Fanning relationship,

(36) - geﬁ Iom(“‘ APf}

2LG§
where
1bm
G = P _V is the mass velocltiy 1n<-~m--§* .
s (see) (£1°)

Orifice Coeffilcient

In Chapter 2 the orifice sguation was derived as
equation (23), This may be written for the two-phase
liquid mixture as

_ _1
age,om(- 4P - §;/Om AZ) 2

. 'E -
D
1..<°>
L 2 J

The pressure difference expression required in the numera-

(37) W= CpA

H
Lo
o

tor of equation (37) is obtained in exactly the same mane
ner as described above, Again the difference between the
flow and no-flow manometer readings is required, and equae
tlon (35) becomes

ﬁ-’- g" - = - *gﬂ '
(38) geb’oe*ch’(’ow Py) = = 4P $eL Py

where L' is the vertical distance between the orifice
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pressure taps, Onece again when the flowing liquid is water,
the manometer reading under flow conditions gives the
desired quantity directly,

Substituting (38) into (37) yields the expression for
the orifice coefficient in terms of the measured quanti-

ties:

(329) Cn = L
gge/om[ b,o *E—L'(/o /O)T%

I

Filgure 11 shows & portion of the brass tube test sec-

tion in the vicinity of the heating coil, Heat 1s sup-
plied by the coil and this heat 1s partlally transferred
to the liguid flowing beneath the coil and partially cone
ducted along the tube wall away from the coil, The follow-
ing assumptions are made:

(a) The power input is small so the liquid flowing
through the tube remains at an essentially
constant temperature ta*

(b) The tube material (brass) has & high thermal
conduetivity so the radial temperature gradi-
ent in the wall is negligible,

(e} The thermal conductivity of the brass is

independent of temperature,
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{d) There iz no heat loss radielly outward from the
tube (the tube was insulated &s descrlibed pre-
viously),
(e) The tube wall directly under the heating coll
is at 8 uniform temperature t

ei
(f) The cross-sectional area of the tube material,

Acs’ is uniform along the length of the tube,
(g) sSteady state conditions prevail,

With these aasumptinna a heat balance is made for a short

gection of tubing of length Ax, The input to the section

is by conduection and the output consists of conduction

along the tube wall and convection to the fluld flowing

in the tube:

at at L
(40) -k4 ; = wkh ‘ + haD Ax(t=t,_)
es dx x es dx 2+ AR 8

where

x 18 the distance along the tube measured from the
end of the heater coil, |

t 1s the temperature of the tube wall at any value
of x,

h is the film heat transfer cocefficient,
Applying the mean value theorem,

2
4t at 4~y ;
“Khos x|, = “Fhes|ax| * A* 3 + Bd Ax(t-t,)
x x x40 Ax

(41)
0« <l
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or |
a% |
(42) KAy AX ==2) = hnD Ax(t=t,).
Ax" 140 Ax

Dividing equation (42) through by Ax and letting Ax
approach zero, the following differential equation 1s
obtained:

2
(43) %ﬁ = p2(t-t,)

where 52 = kﬁﬁ .
“ea

The complete solutlon of this equation is
= o oBX -px _ |
(44) t= e 4 LIS + 4,

and the boundary conditions are
£{0) #‘ta and t(o0) = t_,
Applying the boundary conditions,

’ ) - . mﬁx
(45) tet, = (b, - 807,

and thus the ﬁu’ba wall temperature falls off exponentially
on elther side of the heater coll,

The total heat transfer rate by condution along the
tube wall (in both directions) awsy from the coil will be
glven by

00 00
ey { - PP -BxX,.
2] hfrD(twtade = zhwv(t.e ta)j e Tdx,
C 0

on the assumption that h is constant along the length of
the tube, The total heat output by eonduction from the



heating section will thus be

A% e’ -l
whﬁ?{te a} .
B

4 heat balance may now be made on the heating section of
length 1t | |

- 43 ﬁﬁ(tawt&)

Q = hﬁﬁl(teﬁta) #
or
) 2

(46) Q= had(t, - t,)(1 + ),

vhere Q 1s the power input to the coll in .

Btu

Solving for the heat transfer coefficlent,

(47)

It should be noted that no fluid properties are involved
in the determination of the heat transfer coefficlient by
equation (47),

Most of the assumptions Invelved in the derivation
of the above equation were approximately valid in practice,
However, the tube wall temperature under the actual coil
was not uniform, and it was necessary to use an "average"
temperature in place of tﬁ in equation (47), This tempe
erature was determined by calibrating the coll with a
pure liquid of known properties, The raaulta of this
ealibratian‘wili be presented in Chapter 7,
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CHAPTER 6

PHYSICAL PROPERTIES OF MIXTURES OF IMMISCIBLE LIQUIDS

Character of the Mixtures

The milkye-white appearance of the mixtures used in
this investigation has been notea previously, The creamy
eclor and opacity of the mixture is a result of differing
refractive indices and optical dispersive powers of the
two phases [10, p, 229], The dispersed-phase droplet
slzes encountered with these mixtures are not accurately
known, It is possible however to establish rough limits
on the size distribution from qualitative considerations,
Individual droplets were not visible to the naked eye,
which places the upper limit at about 50 mierons {75. e
15], Also the milky-white appearance suggests that the
droplets were larger than one mieron [4, p, 52]. Thus
the probable range of droplet gizes was from 1 to 50
mierons,

Suthelm {75, p. 2] states that three constituents
are necessary to form an emulsion, These are the two
lmmiseible 1liguids and a2 stabilizing or emulsifying agent,
Most commercial emulsions do involve a third constituent
to promote stablility, On the other hand, Becher [4, p.
52] and Treybal (78, p., 273~276] refer to liquid extrac-
tion systems, in which stabilizing agents are studiously
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avolded, as unstable emulsions, In order to emphasize
the unstable nature of the mixtures used in this work,
the terms suspension or dispersion are probably to be
preferred, ,

The physical properties of importance in the study
of fluid friction and forced convection heat transfer are
the density, viscosity, specific heat, and thermal eenw
duectivity, Various methods of eatimating these proper-
ties for dispersions of immiscible liquids are consldered

below,

Density, Specific Heat, and Thermal Conductivity

In the case of immisecible liquids, density and speci-
flc heat are additive gquantities and the calculation of
effective mixture properties offers no diffieculty, Thus

the mixture density, f%, may be computed from

(48) Pn =Ny Py * Mg P

where

N, 18 the volume fraction of water in the mixture
and

Ns =1 = N, = the volume fraction of solvent,
In a similar manner the specific heat of the mixture may
be ecalculated from |

(49) ¢. =N C_ +N'C_,
P, W 'p, s 'p/
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where N and ﬁ; are the mass fractions of water and solvent
respectively (21, p. 2461,

Wang (83, p, 28«-49] has measured the thermal con-
duetivities of several stabilized emulsions, one of his
systems consisted of water and a petroleum s¢lvent practle
cally i1dentical to that used in the present investigation,
Several equations for predieting thermal conductivities
of mixtures were tested, For the solvent-water system
the begt agreement with experimental results was obtained

using equation (50)%
(50) ko= Nk + Nk,

where k , k , and ka are the thermal conductivities of
mixture, pure water, and pure solvent respectively, Thig
equation was found to reproduce the data within 10 perv
cent over the temperature range from 65 to 80°F, Wang
found that the thermal conduectlivity was independent of the
phase distribution of the emulsion, i,e, Oil-in-water or
water-in-oil, It was also found that the presence of the
small amounts of emulsifying agents used had negliglble

effect on the thermal conduetivity,

Viscosity

The viscosity of dispersions cannot be successfully
predicted using the simple "mixture laws" discussed above,

The situation appears to be guite complex, and a vast body
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of literature on thls sublect exists,
Cne of the earliest viscosity equations was that due

to Einstein [14, p, 300; 15, p. 5921
(51) Mn = Mo(1 + 2.50),

where

Ma is the effective viscosity of the diaperaian;

/ué is the viscoslity of the continuous phase, and

# is the volume fraction of the dlspersed phase,
This equation was derived on the assumption of uniform
rigid spheres dispersed in a 1liguid and separated by
distances large compared to the particle dlameter, It
is actually a limiting equation, and is not considered
applicable for values of ¢ greater than about 0,02 [4,

P. 591,

Hatschekx [28, p. 80] presented an equation identical
in form to equation (51) with a constant of 4,5 replacing
the value of 2,5 in the Einstein equation, Later, Hatschek
{29, p. 164] deduced an eguation applicable at higher

dispersed-phase concentrations,

b P ml
This equation guccessfully predicted the viscositlies of
suspensions of red blood corpuseles, Sibree {72, p., 5],
working with stabilized paraffinein-water emulsions,

found it necessary to modify Hatschek's equation by the
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introduction of a "volume factor” multiplying ¢ in the
denominator of equation (52).

