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PRESSURE LOSSES AND HEAT ThANSFER FOR THE FLOW OF MIXTURES
OF IMi1ISCIBLE LIUID5 IN CCULR TUBES

CHAPTER 1

INTRODUcr ION

The flow behavior of two-phase fluids has become

increasingly important to the process industries in reoent
years. todern developments in fluidized catalytic chemi-
cal reactors and the resurgence of interest in liquid..
liquid extraction brought about by the nuclear energy
program may be cited as well known examples.

There are several possible phase combinations in such
systems. The fluid may consist of liquid..vapor, liquid..
liquid, liquid-solid, or vapor-solid mixtures, xtensions

of these eatagories involving, for example, several solid
phases suspended in a liquid are also conceivable, All of
the above system types are of interest in current tech-
nology.

Through the use of a two-phase mixture it may be pos-
sible 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 uti-
lized by permitting a portion of a liquid cooling medium
to be vaporized. Such systems offer considerable promise

in high specific power output devices such as nuclear
reactors.
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Pipe-line contactors, in which mixtures of two
immiscible liquids flow cocurrently through a pipe, are
of interest in the petroleum industry, In the design of
suob equipment an estimate of frictional pressure losses
Is required in order to determine pumpIng power require-
ments. Heat transfer characteristics may also be important,
particularly if a chemical reaction is involved, In

addition, it is necessary to be able to measure flow rates
accurately and economically, so the flow behavior of mix-
tu.res in conventional moterin6 devices is of interests

Considerable effort has been devoted to the study of
liquid-vapor, liquid-solid and vapor-solid systems. How-

ever, little attention has been given to the flow and heat
transfer characteristics of mixtures of immiscible liquids.
It was considered desirable to undertake an extensive
tnvesti5ation of such mixtures to obtain fundamental en.i-
neerin information and perhaps useful design relationships.

A flow system wa desjned and built to permit measure
ment of friction factors, film heat transfer coefficients,
and orifice meter coefficients for mixturee of Immiscible
liquids f1owin in circular conduits. This thesis presents
the results of the initial phase of this investIgation.



CHAPTER 2

LITA'rtPE 3tJRVY AND THEORETICAL DISOUOSION

of Previous Work on Two-Phase Flow

Taken as a whole, the literature on flow and heat
transfer properties of two-phase fluids is quite extensive,
The literature concerning vaporsoiid, vapor-liquid, and
liquidsolid svst,euis will be reviewed briefly, No attempt

at completeness has been made, the aim being merely to
indicate the scope of the works Following this, liquid-
liquid systems will be considered,

The flow of gases containing solid particles is
important in the operation of fluidized catalytic chemical
reactors and in pneumatic conveying of granular solids.
Harlu 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 carrler gas alone plus a solids
pressure drop, Farhar [16, p. 1l84fl91) investigated
the isotherial flow characteristics of air-solids mix-
tures in horIzontal ann vertical pipes, Heat transfer
in fluidized beds has been studied by Levenspiel and

Walton [43, p. ll3j and by Mickley and Fairbanks [51,
p. 374-384),



4

Vapor-liquid mixtures, flowing in pipes, have
received considerable attention in recent years. Heat

transfer and pressure drop characteristics of air-liquid
systems have been investigated by Alves El, p0 449-4563,
chenowet,h and iiartin 9, p. 151-155) Fried (18, p. 47-
51], Lockhart and Martineill [44, p, 39.483, and eid

[63, p. 321-3243, Hoopes [32, p, 268-275) and others have
studied steam-water nixtures,

Suspensions or slurries of solid particles in liquids
have been treated by Lives (2, p. 107-109], Binder and
Busher [5, p. 101-105], Bonilla, et al [6, p. 127-135],
Happel [26, P. 1181-1186], Crr and Dalla Valle [60, p.
29-45), and a1amone and \Tewman [71, p. 283-288). Many

of these systems have been found to be non-Newtonian in

character, that is, the viscosity of a given mixture
depended on the flow rate as well as on the temperature1
In one paper known to the writer 184, p 1-143 a three-
phase ayster, consisting of air and a noNewtonian
suspension of clay in water, has been studied.

In the engineering research on liquid-liquid systems,
emphasis ha been placed on studies of agitation in tanks,
mass and heat transfer between the two liquid phases, and
measurement of droplet sizes and interfacial areas0 All

of these considerations are important in the industrial
operation of liquid extraction equipment,



Miller and Mann [53, p. 709745] and Ciney and

Carlson [59, p. 473-480] have studied the attation of
immiscible liquids in tanks, while the interfacial area
produced by this type of mixing has been invoetiated by
Rodsr, Trice, and Rushton [68, p. 515-5203, Trice and
Rodger [79, p. 205-210), and Vermeu].en, Williams, arid

Langlots (81, p, 8594),
The mechanisms of phase disperaton in 1tquidltquid

;ystema and the settling and coalescence of unstable
emulsions have been treated in papers by Hinze [31, p.
289295) and by I4eissner and hertow (11.7, p. 856-859],

respectively1

The flow of an immiscible oil-water system tbrou

porous medium such as sand is of importance in the

recovery of crude oil from the earth. Idealized matbe-

mat teal treatments of this problem have been presented by

Kidder [38, p. 866-869) and by Ieyer and Garder (50, p.

400-1406], Several authors have discussed the flow of
nmiscib1e 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

atified. flow of a light liquid over a body of heavier
liquid with thich It is miscible, At low velocities 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 studied the
laminar flow of stabilized emulsions in capillary tubes
in connection with viscosity determinations. Very exten-.

sive treatments of all aspects of stabilized emulsion
technology have been given by Clayton 1101 and i3echer tk).

The only investigations known to the writer which
involve turbulent flow of Immiscible liquids 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
other 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 fluid properties
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 is evident that when two phases are considered
the number of variables is greatly Increased since, in
general, the properties of each of the phases would be
expected to influence the situation.

There are two methods of approach which have been

used In the treatment of two-thase systems. ifl 7nuch Of

the work on vapor-.soli (27, p, 1160) and vapor-liquid
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[4J systems the two phases have been considered as sepa-
rate and distinct flow streams. On the other hand,

slurries are genera11j considered as single fluid streams
with considerable effort devoted to determining suitable
means of combining the properties of the individual phases
to yield e'fective" values for the mixture [5, p. 105;
71, p. 285-286),

The latter method appears to be the more suitable
one for dealing with liquid-liquid dispersions and it will
be used in this paper1 The methods of obtaining effective
property values for dispersions 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 f or flow and heat transfer in single-.
phase fluid systems,

Fluid Friction in 3mooth Tubes

Consider the steady flow of a liquid between two
points in a conduit, the direction of flow being taken
from point 1 to point 2, Two of the nost powerful tools
used in analyzing flow problems are the enera1 energy

equation and the continuity equation, The first of these
is a statement of the law of conservation of energy while
the continuity equation expresses the conservation of
mass, If the flow is approximately isothermal and if the
fluid may be considered incompressible, as is the case
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for most liquids, the enory equation may be written as
follows for a unit mass of tlowin fluid:

(1)

In this equation the symbols have the foflowin meaninsx
lbf

P1 is the pressure at point 1 in -, and similarly for
ft

at point 2,
lb

is the density of the liquid in
ft -'

V is the averae linear veloc ty in

. is the acceleration due to gravtty in
see

(ibm) (ft)
32.l7-- ,, , a conversion constant intro-.

(lb)(sec
duced because of the conron engineeriri practice of using
the pound as a unit both of force (lbs) and of mass (lbm)

Z is the elevation above an arbitrary datum plane in ft,

the work done by the fluid in passing betwee

points I and 2 in
- lb

m

.1. ,
(in the case of a pump in the

system, work would be cone by the pump on the fluid and w

would be negat,ive by convention),

! is HIot 'iork", 1, e energy that could have done
work but was dissipated in irrevoraibilitIs (friction)



(ft) (lb
has units of lbIt'

(lb
in the flowIng fluid, in

ibm

When a fluid flows in a conduit, a frictional drag arises
in the region of the solid boundaries producing a velocity
distribution across any section perpendicular to the flow
direction. The average linear velocity (V) used in the
kinetic energy term of equation (1) is conveniently defined
as the ratio of the volumetric flow rate to the cross..
sectional area of the conduit, The factor, , in the ki-
netic energy term is a correction factor to account f or
the fact that the velocity distribution varies w.th the
type of flow. Eor flow in a circular conduit, it can be
shown that c is equal to 1/2 for laminar flow and approxi-
mately equal to I for turbulent flow Ill, vol. 1, p. 42,
46).

Inspection of equation (1) reveals that each term

9

energy per unit mass of flow..

tng fluid, It should also be noted that when and T are
both zero, equation (1) becomes the familiar Bernoulli
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



continuity equation may be written

(2)

where A is the cross-.sectional area of the flow channel,
For a conduit with uniform cross-section, and since 10 is

constant, equation (2) reduces to V1 = V If, in
addition, no work is done on or by the fluid between
points 1 and 2, the energy equation becomes

(3)

where and Z1 have been replaced by z P and Z

respectively0 To review the restrictions which have been
placed on the general energy balance, equation (3) is
applicable to the steady isothermal. flow of a liquid in
a uniform conduit containing no work-devices such as pumps

or turbines It has also been tacitly assumed that elec..
trical, magnetic, and chemical effects are negligible, an
assumption which is good for most pipe flow problems.

A large amount of experimental work in circular tubes
has shown that the type of flow which will occur in a
given system may be characterized by a dimensionless ratio
known a the heynolds number, named in honor of Osborne

Reynolds. This quantity is defined as Re = where D

is the inside diameter of the tube which the fluid is
flowing and is the dynamic viscosity of the fluid. For

Reynolds numbers below about 2100 the flow is laminar, i.e0

10
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the individual fluid 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

local eddies begin to develop and the flow pattern becomes

chaotic This type of flow is called turbulent. Actually,

the transition from laminar to turbulent flow is not abrupt
but occurs over a range of Reynolds numbers from about 2100

to 3000. This range is known as the critical region, In

most process applications turbulent flow is by far the
more important type and it will be omphasied here.

A large number of experimental determinations of the

turbulent resistance which a flowing fluid encounters have
led to the conclusion that this resistance is proportional
to the fluid density and to the square Of the average
velocity and that it is only slightly affected by the
fluid viscosity, This relationship is known as the quad
ratio resistance law and may be expressed as follows [39,

p. 118):

(4)

where F is the resisting force at the wall of the conduit,
A' is the surface area of the wall at which F acts, and f
is a proportionality factor known as the Fanning friction
factor,

r a circular tube of inside diameter D and length
equal to nDL, The energy required to overcome
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the frictional force in moving the fluid through the tube
a distance 6L would be F SL, This energy would push out

of the tube a volume of fluid

e2 L

friction
Therefore, the energy required to
dissipated as friction losses) p

of flowing fluid is

If this expression for 1* is substituted in the energy
equation (3) we obtain

or

(6a) + =

For the case of a horizontal pipe ( Z=O), this becomes

the falisr Fanning equation,

(7)

'where is the rressure change due to frictional
effects alone, Thus the total pressure difference between
points 1 and 2 may be written a

..2tLV2

or a mass of

overcome

r unit mass



(9)

where B and are constants,

log (e \j?) + E

13

It is evident from the above discussion that the
problem of calculating the frictional pressure lose for
a liquid in turbulent flow in a pipe involves principally
the determination of the friction factor. Various rela-

tionships for evaluating this quantity will now be dis
eussed.

It has been found experimentally that the friction
factor f depends only on the Reynolds number for flow in

smooth tubes with a lenth-to-d1.ameter ratio oxceed

tr about 50 i8, p. 13B. A smooth tube is defined as

one without appreciable surface roughness, This cdition
is well satisfied by commercially available tubing of
glass, copper and brass, for example. If the surface
roughness is appreciable1 ag Is the case with som corn-

rnercial pipe, an additIonal variable known as the relative
roughness is involved in the determination of the friction
factor, This case will not be treated here since the
experimental work described In this paper was done
smooth brass tube,

The theoretical studies of turbulent flow in smooth
tubes by Prandtl 1:62, p, 105-114] and von KErmdn [36,

58-76) have given rise to an equation of the following
form:

This equation has also been
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derIved in an independent manner by Mi.11ikan [54, p. 386-

392), ikuradse [57, p. 30-31) conducted experiments on

the flow of water In smooth tubes for ran e 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], Niki.iradse found equation (9) valid over

the entire range of Reynolds numbers Investigated. Insert-
trig his values of the constants B and , equation (9)

becomes

(10) 4.0 log (Re NJ?) - 0,40,

The constants determined by von Karmsn were based on an

analysis of velocity distribution and differed only
slightly from those given by Nikuradse, quation (10)

has been widely used in determining friction factors and
convenient charts of Reynolds number versus friction fac-
tor, based on this equation, have been presented by Mood
[5, p. 672) and others,

A number of empirical expressions relating friction
factor and Reynolds number have also been developed. In

1913 Blasius analyzed the data then available and proposed

the following relationship [39, p. 122):

079 25

This equation is applicable for Reynolds numbers from 3000

to 100,000 but is not accurate beyond this range. Later,



Drew, Koo and MeAdams [13, p. 613 analyzed over 1300

experimental points and recommended

= 0.00140 + 0.125 ( e0'32

This equation reproduced the experimental data within

per cent for Reynolds numbers from 3000 to 3,000,000,

Another empirical relationship, due to Miller [52, p. 253)

is

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

The results of using all of the above equations to calcu-
late friction factors are compared at several values of
the ieyno1da number in Table 1, taken largely from Knudsen

and Katz [39, p. 123).

Table 1

Comparison of FrictIon 'actors
Calculated from Various q.iations

[Taken largely from reference 39, p. 123)

15

Reynolds
iJumber

Nikuradse
eq. 10

Blasius
eq. 11

Drew et al. Miller
eq. 13eqir

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



It will be noted that all of the equations agree
closely up to a Reynolds number of 100,000. The devi-

ation of the Blasius equation for Reynolds numbers 1arer

than 100,000 is evident, In the present work the expert-

mental results were compared with equation (10) because

of its basis in theory and it wide use in engineertri.
The above dIscussion has been confined to the

important case of turbulent flow in smooth tubes, For

the case of laminar flow in circular pipes, it is shown
in textbooks on fluid mechanIcs [39, p. 118] that a
particularly simple relationship exists between the
Reynolds number and the friction factor. This relation-

ship is

Flow Measurement with Orifice M

for Re < 2100,

16

over a fluid in steady flow in a conduit oncount-.
re a constriction the velocity, and thus the kinetic

energy, increases in accordance with the continuity
equation, This increase in velocity occurs at the expense
of the pressure and thus there i a pressure drop across

the constriction. The flow rate may be obtained 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
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simplest of these devices is the orifice meter which con-
siots of a plate containing a hole of smaller dIameter
than the tube in which it is placed, Two pressure taps

are provided, one on the upstream side and one o the

downstream side of the orifIce plate, and the pressure
drop across the orifice is measured by means of a manom-

eter.
Figure 1 shows a sketch of an orifice plate installed

In a circular pipelIne. The contraction of a stream flow-

ing through an orifice is quite pronounced as indicated
by the curved lines in the sketch, The point of minimum

arosssectiona1 area occurs a short disthnce doristream
from the orlf ice and is kno'n as the vona contracta.
This is indicated as point 2 in Figure 1.