Several attempis have been made to modify the Eiﬁstein
equation by the introduction of a polynomial in ¢, in order
to make the equation applieable at higher concentrations,

Thege equations have the form
(53) Po= Mol 2,50 + of® + 887 + .00,

vhere o and B are constants, The writer has found vaiues
of the "constent”, «, in the literature ranging from 4,9
to 14,1 (4, p, 60; 58, p. 397; 80, p. 299), COther viscos-
ity equations have been given by Robinson (67, p, 1044],
Broughton and Squires [7, p, 259), and Xunitz [40, p. 7161,

It 1s of interest to note that the visgcosity of the
dispersed phase does not appear in any of the above equa-
tions even though many of them have been used in describe
ing liquid-liquid dispersions, Several equations which
ineorporate this factor have been proposed, Taylor [76,
P. 46] theoretically extended the Einstein equation to
apply to a fluid dispersed phase at low concentrations,
Vermeulen, Williams, and Langlois {81, p., 91F] presented
equation (54):

. _ 1.5 M

where /Jd is the viscosity of the éispersed phase, Miller
and Mamn (53, p, 7191 and Olney and Carlson [59, p. 475]
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succeeded in correlating mixing data for immiscible liquids
using a logarithmic mixture egquation:

(55) g = p8 e )1

Another complicating factor is that some emulsions,
particularly at high concentrations, exhibit non-Newtonlan
behavior, i,e, they 4o not obey the Newton law of viscose
ity (48, p. 81}, Still another factor, neglected in the
equations considered above, is the possible effect of
particle size and size distribution, Savaral workers have
ptudied model emulsions consisting of suspensions ef‘aalid
gspheres of varying size distribution, Rosecoe [69, p, 268]
spsgesta two viscosity equations, one for very diverse
gizes and one for hiah goncentrations of uniform spheres,
Further work with snap&nsiﬁha of 801id spheres has been
carried out by Ting and Luebbers [77, p. 111-116] and Ward
end Whitmore [85, p, 2686-290], These writers reached the
eonclusion that viscosity was independent of absolute
sphere slze but dependent on size distribution, decreas-
ing with inereasing aizg range,

Richardson (65, p. #12-413; 66, p, 368-373] found
that for real emulsions both the absolute particle size
and the size distribution affected the viscosity, Work-
ing with stabilized oil-in-water emulsions, he concluded
that the apparent viscosity of emulsions having the sanme

concentration and the same size distribution about a
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mean globule diameter was inversely proportional to this
mean globule diameter, Increased viscosity with decress-
ing partiecle size was also noted by Hatschek (28, p., 82],
Becher [4, p. 215] desoribes some work in which highly
concentrated emulsions were homogenized by foreing them
through capillery tubes under pressure, In one experi.
ment particles with size in excess of 10 mlcrons disap- -
peared and the number of partieles of about 1 mieron in
size increased, After 12 passages through the tube, the
viscosity of the amﬁlsian had inereaged by a faetor of
2,5, Sibree's work {10, p. 215-216] also indicated that
fine emulsions were more viscous than course emulsions
at equivalent values of 7, the difference incressing as
¢ was inereased, A common example of this phenomenon is
the increased visassityvaf milk caused by hﬁm@genizatiea
{75, p. 149],

A1l of the liguid-liguid work deseribed above has
been performed with stabilized emulsions, For such
systems, it appears that the vigeasity may depend on
(2) the viscosity of the continuous phase, (b) the volume
fraction of the dispersed phase, (¢) the viscosity of the
dispersed phase, (4) the rate of shear, (e) the size
distribution of the droplets of dispersed-phase liquld,
(f) the absolute size of the droplets of dispersed phase,
In addition, the nature and concentration of the emulsify-
ing agent has been shown to affect the viscosity, but
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this effeet would not be involved in the unastadble dis=-

persions econsidered in thils investization,
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CHAPTER 7

SUMMARY AND ANALYSIS OF RESULIS

A study has been made of the flow and heat transfer
properties of varlous mixtures of petrolsum solvent and
weter, These liquids form an immiscible system producing
highly unstable dispersions upon agitation, The limita-
tions on achievable mixture compoaitions imposed by this
instability have been mentioned previously (Chapter 4),
This problem will be considered further in the following
discussion, | |

The ranges of observed data encountered in this
investigation are presented in Table 5 for each of the
nominal mixture compositions, The table i3 inserted here
to provide a quick look at the overall investigation,

The detailed results are desoribed below,

The von Kerman friction faetor equation for turbulent

flow in smooth tubes has been given previcusly as
(10) L. = 4,0 10g(Re {F) ~ 0,40,
q_f *

The curve in Figure 12 represents this equation over the
range of Reynolds munmbers from 3,000 to 125,000, The
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Average

Measured ‘ . Linear
Compositions, wabaa“' Temper- Velocity,
Nominal ¥ Selvent by “n ature, £t
Composition Volume Beo %, ‘Beo
Fure 0,079=4,2 |
Water {Re: 2,200« 58«67 0,47=25
125,000}
20 solvent 20,2 - 0.10=4,0
in water 20,7 57=60 0,64+25
253 solvent 24,4 - 0,13«3.9
in water 24,9 62«64 0,80-25
503 solvent 48,7 - 0.21-3.7
in water 49,5 62«64 1.4-25
65% asolvent 60,0 - 0,11%3,6
in water 63,3 65=T0 0.7T7=25
108 water 90,7 - 0.,083-3,4 | |
in solvent 96,6 62«66 0,63=25
Pure 0,11-3,3 V ;
solvent 100 (Re: 3,700« 63=69 0,84425

104,000
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experimentally determined friction factors for pure water
and pure solvent are shown as points in the figure, Ape
proximately 65 per cent of these points fall within I2
per cent of the curve, In this range of Reynolds numbers,
84 per cent of Nikuradse's data [57, p. 30-31] and 62 per
cent of the extensive data of Stanton and Pamnell (74, p.
217-224] fall within %2 per cent of the curve, It will
be recalled that the constants in equation (10) we?e:v
determined using Nikuradse's datai.'Far the present/ﬁ&ta,
maximum deviations from the curve oecur for Raynél&s
numbers below 20,000, and this is also true for the data
of Nikuradse and afgﬁianton and Pannell, At low flow
rates the experimental error is greatest, particularly
in the pressure maaéureaants, and this agcounts for the
larger spread of th@ data at low Reynolds numbers,

The results for pure water and pure solvent were
taken as an indication that the apparatus was functioning
properly and that the test section tubing could indeed be
considered smaaﬁn,f ;

It has been pointed out in the previous chapter that
prediction of the #1s§aaity of guep«naians is 4ifficult,
as Indicated by th§ large number of viscosity equations
appearing in the 1§t§rature. Sinee the viscosity appears
in the Reynolds nn@bar, it is important to¢ be able to
estimate this qunnﬁit# in order to caleulate frietion
factors, Further, it would be convenient in estimating
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friction losses t0 he able to use exlisting relationships
between the friction factor and the Reynolds number, It
was therefore declded to evaluate "effective"” or "apparent"
viscosities which when used in the Reynolds number would
satisfy the von Karmsn equation, It should be noted here
that attempts to measure the dispersion viscosity with
an Optwald viscometer falled, Mixture samples were withe
drawn into the viscometer as repidly as possible from the
agitated tank, Coalescence was so rapid that large drope
lets of disperaaduphasa liquid were @b#ervad bloeking the
capillary tube of the viscometer, and meaningful determi-
nations could not be Qaéw,

For each run the Fanuning frietion factor was evalue
ated from the experimental data by équatian (36) of
Chapter 5 and the corresponding Reynolds number was deter-
mined from the curve of Figure 12 (actually the von Karmsn
equatian was plotted on a greatly expanded scale and this
curve wag used 1o determine the aayﬁalés number correspondw
ing to each value of the friction factor), From this
Heynolds number and the measured flow rate, the apparent
viscogity of the mixture was caloulated from

(56) Mo = Be .

Viscosities evaluated in this manner have been used in the
study of suspensions of s0lids in llquids by Salamone and
Nevman [71, p. 286], Ward and Dalla Valle (84, p., 10},
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and others, and are often called "turbulent viscosities"
{5 p. 8-105],

The mixture viscosities determined Prom equation (56)
have heen plotted in Figure 13 as functions of the masse
flow rate for each mixturse composition, A single line
has been drawn through the data points representing the
nominal 20 per cent and 25 per cent solvent-in-water |
nixtures, On a larger scale a slight separation was noted,
To sceount for the small temperature differences among the
various runs, a correctlion was applied to each viscoeity
value before plotting, The base temperaturs to which all
of the viscositles were corrected was 63°F, which repre-
sented roughly the average temperature for all of the
runs, These corrections were based on the wiscosity of
the continuous-phase liquid and generally amounted to less
than 3 per cent, Several features of Figure 13 require
discussion,

The procedure deseribed sbove for evaluating apparent
viscositlies was applied to the pure solvent runs to obtain
an 1ndlcation of the magnitude of experimental errors
inherent in this procedure, The points are shown grouped
around the horizontal line representing the known viscog-

1ty of pure solvent, Xrrors as large as 23 per cent ocoure

1b
red at the lowest flow rates investigated (about 0,1 ;g%r
and the errors decreased with increasing flow rate as
1b

expected, Above a flow rate of 0,4 ;3% the average
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observed error was approximately 3#fpar ecent, The large
errors at low flow rates were attributable prineipally to
errors in the pressure drop meagurements, since the net
friction pressure drop was obtained by taking the differ-
ence between presgure readings under flow and no-flow
eonditions, This involves the well known diffleulty in
taking the difference between gwc nearly egual numbers,