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

v2 v2
5 --2a1

In th5.s case the erosssectional areas of the flow strea
are not the same at points 1 and 2 and the continuity
equation gives

(16)

where A1 is the erossseetiona1 area of the conduit and

£21 he cross-sectional area of the vena contracta,



FIGURE 1
ORIFICE PLTE IN A CIRCULAR PIPELINE

18



(17)

.u1tip1yn. by f&.) ives tb' mts rate of flow W

(19

19

Substitutin. (16) in (3. ) and solving for V2 we obtain

lb

e3I. the frtIon 1ose ae a fraction of the pres
sure dIfferert

we my write

The area of the vena contracta A2 Is dIfficult to rneasure
It may be conveniently expreeseI as a fraction of the area
of the orifice openir A0 by definIng a coefficient of
contraction as

(18) w
'2



(20)

Thus

(2].)

where

For the circular conduit the cross-sectional area ratio

may be expressed in terms of the diameters. 4akthg this

substitution and defining a coefficient of discharge C

to combine the effects of CO3 a and a2, Wø obtain

20

It is evident from consideration of equation (23)

that the coefficient of discharge is a rather complex

function of the Feynolds number and the ratio of orifice

diameter to pipe 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 18, p. 158), These curves, deter-
mined experimentally, show a marked dependence on both

Reynolds number aid diameter ratio for low values of the
Reynolds number0 However, for Reynolds numbers through

the orifice greater than 30,000 all of the curves converge
to a constant value of the discharge coefficient, This

value is approximately 0.61 and is conveniently used in
estimating the orifice size required for a given metering
problem,

In ordor 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 principally 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 is usually calibrated experi
mentally after installation, After the discharge eoof.
ficient has been determined, a simple measurement of the

pressure drop across the orifice plate suffices to give
the mass flor rate for a fluid of density P

The principal disadvantage of the orifice meter is
its large permanent pressure loss. For example, in the

case of an orifice-to-pipe diameter ratio of 0,5, the
permanent pressure loss amounts to approximately 75
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cent of the measur d pressure difference across the ori
flee plate [8, p. 161] In spite of this disadvantage
the orifice meter i widely used In Industrial flow
measurements because of Its reliability and its simplicity
and economy of fabrication,

tany other types of flow measurement devices are
available. These are described in standard eng1neerin
texts [64, p. l86337; 61, p. 396-412] and will not be
considered here.

Forced Convection Heat Transfer

F'oat transfe solid surface and a fluid
flowIng past this surface is a common method of heatir
arid cooling of fluids, Convection Involves the transfer

of heat by a rnixlnR motion of different parts of the fluid,
The motion of the fluid may be entirely due to density
differences resu.ltln from temperature differences, In

this ease the process is knom as natural convection. In

forced convection the motion Is produced by mechanical

means, as in pumping. a fluid through a conduIt. Forced

convection is by far the more important case In process
applications,

For heat transfer from the surface of a solid at a
temperature t to a fluid at a temperature t, Newtons
law of coolin3 is usually written



(24) q = hA'

where q Is the heat transfer rate in
A' is the area of the so1id-flui interface across

which the heat transfer takes place in ft2,
t5 and t are teperature in 0 and

h is the film coefficient of heat trarifer in
Btu

(hr) (ft2) (°F)

This equation is deceptively simple and, as pointed out
y MAdama 146, serves merely to dc-fine the

heat transfer coeffIcient,
It is now recognized that the filr coefficient depends

both on the fluid propertiec and on the floi variables in
a complicated. ny. : uch of the effort in the study of
heat transfer by convection has been devot,ed to methods
of predicting film coefficIents.

Because o the lax':e number of variables involved in
the determinatIon of heat transfer coefficients, rthe-
matical analysis of convection, problems Is difficult and
in many eases prohIbitive, It hag been customary to appl3

the principles of dimensional analysis to determine con-
venient dimensionlese quantities which may be uced In

correlat In experimental data,

Consider the case of forced convection heat transfer
without phase chance inqolving a liquid flowing in a

or

23
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circular tube. The fol1owin factors are eneral1y eon...

a&dered to be involved in the determination of the film

coefficient [46, p. 129).

the thermal conductivity of the fiui,

the specific heat of the fluid, e, ir

the length of the tube, L, in ft,

the diameter of the tube, D, in ft,

the average velocity, V, in

e may therefore write

(25) 1,P(,, k, D, V, p

the density

the dynamic viscosity, ,.

lb
the fluId, , in - ,

ft

ibm
see) (ft,

Btu(Zf)
(oF')'

tu
lbm)(°)

where p represents a function of undetermined form, Ua.

lug mass, 1enth, time and temperature as fundamental

dimensions, and notina that eight variables are involved
in equation (25), the Buekingham p1 theorem states that

these variables may be combined into four dimensionless

products. Doslnat1ng these dimensionless products as

if2, rr, if4, it is possible to write

(26) ff4)
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If we chooce to combine the viscosity, thernffil conductiv-

ity, diameter, and velocity with each o the other van-
ables in turn, the results are:

(27)

and

(L\1
DJ

where a, b, e, aria d are constants, For the uiüts used
hero it should be noted that a conversion factor is
required in the Prandtl number in order to bring the
time units into agreement,

The first of these dimensionless groups is the Reynolds
number (Re) as defined previously. The second group is

known as the krandtl number (Pr) and the third group is

ealled the Nusselt number (N F,

Dimensional analysis is incapable of providing the

form of the function in equation (26) so experimental
work is required to carry the analysi8 further, It has
been found that the data may be satisfactorily correlated
by expressing the Nusselt number as the product of the
other three groups, each raised to an appropriate power:



(29) Nu 0.023
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It has been found that for highly turbulent flow
(Re > 10,000) and for length...to..diaineter ratios greater

than 60, the exponent on the () term in equation (27)
is ne1igib1e. One of the well known forms of equation

(27 is the Dittu.s-J3oelter equation [46, p. 21.9J,

(28) Nu 0.023(He)

In this equation all of the fluid properties are evalu-
ated at the bulk temporature of the fluid stream. :'qua

tion (28) iS very useful for eases of moderate tempera-
ture differences between the wall of the conduit and the
flow5.n fluid. However, the fluid temperature actually
varies across the stream and several relationships have
been proposed which consider the effect of this tempera-
ture variation in an empirical wanner1 Cne o the most

convenient of these is the equation due to $ieder and

Tate (73, p. 1433),

where in the viscosity ratio is evaluated at the sur-
face temperature of the conduit, and the rest of the
properties are evaluated at the bulk fluid temperature.

ethods for evaluating film coefficients in laminar
flow and for the transition re5ion between laminar and
turbulent flow are also available in the literature [39,
p. 18-'183) but will not be considered here,



CHAPT. 3

EXPJRIMENTAL UliiT

General Description

An apparatus has been designed and constructed to

permit an investigation of the flow and heat transfer

properties of n1xtures of immiscible liquids. Figure 2

is a schematic flow diagram 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 to a vertical 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 fluid back to the supply

tank. In addition an orifice plate was installed in the

pipeline between the pump and the test section. From the

test section the fluid was conducted through the return
line back to the supply tank thus completing the circui

By means of a short flexible hose at the end of the return

line the liquid could be diverted to a weighing tank for
measurement of the mass flow rate, The important indi

vidual components of the system will now be described

in detail,
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Tank and Pwn

The stainless steel supply tank was cylindrical in
shape with a hemispherical bottom and had a total capacity

of 80 gallons, The houspherical portion had a volume of

approximately 35 gallons and was jacketed to provide a

means of heating or cooling the contents of the tank, In

the present work cooling water was circulated through the
Jacket to keep the tank temperature somewhat below ambient.

During operation it was found possible to keep the tank
temperature uniform and as low as about 60°F. 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
theruometer

A propellortype agitator with a varIable speed
drive was mounted on the edge of the tank1 Part of the
mixing action was provided by this agitator and part by
circulating 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
during operation of the agitator. Figure 3 a an inside
view of the supply tank showing the relative locations
of the agitator, return line and bypass line,

29



FIGURE 3
INSIDE VIEW OF SUPPLY TANK
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The pump used was a FairbanksMorse tTWestco turbine

pump driven by a three horsepower electric motor, The

pump was made of' bronze with mechanical seals and was

well suited to service with organic solvents, This type

of pump delivers a steady flow, but requires a bypass line
for flow control since excessive pressure is built up in
the casing if the discharge line is closed. A brief sum-

mary of purnp characterist.cs, as supplied by the manu-

facturer, is given in Table 2.

Table 2

Turbine Pump Characteristics
eupp y inanu acturer

aterial - Bronze
Iodel iumber - 6l5
Speed - 1750 rpm

In the present system the maximum achievable water

flow rate was approximately 30 gallons per minute. A

gauge was installed in the line immediately beyond the
pump to indicate the pump discharge pressure, In order

to assure a positive pressure at all points in the system,
the discharge pressure was kept at a minimum value of

Total head,
flow ;ztm feet at water at 80°F

10 420

20 250

30 110

10
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about 10 psig by partially olosin the valve at the end of
the return line (shown as valve number 4 in FIgure 2).
This was done to prevent leakage of air ifltO the system
during operation, Figure 4 shows the supply tank and the

pump as well as a portion of the piping system.

Ma In P 1T I stem

The entire piping system was fabricate1 of cooper or

brass, with the exception of th3 iort lenth of flexible
hose at the end of the return line. The ptpin between

the supply tank and the pump Inlet was nominal 2-inch red

brass pipe. A 2-inch gate valve was inserted In this line
to make it possible to draIn the ytei independently of
the tank, This is shown as valve nuriber 1 In Figure 2,

where the other gate valves are also numbered for con-
venience of reference, Downstream 1'rom the pumt.p the pip-

ing loop was riade of nominal 1..i/4-inch brass pipe except

for the test section which w of 7/S-inch brass tubing,
The flexible hose was a 2-toot length of heavy-wall syn-
thetic rubber tubflg designed for gasoline service, Tests

on this material showed it to be highly resistant to the
petroleum solvent used as one of the liquids in this
investigation. All threaded connections were made with

the assistance of *lOy1_3ea1 high pressure sealant manu-

factured by the West Chester Chemical Company, This

material is a highly inert pipe dope which acts as a



FIGURE 4
SUPPLY TANK AND PUMP
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lubricant durinS assembly of threaded joints and then
hardens to rrevent leakage,

A considerable effort was made to insure a clean

system, As each piping section was assembled it was

thOroughly washed with solvent to remove traces of dirt,

outtin oil, and sealant, This was done to prevent con-

tamination of the liquids with any material which ml
havo promoted the formation of stable emulsions, Five

brass unions were used for ease in assembly and disassem-
bly of the system, A plus was inserted e.t the low point
of the loop to permit draining by ravity, ThIs is mdi-
cated. at the bottom of Fiuro 2 just ahead of the vertIcal.
test section, The vo1ue of the entire plp1n, loop was
approximately 4-1/2 gallons,

A l5-allon aluminum weihin tank was placed at

approximately the same height as the supply tank so the
flow stroam could be diverted from supply tank to wei
tank by means of the flexible hose. The welsh tank was

mounted on a FaIrbanka-'iorse platform scale with a capac-

ity of 250 pounds and with scale raduat ions down to 1/16

of a pound, The accuracy of the scale was checked b r
we1hing known volumes of water, It was found that 50
pounds of water could be wol3hed with an accuracy of

0.25 per cent, Measurements of the mass flow rate were

made by tlmln8 the flow of a predetermined wei3ht of fluid

(usually 50 pounds) with a stopwatch,



Orifice Meter

A brass orifice plate was fnounted between f1anes in

a vertical section of nominal ll/4inch pipe. The tlanes
ere threaded onto the pipe and were fastened together with

four bolts, Gaskets of 1/16-Inch thick "Durabla'1 asbestos

paper were used on either side of the orifice plate to
create a leak-.tIht seal, Figure 5 shows the dimensional

details of the orifice plate. It was made from l/16.inch

thick brass plate with smooth faces. A hole approximately

half the diameter 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 sketch,

Several micrometer measurements were made of the pipe

diameter immediately upstream and. downstream of the on-

t ice plate, The average pipe diameter was found to be

1,366 0.002 inches, The dimensions given in Figure 5

are within the recommended design specifications for thin-

plate or sharp-oded orifices as given by Rhodes (64, p,
237238],

Piezometer openings were made upstream and downstream

of the plate by drilling holes perpendicular to the pipe
wall and ao1dertn, short lengths of 1/4-inch copper tub
Ing in place. The Inside surface was carefully rubbed
with emery cloth to assure an opening free from burrs and
flush with the inside pipe wall, The upstream pieometer
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tap was located two inches (or about i1/2 pipe diameters)
from the orifice plate while the downstream tap was placed

approximately 2/3 of a piDe diameter from the plate. The

location of the downstream tar corresponds closely to the
position of the vena contracta for an orifice-to-pipe
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 use of taps placed In this way

yields the largest obtainable pressure drop readIngs,
Cther pressure tap positions in common use are discussed

by Perry LGi, p. 404-4053,

Flow Irregularities catised by bends or fittings near
an orifice installation can have unpredictable effects on
the discharge coefficient, In the present Installation
the orifice iae located In a straigbt vertical run of pipe
about (5 feet long. The plate ias separated from any bends

or fittings by 45 pIpe diameters on. t U ream side and

by 10 pipe diarnet.ers on the downstream side, These dis-

tances are considered. adequate for stable operation 164,

p. 240),
In practice orifice meters 'o usually calibrated

after Installation, A very servIceable meter may be con-

structed without following all of the óei;aliod spocifica-
tions outlined above1 In the present s;ork it desired

to compare the experiinta11y determined orifIc coef-
ficients for two-phase mixtures with the published values
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for single-phase fluids as given by Brown 18, p. 158) and
others, For this purpose strict attention to the details
was required..

Teat Section

The vertical test section was made of smooth...wall

brass øondenssr tubing, The outside diameter was 7/8 of

an inch and the inside diameter was found by several
micrometer measurements at various positions to be

0.7005 2 0.0005 inches. rrhe section was made vertical

to prevent the settling-out of the unstable liquid rntx
tures along the length of the tube. If the tube had been

placed in a horizontal position, the gravitational force
favoring settling would have acted in a direction perpen-
dicular to the net flow direction1

Two piezometer taps similar to those described in

the preceding section were installed 6 feet apart, thus
defining the length of the test section f or pressure drop
measurements, The overall length of the 7/8-inch brass
tube was 91/2 feet, leaving 3-1./2 feet for calming
sections to eliminate entrance and exit effects, A calm-

ing section 35 inches (or 50 diameters) in length preceded
the test section and 7 inches (or 10 diameters) were

allowed beyond the upper pressure tap (see Figure 2).

addition to the two pressure taps, a third tap was pro-

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

In order to measure film heat transfer coefficients
a heater coil approximately two Inches long was wound on

the test section tubing two feet above the lower pressure
tap. Six iron-constantan thermocouples wore used to

measure the tube wall temperature, thee directly under
the heater coil and three at various distances from the
coil. The relative locations of heater coil and thermo-.
couples are indicated in Figure 6, The thermocouples

were all made from the same matched spools of number

B S gauge wire supplied by the Leeds and Northrup comp-

any. The temperature-voltage characteristics of these

thermocouples 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 ,unctions 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 being
brought out to the measuring Instrument, This procedure

is reeoended in order to reduce the error due to con
duation along the wires 146, p. l99,

In addition to those described above, another thermo-

couple was Installed in a temperature well which was
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mounted. in the drain plu at the bottom of the pipe loop
(see Figure 2), This temperature well consisted of a 5-
inch length of l/2inch diameter copper tubing closed at
one end, The thermocouple junction was soldered. to the

inside of the closed end of the tube. The temperature

well was approximately centered in the flow stream to

indicate the temperature of the fluid entering the test
section, Each of the seven thermocouples was connected,

through a multi-position selector switch, to a cold junc-
tion thermocouple and thence to a potentiometer. The cold

junction thermocouple was inserted in a thin iass tube
filled with oil and the glass tube was immersed in a bath
of crushed ice to insure a constant reference junction
temperature of 32°F. Thermocouple voltages wore measured

with a Leeds and Northrup Type K-2 portable precision

potentiometer. This instrument permits readings to be
made to ± 0,001 millivolt, A thermocouple wiring dIagram

is shown in Figure 7. This arrangement of thermocouples

and. selector switch made it possible to read the seven
temperatures in any desired order without making or break
ing connections at the potentiometer,

After Installation of the thermocouples in the tube
wall it was necessary to insulate a 2-inch length of the
test section before winding the bare heater wire coil.
A coat of clear 'ryion" was sprayed on the tube and a
double layer of aran ap' was applied, This was
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followed by another coat of KrylonH and an additional

sin1e layer of 'Saran Wrap, This procedure was found

to be satisfactory in producing a thin insulating layer

which would. not tear when the coil was wound,

The heater wire used was number 18 B 5 gauge bare

n&chrome wire with a resIstance of 0.4 ohm per foot1

Approximatoly 10 feet of wire were used giving a total

coil resistance of about 4 ohms1 Power was supplied by

a selenium rectifier battery charger with 115 volt a.c,

input and a rated d.c, outnut of 12,0 volts at 35 amperes.

A Raytheon voltage stabilizer was used to reduce fluct.ua-

tions in the line voltage and thus assure a contant

input to the rectifier, A "Powerstat" variable trans

former was also Installed to permit control of the voltage

to the heaer coil, Connsct.ions between the rectifier and

the heater coil were made with number 10 copper wire to

provide negligible resistance, With this arrangement the

maximum d,e, voltage across the heater cofl. was found to

be about 13 volts, This voltage remained constant within

O.5 per cent for periods as long a week, A &c,

ammeter was Installed in the circuit to give continuous

current readine, and connections were available at the

heater coil to permit periodic voltage measurements,

The heater coil and a portion of the test section

above and below It were covered wIth 65 per cent. agxiesIa

pipe 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 heat-

ing section with half of the Insulation removed to expose

the coil.

Manorieter yem

The pressure differences across the orifice and the

te8t section were measured with double..liqutd U-tube

manometers. Identical pairs of manometers were provided

for the orifice and the test section, Figure 9 shows the

manometer board arrangement. One manometer of each pair

used water over carbon tetrachioride as the measuring

fluid and the other used water over mercury. These combi-

nations give effective specifte gravities for the manometer
fluids of 0.6 and 12,6 respectively, thus perniIttIn

rather wide range of pressure measurements to be made.
The carbon tetrachioride was colored with a small amount

of iodine to increase contrast and thus make these manome-

ters easier to us
The manometers were made of heavy-wall PyrexH glass

tubing and were 3 feet In length. Connections to the brass

seal pots were made with short lengths of rubber tubing

secured with wire clamps. Shellac was used as a sealant

f or these joints. Individual meter sticks were fastened

securely to the board to serve as length scales for each



FIGURE 8
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manometer. A thermometer was also located at the board

to indicate the temperature of the manometer fluids,

The lines co!tnecting the pressure taps to the manom

tere were made of l/4..inch copper tubing. These lines

were filled with water as the pressure transmission

medium, Considerable care was taken to avoid leaks since

a small amount of air could cause serious errors in the

pressure measurements, The lines were run horizontally

for a distance 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 or the manometer columns,

Before operation and between rims the manometer lines

were flushed with water to remove traoes of air and any

two-phase fluid which might have migrated into the verti-

cal lines leading to the manometers, This flushing was

accomplished with the aid of a series of l/1tnch brass

needle valves indicated in Figures 2 and 9, This valving

was arranged so the manometer legs could be flushed indi-

vidually or in pairs as desired.

A summary of important equipment dimensions is given

ow in Table 3,



Table 3

Equipment Dimensions

Orifice diameter, inches 0,695

Pipe diameter., inches 3. . 366

Orificetopipe diameter ratio 0.5088

Orifice cross section, square feet 0.00263k

Vertical distance between orifice
pressure taps, feet 0 2370

Length of test section, feet 6.003
Inside diameter of test section, 0.05838

Lenth.to.diameter ratio 102,8

Inside cross section, square feet 0.002676

Outside diameter of test section, feet 0,07292
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The liquids used in this investigation were water and
"Shellaolv 360", a petroleum solvent manufactured by the

Shell Oil Company1 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 smulson formation1 The purpose of this

work was to study the properties of unstable liquid dis

porsions, and stable emulsions were deliberately avoided,

It was necessary to measure some of the physical

properties of the solvent since the speci

ficationa did not include them, The properties of water
were taken from the literature, Appendix B gives the

individual properties 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, i.e., from 100 per cent water to 100 per
cent solvent, However, the instability of the dispersions
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 series:
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Pure water

50 % solvent in water

20 % solvent in water

4,, Pure water

5. 25 % solvent in water

6, (75 % solvent in water)
65 % solvent In water

Pure solvent

9, (20 water in solvent)
10. 10 % water in solvent

The nominal compositions listed above were bad on the
relative amounts of solvent and water charged to the sup.-
ply tank, Actual measured compositions deviated slightly

from these values. The phrase 1solvent in water" indt
catos that water was the continuous phase (solvent dta
persed in water) while "water In solvent" indicates that
solvent was the continuous phase.

Series 6 and 9 were unsuccessful. In the e
the nominal 75 per cent solvent .n water mixture a single
run was made at a rieasured composition of 75 per cen

After the following run the measured composition was about

61 per cent. This mixture was evidently too unstable to
last through & series of rims, 9en water w addd to
pure solvent in an attempt to create a 20 per cent water
in solvent mixture, rio such mixture was obtained even

after mixing for about 8 hours.
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In each successful series of runs the flow rate was
varied from the minimu to the maximum attainable values.

In the case of pure water this range was from approxi...

matoly I pm to 30 gpm. At each flow rate measurements

were made of pressure drop across the test section, heat
transfer, and orifice ressure drop.

Before any data were collected, pure water was charge
to the supply tank and pumped through the pipth to check

the integrity of the system and the operability of the
manometers, 3evoral leaks were detected in this way and
repaired, Following this procedure the apparatus was

drained and rmre solvent was pumped through the pipLn

as a further check on leaks and to assure a clean system
free from oil and grease.

Preparation and Ana1s of Mixtures

The preparation f or a series of runs consisted of
charging the required amounts of water and solvent to
the supply tank and then m:Ixing the liquids to obtain a
uniform dispersion. Mixing was carried out by usth the

agit.ator in the supply tank and by pumping the mixture
around the loop. Both of these mixing actions ppeared

to be required to obtain a uniform compottton in a reason-
able length of time. ixtng times from 2 to 5 hours were
required, the 1onsr times corresondtrg to the hi.hor
concentrattons, In all but the single serIes 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-

sition was indicated by steady manometer readings, by

constant thermocouple readings, and by visual observation,

During mixing the appearance or the material in the tank
changed gradually from clear liquid to the typical creamy
white emulsion color,

Mixture compositions were measured volumetrically.

Samples were collected in 500 milliliter graduates, The

graduates were covered with watch glasses and set aside

to permit separation of the two liquid phases.
Meissner and chertow (47, p, 857-859) have studied

lug and coalescence of' unstable emulsions, These

re recognized two distinct periods in the complete
phase separation process which they have labeled 'primary

break's and tisecondary broakt, Primary break occurs rapid-

ly and results in two separate layers, a clear dispersed-
phase layer and a cloudy continuous-phase layer. Second-

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, While accurate measure-

ments were not made, It was noted that :orimary break

occurred 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. :ven

after settling was complete, large drops of dispersed-
phaQe 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 those drops represented as much as 2 per

cent of the dspersed-phaso volume.

As mentioned previously, coolin water was supplied

to the double-wailed supply tank to keep the temperature

of the mixtures below ambient, PerIodic adjustments of

the cooling water flow rate were made to keep the tank

temperature at about 0F. The volumetric analyses of

the samples were actually made at room temperature since

the samples were allowed to stand overnight. A tempera-

ture correction was therefore applied to the volume compo-

sitions, basea on the known temperature-density relation-

ship for each of the liquids. These corrections were

always small but were made in every case,

After ilxing of the nominal 50 per cent dispersion

for about 4 hours, samples were taken from various loca-

tions throughout the system to determine uniformity 0±

composition. The results are shown in Table 4.
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Com'oettions of iam.los from VarIous Locations

Location
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Since these compositions were so nearly equal it was
decided that sampling from the return line would be suf-
ficient to indicate the composition of the mixture passing
through the piping system. All further sampling was done

from the return line to the supply tank,
At the end of a series 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 amount of contamination was noted at the interface

between the liquid layers, The solvent, which was always

clear, was decanted and saved for future runs, The water,

togethor with a small amount of solvent at the interface,
was discarded and replaced with fresh water which was used

in making a new mixture. Initial runs were made with dis-
tilled water, but It was found that the use of city 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,

Test Section 49,1

J3ypass Line 49.4

Return Line

Supply Tank r,, )



riction Loss and Orifice Measurements

After eparation of a two-phase mixture as des-
cribed above, all manometer lines were flushed with water
before data wore taken. Following this the valve at the
end of the return line was closed and no-flow manometer

readings were taken (all flow throuii bypass line),
Because both test section and orifice installation were
vert1cl, these readings were zero only for the case
the pure water runs.

The valve at the end of the discharge line was then
partially opened to establish flow through the system,
and pressure drop measurements were taken across orifice
and test section, The carbon tetrachlorido manometers

were used for low flow rates and the mercury manometers

for high flow rates At intermediate flow rates both
manometers were often read to permit intercomparison

between them, iresaure measurements covered the range

from about 1 centimeter of carbon tetrachioride to 60
centimeters of mercury.

Some fluctuation in the height of the manometer
columns was observed in most cases these fluctuations
were reduced by closing down on the needle valves at the
pressure taps and at the manometer seal pots until these

valves were open about 1/2 turn from the fully closed

position. It was observed that movement of the liquid

55
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columns occurred about an equilibrium position and no dif-

ficulty was encountered in obtaining satisfactory read-
ings, /t low flow rates, however, the fluctuations
were enerally more serious, In these cases several read
ings were taken and averaged. In addition to the manome-

ter readings the temperature indicated by the thernomotor
mounted at the manometer board was ret-id and recorded.

Heat Transfer Measurements

The measurements associated with the heating section

wore the seven thermocouple voltages and the power suj

plied to the heating coil, Normally thermocouple voltages

were read at intervals of a tow minutes until successive
readings differed by no more than 0,002 millivolts. It
was then presumed that steady state conditions had been
attained. As in the case of the pressure drop measure-
ments, there were cases of erratic behavior where steady
voltages were not attained,

In each rein measurements of current in the heatIng

coil and voltage drop across the coil 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 restricted to isothermal flow conditions.
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Since the liquid, mixtures wore actually heated In passing

through the test. section, tMs assumption is not strictly

valid. Practically, however, the temperature rise was so

small that the assumption of Isothermal flow was applicable,

The maximum attainable power input wa about 44 watts glv-

ing a maximum heat flux Of 4,800 Btu

hr) (ft2)
n most eases

the temperature rise due to the heating coil was less than

0,10F. in the extreme case of pure solvent at the lowest

flow rate encountered, the temperature rise was 0.65°F.

As a consequence of the low power input, temperature dif-

ferences between tube wall and flowing fluid were usually

less than 10°F, limiting the accuracy attainable in the

heat transfer measurements,

'easuroment of Flow sate

The mass flow rate was determined for each run by

diverting the flow stream from the supply tank to the

weigh tank and timing the collection of a predetermined

amount of fluid with a stopwatch. This measurement was

performed by starting and stopping the stopwatch as the
weight of the tank plus sample passed through two pre-

determined values. In this way momentary flow irregu-

larities caused by movement of the flexible line were not

included in the sample collection periods 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. uccos-

sivo measurements at a given flow rate generally agreed

within 1 per cent,
The total volume of liquid charged to the supply

taxik was about 50 gallons, which provided a auction hea
on the pump of about feet, During collection of a

sample in the weigh tank this suction head changed by

less than 10 per cent, Ohanges of about 0.5 millimeter

in manometer levels often occurred during the sample col-

lection period. These changes were noted and recorded,

$uminay of Eçporimenta1 Procedure

At each flow rate of each series of runs the fol1ow..
ing data collection procedure was used:

Flush manometer lines with water,

Take and record no-flow manometer readings,

Establish a flow rate through system by adjust-

ing valvos 2 and (Figure 2, Chapter 3).
Record valve settings and pump discharge

pressure.