Deviations as large aa,heé‘per cent from the lines
drawn in Flgure 13 were noted for tha high concentration
dispersions, It is evident that measurement errors alone
cannot explain the very great scatter of the data for
mixtures at low flow rates, These large deviatlions are
believed to be due 10 mixture instability manifesting it~
gelf as unpredioctable concentration changes during flow
through the apparatus, It was noted that the hlgher the
concentration of dispersed phase, the greater wurékthe
deviations from the lines in Figure 13, and the longer
they persisted as flow rates were increased, Both unpre~
dictable manometer fluctuations and erratic thermocouple
readings were sometimes noted in the mixture runs at low
flow rates, Table 6 shows some measured mixture composi-
tions as observed after runs at various flow rates for

several noninal compositions,



Iable 6
Meagured Mixture Compositiomns at Various I
Nominal Meagured - Mass f%gw’rate,

aalvantv galyygﬁ o EE%,
65 60,0 0,11

65 63,1 0,81

65 63,2 1.48

65 63,3 2.67
65 63.2 3.05
25 25 .4 0,13

25 24.8 ; , 0,50

25 24,7 0.96

25 24,9 , 1.37

25 ' 24,7 2,16

90 95.4 .38

90 92,6 0.86
20 20,6 1,04
90 90,2 1,84
90 91,0 2,44

80 91.1 3.13

These values provide an indication of the instability at
low flow rates, It should also be noted that because of
the practlcal impossibility of obtaining flow rate, pres
gure drop, and ecomposition datae simultanecusly, further
changes of unpredictable magnitude could have gone
undetected,

In many of the low flowerate runs, large friction
factor values beyond the range of Figure 12 were obtained,

For these cases it was necessary to assume that the laminar



86
flow relation, f = %%, was applicable, The use of this
equation resuited in indleated Reynalﬁﬁ numbers as low as
100, and thus in high values of the apparent viscosity by
equation (56), Some éf,the highest of these apparent
viscosities were beyond the range of Figure 13,

It has been noted previously that water-inesolvent
mixtures with dispersed-phase concentrations greater than
about 10 per cent could not be prepared in the present
equipment, When the attempt was made to prepare a 20
per cent water-inesolvent dlspersion, the system acted as
though the relatively small quantity of water was attempte
ing to become the eontinuocus phase surrounding the large
amount of solvent which was present, A uniform mixture
was never attalned in this case, Even the nominal 10 per
¢ent water-in-solvent dlspersion which wastﬁueeaasrnlly
prepared showed instability at low flow rates as indicated
by Teble 6 and Figure 13, At higher rates of flow, beyond

the instabllity range, this mixture behaved approximately

as pure solvent as indicated in Figure 13, The composie
tions indicated 1in Figure 13 are nominal values, For
flow rates beyond the instability range, mixture composie
tions were quite uniform as indicated in Table &, Average
values for the stable flow range are given in Table 7 bee

low,
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Nominal Gampesitian, ‘£reraga Megsured Gampasitien,

by Volume _Solvent
20 ¥ solvent in Water 20.6
25 ¢ Solvent in Water 24,8 g
50 ¢ Solvent in Water 49,2
65 Z sSolvent in Water 63,1 g
10 g vwater in Solvent 90.7 &

It should also be net%& from Pigure 13 that the vise

cosity lines drawn through

the experimental points for

the solvent-in-water dispersions are not horizontal, but

shovw increasing apparent vi

scosities wiﬁhyinaraaaing flow

rates, Thls positive slope is characteristic of none

Hewtonian flulds of the dil
There are several fact

eould possibly explain the

atant type,
ors other than dilatancy which
pogitive glopes notes in Fige

ure 13, One of these of cpurse ls experimental error,

However, at high flow rates

differences, flow rates, a
accurate to about 1 per ee

viscosity lines for the oo

the neagurements oOf presgure
d mixture compositions were 8ll

t. Maximum deviations from the

neentrated mixtures at high flow

rates (in the stable flow region) were of the order of 6

per ecent, Experimental errors of 30 to S0 per cent would
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be required to explain the slopes noted, This factor may
therefore be dismlissed,

Several workers [10, p, 216; 67, p., 1045] have noted
that entrained alr may increase the apparent viscosity of
emulsions, In the present work agitation was carried out
in an open tank, and the liquids in the supply tank were
certainly aerated, The absence of any apparent effeoct in
the runs with pure ligqulds, plus the fact that there is
little reason to expect increased air entrainment with
increagsed flow rate, leads to the concluslon that air
entrainment cannot account for the observed results,

A third item which deserves consideration is the
posslible effect of both dispersed particle size and size
distribution on the apparent viscosity, Some of the evi-
dence indicating inereased viscosgity with homogenization
and reduction of droplet size has been cited in the pre-
ceding chapter, Roy and Rushton [70, p, 33-36] have
studied the effect of turbulent pipe flow on drop size
for a 2 per cent oil-~in-water dispersion, The o0ll was
injected into a turbulent water gtream at one end of a
smooth plastic pipe and measurements of drop sizes were
made at a point 100 pipe diameters downstream from the
point of injection, Care was taken to obtain break-up
of the dispersed phase by the exclusive action of the
shear stresses involved in pipe flow turbulence, It was

eoncluded that the average drop size was independent of
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the Reynolds number over the range from 30,000 to 100,000,
In the work of (lay, as described by Becher (4, p, 218],
emulsions were "refined" (i,e., the mean droplet size
decreased) by pumping in turbulent flow through a closed
pipe loop, a situation more nearly analogous to that of
the present work, Clay found a definite improvement in
the {ineness of the emulsions on inereasing the flow rate,
He was able to produce a msan dismeter of 10 miecrons from
an emulslion containing droplets approximately 10 times
this size,

In all of the emulsion work known to the writer,
including some with systems chemleally and physiecslly
similar to the solvent-water system considered here,
the non-Newtonian behavlior observed was of the pseudow-
plastic type, For thie type of fiuld, the viscosity
decreases with shear rate (or flow rate in & given appa-
ratus), Becher [4, p, 56], in his extensive treatment
of emulglon technology, states that dilatancy is appare
ently guite rare in emulsion systems,

While the situation 1s not perfectly clear, it
appears that the viseosity of s liquid dispersion may be
increased markedly by homegenization and reduction of
average droplet size, and that such homogenization may
be brought about by pumping the dispersion in turbulent
flow through a pipe line, Based on the evidence cited
above the writer hypothesizes that the apparent dilataney
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evident in Figure 13 1s due to refinement of particle
sizeg, resulting in incressed viscosity, with increasing
flow rates, In the present work 4t was not possible to
geparate the effects of non-Newtonian behavior (if present)
and partlele size reflinement, Thasé effects may well have
acted in opposing directions with the net result showing
up in the plots of Flgure 13, It would appear that
further work, along the lines of separating these effects,
would be highly desirable,

From Figure 13; values of apparent viscosity for |
each composition were taken at flow rates of 1,5 and 3,5

1p
aaﬁ* and these viscosity values are plotted versus the

volume fraction of solvent in Figure 14, Several of the
viscosity equations discussed in Chapter 6 are also indie
cated as dotted lines on the graph, It is evident that
none of these equations fit the observed data, The data
at a glven flow rate are reasonably well fitted by a second
degree polynomial in #, in which the coefficient of the ¢
term is taken to be 2,5, the same coefficient that appears
in the Einstein equation, This equation thus reducss to
the Einstein equation at small values of ¢, In this senge
any polynomial in #, in which the coefficient of the first
degree term is 2,5, is & modified Einstein equation,

The coefficient of the ¢ﬁ term is & function of the

ik
flow rate, At 1,5 EE% the apparent viscosities are
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repregented within ¥4 per cent by the relatlion
(57) My = (L + 2,58 + 4,60%),

which %3 plotted as the solid line in Flgure 14, The
- 1b
lower limit of 1*5,§g§ was selected since above this flow

rate all apparent viscoslty values fall close to the lines

of Figure 131*@r all diegpersion eoncentrations, At a flow
b
—8 the goeffieient of the @ term was found
sec 1b

to be 3,4 and at 4,0 EEE it was 7.3, From this inforpae

rate of 0.4 <=

tion the effect of flow rate could be taken into agcount,
All of the visgcosity data in the stable flow region may
be represented by the &qu&tian

(58) P = Poll + 2,50 + (3.0 + 1,06W)9%)
Yi.‘ia‘ﬁ
sec*
with several sets of viscosity data in Figure 15, This

vhere W must be expressed as -——=, This equation is tested
equation is limited to the prediction of viscositles for
the syster and ap§arataa uged in this investigation, It
will suitably predict viscosities of dispersions containe
ing 63 per cent solvent at flow rates sbove 1,5 ;;%. For
dispersions containing less than 50 per cent solvent the
equa%%on will predilet viaeegitiea at flow rates as low as
0,4 —=2 ae? with these restrictions on flow rates, equation
(58) showed an average deviation from the experimentsl
values of apparent viscosity of about & per cent, Using
this equation together with the friction factor plot of
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Figure 12, the experimentally determined friction pres-
sure losses in the smooth tube may be reproduced within
about 2 per cent, ’

- It would be desirable to have a relation which did
not involve the flow rate, Between the values of 1,5 and
3,5’%2% the following equation gultably represents the
average viseosity over this flow rate ranget

(59) Ma = Mol + 2,58 + 5.60%),

This equation reproducesz the viaaéaity data within'39 per
cent, If this eguation were used to evaluate Reymolds
numbers for the predietion of frietion pressure losses,
the Reynelds numbers would be in error by at most 39 per
cent, aassuming that the curves of Figure 13 accurately
represent the apparent viscositles of the nmiztures, Using
thege Ieynolds numbers %o evaluate friction factors for
flow in smooth tubes from the frietion factor plot, leads
to pressure loeses in error by about +3 per cent over this
Tflovw range, By extrapolating the viscosity lines of
Filgure 137 to lower flow rateg, other sets of points could
be obtalined as in Figure 14 end equations similar to {57)
¢ould be written for then,