Read and record manometer levels for Orifice

and test section,
Read and. record temperature at manometer board,

Fead and. record seven thermocouple voltages,



(ii) iead and record current and voltage throu
heater coil,
ieasure mass flow rate, recording mass at fluid
collected and collection time,
echeek manometer readings during collection

In weigh tank,
(k) :ead and record temperature of liquid in supply

tank,

WIthdraw 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 eon-
dit tons at the new flow rate were apparently achieved
very rapidly. A period of 10 to 15 minutes was always
allowed before data were taken,
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(32)

(31)

(30)

where is the density of the two-phase fluid. and the
other symbols have the same meaning a given previously.

it is now necessary to consider what the manometer

actually indicates FIgure 10 is a sketch of a manometer

connected between poInts 1 and 2 in a vertical conduit,
A reference level is Indicated in the sketch, at which
the pressure Is This reference level pressure may
be expressed in terms of either or P2:

c+b)
iO

em 41,
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1iJATICN5 FOR iVALUATING FdICTION FACTOR,
ORIFICE CCFFICItNT AND HLAT TRAN$FR CCWFICIENT

Fanning Friot ion Factor

The expression for the pressure difference between
two points in a vertical circular tube carrying a single
phase liquid was derived in Chapter 2 as equation (8),
This equation may be written for a two-phase liquid mix-
ture as
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quating these expressions and solving for the pressure
difference between points 1 and 2,

(33) p = (a_c) ,° + b(,Ob_ iou).

But (a-c) is equal to the length L of the vertical section
and i the effective density for the two-
fluid manometer, The si convention which has been

adopted is that a manometer reading as indicated in Figure
10 Ia to be considered positive, I.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:

(34)

Comparison of equations (34) and (30) shows that the manom-

eter does not gIve the friction pressure drop directly,
except when the fluid flow1n through the system Is pure
water, For other cases the quantity L( f) must
be added to the manometer reading to give

(35) b e * 'm = P -L
m

This added term (or rather its negative) is what the manom-
eter Indicates under no-flow conditions. Thus the differ-
ence between the manoieter readings under flow and no-flow

conditions Is required for evaluation of the friction pres-
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
Fanni.nS relationshIp,

(36) f

where

(37) w

cm L

2LG2

lb
is the mass velocity in

(sec)(t

Orifice Coefficient

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

The pressure difference expression required in the numera-
tor of equation (37) is obtained in exactly the same man-
nor as described above, ASain the difference between the

flow and no-flow manometer readings is required, and equa-

tion (35) becomes

(38)

where L' is the vertical distance between the orifice



pressure taps. Cnce again when the flowtn liquid is water, 

the manometer roadin under flow conditions gives thc 

desired quantIty directly, 
6ubatitut1n (38) into (37) yields the expression for 

the orifice coefficient in terms of the measured quanti- 

ties: 

(39) 

Heat Transfer Coefficient 

ure 11 shows a portion of the bra tube test see- 

tion in the vicinity of the heating coil. Heat is sup- 

plied by the coil and this heat Is partially transferred 
to the liquid flowing beneath the coil and partially con- 

ducted alone the tube wall away from the coil. The follow- 

in assumptions are made: 

The power input to small so the liquid flowing 

throu-i the tube remains at an essentially 
constant temperature t, 

The tube material (brass) has a high thermal 

conductivity so the radial temperature radi- 
ent in the wall is neli1ble, 
The thermal conductivity of the brass is 

independent of temperature, 



xOt: t

FIGURE II
SCll OF TEST SECTION FOP. AT BAlANCE

65

/HEATITh) COIL
BRASS TUBE JALL

1

LIQUID FLO.'IING D

AT ta

¶

x xX



(40)

where

03

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

t is the temperature of the tube wall, at any value
of x,

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

hnD Lx(

xiG LX
+ hnD x(

0<a<l
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(d.) There i no heat loss radially outward fror the
tube (the tube was insulated as described pre-
viously),

Ce) The tube wall directly under the heat in coil

is at a uniform temperature t,
(f The cross-sectional area of the tube material,

A05, Is uniform alon6 the length of the tube,

With these assumptions a heat balaice is made for a short

section of tubing of length 4x, The input to the section

is by conduction and. the output consists of conduction
along the tube wall and convection to the fluid flowing
in the tube:
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hiiDx(t-tJ,
x+9 Lx

Dividing equation (.2) through by ox and lotting zx
approach zero, the following differential equation is
obtained;

(43)

where

(44)

The coniplete solution of this equation is

the boundary eonditiom3,

and the boundary conditions are

t(0) = t0 and t(oo
Apply in

(45)

and thus the tube wall temperature falls off exponentially
on either side of the heater co

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

100

2J hTD(t*ta)dX = 2hrrD
0

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

0
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(46) = hirD(t

heating section will thus be

A heat balance may now he made on the heating section of

length 1:

where Q is the power input to the coil in
Solvin8 for the heat transfer coefficient,

(47)

n

It should be noted that no fluid properties are involved
In the determination of the heat transfer coefficient by
equation (47).

Most of the aaswrptions involved 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 averae"
temperature in place of t in equation (47). ThiS tem

eraturo was determined by calibrating the coil with a
pure liquId, of known properties, The results of this
calibration iill be presented In apter 7.
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HPTJiR 6

PHYSICAL PROPERTIES OF MIURES OF IMMISCIBLE LIQUIDS

Character of the Mixtures

The milkywh1te appearance of the mixtures used in

this investigation has been noted previously, The creamy

color and opacity of the mixture is a result of differing
refractive indices and optical dispersive powers of the

two phases [10, p. 229]. The dlsperaed..phase droplet

sizes encountered with these uiixtures a,re 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 microns [75, p,

15]. Also the milky-white appearance suggests that the

droplets were larger than one micron [4, p. 52]. Thus

the probable range of droplet sizes was from 1 to 50
icrons,

Sutheini [75, p. 2) states that three constituents
are necessary to form an emu1son. These are the two

tmmiseible liquids and a stabilizing or emulsifying agen
Most commercial emulsions do involve a third constituent

to promote stability, On the other hand, Becher 14, p.

52] and Treybal [78, p. 273-276] refer to liquid extrac-
tion systems, in which stabilizing agents are studiously
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avoided, 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 foreed convection heat transfer are
the density, viscosity, specific heat, and thermal con-
ductivity, Various methods of estimattn these proper-

ties for dispersions of immiscible liquids are considered
below,

Density. Speoif to Heat, and Thermal Conr3uctivt1

In the case of immiscible liquids, density and speci-
fic heat are additive quantities and the calculation of
effective mixture properties offers no difficulty, Thus

the mixture density, , may be computed from

Pm_Nwfw+Nsa

where

is the volume fraction of water in the mixtu
and

N3 = 1 N the volume fraction of solvent,
In a similar manner the specific heat of the mixture may
be calculated from

C -N'- W
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where k, and are the thermal conductiviti.es of
mixture, pure water, and pure solvent respectively. This

equation was found to reproduce the data within 10 per

cent over the temperature range from 65 to 80°F, Tang

found that the thermal conductivity was independent of the
phase distributton of the emulsion, i.e. oil-in-water or
waterin-oil, It was also found that the presence of the
small amounts of emulsifying agents used had negligible

effect on the thermal conductivity.

The viscosity of dispersions cannot be successfully
predi.ctod using the simple "mixture 1aws' discussed above.

The situation appears to be quite complex, and a vast bod

where N. and are the mass fracti of water and solvent

respectively (21, p. 246),
Wang (83, p. 2(-2-9) has meaured the thera1 con-

ductivities of several stabilized emulsions, )ne Of his

systems consisted of water and a petroleum solvent practi-

cally identical to that used in the present investigation,
3everal equations for predicting thermal conductivities
of mixtures were tested, lor the solvent-water ysteTh

the best agreement with experimental results was obtain

using equation (50):
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of literature on this subject exists.
One Of the earliest viscosity equations was that due

to Einstein [14, p. 300; 15, p. 592):

(51) /4m= /4( + 2.50

whore

is the effective viscosity of the dispersion,
frA Is the viscosity of the continuous phase, and.
0 Is the volume fraction of the dispersed phase,

This equation was derived on the assumption of uniform

rigid spheres dispersed in a liquid and separated by
distances 1are compared to the particle diameters It
Is actually a limiting equation, and is not considered
applicable for values of 0 reater than about 0,02 [4,

p. 593,
Hatsehek [23, p. 303 presenthd an equation identical

in form to equation (51) with a constant of 4,5 rep:iacing
the value of 2,5 in the Einstein equation, Later, Hatsehek

[29, p. 1643 deduced an equation applicab].e at higher

dl3persed-phaee concentrations,

This equation successfully predicted the viscosities of
suspensions of red blood corpuscles. Sibree [72, p. 35],
working with stabilized paraffin-in-water emulsions,

found it necessary to modify Hatschek's equation by the

( Pm



introduction of a t'volume factor" multiplying 0 in the
denominator of equation (2),

5everal attempts have been made to modify the Einstein

equation by the introduction of a polynomial in $, in order
to make the equation applicable at higher concentrations.
These equations have the form

(53) /Am* p(li +

where and are constants0 The wrIter has found values
of the liconstant, , In the literature ranging fror k,9
to 14,1 t4, p, 60; 58, . 397; 80, p. 299), Other viscos-

ity equations have been given by flobinson 67, p, 1044),
l3roughton and squires (7, p. 259], and cunit [40, p, 7163.

It i of interest to note that the viscosity of the
dispersed phase does not appear in any of the above equa-
tions even though many of them have been used in descri.

tug liquid-liquid dispersions, Several equatIons which

incorporate this factor have been proposed. Taylor (7
p, 46] theoretically extended the instei.n equatIon to
apply to a fluid dispersed phase at low concentrations,
Vormeulen, Williams, and Lauglois (81, p. 91F3 presented
equation (54):

(54)

where lAd is the viscosity of the Lispersed phase, iller
and Mann 13, p. 719) and Oiney and Carlson [59, p, 475]

73
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succeeded in correlating mixing data for immiscible liquids
using a logarithmic mixture equation:

(55) P JA

Another complicating factor is that some ermilsions,

part tculari.y at high concentrations, exhibit non-.Newtonian

behavior, i,e, they do not obey the Newton law of viscos-

ity (48, p. 81). Still another factor, neglected in the
equations considered above, Is the possible effect of
particle size and size distribution, Several workers have

studied model emulsions consisting of suspensions of solid
spheres of varying size distribution. Roseoe (69, p. 268)

suggests two viscosity equations, one for very diverse
sizes and one for high concentrations of uniform spheres,
Further work with suspensions of solid stieres has been
carried out by Ting and Luebbers (77, p. lll-.116) and Ward
and hitmore [85, p. 286.290). These writers reached the

conclusion that viscosity was independent of absolute
sphere size but dependent on size distribution, decreas.
lug with increasing size range.

RIchardson (65, p. 412..413; 66, p, 368..373] found

that for real emulsions both the absolute particle size
and the size distribution affected the viscosity. Work...

lug with stabilized oil-.in..water emulsions, he concluded
that the apparent viscosity of emulsions having the same
concentration and the same size distribution about a
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moan globule diameter was inversely proportional to this

mean globule diameter, Increased viscosity with decreas-

ing particle size was also noted by Hatachek (28, p. 82
Beoher (4, p. 215] describes some w'k in which highly
concentratod emulsions were homogenized by forcing them

through capillary tubes under pressure. In one experi-

ment particles with sIze in excess of 10 microns disap-
poared arid the number of particles of about 1 micron In

size increased, After 12 passages through the tube, the
viscosity of the emulsion had increased by a factor of

2.5. Sibree's work [10, p. 215216) also indicated that
fine emulsions were more viscous than course emulsions

at equivalent values of 0, the difference increasing as

0' was increased. A common example of this phenomenon is

the increased viscositr of milk caused by homogenization

[75, p. 149
All of the liquid-liquid work described above has

been performed with stabilized emulsions, For such

systems, it appears that the viscosity may depend on
(a) the viscosity of the continuous phase, (b) the volume
fraction of the dispersed itase, (c) the viscosity of the
dispersed phase, (d) the rate of shear, (e) the size
distribution of the droplets of dispersed-phase liquid,
(f) the absolute size of the droplets of dispersed phase.
In addition, the nature and concentration of the emulsify-
tug agent has been shown to affect the viscosity, but
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011 IIIL 7

SUMMARI AND A.NALYZIS OF RESULTS

General Dts cusion

A study has been made of the flow and heat transfer
properties of various mixtures of petroleum solvent and
water. These liquids form an immiscible system producing

highly unstable dispersions upon agitation. The limita

tions on achievable mixture compositions 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
investtat ion are presented in Table 5 f or each of the
nominal nixture compositions. The table is inserted here
to provide a quick look at the overall investigation,
The detailed results are described below,

Friction Le

The von Ka'rman frIction factor equation for turbulent

flow in smooth tubes has been given previously as

(10) = 4,0 log(Re i)
'if

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

77



?ea3ured
Compositions,

miiial JOlvent by
Compo sit ion Volume

20% solvent
in water

25% solvent
in water

50% solvent
in water

65% solvent
in water

10% water
in solvent

Pure
solvent

)i e

1anges of Cbseed ata

Flow Rate,
1 b..

0. O794.2

Average
Linear

Temper Velocity,
ature, ft-

(Re: 2,200-
125,000)

5867 O.4725

20.2 - 0 10-k, C
20.7 57-60 0.64-25

24,4
24.9

0,13-3.9
62.64 0,8025

48,7 -
49.5

0.21-3.t
6264

60.0
63,3

0.11-3.6
6570 0,77-25

90.7
96,6

0.083.3,4
62-66 0,63-25

0.11-3.3
100 (Re: 3,700- 63-69 0.84-25

104,000
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experimentally determined friction factors for pure water

and pure solvent are shown as points in the figure. Ap.'.

proximately 6 per cent of these points fall within
per cent of the curve. In this range Of Reynolds numbers,

84 per cent of Nlkuradse'a data {57, p. 30-31) arid 62 per
cent of the extensive data of Stanton and Patmell [74, p.
217-224) fall within 2 per cent of the curve, It will
be recalled that the constants in equation (10) were
determined using Nikuradse's data. For the present data
maximum deviations from the curve occur for Reynolds

numbers below 20,000, and this is also true ror the data
of Nikuradse and of Stanton and Pannell, At low flow

rates the experimental error is greatest, particularly
in the pressure measurements, and this accounts for the
larger spread of the data at low Reynolds numbers,

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

It has been pointed out in the previous chapter tb.at
prediction of the viscosity of suspensions is difficult,
as indicated by the large number of viscosity equations -

appearing in the literature, Since the viscosity appears
in the Reynolds number, it is important to be able to
estimate this quantity in order to calculate friction
factors. Further, it would be convenient in estimating
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friction losses to be able to use existing relationships
between the friction factor and the Reynolds number. It

was therefore decided to evaluate 'effectivet1 or tapparent"

viscosities which when used in the Reynolds number would

satiety the von Karmn equation. It should be noted here

that attempts to measure the dispersion viscosity with

an Qetwald viscometer tailed, Mixture samples were with-.

drawn into the viscometer as rapidly as possible from the

agitated tank. Coalescence was so rapid that large drop-.

lets of dispersed-.pbase liquid were observed blocking the

capillary tube of the visoometer, and meaningful determi-.

nations could not be made.

For each run the Fanning friction factor was evalu..

ated from the experimental data by equation (36) of

Chapter 5 and the corresponding Reynolds number was deter-.

mined from the curve of Figure 12 (actually the von .Karman

equation was plotted on a greatly expanded scale and this

curve was used to determine the Reynolds number correspond-

ng to each value of the friction factor). From this

Reynolds number and the measured flow rate, the apparent

viscosity of the mixture was calculated from

(36) fr4

Viscosities evaluated in this manner have been used in the
study of suspensions of solids in liquids by Salamone and

Newman [71, p. 286], Ward and Dalla Valle [84, p. 10),



and others, and are often called Uturbulent viscosities"

(5, p, A.105].

The mixture viscosities determined from equation (56)

have been plotted in Figure 13 as functions of the mass

flow rate for each mixture composition, A single line

has been drawn through the data points representing the

nominal 20 per cent and 25 per cent solvent-in-water

mixtures, On a larger scale a slight separation was noted.
To account for the small temperature di.tterenees among the
various runs, a correction was applied to each viscosity
value before plotting. The base temperature to which all
of the viscosities were corrected was 63°F, which repre-
sented roughly the average temperature for all of the
runs. These corrections were based on the viscosity of
the continuous-phase liquid and generally amounted to less
than 3 per cent. Several features of Figure 13 require
discussion,

The procedure described above f or evaluating apparent

vtscositiea was applied to the pure solvent runs to obtain
an indication of the magnitude of experimental errors
inherent in this procedure. The points are shown grouped

around the horizontal line representing the known viscos-
ity of pure solvent, rrors as large as 23 per cent oeou.r.

lb
red at the lowest flow rates investigated (about 0.].
and the errors decreased with increasing flow rate as

lb
expected. Above a flow rate of 0,4 the average
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observed error was approximately 4 per cent, The large

errors at low flow rates were attri1.itable principally to
errors in the pressure drop measurements, since the net
friction pressure drop was obtained by taking the differ-
ence between pressure readings under flow and no-flow

conditions, This involves the well known difficulty in
taking the difference between two nearly equal numbers.

Deviations as large as 400 per cent from the lines
drawn in Figure 13 were noted for the high concentration
diipersione, It is evident that measurement errors alone
cannot oxplain the very great scatter of the data for
mixtures at low flow rates. These large deviations are
believed to be due to mj,cture instability manifesting it-.
self as unpredictable concentration changes during flow
through the apparatus, It was noted that the higher the
concentration of dispersed phase, the greater were the
deviations from the 3.inoa in Figure 13, and the longer
they persisted as flow rates were increased. I3oth unpre-

dictable manometer fluctuations and erratic thermocouple
readings were sometimes noted in the mixture rims at low
flow rates. Table 6 shows some moasured mixture eompoai.

tions as observed after runs at various flow rates for
several nominal compositions,



Tab],e6

Measured Mixture Com.oitt, ons at Various Flow Rates

Those values provide an indication of the instability at
low flow rates. It should also be noted that because of
the practical impossibility of obtaining flow rate, pree
sure drop, and composition data simultaneously, further
changes of unpredictable manitudo could have gone
undetected.

Zn many of the low flow-rate runs, large friction
factor values beyond the range of Figure 12 were obtained.

For those cases it was necessary to assume that the laminar

Mass flow rate,
ibm
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60.0 0 11
62.8 0,37
63,1 0,81
63,2 1 48
63.3 2.67
63.2 3.05

24.4 0.13
24.9 0.34
24.8 0,50
24,7 0,96
24.9 1,37
24.7 2.16
24.8 3.94

96,6 0.083
95,4 0,38
92.6 0.86
90,6 1,04
90,2 1.84
91,0 2.44
914 3.13

Nominal

solvent

65
65
65
65
65
65

25
25
25
25
25
25
25

90
90
90
90
90
90
90

eaaured

solvent



flow relation, f = was applicable, The use of this
equation resulted in indicated Reynolds numbers as low as

1.00, and thus in high values of the apparent viscosity by

equation (56), Some of the highest of these apparent

viscosities were beyond the range of Figure 13,
It has been noted previously that water-in-solvent

mixtures with dispersedphaae 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-in-solvent dispersion, the system acted as
though the relatively small quantity of water was attempt
ing to become the continuous phase surrounding the large

amount of solvent which was present, A uniform mixture

was never attained in this case. Even the nominal 10 per

cent water-in-solvent dispersion which was successfully

prepared showed instability at low flow rates as indicated
by Table 6 and Figure 13, At higher rates of flow, beyond
the instability range, this mixture behaved approximately
as puro solvent as indicated in Figure 13. The composi-

tions indicated in Figure 13 are nominal values, For

flow rates beyond the instability range, mixture compoal-
one were quite uniform as indicated in Table 6. Average

values for the stable flow
low,

86

range are given in Table 7 b



It should also be noted from Figure 13 that the vie.
coai.ty lines drawn through the experimental points for
the solvent-in..water dispersions are not horizontal, but
show increasing apparent viscosities with increasing flow
rates, This positive slope is characteristic of non
Newtonian fluids of the dilatant type.

There are several factors other than dilatancy which
could possibly explain the positive slopes notes in Fig.

e 13. ne of these of course is experimental error,
However, at high flow rates the measurements of pressure

differences, flow rates, and mixture compositions were all
accurate to about 1 per cent, aximum deviations from the

viscosity lines for the concentrated mixtures at high flow
rates (in the stable flow region) were of the order of 6
per cent1 xperimsntal erors of 30 to 50 per cent would
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Table 7

&verage Moa4ired Compositions
for Mixtures in Stable Flow Range

Nominal Composition, Average ?easured Composition,
by Volume Solven

20 % Solvent in Water 20.6

25 Z Solvent in Water 24.8

50 % Solvent in '1ater 49,2

65 5olvent in Water 63,1 g
10 % Water in Solvent 90.7
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be required to explain the slopes noted. This factor may

therefore be dismissed,

Several workers L10, p. 216; 67, p. 1045] have noted

that entrained air 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 effect in

the rwis with pure liquids, p1u the faot that there is

little reason to expect increased air entrainment with

increased flow rate, leads to the conclusion that air

entrainment cannot account for the observed results.

A third item which deserves consideration is the

possible effect of both dispersed particle size and size

distribution on the apparent viscosity. Some of the evi-.

deuce indtcatin increased viscosity with homoonizatton

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

t or a 2 per cent oil-in-water dispersion. The oil was

injected into a turbulent water stream 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

concluded 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 Clay, as described by Becher (4, p. 218],
emulsions were tireflned (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 fineness of the emulsions on increasing the flow rate.
He was able to produce a mean diameter of 10 microns from

an emulsion containing droplets approximately 10 times
this size,

In all of the emulsion work irnown to the writer,
including some with systems chemically arid physically

similar to the solvent.water system considered here,

the non..Newtonlarj behavior observed was of the pseudo..
plastic type, For this type of fluid, the viscosity
decreases with shear rate (or flow rate in a given appa..
ratus), Becher [4, p. 563, in his extensive treatment
of emulsion technology, states that dilatancy is appar-

ently quite rare in emulsion systems.

While the situation Is not perfectly clear, it
appears that the viscosity of a liquid dispersion may be
increased markedly by homogenization 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 dilatancy



evident in Fiçure 13 Is due to refinement of particle
sizes, resu1tIn in Increased viscosity, with increasIng
flow rates, In the present work it was not ossible to
saparate the effects of non-Newtonian behaviOr (If present)

and particle size refinement, These effects may well have

acted in cpposin directions with the net result showIng
up in the plots of FIGure 13, It would appear that

further work, a1on the lines of separating these effects,
would be hIhiy desirable,

Fron Figure 13, values of apparent viscosity for
each composition were taken at flow rates of 1.5 and 3.5

ibm
sect d these viscosity values are plotted Versus the
volume traction of solvent in Figure 14. $everal of the
viscosity equations discussed in Chapter 6 are also 2ndi..
cated as dotted lines on the graph, It is evident that
none of these equations fit the observed data. The data

at a given flow rats are reasonably well fitted by a second
degree polynomial in 91, in which the coefficient of the 91

term is taken to be 25, the same coefficient that appears
113 the Einstein equation. This equation thus reduces to
the Einstein equation at small values of 91, In this sense
any polynomial in 0 In which the coefficient of the first
degree term is 2.5, is a modified Einstein equation,

The coefficient of the term is a function of the
lb

flow rate, At I apparent viscosities are

90



30

)m

20

10

,

/

/
/

/
/

/

/

,
/

, //

A
I

/

/

/

/

/

/
/

a
B

A - HATSC EQUATION

B - /4m/4c(1+2+ 14.62)

C - VER1YUIEN EQUATION
D - HATSCIK MODIFICATION OF EINSTEIN EQUATION

E - EINSTEIN EQUATION
F ILL AND MAiU - OLNEY AND CARLSON

o V1 1. lbdsec
O Vf 3. lbdsec

FIGURE ]h
APPARENT VISCOSITY VERSUS VOLUI.IE ACTION SOLVEIIT

91

-F 0 0

0.2 o,i. 0.6 0.8 1.0

VOL1D ACTION SOLVENT



son

(57)

witb

/A= p0

per cent by the relation

rate all .pparent viscosity values fall close to the lines
of Figure 13 for all dIaperiion concentrations. At a flow

lb
rate of 0.4 - the ooeffirtent of the Ø term foundsec lb
to be 34 snc at 40 it was 7%, rrom this informa-

tion the effect of flow rate could be taken into accot*nt.
AU of the viscosity data. ifl the stable flow region may
be represented. by the equation

(58) p + 2.50 (3.0 + l.06W)Ø')

lb
where W must be expressed as This equation is tested
with several sets of viscosity data in Figure 15. This

equation is limited to the prediction of viscosities for
the system and apparatus used in this investigation, It
will suitably predict viscosities of dispersions contain

lb
ing 63 per cent solvent at flow rates above 1.5 , For

dispersions containing lees than 50 per cent solvent the
equation will predict viscosities at flow rates as low as

lb
0,4 ith these restrictions on flow rates, equation
(58) showed an average deviation from the experimental

values of apparent viscosity of about 4 per cent1 Using

this equation toether with the friction factor plot of

92

which is plotted as tthe solid line ire 14. The
lb

lower limit Sec was selected since boys this flor



2

1+2.S4+ (3.0 + 1.06w) 4,
2

FIGURE 1
TEST OF EQUATION (S8)
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iure 12, the experimentaliy determined friction pres.
sure losses in the smooth tube may be reproduced within

about 2 per eent
It would be desirable to have a relation which did

not Involve the flow rate, Between the values of 1,5
lb

3,5 the following equation suitably represents the
average viscosity over this f10 rate range:

(59)

This equatIon reproduces the viscosity data within 9 per
cent, If this equatIon were used to evaluate Reno1ds
numbers for the prediction of friction pressure losses,
the Ieynolds nunbers would be in error by at most 9 per
cent, assu!nir that the curves of FIgure 13 accurately
represent the apparent viscosities of the rIt.u.ree, Using

the eynolcs uu:iers to ev&uate friction factors for
flow in smooth tubes from the friction factor plot1 leads
to pressure loes in error by about 3 per cent over this
flow rance, y oytrapo1at.in the viscosity lines of
Fiure 1 to 1oe flow rtes, other sets of .oInts could
be o'tainea e.s in Figure 14 and equations eiIlar to (57)
oou1 be written for then,

The above vIcosIty :quations do not contain the vIs
cosity of the dispersed phase. In the temperature range
involved In this 1nvestIatIon, the viscosities of solvent

/A= IA
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and water differed only slightly1 At 63° for example,

the viscosity of pure solvent was found to be about 3
per cent lower than that of water. The study of immis-

cible systems involving liquids of widely differing via-
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 solventwater dispersions
the stable flow range, friction pressure losses In

smooth tubes nay be estimated within t5 per cent using

apparent viscosities calculated from equation (59) and
the conventiona] relationship between the FeyinIn friction
factor and the Reynolds numher

Coeffici

?icztire 16 Th an orifice oa1Ihraton curve In whIch
the mass flow rate 1$ plotted against the pressure dif-
ference across the orifice meter or a 1op-'og scale.
According to the orifice ecatIon, such a plot hould

yield a straIht line irith a slope ef 0,5 long as the
discharpe coefficient Is constant, Previous eeriiental
work with sInlephase fluids has shc that the dis-
charge coetIcient Is artroiate1y constant for orifice
Reynolds numbers greater than about 30,000, reardlesa of
the nature of the fluid or the value of the orifice-to-
pipe dtaeter ratIo (8, p, 158], 0rf Ice Reynolds numbers



o PURE WATER
+ 25 SOLVENT IN WATER
0 SOLVENT IN WATER
6 SOLVENT IN WATER
1C WATER IN SOLVENT
PURE SOLVENT

0.1
100 i,CCO 10,000

FIc1URE 16 - ORIFICE CALIBRATION CIJRVE
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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 diameter was slightly smaller than that of
the test-.sect ton 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 °m This was done to

elIminate the effect of the different densities of the
various mixtures1 It is evident from inspection of the
figure that all of the points for pure liquids and for
mixtures fall close to the same straight line for high
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 indicating increasing values of
the discharge coefficient with decreasing orifice Reynolds
numbers, This is in agreement with the previous expert-
mental work with eingle.pbaee fluids (8, p. 156). Flow

lb
rates greater than about 1 correspond to Reynolds

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

For each run with pure liquids and with mixtures, an
orifice discharge coefficient was evaluated from equation
(39) of' Chapter 5. It was found that approximate con-

stancy of the discharge coefficient 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
ooefticients (for orifice Reynolds numbers above 20,000)

for each nominal mixture composition,

Table 8

Averae Orlflco I4achare Coefficients for Various
> 20,000)