The above viseosity equations 4o not contain the vise
eosity of the dispersed phase, In the temperature range
involved in thls investigation, the viscositles of solvent
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and water differed only slightly, At 63°F for example,
the viscosity of pure solvent was found to be about 3
per cent lower than that of water, The study of immig
cible systems involving liquids of widely differing vis-
cosities would be most interesting in the light of the
results of the present work and the discussion in Chapter
6,

It is concluded that for solvent«water dispersions
in the stable flow range, frietion pressure losses in
smooth tubes may he estimated within s per cent using
apparent viscositles caleulated from equation (59) and
the eonventional relationship hetween the Fenning friection

factor and the Reynolds number,

Orifice Coefficlents

Figure 16 i1z an orifiece eslibretion curve in which
the mass flow rate is plotted againsgt the pressure dif
Terence across the orifice meter on a log-log sesle,
According to the orifice eovation, such a plot should
vield a straisht line with a slope ¢f 0,5 as long as the
discharge coefficient is eonstent, Previous experimental
work with single«phase fluids hes shown that the dis.
charge coeffielent ia approximately constant for orifice
Reynolds numbers greater than about 30,000, repardless of
the nature of the fluild or the value of the orifice-to-

Plpe diameter ratio [8, p, 158}, Orifiece Reynolds numbers
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are computed using the diameter of the hole in the orifice
plate instead of the pipe diameter, In the present work,
the orifice dismeter was slightly smaller than that of
the test~sectlion tubing, The orifice Reynolds numbers
were about 1 per cent larger than the values given in
Table 5 for the test section,

The quantity actually plotted as the abscissa of

Figure 16 was (- 4P = 2, L'E-), This was done to
¢

eliminate the effect of the different densities of the
various mixtures, It is evident from inspection of the
figure that all of the points for pure liquids and for
mixtures fall c¢lose to the same straight line for h:gh
flow rates, The line was drawn with a slope of 0,5, At
low flow rates most of the experimental points are seen
to fall above the line indiecating inereasing values of
the discharge coefficlent with decreasing orifice Reynolds
numbers, Thig le¢ in agreement with the pwgv&ans experi-
mental work with singiaaph&ig fluids [8, p. 158], Flow

rates greater than about 1 33% gorrespond to Reynolds

nunbers greater than 30,000 for both pure water and pure
solvent,

For each run with pure liquids and with mixtures, an
orifice discharge coefficlent was evaluated from equation
(39) of Chapter 5, It was found that approximate con-
stancy of the discharge coeffieient occurred for orifice
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Reynolds numbers greater than about 20,000, Table 8§ shows
the average value of the experimentally determined orifice
coefficlents (for orifice Reynolds numbers above 20,000)

for each nominal mixture composition,

Zable 8

ﬁamiﬁ&14ﬁampaaitian &waragaﬂvalga @fycﬁ
Pure Water : 0,613
20 & solvent in Water 0.600
25 ¢ Solvent in Water 0,613
50 ¢ Solvent in Water 0,612
65 ¢ Solvent in Water 0.634
10 § water in Solvent ~ 0,609
Pure Solvent 0,611

It 1s evident that these values differ but little with
mixture composition, A discharge coefficlient of 0,61
eould be applied to any of the mixtures (as well as elther
pure liquid) with a maximum error of about 4 per cent,

At low flow rates, the experimental discharge coef-
fielents were usually larger than 0,61 as expected, Occow
slonal very large and very small values were cbtained in
the unstable flow region and some of these are indicated
by the widely seattered points in Figure 16, In the applie

cation of orifice meters, the orifice-~to-pipe dismeter
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ratic 1is chosen to ensure orifice Reynolds numbers greater
than 30,000, in order to take advantage of the constancy
of the discharge coeffielent,

it is concluded that the sharp-edged orifice meter
should be quite suiteble for metering the Tlow of twoe
phase liquid dispersions of solvent and water, The gene
erally aeccepted value of 0,61 for orifice discharge coefe
flclents may be applied in designing such meters for

orifice~to«pipe dlameter ratios near 0,5,

Heat transfer ccefficlents were computed from equa-
tion (47) of Chapter 5:

(47) D S mer——— ) ,
;m(z, + a\ﬁ)(% - t,).

As mentloned previously the tube~wall temperature beneath

the heating coll was not uniform so it was necessary o
callibrate the coll in order that it could be used to

determine heat transfer coefficients, The first step in
- this procedure was to compute heat transfer coefficlents

for the pure solvent runs from the Dittus-Boelter gquatm&a,
(28) Nu = 0,023(Re)?+8(pr)0e%,

These values were then compared with coeffilelents calou

lated from equation (47) using various measured tempersture
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differences in place of the quantity (t -t,).

The measured tube-wall tempsratures Tor one of the
solvent runs at a Reynolds number of 10,600 have been
plotted in Figure 17, It was found empirleally that the
use of (tlﬁt?) gave heat transfer coefficlients in good
agreement with the Dittus-Boelter equation over the range
of flow rates investigated, The pure aalvant'aata were
chosen for this calibration since the lower heat capacity
of the solvent compsred to water led to the highsat Obe
served temperature differences between the tube wall and
the flowing liquid, The temperature distribution along
the tube wall was derived mathematically in Chapter 5 ase

(45) 1 - ta = (t@ :

- t,)e P,

This distribution, using (tlat?) in place of (ta‘ta)* is
shown by the dotted line in Pigure 17, while the actual
measured temperatures are in@iea%ad a5 points, This
measured temperature dlstributlion was typleal of those |
observed at relatively low values of the Reynolds number,
At higher flow rates the measured temperatwre distributions
under the coll were flatter than that indicated 1n Figs
ure 17, Several values of (twta) as computed from equae
tion (45) for various distances from the edge of the heate
ing coll are presented below in Table 9,
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Table 9

Caleulated Tube-Wall Temperature Distribution
(Pure solvent run; Re = 10,6003 t1~t7 = 12,0°F)

D r gotl tachen. (t-ty), OF
1/8 10,4
1/ 9.0
1/2 6.7
1 | 3.8
6 0,01
12 10~2

It was mentioned previocusly that #ha test section tubing
was insulated r&r a distance of 1 foot beyond each end
of the heating coil, It is evident from the data in
Table 9 that this length of insulation was sufficient to
ensure the praectical equivalence of wall temparatuﬁ& and
fluld temperature within the insulated seotion,

Following the calibration of the heating c¢oil with
pure solvent as described above, 8 check was made using
the pure water data, Heat transfer coefficients calou-
lated from equation (47), egain using ty~t, as the temp-
erature difference, were compared with coefficilents
evaluated from the Dittus-Boelter equation, These results
agreed within about 10 per cent, which is considered sate
igfactory in view of the low temperature differences

involved in the water runs and the approximate nature
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of the Dittus-Boelter equation [46, p, 219].

The film heat transfer coefficlents for the various
mixtures are plotted in Figure 18 as a function of the
mass flow rate, The expected higher value of the heat
transfer coefficient for water as compared to pur&vselvant
or the mixtures is evident, It is also apparent that for
solvent-in-water dispersions with solvent concentrations
up to 50 per cent, the mixtures behave more nearly like
water than like solvent, In the case of the nominal 65
per cent solvent dispersion the reverse appears to be true,
Apparently the solvent influsnce was predominant at this
concentration, The cerossing of the curves for pure sole
vent and 65 per cent solvent is difficult to understand,
It should be noted that the acocuracy of the heat transfer
data was limlted at both ends of the flow rate range,

At low flow rates the instabllity effects mentioned pre-
viously may cause large errors, At high flow rates the
temperature differences between tube wall and fluld were
small, leading to experimental errors of the order of 20
t0 30 per cent, Thus for the high concentration mixtures
the data must be considered of doubiful valldity at both
low and high flow rates, The deviation of the experimental
values of the heat transfer coefficlents from the curves
drawn In Figure 18 was approximately *10 per cent, It
gshould also be noted from Figure 18 that the nominal 10

per cent water-in-solvent dispersion behaved substantially
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maximum deviation of 40 per cent, The use of the specific
heat and thermal conductivity of pure water together with
mixture viscositles in computing the dimensionless groups
is not satisfying from the theoreilcal point of view, but
1a Justified pragmatieally in the present study,

The ranges of fluld properties and the dimensionless
Nugselt and Prandtl groups sncountered in thla investli-

gation are summarized in Table 10 below,

Table 10

ft
Specific Heat 0.46 = 1,0 TTE§§%$FT
m
Thermal Conductivity 0,11 -« 0,36 Tﬁ§7%§%TTﬁ§T
» ; 4 lbm
Apparent Viascosity 6,6 = 37 x 107 rgasTTeR
Nusselt Number 48 - 640
Prandtl Number 6,9 -~ 42

It ie concluded that the heatingwcoll method employed
in this investigation for the dstermination of film heat
transfer coefficients is & promising one, Further investi.
gation of this technique would appear to be highly worth
while,



108
For the solvente-water system coneldered here, 1t has
been found that heat transfer coefficients for dispersions
may be predicted within about 235 per cent by the follow=
ing equation:

n,D 0.8[(C ), M 104
(60) £ = 0,023 [/Ej’%] M ,
¢ m ¢

where the subseripls ¢ and nm refer to the contlinuous phase
and the mixture respectively,

The calculated data on which this discussion has been
based are tabulated in Appendix €, and the original data
are on file in the Chemical Engineering Department,



109
CHAPTER 8

CONCLUSIONS

The conclusions of this investigation may be sume
marized as follows:

(1) In the absence of emulsifyling sagents, the solvents
water éispersién& utilized in this work were highly une
stable, the instability increasing with lncreasing
dispersed-phase concentration, This instablility was
evident in measurements of friction factors, orifice
dlscharge coefficlenta, and Tilm heat transfer coeffi.
cients, and mads the measurements extremely unreliable
at low flow rates, |

(2) FPriletion pressure losses in smooth tubes may be
estimated for highly turbulent flow of solvent-in-water
dispersions with solvent concentrations up to 63 volume
per cent by using the existing relationship between the
frietion factor and the Reynolds number, The dynamie
viscosity to be used in the Reynolds number iz an appa-

rent viscoslity evaluated from a modified Einstein equation,
(59) Pu = ML + 2,50 + 5.60°),

Fressure losses evaluated in this manner reproduced the
experimental values within is per cent,
(3) Apparent viscosity values for solventwater

dispersicns may be as much as 500 per cent larger than
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the viscositles of the pure liqulds, 70 a first approxi-
matlion, these apparent viscosities are dependent only on
the viscosity of the continuous-phase liquid and the
volume fraction of the dispersed phase, Secondary effects
caused by particle size refinement and/or non-Newtonian
behavior were noted, and these sffects should be investi~
gated further, , .