Nominal Composition Average Value of

It is evident that those values differ but little with
mixture composition. A discharge coefficient of 0.61
could be applied to any of the mixtures (as well as either
pure liquid) with a maximum error of about 4 per cent,

At low flow rates, the experimental discharge coof
totents were usually larger than 0.61 as expected. 0eoa.

onal very large and very small values were obtained in
the unstable flow region and some of these are indicated
by the widely scattered points in Figure 16. in the appli..
cation of orifice meters, the orifioe..to..plpe diameter

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
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ratio is chosen to ensure orifice Reynolds numbers greater

than 30,000, in order to take advantage of the constaicy
of the dischar coefficient,

It is concluded that the sharp-edged orifice meter
should be quite suitable for metering the flow of two-.
phase liquid dispersions of solvent and water. The gen-.

erally accepted value of 0.6]. for orifice discharge eoef-.
ficients may be applied In designing such motors for

orifiee-.to-.pipe diameter ratios near 0.5,

Film Heat Transfer Coefficients

Heat transfer coefficients were computed from oqua-.

tion (47) of Chapter

(47)

(28) Nu = 0.023(Re

As mentioned previously the tube-.wall temperature beneath

the heating coil was riot uniform so it was necessary to
calibrate the coil in order that it could be used to
determine heat transfer ooefficient, The first stop in
this procedure was to compute heat transfer coefficients
f or the pure solvent runs from the )Ittue-.13oelter equation,

4

These values were then compared with coefficients calcu-.

lated from equation (47) using various measured temperature



100

differences in place of the quantity ( c_ta)
The measured tube-wall temperatures for one of the

solvent runs at a Reynolds number of 10,600 have been

plotted in Figure 17. It was found empirically that the
use of (t1..t7) gave heat transfer coefficients in good
agreement with the Dittus..Boe].ter equation over the range

of flow rates investigated. The pure solvenc dth iore
chosen for this calibration since the lower heat capacity
of the solvent compared to water led, to the highest ob-

ved temperature differences between the tube wall and

flowing liquid. The temperature distribution along
tube wall was derived mathematically in Chapter 5 as

(45) tc

This distribution, using (t1t7) in place of (t0-t),
shown by the dotted line in Figure 17, while the actual
measured temperatures are indicated as points. This

easured temperature distribution was typical of those
observed at relatively low values of the Reynolds number.
At higher flow rates the measured temperature distributions
under the coil were flatter than that indicated in Fig..
ure 17 5sveral values of (tta) as computed from equa-
tion (45) for various distances from the edge of the heat-.

g coil are presented below in Table 9.
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(Pure solvent

Distance from de
of coil, inches

abl2
Calculated Tube.-Wa]. 1 Tomoerature Di str ibu.t Ion

0 01

t was mentioned previously that the test section tubin
Was insulated for a distance of 1 foot beyond each end
of the heating coil. It is evident from the data In
!Jab10 9 that this 1enth of insulation was sufficient to
ensure the practical equivalence of wall temperature and
fluid temperature within the insulated section.

Fo11own the calibration of the heattn coil with
pure solvent as described above, a check was made using
the pure water data, Heat transfer coefficients calcu..
lated from equation (47), again usin t1..t7 as the temp..

erature difference, were compared with coefficients
evaluated from the Dittus-Boelter equation. These results
agreed within about 10 per cent, which is considered sat.s
isfactory in view of the low temperature differences
involved in the water runs and the approximate nature

102

1/8 10,4

1/4 9.0

2 6.7

Re = 10,600;
7,

12,0 0F)

(tt),
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of the Dittus-i3oelter equation [46, p. 219).

The film heat transfer coefficients 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 eoeffl.oient for water as compared to pure solvent

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 influence was predominant at this

concentration, The crossing of the curves f or pure sol-

vent and 65 per cent solvent is difficult to understand,

It should be noted that the accuracy of the heat transfer

data was limited at both ends of the flow rate range,

At low flow rates the instability effects mentioned pre-

viously may cause large errors. At high flow rates the

temperature differences between tube wall and fluid were

small, leading to experimental errors of the order of 20

to 30 per cent. Thus for the high concentration mixtures

the data must be considered of doubtful validity at both

low and high flow rates. The deviation of the experimental

values of the heat transfer coefficients from the curves

drawn in FIgure 18 was approximately 10 per cent, It

should also be noted from FIgure 18 that the nominal 10

per cent water-insolvent dispersion behaved substantiall
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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 viscosities in computth the dimensionless rOupr3 

is not atisfyin from the theoretical point of view, but 

to ju$ttf led pramatically In the present atudy 

The ranges of fluid properties and the dimensionless 

Nusselt and Prandtl groups enco'untored in tbI inveoti- 

catIon are eumiarlze?1 in Table 10 below, 

Table 10 

Ranges of Physical Projerties and Dirneniloniess 
- nfl 

ntlt 

Density 

Specific Heat 

Thermal Conduct ivtty 

Apparent Viscosity 

Nusselt Number 

Prandtl Number 

48,9 

is concluded that the heatln-cot1 method employed 

in this tnvestiation for the determination of film heat 
transfer coefficients is a promising one, Further investi.-. 

gatlon of this technique would appear to be highly worth.. 

while, 

62,11. 

F&ange of Values 

1b 



or the o1vent-.wate' system coneiderod here, It ha

been found that heat tranjfei' coefficients tar disperstane
may b predctd within about 35 pr cent b the tol1ow

In equatio:a

h D
(Go) = O.02ftI

LrmJ

where the subscipte aM refer to the continuous phase
and the mIturo respectively.

The calculated thta on which this discussion has been
based are tabulated in Appendix C, and the original data
are on file In the Chemical nineerin Department,
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CHAP1.iR

CON CLU S ION S

The conclusions of this investigation may be sum-

marized ac follows:

In the absence of emuisifyn agents, the solvent-

ter dispsrsicns utIlized In this work were hi2ily un-

etable, the Instability Incrasing with Increasing

dtapersedphase concentration, This instability was

evident In measurements of friction factore, o"tf Ice

discharge coefficients, and film heat transfer coeffi-

dents, and. made the meaurementa extremely unreliable

at low flow rates,

Friction pressure losses In smooth tubes may be

estimated for highly turbulent flo!r of solvent-In...water

dispersions with solvent concentrations up to 63 volume

per cent by using the existing relationship between the

friction factor and the Reynolds number, The dynamic

viscosity to be used in the Reynolds number Is an appa-

rent viscosity evaluated from a modified 1instein equation,

t4m p(1 + 2.50 + 5.602)

Pressure losses evaluated in this manner reproduced the

experimental values within ±5 per cent,

Apparent viscosity values for solvent-water

dispersions may be as much as 500 per cent larger than

109
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the viscosities of the pure liquids. To a first approxi-.
matton, these apparent viscosities are dependent Only Ofl

the viscosity of the continuous-phase liquid and the
volume fraction of the dispersed phase. Secondary effects

caused by particle size ref ineinent and/or non-Newtonian

behavior were noted, and these effects should be irivesti-
gated further.

water-tn-solvent dispersions behave essentially
as pure solvent up to a water concentration of about 9
volume per cent, igher concentrations of water in solvent
could not be produced in the present equipment,

The sharp-edged orifice meter should be a highly

suitable instrunient for metering the flow of two-phase
liquid mixtures. For the dispersions investigated, on...
flee discharge coefficients were found to be substantially
constant above an orifice Reynolds number of 20,000. The

use of 0.61 a the oxif1ee coefficient In desii calcula
tions involving any of the mixtures investigated here
would involve a maximum error of about 4 per cent.

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

Film heat transfer coefficients for solvent-in-
water dispersions are intermediate between those for pure
water and pure solvent, Coefficients may be evaluated

within about 35 per cent, for Reynolds numbers greater
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than 10,000, by the use of a Dtttus..J3oeltor type equation,

liD 0,8(
(60) = 0.023 [1

E

ii app1ytn this equation, the uso or the specific beat
and thermal conductivity of pure water (continuous phase)
gives better results than the mixture laws. As with the

pressure loss determinations, water-tn-solvent dispersions
up to 9 volume per cent water behave essentially as pure
solvent, It would be desirable to determine beat trans-

fer' coefficients of dispersions by another method in
order to check both the hoater...coil technique and the
results indicated by equation (60).

I
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RECOMMENDA.TIONS FOR FURHR WOhK

The investigation which has been described in this
thoels must be considered a prelinilnary survey of the
subjects of friction pressure losses and forced convection
heat transfer for mixtures of immiscible liquids flowing
in circular 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:

It would be most desirable to investigate other
liquid-liquid dispersions. The use of a pair of' immis-
cible liquids having widely differing viscosities should
provide an interesting test of' the conclusion or 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,

The use of a horizontal test section, perhaps
in conjunction with the existing vertical test section,
should be investigated with the aim of reducing the pres-
sure measurement errors at low flow rates.

A study should be directed toward separating
the offect of droplet size refinement and non-Newtonian



I
behavior in order to obtain a better understanding of
factors affecting the viscosity of liquid-liquid dis-
persions in turbulent flow. Light transmittance or
photographic techniques as described by Tries and Rodger

[79, p. 205-210), Vernieulen, i11iams, and Langlois [81,

p. 65F-94F), and Rodger, Tries, ar5 Rushton (68, p. 515-
520) might be applied to the study of droplet sIzes and
size UstrIbutIons. The rheological properties of liquid-
liquid dispersions should be determined In a capillary
tube viseometer of the flow type, along the lines of the
work done for suspensions of solids in liquids by Motzner
and Reed 149, p. 434-440] and Dodge [12).

( ) va1uatjon of film heat transfer coefficients
with the coil technique described herein should be inves-
tigated further, Improvements in the design of the heat
lug coil might result in flatter tube-wall temperature
distributions, making the mathematical treatment more
closely applicable,

Other test section tube diameters and increased
pumping capacity should be utilized to extend the range
of Reynolds numbers achievable with high viscosity liquid-
liquid dispersions,

A fundamental investigation of the fluid
mechanics of turbulent flow of dispersions should include
the measurement of velocity profiles, It should be
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rttereatIn to compare turbulent profiles for dispersions
ith those obtained for the pure liquids.
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!u-'PNDIX A

N ON CLATURE

Many of the equations in this paper involve diinen-
sionloas ratios, and any consistent system of units
ight be used. The units given below are merely those

chosen by the writer for this work.

Latin Letter Symbols
ymbol Meanini

A Cross sectional area of flow
channel

At Surface area of wall of flow
channel

A Cross sectional area of tube
material

Height of water column in
manometer line (Chapter 5)

Constant in forced convection
heat transfer equation (Chapter 2)

B Constant in Prandt1-Karn equation
b !anometer reading

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

C Coefficient in orifice equation

CD Orifice discharge coefficient
C Height of water column in manom

eter line (Chapter 5)
Constant in forced convection
heat transfer equation (Chapter 2)

Units

ft2
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Symbol

cp

D

d

E

e

0

F

k

ean1n

Specific heat at constant pressure

Inside diameter of tube
Outside diameter of tube

Constant in forced convection
heat transfer equation (Chapter 2)
Constant in Prandtl-Karmn equation

ase of natural loar1thms
Pipe roughness, average height of
projections on pipe wall
Frtional resistance force at
wall of conduit
Fanning friction factor

sa velocitr

Gravitational acceleration

Conversion constant = 32.

Film beat transfer coefficient

UOP eharacteriztion factor for
petroleum fractions
Thermal conductivity

Length of conduit

Vertical distance between orifice
pressure taps
Length of heater ccli

Units

i3tu
bm) (°

ibm

sec)(ft
ft

see

74
(lbm)(ft)

(ib.,) (see2)

Btu
ft

Btu
hr)(ft)(OF)
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Symbol eaniii.

N Volume fraction in a mixture

N' Mass fraction in a mixture
P Static pressure

Power input to heater coil

q steady state heat transfer rate

S Specific pravity at 60
Average boiling point of petrol-
euni fraction

t Temperature

ta Temperature of flowing fluid.

Temperature of tube wall under
heating coil

V Average linear velocity of fluid

W Mass flow rate

(ft) (lb
w Work done by a flowing fluid

lbm

Length coordinate in the direction ft
of flow

x Distance along test section tubing ft
measured from end of heating coil

z Elevation above an arbitrary datum
plane

nits

J3tu
hr
Btu

ft
see

ibm



e

API

B S

gpm

Greek Ltt..er' SZmbols

Symbol Weaning Units

Correction factor in expression
for kinetic enorgy of fluid

LX Finite difference
Tine of effiux throuh capillary sec
tube of v1eometer

lb
Pyna'ric vIscosity

ibmViscosity of continuous ph2 (sec)(ft)

Viscosity of dispersed pha

Density

Voluao fraction of dispersed phase

iunction of undetermined form in
expression for heat transfer
coefficient
Function of undetermined form in
expression for heat transfer
coefficient

oinosite Symbols

Specific gravIty scale adopted by
the American Petroleum institute

Brown and Sharpe wire gauge

U, 3. allons per ninute

1 25

Pm rrent viscosity of mixture socJ[ftJ
Dirensionloss roduct in Buck-
inham Pt Theorem



a Flowing fluid

b Manometer fluid

o Continuous phase, or tube wall under heater coil
D Discharge

d Dispersed phase

o ffective
f Force (as in 1b), or friction (as In

as (as In 1b), or mixture
o Orifice
r ieference level

Subs critt

(ft) (ib,
Lost work due to frtctfloin rluict

Nussolt number

1'randtl number

Reyno]. de nuuber

eynoids number based on orifice
diameter

resaure difference between two
points in a flowing fluid

Pressure difference due to fluid
frIction ft

127

$mbo1 Units

lOS Common logarithnt (base 10)



Symbol 4eantn

a Solvent1 or surface of conduit
Water

1,2 Fefer to positions in a flow system
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I'PNt1X B

PROPRTI.S OF IIJRE LI1UIDS

Character I zat I on of the 2etrol eum solvent

The solvent used as the organi.c component of the

immiscible liquid pair in this investigation was a com-
mercial cleaning solvent manufactured by the Shell Oil

Company under the name ttShellsolv 360". This material

is clean and colorless, and is readily available in 55
gallon drum quantities at reasonable coat, The prop-

erties of this solvent, as given by the Shell Oil
Company Specifications, are presented in Table 11.

The solvent is a mixture of hydrocarbons whose

exact composition is not known, The data of Table 11 do

however permit some rough deductions to be made regarding

the character of the mixture, Petroleum fractions may

be characterized through the use of the Universal Oil
Products Company (UOP) characterization factor xc, which

is defined as (33, p. 330)

)

ere is the average boiling point in degrees rankine
d S is the specific gravity at 600F, The API gravit

special specific gravity scale adopted by the
American Petroleum Institute f or use with petroleum



products 33, p. 20). It 5 related to the specific
ravty as follows:

(62) grees AP 131 5

Table 11

Proyertles of 'Shellsolv6011
(Data from Company Specifications)

Gravity, API, 60°F 49.1

flecovered 98.5

Using the 50 per cent point of the distillation as the
average boiling point together with the specific gravity
from Table 11 leads to a K value of 11.8. Table U mdi..
eatos that the solvent is low in aromatic hydrocarbon
content, and the relatively high value of the

Distillation, O

Initial Boiling Point 304

fl.nal Boiling Point 362

10 Recovered 317

50 Recovered 323

90 ecovered 342

Specific Gravity, 60/60°F
Color, Saybolt

0.7835

26+

Flash Tag, 0.C., O 110

Flash Tag, 0.0., °F 103

Aromatics, Stoddard, 2



aoleeulD wei,.
API gravity, The result is an 55ttated airerae mo1oU1ar
weight f 134, and this value is also consisteflt with
cOmpOtti0fl5 In the nonane00afb range.

The solubtilt tee of hydrocarbons in Wate

e quite low. or

A TTcUiOfl

nay be eat itiated from the

versa,
5861 lists both nonaflo and decafle as Insoluble

a water 5OlUbilitl in
petroleum fractiOnS of the order of 0.05 mo1 per cent at
700F. It is seen that the 30ivsntwater gystem used in
this in stiatiOI represents a practicallY immiscible
pair of liquids.

Ar rothted out previouSlY, the physical properties
of interest in the study of friction pressure losses and
fOrced conveett0fl heat transfer are the densitY, sp.tf tO
beat, therm8]. 0OttdUOttVttY, and- isositY. The meaSUD9

ments and sources of data used in evalUatiIt these prOP

erties for solvent and water are d-tSeUBSSd below.

example, Lane 41,

p, 171) jicates

A vice

418,

itt water,

charactOriZettott factOr indICates
j33, p. 33O. Pased on the boiltfl pOintS of normal paref'

fin hydrOCarh0 115, p. 50), the compoaitt0fl would appear

bth parat'ftfli° oanteflt

to be n the neoc ranO. be

factor has been related to varIouS pDOpODt of petrOl
eu thrOu empirical correlatt0fl t33, P. 331-33'4). Uti-

1izin one of these oorrelattotte 133, p. 331), the averaO
value and th



Density

In order to determine the density of the solvent as
a function of temperature, a constant temperature bath

was utilized. This bath was controllable within Zo,i°
at a preselected temperature0 A glass cylinder filled

with solvent was immersed in the bath aud determinations

were made after the solvent had reached bath temperature.

Densities (or rather specific gravities) were determined
with precision hydrometers according to the procedure

recommended for testing petroleum products 117, p. 8-9).

Successive determinations were reproducible within 20.06
per cent. At a temperature of 600F, the measured specific
gravity was found to be about 0.4 per cent higher than
that given in the specifications. rrhe density of water

as taken from the literature [41, p. 1360]. The densi-

ties of solvent and water are plotted versus temperature

in Figure 20.

The effective densities of the manometer fluids were
required in order to evaluate pressure differences from
manometer readings, In the present equipment the manom-

eter lines were filled with water so the effective density
was given by the difference between the density Of the
manometer liquid (mercury or carbon tetrachloride) and
the density of water0 Densities of mercury and carbon

tetrachioride were taken from the literature (41, p. 1358;

132
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FIGURE 20
DEIJSIY OF JATER AD SOLVEUT VJRSUS TEIJPEIRATURE
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1

8, p. 585), and the effective densities have been plotted
against temperature in Figure 21.

cific Float

Specific heats of petroleum ails have been correlated
empirically with the characterization factor and API
gravity and convenient plots for estimating the specific
heat as a function of temperature are available Hougen

and Watson [33, p. 33i) present a family of curves of
specific heat versus temperature with API gravity as a
parameter. Correction factors are also given to account
for variations in characterization factor. Over the narrow

temperature range involved in the present work these curves
are practically straight, parallel lines The specific

heat versus temperature relationship was estimated using
the measured 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 790F. F, D.

Stevenson made this determination using a calorimeter

whtch was calibrated with benzene and checked with water

previous to the solvent measurements. The temperature

rise produced in a known amount of liquid by a measured

electrical power input was used to evaluate the specific
heat at constant pressure. A. value of O.i72
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Btu
(br) Crt)

heat transfer coefficients by equation (47).

and this value was used In conrnutlng the

.7

.1.

was obtained with an estimated accuracy of per cent,

The experimental value was approximately 2 per cent higher

than that estimated using the characterization factor and

the API gravity, A line drain throu the measured value

and parallel to the line estimated by the procedure des-i

cribed above was used to represent the variatIon of

specific heat with temperature, This relationship

indicated in Figure 22, Over the temperature range from

50 to 80°F the specific heat of water has a value of

1,0 (Q within per cent [61, 225], and this

value was used throughout the course of the present wor

A review of methods for estimating the specific heat of

liquids has beefl given in a series of arttcles by Gambill

[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 b-iown thermal conductivity 01' a length of pure

copper tubing, and this method has been described in detail

by Jakob [34, p. 211-217). The value obtained was 107
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FIGURE 22
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Thermal Conc1uctivi

Wang [83, p, 36] has measured the thermal conductivity

of a petroleum solvent with properties practically denti-
cal to those of the 3olvent used In this investigation.
His values are In good agreement with those given by

Nelson [56, p0 473) for petroleum oils with similar speci-
fic gravity, Nelson's data also indicate that thermal
conduct ivities of hydrocarbon mixtures change slowly with

changes in composiUon at a given temperature. On the

basis of the3e facts Wang's data were applied in the
present work and his curve of thermal conductivity of
solvent versus temperature has been reproduced in

23.

All of Wang's data were rf erred to the thermal con-
ductivity of water calculated from the following equation
[83, p. 7)

(63) kq = 1.41 x 10 + 3.28 x

As written above, this equation gives the thermal con.

ductivity of water in for temperature in

degrees Centigrade. Equation (63) was based on recent

measurements of the conductivity of water, and it has been
plotted in Figure 23 along with the solvent data1 Over the

temperature range covered by the figure this curve gives
thermal conduetivitIes 3 to 5 per cent higher than the

1,02 x
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values presented by MeAdams [46, p. 456). A survey of

available methods for estimating liquid thorma]. con-

ductivittos has recently been given by Gambill [20, p.

271-2763,

Viscosity

No data were available on the dynamic viscosity of

the petroleum solvent, so it was necessary to measure this

property as a function of temperature. The measurements

were made relative to distilled water with a viscometer

of the Qatwald type. In this instrument the flow of a

definite amount of liquid through a capillary 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, 4983 the viscosities of the two

liquids are related by

(64)

140

where /A is the dynamic viscosity, f is the density, Q is

the time or 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, thenever the liquid

in the viscometor was changed, the instrument was thor-

oughly rinsed with acetone and dried by drawing filtered

laboratory air through the capillary tube, At each
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temperature, four determinations each were made on water

and solvent, Successive times of efflux were reproducible

to per cent, Us1n6 the measured efflux times and the

previously determined densities, the solvent viscosity was
evaluated from equation (64). The results are indicated
in Fiu.ro 24 a1on with data for water taken from Lange

[41, p. 1582). A very complete discussion of the Cstwald

viscometor and the errors involved in its use has been
1ven by Hatsehek [30, p. 17-58),

It has been mentiied previously that the solvent was
recovered after a series of mixture rims and used ain to
prepare the next mixture, In order to determine whether

or not such recovery and reuse had any effect on the solvent
viscosity, a sample of solvent twice recovered was taken
for viscosity measurements, DetermInations made at

several temperatures indIcated that the used solvent vis-
cosity differed from that of the fresh solvent by less than
0,2 per cent,
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flGURE 21
VISCOSITY OF WATER AND SOLVENT VERSUS TEMPERATURE
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APPN DIX C 

TABULATED DATA 

Table 12 

Observed Data 

(1)* (2) (3) (4) (5) 
Run Orifice Test Section Mass of Time, 
NO, anometer, 

mm 

?anoieter, 
mm 

Fluid, 
ibm 

see 

1O.0(CC1J 28.0 10.0 68.9 
2 12,0 " u U 67,1 
3 21,0 ' 47,0 ft 50.9 
4 23,0 " *1 48,1 
5 24,0 50.0 47.0 
6 24,0 ft U ft 474 
7 57,0 91.0 1 32.8 
8 3,5(H& 4,0 ft U 

r p I r rn 7 U 32.2 
10 
11 

3.O(Ii)' 
537.0(CCL) 

4.0 
538,0 

U 

20.0 
I, 

24,0 
12 25.5(HY4 2,0 U ft 

13 505,0(CC1) 51O,0 50,0 60 1 
14 215.0 20,0 20.0 37,1 
15 10.5(H& U.S U 'I 

16 207S0(CClh) 242,0 50.0 93.2 
17 236.0 u 269.0 20.0 35.7 
18 
19 

11.5(H) 
228,O(CC1,) 

13.0 
260,0 

$1 

50,0 
I, 

89.0 
20 293.0 ' 326.0 20.0 31,6 
21 14,5(H) 15.0 ft Is 

22 288,O(CC].,) 318,0 50,0 79.2 
23 407,0 430,0 20.0 26.9 
24 19.5(H& 20,0 ft 

25 397.0(CC11) 420.0 50.0 67.5 
26 689.0 678,0 20,0 21.0 
27 33,0(H) 31,5 1 ft 

28 677,O(CClh) 666,0 50.0 51.8 
29 u2.5(Hr 92,0 20.0 11,3 
30 111.5(II) 91,0 50,0 28,1 
31 198 151.5 ft 21.1 
32 197 150.5 ft 21,3 
33 304 223 ft 17.0 
34 303 222 100.0 34.4 
35 305.5 221,5 ft 
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* The run number code is as follows: the first number (or
symbol) represents the nominal composition and the
second number represents the run number within the series,
Thus, W-]. is the first water run, 50-.2 is the second run
with 50 per cent solvent in rater, etc,

(1) *

No.

(6)t , Flow
Tmp,, 0i

Table 12 - Continued

Observed Data

(8)
Coil

Current,
(9)
Coil

Voltage,
Volts

(7)t1, Coil
0

WI.'
2

6 3
ft

74.2
ft

3,00 11.85
11.80

3 67,1 2 ft 11.85
4 H H ft

5 64.4 70,7 ft 11.77
6 H U ft 11,76
7
8
9

65.6
H

H

71,8
ft
ft

3,31
3,32

12,95
ft

10
11

H

ft
S - 3.30 12.95

12 H U 3,31 12,97
13 H Is

14 65 1 8.9 3.33 13,02
15
16

H

ft

II

U
3,32 13.03

17 . 3 69,8 3.32 13.03
18
19 ft

H

ft

ft 13,04

20 64.3 6I. S 3.31 13,00
2]. H 3.30 ft

22 H H

23
24

3.5
ft

66.6
$5

3,)
3.32

13.00
*1

25 H 'I

26 60,4 63,0 3.32 13,02
27
28

ft
H

H

ft

ft 13,06

29
30

61,5
ft H

3,36
3.38

13.05
13,08

31
32

62,9
ft

64, 6
ft

3.35
3.32

13.06
13.03

33
34

63,1
H

64,6
ft

3.30
3.31

12,98
13,00

35



37
38
39

50-1
2
3
4
5
6
7
p.

9
10
11
12
13
14
15
16
17
18

20-1
2
3
4

6
7
8
9
10
U
12
13
14
15
16
17
18
19
20
2].
22

(2)

p449 (He;) 313.5
448 312,5
644 L5
643,5 " 434

13.0(0014) -175,0
15,0 " - 8.0
88,0 " - 73.0
74,0 ' - 55.0
72.0 ' -105.0
4.0(H) - 5.0

253,0(CC1,) 46,0
- '.-._.-

376.0(0014) 295.0
18,0(He;) 14.0
45,0 ' 45,5
49.0 $1

64,5 H 67.0
118,5 ft 121.0
189,0 H 186.0
272.0 267.5
357.5 II 347.5
542,0 H 513.5

(0014) -103,0
(He;) - 4,5

- 34,0
- 3,0

89.0
84,0

- 65,0
- 78.0
- 3.5

274,0(CC1,) 237,0
13,5(Iie;) 11,0

430.0(CC1,j 394.0
21.0(He;) 18.5
61,5 " 57.0

U H

128,5 112,5
130,5 ft

195.5 " 169,5
279,5 ft 236,0
372.5 311,0
455,0 372,0
604,0 479.0

3,0(001 )' t-% ft 4
LI

ftJ.-t,5.
138.0
28,5 "

19,0
(lie;)

145
(4) (5)

It

20,0
'I
ft

H

4. 2

45,5
H I,

H 32,5
H

ft
ft

ft

Ii

26.8
It

17,8
I,

35.0
17,9
26,5
28,1

H

ft

ft
ft

22,6

16.5

10,0 97,6
H ft

'I 34,3
20,0

ft
63.].
43,9

H 43,0
It 101,7

10,0 51,7
H 51,1

20,0 32,5
ft H

H

ft
ft

26,4
ft

15,7'I 15,6
50.0 27.2

H D'7'-I
H 2,0
11

ft
18,4
15,8

H 14,4
U 12,5

70,0 19.o
H ft

ft 5
ft ft

10,0 48.6



W.36
37
38
39

50..]. 64.5
2

3

63.4
4 66,6
5 64.2
6 ft

7 63.2
8
9 62.1
10
11 61,6
12
13 61.5
14
15
16 61,8
17 62.5
18 62.9

20-1 60,].
2
3 58.3
4 58,2
5 57.8
6 58,6
7 59.8
8 60,0
9 ft
10 58,0
11 H

12 578
13
14 57.5
15
16 57,/4
17 58.6
18

58.8
21 59,2
22 59.6

ft
II

ft 13.06
3.33 13,00

'4 13,03
$1 13,00

3.35 13,05
1t ft

ft 13.00
H I,

ft 13.02It It
ft 13,00
ft 44

12,96
12,97
12,96
12.97
12.95
12.94

(6_) (8)

62.4 63,9 3,32
It ft 3.33

61.3 62.8 3.30
ft I, ft

3,32 13,0
3,31 '4

3,32
ft

3.35

3.32 13.00

3,32 13.00
'4

3.33 13.02
II ft

ft 13,00
IT

'I
II ft

3.35 13,03
H 13.02

3.35 13,08
H II

'I 13,05

146

(9)

12.96
13.00
12,94
12,92

70,0
ft

66 1
H

6 .0
64.0
63,5

ft

64,2
4.4
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6
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'
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H
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H
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25-1 63. 3,00 11.61
2 62,1 3,00 11,62
3 63,1 3,37 13,00
4 63,0 3,38 13,05
5 62,8 65,9 ft 13,03
6 63,0 66.9 3,36 13,02
7
8 62,1 65,6 3.37 13,04
9 H 65,4 ft ft

10 64.9 3,36 13.01
11 62,7 64,9 3.37 13,03
12 64.7 13.02
13 64,3 H 1$

14 62,5 64.2 U 13,);.