(4) Water-in-solvent aiapersians behave essentially
a8 pure sclvent up to & water conecentration of about 9
volume per cent, Higher concentrations of water in solvent
eould not be produced in the present equlipment,

(5) The sharp-edged orifice meter should be & highly
suitable instrument for metering the flow of two-phase
1liquld mixtures, For the dlspersions investigated, ori
fice dlscharge eoefficients were found to be substantlally
constant above an orifice Reynolds number of 20,000, The
use of 0,61 as the orifice coefficient in desisn caleulae
tions involving any of the mixtures investigated here
would involve a maximum error of about 4 per cent,

(6) The heating-coil method employed in this investi-
gation for evaluation of film heat transfer coefficients
shows definite promise and should be investigated further,

(7} Pilm heat transfer coefflclents for solventin-
vater dispersions are intermediate between those for pure
water and pure solvent, Coefficients may be evaluated

within about 335 per cent, for Reynolds numbers greater
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than 10,000, by the use of & Dittus-Boelter type equation,

(60) 2 - 0.00 1]

In applying this equation, the use of the specific heat
and thermal conduotivity of pure water (continuous phase)
gives better results than the mixture laws, As with the
pregsure loss determinations, wateraingsalvwnt dispersions
up to 9 volume per cent water behave essentially as pure
solvent, It would be desirable to determine hest transe
fer coefficients of dispersions by another method in
order to check both the heater-coll technique and the
results indlcated by equation (60).
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CHAPTER 9

RECOMMENDATIONS FOR FURTHER WORK

The investigation which has been described in this
thesis must be considered a preliminary survey of the
subjects of friection pressure losses and forced convection
heat transfer for mixtures of immiscible liquids flowing
in eircular tubes, Many avenues for further investiga-
tion appear to be open, Some specific recommendations,
based on the results of the present study, are given
below; ‘

(1) It would be most desirable to investigate other
liquld-liquid dispersions, The use of a pair of immis-
¢ible liquids having widely differing viscosities should
provide an interesting test of the coneclusion of this
investigation that the mixture viscosity is independent
of the dispersed-phase viscosity., The stability situation
might be improved by matching the densities of the two
liquids closely, perhaps permitting accurate measurements
at low flow rates,

(2) The use of a horizontal test sectlon, perhaps
in eonjunction with the existing vertical test section,
should be investigated with the aim of reducing the pres-
gure measurement errors at low flow rates,

(3) 4 study should be directed toward separating

the effects of droplet size refinement and non-Newtonian
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behavior in order to obtain a better understanding of
factors affecting the viscosity of liguid-liquid dis-
persions in turbulent flow, Light transmittance or
photographic techniques as degeribed by Triee and Rodger
[79, p. 205-210}, Vermeulen, Williams, and Langloeis [81,
p. B5F«94F], and Rodger, Trice, and Rushton (68, p, 515«
520] might be applied to the study of droplet sizes and
slze dlstrlbutions, The rheologieal properties of liquide-
ligquid dispersions should be determined in a eapillary
tube viseometer of the flow type, along the lines of the
work done for suspensions of solids in liquids by Metzner
and Reed (49, p., 434-440] and Dodge [12].

(4) Evaluation of film heat transfer coefficients
with the coll technique deseribed herein should be invesw
tigated further, Improvements in the design of the heat-
Ing coll might result in flatter tube~wall temperature
distributions, meking the mathematical treatment more
closely applicable,

(5) Other test section tube diameters and increased
pumping capacity should be utilized to extend the range
of Reynolds numberas achievable with high viscosity liguid-
liquid dispersions, |

(6) A fundamental investigation of the fluid
mechanies of turbulent flow of dispersicns should inolude

the meagurement of veloeity profiles, It should be
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interesting to compare turbulent profiles for dispersions
with those obtained for the pure liguids,
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APPENDIX A

NOMENCLATURE

Many of the equations in this paper invelve dimenw
sionless ratios, and any consistent system of units
might be used. The units glven below are merely those

chosen by the writer for this work,

Latin Letter 3Symbols

Symbol Meaning Units

A Cross sectlional area of flow fta
channsl -

Al Surface area of wall of flow fta
channel

Acs | Cross sectional area of tube ftg
material

a Height of water column in )i
manometer line (Chapter 5)

a Constant in forced convecotion
heat transfer equation (Chapter 2)

B Constant in Prandtl-Karmen equation

b Manometer reading b1

b Constant in forced convection
heat transfer equation (Chapter 2)

¢ Coefficient in orifice equation

CD Orifiece discharge coefficient

¢ Helight of water column in manom- v

eter line (Chapter )

e Constant ln forced convection
heat transfer equation (Chapter 2)
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Symbol Units
, , Btu
e Speclific heat at constant pressure -y
P TI5, ) (°F)
Inside diameter of tube ft
Db Outslde dlameter of tube ft
Constant in forced convection _
heat transfer equation (Chapter 2)
E Constant in PrandtleKermin equation
e Bage of natural logarithms
e Flpe roughness, average helight of ft
projections on pilpe wall
F Frlctional resistance force at 1be
wall of conduit
Fanning frietion faector
S lbm
G Mass velocity DR I
P (see) (£t<)
fed Gravitational acceleration —==5
‘ sec
, (lbm)(ft)
8o Conversion constant = 32,174 T v
‘ (lbf)(aac )
h : Film heat transfer coefficlent ' -gﬁg-~é
| (hr) (£1°) (°F)
K UCF characterization factor for (0331/3
petroleum fractions
k Thermal conduetivity TK;T%%%TTagy
L Length of conduit , ft
L! Vertical distance between orifice ft

presgssure taps

1 Length of heater coil i/



W

=zl

YMeaning
Volume fraction in a mixture

Mass fraction in a mixture

Statle pressure

Power input to heater coil

Steady state heat transfer rate

Speecific gravity at 800F

Average bolling voint of petrole
eun fraction

Temperature
Temperature of flowing fluid

Temperature of tube wall under
heating coil

Average linear velocity of fluld

Mags flow rate

Work done by a flowing fluild

Length coordinate in the direction

of flow

Distance along test section tubing

measured from end of heating coil

Elevation above an arbitrary datum

plane

£t

i

S60

1bm

B6C
(£1) (1by
St

m
't
't

ft



e

Ma

API

B¢ S

gpm

Greek Letter Symbols

Meaning Units

Correction factor in expression
for kinetle energy of fluld

Finite difference

Time of efflux through caplllary see
tube of viscometer

Dynamic viscosity

Viscosity of continuous phase

Viscosity of dlspersed phase

Apparent viscosity of mixture

Dimensionless produet in Bucke
ingham FPi Theorem

Density : ;;3

Volume fraction of dispersed phase

Function of undetermined form in
expression for heat transfer
coefficlent

Funetian of wndetermined form in

expression for heat transfer
goefficlient

Composite Symbols

Speeific gravity scale adopted by
the American Petroleun Institute

Brown and Sharpe wire gauge

a , al
U, S. gallons per minute %ﬁ
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Symbol Meanlng Units
log Common logerithm (base 10)

- | et ot dan (£2) (1bg)
w %gﬁziggr?lizg to fricetion in a wwnngnw*

ﬂum%g Husselt number

¢
?Pﬁmgr Prandtl number

aea%? Reynolds nunber
Ree Heynolds number hased on orifice
diameter
lbf
AP Pressure difference between two —5
points iIn a flowing fluid 't
1hf
ZSPf Presgure difference due to fluid -
frietion £t
Subseripts
a Flowing fluid
b Manometer fluld
¢ Continuous phase, or tube wall under heater coil
D Discharge
a . Dispersed vhase
e Effective
t Forece (ag in Ibf), or friction (as in A?f)
m

vass (as in 1bm), or mixture
Orifice

r Hefaerence levsl
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Symbol | Heaning
8 Solvent, or surface of ocondult
W Water

1,2 FHefer to positions in a flow system
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APPINDIX B

PROPERTIES OF PURE LIQUIDS

Characterization of the Petroleum Solvent

The solvent used as the organle component of the
;mmiaeible liquid pair in this investigation was a come
mercial cleaning solvent manufactured by the Shell 011
Company under the name "Shellsolvy 360", This material
1s clean and eolorless, and is readily available in 55
gallon drum quantities at reasonable cost, The prop-
erties of this solvent, as given by the Shell 011
Company Specifications, are presented in Table 11,

The solvent ls a mixture of hydrocarbons whose
exact composition is not known, The data of Table 11 do
however permii some rough deductions to be made regarding
the character of the mixture, Petroleum fractions may
be characterized through the use of the Universal 0il
Produets Company (UOP) characterization factor K, which
is defined as [33, p. 330]

p 1/3
(61) K = .3.!'%

]

where TE is the average bolling point in degrees Hankine
and 5 is the specific gravity at 609F, The API gravity
1s a special specific gravity scale adopted by the

American Petroleum Institute for use with petroleum
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produectes {335 p., 20]. It is related to the specific
gravity as follows: |

(62) Degrees API = l—‘%é - 131,5,

Table 11

Properties of "shellsolv 360"
(Data from Company Spaaifieatigxa)’

Gravity, API, 60°F | ~ 49,1
Speeifie Gravity, 60/609F 0.7835
Celor, 3ayb01t | 264
Flash Tag, 0,C,, 9F ; . 110
Flash Tag, C,C,, OF | 103
Aromatics, Stoadard, ¥ v 2

A,3,7T,4, Distillation, OF:

Initial Bolling Point 304
Final Boiling Point 362
10 % Recovered 317
50 ¢ Recovered 323
90 Z Recovered 342
¥ Recovered ‘ 98,5

Using the 50 per cent point of the distillation as the
average bolling point together with the specific gravity
from Table 11 leads to a K value of 11,8, Table 11 indi-
cates that the solvent is low in aromatie hydrocarbon
content, and the relatively high value of the
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cheracterization faoctor indicates 2 high paraffinic content
[33, p. 3301, Based on the boiling points of normal paraf-
fin hydrocarbons [45, p, 50], the compositlon would appear
to be in thse nonans-decaneo range; ‘The‘aharaetarisatioﬁ
factor has been related to various properties of pegralé
eur through empirical aawelmima [33, Dp. 333;*5321-3 . Utie
lizing one of these correlations (33, p., 3311, the average
molecular welght may be estimated from the X value and the
API gravity. Tha)result iz an aatimated average molecular
weight of 134, and this value is also eansist&ﬁt ﬁi@h
compositions in the aﬁnaneaﬁaeanﬁ range, |

The solubilities of hydroecarbons in water, and vice
versa, are quite low, For example, Lange (41, p. 418,
586] lists both nonane and decane as insoluble in water,
and Nelson [56, p, 171] indicates a water solublility in
petroleun fractlons of the order of 0,05 mole per cent at
70°9F, It is seen that the solventewater system used in
this investigation represents a practiecally immiselible
pair of liquids,

As pointed out previously, the physical properties
of interest in the study of frietion pressure losses and
forced convection heat transfer are the density, specific
heat, thermal conduetivity, and viscosity, The measurew
ments and sources of data uged in evaluating these prope

erties for solvent and water are discussed below,
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Denslity

In order to determine the density of the solvent as
a function of temperature, a constant temperature bhath
was utilized, This bath was controllable within 20,1°F
at a preselected temperature, A glass eylinder filled
with solvent was immersed in the bath and determinations
were made after the solvent had reached bath temperature,
Densitles (or rather specific gravities) were determined
wlth precision hydrometers according to the procedure
recommended for testing petroleum products [17, p. 8«9].
Successive determinations were reproducible within 3@,&6
per cent, At a temperature of 60°F, the measured specific
gravity was found to be about 0,4 per cent higher than
that given in the specifications, The density of water
wags taken from the literature [41, p, 1366}. The densi-
ties of solvent and water are plotted versus temperature
in Figure 20,

The effective densities of the manometer flulds were
required in order to evaluate pressure differences from
manometer readings, In the present equipment the manome
eter lines were filled with water so the effective density
was given by the difference between the density of the
manometer liquld (mercury or carbon tetrachloride) and
the density of water, Densitles of mercury and carbon

tetrachloride were taken from the literature [41, p, 1358;
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8, p., 585], and the effective densities have been plotted
against temperature in Flgure 21,

Specific Heat

Speeific heats of petroleum oils have been correlated
enpirically with the characterlzation factor and API
gravity and convenient plots for a&timating the specifiec
heat as a funetion of temperature afe available, Hougen
and Watson [33, p. 334] present a family of curves of
gspecific heat versus‘temperaturs with API gravity as a
parameter, Correetion factors are also given to account
for varliatlions in characterization factor, Over the narrow
temperature range involved in the present work these curves
are practically straight, perallel lines, The specific
heat versus temperature relationship was estimated using
the m@asureé specific gravity and the characterization
factor computed from equation (61), As a check on the
accuracy of this procedure the heat capacity of the solvent
was measured at an average temperature of 79°F, Mr, F, D,
Stevenson made this determination using a calorimeter
which was ecalibrated with benzene and checked with water
previous to the solvent measurements, The temperature
rise produced in a known amount of liquild by a measured

electrical power input was used to evaluate the speeific
Btu.
o

=%

heat at constant pressure, A wvalue of 0,472



78345 %

MERCURY UNDER WATER

783.0T

v

78251

(oeff{

-+

37447

CARBON TETRACHLORNDE UNDFR JATER

135

37.01'
.
3667
— 4 —_— -
50 €0 E . 70
p 3 t, °F f
in lb,/ft
FIGURE 21

RFFECTIVE DENSITIES OF VANCLETER FLUIDS VIRSUS TEMPERATURE




136
was obtalned with an estimated accuracy of 21 per cent,
The experimental value was approximately 2 per cent higher
than that estimated using the characterization factor and
the API gravity, A line drawn through the measured value
and parallel to the line estimated by the procedure desw
eribed above was used to represent the variatlon of
speclifie heat with temperature, This relationship is
indlcated in Flgure 22, Over the temperature range from
50 to 809F the specific heat of water has & value of

1.0 Tiﬁi§%u§y within 0.1 per cent [61, p, 225], and this

value was used throughout the course of the present work,
A revlew of methods for estimating the specifiec heat of
liquids has been given in a series of articles by Gamblll
{21, 22, 23],

Mr, Stevenson was also kind enough to measure the
thermal conductivity of the brass tubing used in the test
section, This quantity was required in the evaluation of
the film heat transfer coefficient by equation (47) of
Chapter 5, The method used was based on a comparison
with the known thermal conduetivity of a length of pure
copper tubling, and this method has been deseribed in detail
by Jakob (34, p, 211-217], The value obtalned was 107

T§§T%%%TT“§T’ and this value was used in computing the

heat transfer coefficients by equﬁtian (47),
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Thermal Conductivity

Wang {863, p. 36] has measured the thermal conductivity
of a petroleum solvent with properties practically identi-
eal to those of the solvent used in this investigation,
His walues are in good agreement with those given by
Nelson [56, p, 4#73] for petroleum olls with similar speci-
fiec gravity, Nelson's data also indicate that thermal
conductivities of hydrocarbon mixtures change slowly with
changes 1in composition at a glven temperature, On the
basls of these facts Wang's data were applied in the
rresent work and his curve of thermal conductivity of
golvent versus temperature has been reproduced in Pigure
23,

All of Wang's data were referred t0 the thermal con-
ductivity of water caleculated from the following equation
(83, p. Tl

(63) k, = 1,41 x 107 + 3,28 x 10™%¢ - 1,02 x 1072,

As written above, this equation gives the thermal cone

ductivity of water in = » Tor temperature in

degrees Centigrade, Xquation (63) was based on recent
measurements of the conduetivity of water, and it has been
plotted In Figure 23 along with the solvent ﬁata. Over the
tenmperature range covered by the figure this curve gives

thermal conductivities 3 to 5 per cent higher than the
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values presented by McAdems [46, p, 456]., A survey of
available methods for estimating liguid thermal con-
duetivities has recently been given by Gambill [20, p,
271-2761,

Viscosity

No data were avallable on the dynamie viscosity of
the petroleum solvent, go it was necessary to measure this
property as a funetion of temperature, The measurements
were made relatlive to distilled water with a viscometer
of the Ostwald type., In thils instrument the flow of a
definite amount of liquid through a caplllary tube is
timed and this time of efflux is compared with the time
for the same amount of reference liquid (water), As shown
by Glasstone [24, p, 498] the viscositles of the two
ligqulds are related by

)
(64) /“s /08148

where M iz the dynamle viscosity, 2 is the density, @ 1s
the time of efflux through the capillary, and s and w refer
to solvent and water respectively, The measurements were
made in the constant temperature bath described previously
and flows were timed with a stopwatch, Whenever the liguid
in the viscometer was changed, the instrument was thor-
oughly rinsed with acetone and dried by drawing filtered
laboratory air through the eapillary tube, At each
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temperature, four determinations each were made on water
and solvent, Successive times of efflux were reproducible
to fO.l per cent, Using the measured efflux times and the
previously determined densities, the solvent viscoslty was
evaluated from equation (64)., The results are indleated
in Figure 24 along with data for water taken from Lange
[41, p. 15821, A very complete discussion of the Ostwald
viscometer and the errors involved in its use has bheen
given by Hatschek [30, p. 17-58].