75.1 67,3 3.37 13.10
2 66,5 3,36 13.05

65-1 66,5 3.33 13,00
2 66,3 75,4 3,35 13,03
3 66,2 73,7 ft 13,02
4 67,2 3,31 12,90
5 66,2
6 65,0 69,4 3.32 12,97
7 64,9 68,5 U 12,98
8 65,0 68.0 ft 12,97
9
10
U

65,1.
65,2

67,9
7,6
H

3.35
3.34
3.36

13.03
ft

ft

12 65,3 ft 3.35 13.04

58.3
41 58,8
42 60.0
43 58.0
44 58,7
45 ft

46 59.0
47 59.4
48 59.6
49 62.2
50 61,5
5]. 60.4
52 61.6
53 ft

54 62.2
55 H

56 61,0
57 ft
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(2) (3- (4) (5L
65-s 13 476 .0 (K 488,5 50,0 14,0

14 6.0(001 ) -255.0 10,0 89.7
15 16.0 " - 45,0 H 43.2
16
17

40.0 H

67,0 '
42,0

197,0
20,0

ft
64,7
53,14.

18 3.5(H3) 9.5 ft If

5-1
2

22,0(H6)
5.0 "

.- 8,5
- 25.0 Is

28 2
61,0

42,5 H

75.5 "
8.5

34,5
0

H
40,5
30,6

99,5 ft 53.0 50,0 33.6
123,5 H 71.0 H 29,8

7
8
9

157,5
137.0 tl

230.5 H

95,0
117,0
147,0

H

ft

ft

26.6
24.3
21,9

10
11

283,5 "
318,5

182.5
205.5

H

ft
19,8
18,8

12 11.5 " 18,0 40,0 76,5
13 38.5 " 5.5 40.0 42,6
14 351,5 " 226.0 50.0 18,0
15 418,5 270,0 H 16.3
16
17

487.5 "
505,5 '

314.0
327.0

ft
ft

15,4
15,0

18 40,0(CClh) -594.0 20.0 87,0
19 2,0(Hg)' - 28,0 4f H

20
21

8.0(0014)
36.0

-647.0
-608,0

ft

ft
182,8
90,2

22 85.0 -547,0 H 61,0
23 4,0(H) - 25.0 H H

24 341.0(0014) -288,0 H 3214
25 16.o(H) - 13,5 ft Ii

90-1 6,O(Hg) - 22.0 20,0 53.1
2
3

2.0 H

45.0 ' 6,5
12,5

40.0
ft

55,0
38,7h

5
6
7

or ', .
147,5
216,5 H

265,5

88,0
133.0
165,5

50,0
ft

ft

ft

34,7
27,2
22,6
20,4

8 341.5 217.0 II 17,9
9
10

430,5 U

517,5
269.0
327,0

H

ft
16,0
14,7

11 0.5 u - 23.0 20,0 241 6
12 31,5 2.3 50,0 r



(6) (8)
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65-13 65.3 3.35 13,03
14 69,9 ft ft

15 67.9 H 13,05
16 67,3 3.34 13,00
17 66.9 ft H

18

1 67.2 75.7 3.33 13,00
2 68,9 84.2 3.32 fl

3 67.0 73,8 H

4 66.9 72,3 3.33
5 66,3 71.2 3.32 ft

6 65,7 70,4 ft H

7 65,3 69,6 '1 p

8 64,9 68.8 H

9 64.2 68,0 12,95
10 63.9 67.4 H 12,97
11 63.8 67.2 H 13,00
12 66,7 77.7 3.35 13.05
13 66.0 72,9 3.36 13,08
14 64,3 67.5 3.35 13.05
15 63,8 66,7 H 13.06
16 63.3 66,2 13.07
17 63.1 65.9 37 13,08
18
19

68,9
II

84.7
ft H

11,70
I,

20 71.5 99.1 H ft

21 68,5 84.6
22
23

67,4
H

79.4
H

24
25

66.4
H

73,8
H

90-.]. 62,6 3.32 13.00
2 61.9 H 13,02
3 61.5 68,3 H 13,00
4 I' 66.6 3.33 II

5 61,3 65.8 3.32 H

6 61,]. 65.2 H 1

7 61,7 ft 3.35 13.05
8 61.8 H H 13.04
9 61.9 64.9 3.34 13,01
10 62.2 H 3.33 13.00
11 65,6 3.35 13.05
12 6,9 I, 1304



(1)
Run
No,

) (4) (5)
txiO3 fr'xl04 RexlO

lb

Calculated Data

Table 1

(6) (7) (8)
Nux

Btu
(hr)(FtX°P)

0,145 9,79 6,90 4.59 0,765 290 21,8
2 0.149 9.28 4,71 0.717 'I H

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
8

0.305 7.93
7,40

6.98
ft

9.53 0,673
0,589

570 42,
ft

9 0,310 7,82 9,70 0.674
10 7,13 0.648
1]. 0,833 6,47 6,99 26.0 0.600 1280 95.5
12 6.40 ft 0.596 U

13 0.832 6.15 ft 0.617
14 0.539 7,13 7,03 16.7 0,612 880 65.8

6.97 U f* 0,601
16 0.536 6.98 16.6 0,621
17 0,560 7.11 6.92 17.7 0,608
18 7,32 0.597
19 0.562 6.83 ft 0.620
20
21

0,633 6,75
6,62

7.10 19.4 0.616
0.600

955 71,3
ft

22 0.631 ft 0.620
23 0,743 6,49 7.18 22,6 0,614 1100 81,6
24 6,43 ft 0.608 H

25 0,741 6.39 22,5 0.620
26 0.952 6.27 7.50 27,7 0.604
27 6.18 0.599
28 0.965 5,99 2,1 0.618
29 1.770 5,26 7,39 52,2 0.603 1970 145
30 1,779 5,14 52.5 0.609 H

31 2.370 4,83 7.24 71.4 0.608 2200 163
32 2,347 4.89 70.7 0,604
33 2.941 4,62 88.6 0,609 2480 184
34 2,911 4,69 87.7 0,604 ft

35 4,68 7,09 89.6 0,602
36 3,571 4,40 7,30 107 0,609 2500 184
37 3.562 4,41 fl 106 0,608 ft

38 4,242 4,33 7,41 125 0.604
39 4,32 H $1 H
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(2) (3 (4) (5) (6) (7) (8)

50-1 0,206 25,9 72.8 0,62 0.714
2 26.8 75,4 0,60 0,688
3 0,406 11.3 62.9 1.41 0.713
4 0,474 8,94 17,6 5,87 0,896
5 0.440 8,43 13,2 7.24 0.840
6 H 8.39 13.0 7,36 0,783
7 0,615 7.33 11,0 12,2 o.664
8 7,47 11,8 11,4 0,637
9 0,748 8,33 21,6 7,55 0,667 370 16.4
10 8.36 21,9 7.44 0,662 H

10.111 1,124 7,71 24,3 0.636 727 31,8
12 1.117 7.80 25,2 9,65 0.605 H H

13 1.321 7,56 26,6 10,8 0,625 970 42,5
14 1,779 6,91 25,2 15,4 0,622 1420 62,3
15 2,212 6,60 26,2 18.4 0,613 1810 794
16 2,646 6.26 25,0 23.1 0,612 2180 95.5
17 3.00 6,17 27,1 24,4 0,611 2200 96,5
18 3,731 5.98 29,2 27,9 0.612

20-1 0,102 17,2 24,0 0.93
2 22.8 31,8 0,70
3 0,292 8.67 9,71 6,55 0,651
4 0.317 9.83 16,4 4.22 0,640
5 0,456 8,34 13,2 7,54 0.624
6 0.465 7.82 10,6 9,58 0,661
7 0,197 126 33,8 1.27 0.577
8 0,193 10.2 11.3 3.72 0,67].
9 0,196 10.7 13,6 3,15
10 0.615 7,73 13,4 10.0 0.627
11 7.66 12,9 10,4 0,613
12 0,758 7,31 13,3 12,4 0,618
13 7.30 13.2 12,5 0,607
14 1,274 6,y 14,7 18,8 0,600
15 1,278 6,53 14,4 19,3
16 1.838 5.97 27,9 0.598
17 1,852 5.89 13,6 29,6
18 2.273 5.63 13,8 36,0 0.600
19 2,717 5.48 14,7 40,4 H

20 3,155 5,36 15.4 44,6 0.604
21 3,472 5.29 16.0 47,3 0,601
22 4,000 5.14 16,1 54.2

W-40 0,079 149 7.77 2,21
4]. 0,096 17.6 7,7]. 2.73 0.719
42 0,123 11,1 7,58 3,54 0.648
43 0,109 12,8 7,50 3,04 0,684
44 0,108 10,6 7.72 3,05 0,680
45 11,4 'I $1
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(1): 2). _(L (6) JT) (81

0,107 10,7 7.69 3.04 0,676
0.253 8,86 7,64 7.21 0.649
0.250 8,37 7,62 7,17 0.647
0,149 9,89 7,35 4,42 0,630
0,175 9.39 7.42 .14 0.643
0,251 8.12 7,54 7,25 0,648
0,439 7,22 7.41 12.9 0.609

$1 7,45 7.41 H 0,622
0.552 6,86 7,35 16,4 0.606

7,07 'I 0,615
0,780 6,33 7.47 22,8 0,614

6,34 0,622

0,127 13,] 22,7 1.22 1,624
0,219 8,8]. 7,74 6,17 0.844
0.343 10,2 20,2 3,70 0,695
0,412 8,76 14,2 6,31 0,663
0,501 8.11 13,]. 8,34 0,658 520 29.3
0,808 7,01 12,]. 14,6 0,617 865 48.9

7.16 13,2 13,4 0,621
0.962 5,89 13,5 15,6 0,623 990 55.7
1,1.34 6,68 14.0 17,7 0,619 1050 59,1
1.374 6,26 13,0 23,0 0.626 12(0 71.5
1.639 6,01 13,1 27.3 0,618 1660 93,4
2.155 5,67 13.5 34,9 0,614 1850 1.05
2,747 5.43 1.4.2 42.3 0.611 2360 133
3,937 5.1.4 15.9 54.0 0,608 2220 125

1,733 8,53 54,5 6,94 0.668
2,212 7,83 50,6 9,54 0,605

0,813 13.8 152 1.16 0.666
1,130 9.31 48,5 5,08 0.658 315 12.7
1,479 6,92 21.0 15,3 0,653 399 16.1
0.526 22,8 163 0,70 0,701
1.449 7,2]. 24,3 13.0 0,644
2.008 7.10 21,7 13,8 0,643 740 29.4
2,326 6,87 32,2 15.8 0,645 935 37.1
2,674 6,70 33,4 17,5 0.639 1150 45.6
2,874 6,58 33,5 18,7 0,637 1.260 50.0
3.049 6.57 35,2 18.9 0,632 1500 59.5
3,290 6,42 34,5 20,8 0.631 1510 60,1.
3.496 6,24 33,0 23,1 0.635 1580 62,5
3,584 6,33 35,5 22,0 0.638 H

0,111 85,7 130 0,19 0,434
0,231 4.9,5 156 0.32 0.742
0,309 34.4 145 0,46 0,745
0,374 31,9 1.63 0,50 0.754

32.2 164 0,778

W.4.6
47
48
49
50
51
52
53
54
55
56
57

25-1
2
3
4
5
6
7
8
9
10
11
12
13
14

75-1
2

65-1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
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(1J (2) J3 (4) 5) (61 (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
6,86 53,4 0.616 686 140
6.88 59,6 0.611 765 156
6,90 65.0 0,614 850 3.72
6,94 71,6 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 0.617 445 90.7
6.94 87.3 0,604 1090 218
6,97 96.0 0,611 1215 243
7,00 102 0,601 )220 244
7,01 104 0,604 1280 256
6,66 7.53 0,684

'I 0,663
6,5u 3.67 0,710
6,68 7,24 0.695
6,74 10,6 0.669 170 35,2

n n H ft H

0.709 6,33
2 0.328 7,85
3 0.988 5.70
4 1.309 5,38
5 1,488 5,34
6 1.678 5,10
7 1,880 ,02
8 2,058 4.92
9 2.283 4,81
10 2.525 4,72
11 2,660 4,71
12 0.523 6,70
13 0.939 5,83
14 2,778 4,70
15 3,068 4,51
16 3,257 4.59
17 3.333 4,54
18 0,230 8.12
19 7.98
20 0,109 10.9
2]. 0.222 8,18
22 0.328 7,54
23 H 7.85
24 0.617 6.53
25 6,46

90.]. 0.377 9,06
2 0,727 6,64
3 1.034 5.86
4 1.4/+1 5,49
5 1.836 5.09
6 2.212 4,84
7 2,445 4.75
8 2,793 4.60
9 3,135 4,41
10 3.401 4.48
11 0,083 16,].
12 0,855 6,47

6,8].
ft

19,8 0,623
0.629

313 63,7
II

14,6 5,61 0.622
8.80 18.0 0.624
7,44 30,3 0,620 446 87.7
7,80 40,3 0,609 625 123
7,11 56,4 725 142
6,85 70,5 0,605 810 159
6,94 76,9 0,604 985 193
6.75 90.3 0,606 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