It has been mentioned previously that the solvent was
recovered after a serles of mixture runs and used again to
prepare the next mixture, In order 1o determine whether
or not such recovery and reuse had any effect on éha solvent
viscosity, a sample of aolwvent twlce recovered was taken
for viscosity msasurémants. Determinations made at
several temperatures indicated that the used solvent vise
cosity differed from that of the fresh solvent by less than

0,2 per cent,
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APPENDIX C

TABULATED DATA

Table 12
Obaserved Dats

(2) (3) (&) (5)
Orifice Test Seetion Maga of Tine,

Hanometer, Manometer, Flulg, sec

mm mm 1b

10, o(cclu) 28,0 10,0 68,9
12,0 " " 67.1
21,0 * 47.0 " 50.9
23‘0 " ! ﬂ 43.1
24,0 " 50,0 " 47,0
24'9 L # H &7'4
57'0 " 9106 " 32.8

3.5({Hg) 4,0 " "
59.0(CC1,) 93.0 . 32.2
3‘0(}{5) 4.0 ¥ ‘ﬂ ‘

25,5 (Hg) 25,0 " "
505, o(ccl ) 510.0 50,0 60,1
215,0 250,0 2og0 33.1

10.5(Hg) 11,5 '

207. 0(&&14) 242,0 50,0 93,2
236,0 269,0 20,0 35.7

11,5(Hg) 13,0 " "
228 0(&6143 260,0 50,0 89,0
293,0 326,0 20,0 31,6

14,5 (Hg) 15,0 " "
288, 0(001#) 18,0 50,0 79.2
407.0 430,0 20,0 26,9

19,5(Hg) 20,0 " "
397.0(061&) 420,0 50,0 67.5
678,0 20,0 21,0

33.6(35) 31,5 " i
677. 0(0014) 666,0 50,0 51,8
112, 5(Eg; 92.0 20,0 11,3
111,)(ﬁ§ 91.0 50,0 28,1
168 151.5 " 21.1
197 " 150.,5 " 21‘3
304 o 223 H 17.0
303 " 222 100.,0 34 .4

305.5 " 221,5 " "
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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-l is the first water run, 50-2 is the second run
‘wlth 50 per cent solvent in water, ete,

Table 12 - Continued
Obgerved Data

() (6) 1 (8) (9)
Run ’ Flew .y Coil Coil Coil
No, Tgmp., T%mp., op Current, Voltage,

’ ; Amps, =~ _Volts
5 " . " 11,80
4 # i i #“
; M

5 ek 9.7 I

7 65,6 71,0 B P) | 12,95

8 b o 3432 ' "

9 ] | I

1() ‘ L Y

11 " 68,3 3. 30 12,95
12 " " 3451 12,97

13 . H #

14 65,1 68,9 3433 13,02

15 " . 3,32 13,03

16 ) S o

17 66,3 69,8 332 13,03

18 fi u‘ ' ] 13.9&

19 it B :

20 64,3 6T7.8 3,31 13,00

- B - : * 2

s vl

23 63.5 66.6 3470 13,00

24 L] B 3. 32 H

25 # 51

26 60,4 63,0 3.32 13,02

27 # 1 # 13'06

28 H ] .

30 " " 3438 13,08

31 62,9 64,6 3,35 13,06

32 K " 3,32 13,03

33 63,1 64,6 3,30 12,98

34 " " 3.31 13,00
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(1)*
; (2) (3) (4)
Yo 36 440  (H k ' =
37 P Hg) 213.5 70,0
9 - # : . ‘
5 643,5 43% ” 1003
0-1 13,0(gC1
> l . 4) *17506
3 82 g ; - AB’O(Hg) 19.0 48.6
2 88.0 . - 73,0 20,0
5 72,0 " = 9240 " o
é 4.0 (He) 2120 : i35
7 253.0(CC1 g " >
5 230001 ot : e
ﬁ_it : 05 " ' ‘
A NI
11 45.0 & s " )
12 49,0 " 45 :
E 2 " 17,8
1% 118.5 * 57+ 44 a2
15 189.0 " 121,0 50,0 3
16 272.0 " 186.,0 e 2.5
17 7.5, %ﬁg‘g : §§'§
ﬁ& . “, it &loy
o 542,0 513,5 H %% 5
: £§s§4) -103,0 10,0
i 66.0 " B 73 ; 233
5 149.0 * " t
: 132’3 “ 52:0 20,0 3.1
7 285" 84,0 " 43:0
£ 19.Q o - gg,{) # ‘3‘3 0
10 o7h.0(cdl,) 23 4 2!
11 13,5 (Hg)* BNt %0 X
2 w‘@%ﬁ%‘ﬂ £
"
13 21 g Hg) 18.5 " Rt
i 1.5 " 57.0 X 15,7
12 . #H
17 133 2 112.5 0.0 2
18 195,5 " . v o7'0
19 2795 " 169.5 ; 200
20  372.5 " 236,0 . Beh
21 4§5 O “ 311 O # 18;4
22 604.0 prasd ' 13
X 47950 ! 12ty
12.5



62,4
"

61,3
m

64.5
63.4

63.2

61,6
L

61.5

61,8

62,5

62,9

60,1
##

58,3
58,2

58,6

n'
62,8
"

79,0
66,1
#

64,2
64,4

Je22
333

#

3,32
3.31
3,32
3,35
3.32
3,32
3.33

#

n
]

3425
"

3425

3e33
¥
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12,96
13,00
12,94
12,92

13,0

13,08
13,00
13,00

#
13,02

$.
13,00

#

$i

#
13,03
13,02

12.&8

13,05
13,06
13,00
13,03
13,00
13.05

12.00

13,02
#

13,00
H

:
12,96
12,97
12,96
12,97
12,95
12,94



(1)% (2) (3) (4)
wsﬁg  (ear,) 11,0 10,0
42 1070 %g’g "
43 7.0 " 24,0 "
44 o 19.5 "
e ; 21.0 !
A7 &g‘g " %g‘g f

48 41.5 " 8%.0 50,0
49 15.5 * 26.0 10.0
50 20,5 " 340 4

51 41,5 * 60.5 "
gg 14§.g<§$) zﬁg.g 50,0
gg g%g:g§§c§@) z§§20 "
-3 g; 2‘0
56 #4&.0{6614} 457.5 "
57 20.5(Hg) 21,5 "
251 - h5(C0L,)  -134,0 10.0
2 §3.5 " ~106.,0 20,0
o T a
5 164,0 " 95.5 K
6 496,0 " $1%0 50,0
7 23.0(Hg) 20,0 t
g Eg'g " 30‘0 i
1o 66.0 " gg:g "
12 18908 1ri2 "
13 278,0 " 233,5 "
14 * 1] * 1]
578.0 4610
75=1 104 (Hg) 147 50,0
206 # 2&7 H
65-1 22,0 (Hg) 39,0 20,0
2 44,0 " 57.0 50,0
R :
b X ”
2 g a0 :
7 196,5 ¥ 220,0 H
8 264.0 ¥ 89 .
9 307.0 " gﬁg’g "
1o 31,0 " 3740 “
11 kio.o " 428.0 "
12 457.0 " 472,5 "

147

127.0
103.8
92,0
92;6

93.2
39.5
199,7
67,2
57.2
39,8
113 9

90.6
H
"

78.6
91,3
53,3
41.6
399
5119

52.0
44,1
6.4
30,5
23,2
18,2
12,7

28,8
22,6

24,6
44,2
5348

95 0

2h¢

18‘7
16,4
15,2
14,3



63.5

62,1

6

¥

66. 2

65,3

(7).

5.4
73,7

69,4
68.6

~L8).

3,00
3,00
337
3.38
3,36
3.37
3,36
3.37

L

2¢27
3436

D33
335
#

3e31
3.22

H

305

3
3435
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11,61
11,62
13,00
13,05
13,03
13,02

l;,@#

13,01
13,03
12‘02

13,4

13,10
13,05

13,00
13,03
13,02
12, 90
12,97
12,98

12,97
13.03

13,04



(1) (2) (3) (4)
65-13  476,0(Hg) 488.5 50,0
14 2 .0(0C1,) 5225,0 10,0
2 aoSw "2 20,0
17 67.0 " 197.0 ;
s-% 22, g(ﬁg) - 38*5 29,6
S w3 TS 4.0
g ES*S t 2%‘"3 50,0
6 1235 71.0 i’
g %2?:% " 1??23 "
o a2 v 1650 "
Bow mE L
. L - 3 *
%2 35?'% " o~ g 42*8
15 kel 27010 e
i? ;ﬁg;g d %égig "
18 40,0 (601 -594.0 20,0
i9 2,0(Hg) - 28,0 .
20 8.0(¢c1 ~247. "
o gg:g " :5§§.g "
23 4,0(Hg) - 25,0 "
24 341,0(0C1 -288,0 "
25 16.0(Hg) - 13,5 "
90=1 6,0 (Hg) - 22,0 20,0
R A 45 a0
FogE @R we
& 216,5 " 133.0 "
A T :
9 30,5 269.0 "
10 5.3 " 327,0 X
1 0.5 " - 23,0 20.0
12 31,5 2.3 50,0

NN LI SO
RRIBUHEDR
L T T A S .
WADAONN O N

[En]
=
»

O

od pd o et
BT )
GBI

Ué

15&

s
x-qm
» .
Qo

umg

90,2

6l,0
H

3.4

53,1
55,0
38.7
34,7
27.2
22,6
20,4
17.9
16.0
14,7
2&1 6
58,5



0 O] AAWUT oy N
O o

(6)

65.3
69.9

67.2

64 2

66 0

63.3
71.5

66,4
#

62,6

61,3

62,9

1)
67.6

5.7
84,2

67.2

66 2

99.1

3.25

3,34

3e33
3. 252
#t
3¢33
3.32

i
H
i

#
3¢5
3.36
3.35

L]

#

3e37
3+00

H

L]
H
1t

3432
#

3,33
3,22
2

3. 35

334
3e33
3.35

H

150

13,03
LB

13,05
1;.9@

13,00
1t

24

#
23

12,95
12,97
13,00
13,05
13,08
13,05
13,06
13,07
13,08
11.70

.
"

#

13.00
1%.00

fi

E {1
13,05
13.04
13,01
13,00
13,05
13,04
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Calculated Data

(1) {2) (3) (4) (5) (6) (7) (8)
Run W, fx10° MK x10* Rex10™? o n, Nux
NG, : ‘ 3 W ‘ﬁ-
1b, ib, Btv Pr
see Bee Tt : hlFEXF)
Wl 0,145 9,79 6,90 &.59 0,765 290 21,8
2 0,149 9,28 " 4,71 0,717 " "
3 0,196 9,60 6,84 6,26 0,714
4 0,208 8,57 " 6.63 0,723
5 0.213 8,58 7,08 6,56
6 0.211 8,73 " 6,50 0,717 ' |
7 0.§05 T+93 6,98 9. 53 0.673 570 42,8
8 i 7.1‘0 ¥ Q 589 # #
9 0,310 7,82 " 9,70 0.674
10 f 7.13 o " 0.648
12 5.m 21 #H 6‘596 H 1§
13 0, 832 6.15 " u 0,617 : |
14 0,539 7.1% 7.03 16,7 0.612 880 65,8
15 " 6.97 " " 0.601 " "
16 0,536 6,98 W 16.6 0.621
17 0.560 T.11 6,92 17.1 0,608
18 ; 7,32 " 0.597
19 0,562 6,83 " " 0.620
20 0,533 6.75 7.10 19,4 0,616 955 1.3
21 6,62 " " 0,600 * #
22 0,631 " . " 0.620 |
23 0.743 6,49 7.18 22,6 0,614 1100 81,6
24 i 6,&3 # 0,608 " "
25 0,741 6,39 i 22,5 0,620
26 aigse 6.27 7.50  27.7 0.604
27 " 6,18 " ' 0,599
28 0,965 5,99 " 28,1 0.618
29 1,770 5.26 7.39 52.2 0.603 1970 145
30 1,779 5,14 R 52.5 0,609 "
31 2,370 4,83 7.24 T1,4 0,608 2200 163
32 2,347 4,89 " 70.7 0,604 " H
33 2,941 4,62 " 88,6 0,609 2480 184
34 2,911 4,69 " 87.7 .5@4 " "
5 o 4,68 7.09 89,6 0,602 ~
36 3,571 A.40 7.30 107 0,609 2500 184
37 Z.562 4.4 "o106 0,608 " "
38 4,242 4,33 7.31 135 s.gaa

39 " 4,32



(2)

0,206
¥

0,406
0,474

"

0,615
W

0.743

1.124
1,117
1,321
1.?79
2,212
2,646
3,030
3.T31

0,102
"

0,292
0,317
0.456
0,465
0.197
0.193
0.196
0,315

0,?58

1,274
1,278
1,838
1.852
24273
2. 717
3,155
J.472
4,000

0,079
0.096
0,123
0,109
O.%O8

{3 (&) (8} {6} ()
25.9 72.8 0.62 0,714
26,8 754 0,60 0,688
11,3 62,9 1.4 0,713
8,94 17.6 5.87 0,896
8,43 13,2 T.24 0.840
8.39 13,0 7.3 0,783
Te33 11,0 12.2 O 56}4
T 47 11,8 11.4 9.537
8,33 21.6 7.55 0,667 330
.36 21.9 T.44 0,662 ~
7.71 24,3 10,1 0,636 727
7.80 25,2 9,65 0,605
7.56 26,6 10,8 0.&25 970
6,91 85.2 15.4 6.622 1420
6.26 25,0 23.1 0,612 2180
6,17 27.1 24,4 ‘611 2200
5.98 29, 2 2?'9 6.612
22,8 31,8 0 70
B.67 9,71 6,55 0 651
9083 15.&' 4.22 6;6&0
8,34 13,2 7.54 0,624
7.82 10.6 9.58 0,661
12,6 33,8 1,27 .577
10,2 11.3 3.7E 0.671
10,7 13,6 3,15
TeT3 13.4 10,0 0.627
7.66 12,9 10,4 0,613
Te31 13,3 12,4 0.618
7.3 13,2 12,5 0,607
6.57 14,7 18,8 0,600
6.53 14,4 19,3
5,97 e 27.9 0.598
5.89 13,6 29,6 H
£.63 13,8 36,0 0,600
5.48 14,7 40,4 "
5.36 15.4 44,6 0,604
5.29 16,0 47,3 0,601
5.14 16,1 54,2 "
14,9 TTT 2.21
17.6 T.71 2.73 0,719
11,1 7.58 3.54 0,648
12,8 T.80 3,04 0,684
10.6 T.72 3,05 0,680
11’1‘ 1] H
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16,4
#
31.8

42,5
62.3
T9.4
95.5
96,5



(1) (2)
We46 0,107
47  0.253
48 0,250
49 0,149
50 0,175
51 0,251
52 0,439
53 "
54 0,552
55 "
5 0,780
57 "
25-1 0.l127
2 0,219
3 0,343
4 0,412
5 0,501
6 9.808
7 .
8 0,962
9 1,134
10 1.374
11 1,639
12 2,155
13 2,747
14 3,937
-1 1,733
2 2,212
65-1 0,813
2 1,130
3 1.479
4 0,526
5  1.449
6 2,008
T 2,326
8 2‘6?4
9 2,874
10 3.049
11 3,290
12 3,496
13 3,584
14 0,111
15 0,231
16 0,309
17 0.374
18

10,7
8,86

9. 89
8 12

6 3%
13, ‘

8 11

6 01

5. 1k

8.53
7.83

13,8
9.31

22.8
7.21
?. 10
5.87

6 58
6.57
6.42
6.24
6433
49,5

34,4

1.9
32.2
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(4) (5) . (6} {7} (8)
7.69 3.04 0,676
T.64 T.21 0,649
7.62 Tel7T 0,647
T.35 4,42 0,630
T42 5.1& 0.643
7.54 7.25 0,648
7.41 12,9 0.609
7.4 " 0.622
7.35 16,4 0. 605
" 0,615
T.47 22,8 0.614
" " 0. 522
22,7 1,22 1,624
T.Th 6.17 0.844
20,2 3.70 0.695
14.2 6.31 0,663
13.1, 8,34 0,658 520 20,3
12,1 14,6 0.617 865 48,9
13,2 13.4 0.621 .
13,5 15,6 0,623 990 55,7
14,0 17.7 0.619 1050 59.1
13,0 23,0 0.626 1270 1.5
13,1 27.3 0.618 1660 93,4
13.5 34,9 0.614 1850 105
14,2 42,3 0.611 2360 133
15,9 54,0 0.608 2220 125
54,5 6.94 0.668
50.6 9.54 0,605
152 1.16 0,666
48,5 5.08 0,658 315 12.7
21,0 15.3 0.653 399 16,1
163 0.7 0,701
24,3 13,0 0.644
2l.7 13,8 0.643 T40 20,4
22,2 15,8 0,645 935 37.1
33.4 17.5 0.639 1150 45,6
33.5 18,7 0.637 1260 50,0
35.2 18.9 0.632 1500 59.5
34,5 20,8 0.631 1510 60.1
33.0 23.1 0.635 1580 62,5
355 22,0 0.638 " "
130 C.19 0.434
156 0.32 0.742
145 0.46 0,745
163 0,50 0.754
164 " 0.778



1) (2. _(3).
Sw1 0.709 6,33
2 0,328 ?.85
3 0.988 5,70
4 1.309 5,38
5 1.488 5,34
6 1.678 5,10
7 1.880 5,02
8 2,058 4,92
9 2.283 4,81
10 2.525 &‘72
11 2,660 4,71
12 0,523 6,70
13 0,939  5.83
14 2,778 4,70
15 3.&63 4,51
16 3,257 4,59
17 3,333  4.54
18 0.230 8.12
19 " 76 98 '
20 0,109 10.9
21 0,222 8. 18
23 " 7.85
24 0,617 6,53
25 " 6,46
90-1  0.377 9.06
2  0.727 6.64
3 1,034 5,85
4 1.441 5.49
5 1.838 5,09
6 2,212 4,84
T 2.445 4,75
8 2,793 4,60
9 3.135 4,41
10 3,401 4,48
11 0,083 16,1
12 0.855 6 47

154

(4) (5) (68} (7 (8)
6,76 22,8 0.615 340 70.0
6,66 10,7 0.598 164 34,0
6.78 - 31.8 0.618 445 91,3
! 42,1 0,614 585 120
6.82 47,6 0.608 655 133
6.8 53,4 0.616 686 140
6.88 59,6 0,611 765 156
6,90 65,0 0,614 - 850 172
6,94 7.8 0,613 876 176
6.96 79.1 0.611 960 192
6,97 83.2 0,607 1000 200
6.79 16.8 0.629 250 51,3
6.84 29,9 G~517 445 90.7
6,94 87,3  0.604 1090 218
6.97 96.0 0,611 1215 243
7.00 102 0,601 1220 244
7.01 104 0.604 1280 256
6,66 7.53 0,684
2] L 0 663
6.50  3.67 0.710
6. 68 T.24 0O, 695
H L e H
6.81 19,8 o.éae 313 63,7
¥ B G '529 # #
14,6 5,61 0,622
8.80 18,0 0,624
Todh 30,3 0,620 446 87.7
7.80 40,3 0,609 625 123
7.11 56,4 725 142
6.85 T70.5 0,605 810 159
6.94 76,9 0.604 985 193
6.75 90,3 0,608 1020 200
6.68 110 " 1160 228
7.25 102 0,601 1300 255
181 0,10 0,475 ~
9.32 20,1 0,616





